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ABSTRACT

Two different cloud climatologies have been derived from the same NASA-Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP)-measured attenuated backscattered profile (level 1, version 3 dataset).
The first climatology, named Cloud—-Aerosol Lidar and Infrared Pathfinder Satellite Observations—Science
Team (CALIPSO-ST), is based on the standard CALIOP cloud mask (level 2 product, version 3), with the
aim to document clouds with the highest possible spatiotemporal resolution, taking full advantage of the
CALIOP capabilities and sensitivity for a wide range of cloud scientific studies. The second climatology,
named GCM-Oriented CALIPSO Cloud Product (CALIPSO-GOCCP), is aimed at a single goal: evaluating
GCM prediction of cloudiness. For this specific purpose, it has been designed to be fully consistent with the
CALIPSO simulator included in the Cloud Feedback Model Intercomparison Project (CFMIP) Observation
Simulator Package (COSP) used within version 2 of the CFMIP (CFMIP-2) experiment and phase 5 of the
Coupled Model Intercomparison Project (CMIPS5).

The differences between the two datasets in the global cloud cover maps—total, low level (P > 680 hPa),
midlevel (680 < P < 440 hPa), and high level (P < 440 hPa)—are frequently larger than 10% and vary with
region.

The two climatologies show significant differences in the zonal cloud fraction profile (which differ by
a factor of almost 2 in some regions), which are due to the differences in the horizontal and vertical averaging
of the measured attenuated backscattered profile CALIOP profile before the cloud detection and to the

threshold used to detect clouds (this threshold depends on the resolution and the signal-to-noise ratio).

1. Introduction

Satellites are the only practical way to document
clouds at global scale, but the definition of clouds is not
unique in satellite observations. It depends on the data
used to build the climatology—the type of instrument
(passive, active), the wavelength of the instrument, its
sensitivity, the threshold of detection, the spatiotem-
poral sampling—and also on the scientific question
aimed at when developing the cloud algorithm.

An intensive comparison exercise between various
cloud climatologies derived from different satellites
with passive and active remote sensing instruments is
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currently underway within the Global Energy and Wa-
ter Cycle Experiment (GEWEX) cloud assessment
(Stubenrauch et al. 2012). This exercise involves most of
the current existing cloud climatologies, from the lon-
gest ones [such as the International Satellite Cloud
Climatology Project (ISCCP; Rossow and Schiffer
1999) or the Television and Infrared Observation
Satellite (TIROS) Operational Vertical Sounder (TOVS;
Stubenrauch et al. 1999, 2006)] to the more recent and
shorter ones [Moderate Resolution Imaging Spectro-
radiometer (MODIS), Clouds and the Earth’s Radiant
Energy System (CERES), Polarization and Directionality
of the Earth’s Reflectances (POLDER), and Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vations (CALIPSO)]. The goal of this exercise is not to
derive a single answer for each of the cloud variables—
this single answer does not exist—but to synthesize,
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quantify the differences between these cloud climatol-
ogies, and explain them based on the instrument sensi-
tivity, or the sampling of the measurement and/or the
algorithms used.

Moreover, even for a given raw dataset from one
single instrument, the way to proceed from the mea-
sured variable to the cloud climatology is not unique. It
includes several steps, based on physical choices, that
are strongly guided by the scientific question aimed at
when building the retrieval algorithm. For this reason,
a given measured dataset of a given instrument can lead
to different cloud climatologies built to answer different
scientific questions. For example, the MODIS Science
Team (MODIS-ST; i.e., Platnick et al. 2003) has three
different cloud masks: one for studying surfaces, another
for studying aerosols, and another one to study clouds.
Moreover, the MODIS—Clouds and the Earth’s Radiant
Energy System (MODIS-CERES) (Minnis et al. 2008) is
another dataset specific for studying fluxes. In a similar
way, POLDER has different cloud masks: Parol et al.
(2004) is dedicated to cloud studies, whereas another
cloud mask (Deuzé et al. 2001) is dedicated to aerosol
studies. In the current study, we use two different cloud
datasets [CALIPSO Science Team (CALIPSO-ST) and
GCM-Oriented CALIPSO Cloud Product (CALIPSO-
GOCCP)] derived from the same CA LIPSO attenuated
backscatter signal (level 1 raw data).

Since 2006, two active remote sensors—the lidar
Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) (Winker et al. 2007; Winker et al. 2010) and
the radar CloudSat (Stephens et al. 2002)—have been
flying on board satellite platforms and give comple-
mentary information on the spatiotemporal distribution
of clouds. In particular, these two instruments collect
raw signals at an unprecedented vertical resolution of
30 (CALIPSO) and 480 m (CloudSat) that can be used
to derive the cloud vertical distribution with a precision
that was not possible before from space.

In the current paper, we make a detailed comparison
between two different cloud climatologies derived from
the CALIOP-measured attenuated backscatter profile:
(i) the CALIPSO-ST climatology derived from the
CALIOP cloud mask [level 2 National Aeronautics and
Space Administration (NASA)] dataset, which was built
with the aim of taking the greatest possible advantage of
the high sensitivity and high vertical resolution of the
CALIOP sensor; and (ii) the CALIPSO-GOCCP cli-
matology, which was built for a single goal: the evalua-
tion of the representation of clouds in climate models.

Even though both cloud climatologies are derived
from the same CALIOP-measured attenuated back-
scattered profiles, identical results are not expected be-
cause the physical choices made in each algorithm are
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guided by different scientific objectives. The aim of this
paper is to highlight and explain these differences in
order to avoid misinterpretation by users. The com-
parison between the two datasets presented is based on
1 year of observations (September 2006 to August 2007).

As the algorithms used have been presented in pre-
vious papers, only a short summary of the content of
each algorithm is given in section 2, with specific em-
phasis being given to their main differences and to re-
cent algorithm improvements since last publication.

The results obtained from the two different cloud
masks are examined for selected orbits dedicated to
specific cloud types in section 3: tropical oceanic shallow
cumulus, optically thin high-altitude cirrus, polar clouds,
midlevel clouds in the storm tracks, deep convective
clouds, etc. Global seasonal statistics obtained from the
two algorithms are compared quantitatively in section 4:
total cloud cover, low (P > 680 hPa), middle (680 > P >
440 hPa), and high (P < 440 hPa) cloud cover. Section 5
is devoted to the comparison of the zonal cloud fraction
profile, which is novel and unique global-scale in-
formation provided by CALIOP. The two new clima-
tologies discussed here—GOCCP and ST—provide the
vertically resolved cloud fraction over the entire tropo-
sphere with a vertical resolution of 480 m.

Each section discusses the results of the comparison in
terms of cloud detection thresholds, horizontal and
vertical averaging, and lidar sensitivity.

2. Presentation of the algorithms: Short
description, key steps, and differences

CALIORP is a nadir-pointing instrument and acquires
lidar profiles at 532 and 1064 nm along the CALIPSO
ground track. The laser footprints have a diameter of
about 70 m with a center-to-center spacing of /3 km.
The data are averaged vertically and horizontally on
board the satellite so that downlinked data have a reso-
lution of /3 km horizontally and 30 m below 8-km alti-
tude, and 1 km and 60 m from 8 to 20 km (Hunt et al.
2009). The two cloud climatologies—CA LIPSO-ST and
CALIPSO-GOCCP—are built from the same CALIOP
measurements composed of 532-nm attenuated back-
scatter lidar profiles (ATB), and a horizontal sampling
of I/3-km along track and 70-m cross track, although they
use independent algorithms to detect clouds and to
construct a gridded climatology.

a. CALIPSO-GOCCP

The definition of clouds or cloud types is not unique. It
differs among observations (e.g., clouds detected by
a lidar may not be detected by a radar or by passive
remote sensing), and among climate models (e.g.,
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conversion from condensed water to cloud cover is not
direct), and between models and observations (e.g.,
models predict clouds at each atmospheric level where
condensation occurs, while observations may not detect
clouds overlapped by thick upper-level clouds). A
comparison between modeled and observed clouds thus
requires a consistent definition of clouds, taking into
account the effects of viewing geometry, sensors’ sensi-
tivity, and vertical overlap of cloud layers. For this
purpose, clouds simulated by climate models are often
compared to observations through a model-to-satellite
approach: model outputs are used to diagnose some
quantities that would be observed from space if satellites
were flying above an atmosphere similar to that predicted
by the model (e.g., Yu et al. 1996; Klein and Jakob 1999;
Webb et al. 2001; Zhang et al. 2005; Bodas-Salcedo et al.
2008; Chepfer et al. 2008; Marchand et al. 2009).

Within the framework of the Cloud Feedback Model
Intercomparison Project (CFMIP; http://www.cfmip.
net), the Observation Simulator Package (OSP; Bodas
et al. 2011) has been developed to compare in a consis-
tent way the cloud cover predicted by climate models
with that derived from different satellite observations.
The purpose of CALIPSO-GOCCEP is to diagnose cloud
properties from CALIPSO observations in exactly the
same way as in the simulator (similar spatial resolution,
same criteria used for cloud detection, same statistical
cloud diagnostics). This ensures that discrepancies be-
tween model and observations reveal biases in the
model’s cloudiness rather than differences in the defi-
nition of clouds or of diagnostics.

Nevertheless, even a “perfect’” match between COSP
results for a given GCM and the corresponding GOCCP
product will not absolutely guarantee that the GCM is
perfectly reproducing all clouds, because GOCCP, like
every observational dataset, does not pretend to observe
perfectly all clouds.

COSP/lidar (Chepfer et al. 2008) simulates the lidar-
attenuated backscattered signal in each subgrid box at
a vertical resolution of 480 m (40 levels) starting from
the ground. Clouds are detected by constructing profiles
of attenuated scattering ratio SR(z) defined as

SR(z) = ATB(z)/ATB,, ,(2),

where ATB(z) is the calibrated 532-nm lidar return
signal and ATB,,0(z) is the 532-nm molecular return
signal that would be measured in a cloud-free and
aerosol-free atmosphere. Clouds are detected from the
SR profiles on a fixed vertical grid (480 m), using a single
constant threshold: SR > 5 is declared cloudy. The cloud
cover is derived statistically by accumulating profiles at
a grid scale of 2° X 2°.

CHEPFER ET AL.

727

Consistent with the lidar simulator, construction
of the CALIPSO-GOCCP dataset (fully described in
Chepfer et al. 2010) aims at being simple, robust, easy to
understand by modelers, consistent in day and night, and
avoiding as much as possible false cloud detection,
which implies not detecting the optically thinner clouds.
For being sure to observe the smallest-sized clouds, such
as the shallow cumulus boundary layer clouds, GOCCP
uses the highest horizontal resolution possible (/3 km).

CALIPSO-GOCCEP algorithm consists of the follow-
ing steps: (i) compute the ATBmol by normalization to
a noncloudy area within the stratosphere; (ii) average
the CALIPSO level 1 ATB to 40 vertical levels equi-
distant of 480 m, retaining the full horizontal along-
track resolution (/3 km); (iii) compute the SR profile;
(iv) for each profile detect the presence of clouds at each
480-m level (the pixel is declared cloudy when SR > 5
and ATB-ATB,,o; > 2.5 X 1072 km ! sr™1); and (v)
accumulate the cloudy and clear pixels within each grid
box (typically 2° latitude X 2° longitude).

Daytime profiles that are considered too noisy based
on the normalization ratio in the stratosphere are
rejected (30% of daytime profiles). This may result in an
underestimate of cloudy pixels in daytime, as the solar
photons reflected from bright clouds increase the noise
in the lidar signal.

Two main changes in the CALIPSO-GOCCP algo-
rithm have been done since Chepfer et al. (2010):

1) Improvement of the Surface Detection

Close to the surface, the attenuated backscatter signal
at 30-m vertical resolution can increase significantly
(ATBstrong > 1km 'sr ! in clear-sky profile and
0.4 km ™! sr™! otherwise) because of the reflection on
the surface produced by snow or by a change in ground
altitude. This increased ATB at 30-m vertical resolution
can contaminate the value of ATB at 480-m vertical
resolution.

To avoid an artificial increase of ATB (at 480-m ver-
tical resolution) due to this surface echo, all the pixels
(at 30-m vertical resolution) located below the strong
backscatter signal (ATBstrong) and 90 m above it are
rejected.

2) Daytime Improvement

During daytime, solar photons are reflected by opti-
cally thick low-level clouds (typically stratocumulus,
SR > 30), which decreases the signal-to-noise ratio (SNR)
at altitudes located above the boundary layer clouds,
producing false cloud detections below 8 km, where the
CALIOP-measured attenuated backscattered profile is
13-km horizontal resolution (this is less the case above
8 km, where the SNR remains roughly 1.5 times higher
because of averaging to 1-km horizontal resolution). As
the vertical resolution (480 m for consistency with the
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simulator) as well as the horizontal resolution (/3 km
below 8 km and 1 km above, but sampled on /3 km) are
constant in CALIPSO-GOCCP, we ensure the consis-
tency of cloud detection by multiplying the cloud de-
tection threshold by 3 (SR= 3 X 5 = 15) between 2.4 and
8.16 km in daytime in the presence of low-level clouds
(SR > 30 below z < 3.36 km), which avoids false de-
tection of mid- and high-level cloud between 3.36- and
8.16-km altitude.

b. CALIPSO-ST

A complex threshold-based detection algorithm is
used to produce CALIOP cloud and aerosol mask
(Winker et al. 2009). Clouds are detected in single-shot
profiles and also in horizontally averaged profiles, in
order to allow for the detection of optically thin clouds.
Detection thresholds are adjusted according to profile
SNR and the detection scheme compensates for the at-
tenuation of overlying layers (Vaughan et al. 2009).
CALIPSO-ST is built from CALIOP version 3 data and
is constructed by combining several of the CALIOP
layer products into intermediate level 2 data files.
Screening is applied to the intermediate files and the
resulting data are then binned onto the same grid as used
by CALIPSO-GOCCP: a three-dimensional grid of 2° X
2° X 480 m vertically.

1) CONSTRUCTION OF CALIOP LEVEL 2
PRODUCTS

Dense clouds can be detected in single-shot profiles,
but detection of optically thin clouds requires averaging
of multiple lidar shots. To preserve the structure of
broken cloud fields yet also allow the detection of op-
tically thin clouds, a multiscale averaging scheme is used
to detect both weakly and strongly scattering clouds with
the minimum necessary amount of horizontal averaging
(Vaughan et al. 2009; Winker et al. 2009). Cloud and
aerosol layers are detected using a threshold technique
applied to profiles of attenuated scattering ratio SR(z).
After layers are detected, an algorithm is applied to
discriminate between cloud and aerosol (Liu et al. 2009),
except for layers detected in single-shot (/3 km) profiles,
which are assumed to be cloud.

As the SNR decreases, detection thresholds are in-
creased to avoid false detections due to noise. The
detection threshold varies with altitude, with solar
background levels and horizontal averaging interval.
Detection is performed on 532-nm data, except for
single-shot profiles (available from —0.5- to 8.2-km al-
titude), where 1064 nm data are used (Vaughan et al.
2009). Figure 1 shows the threshold values used in de-
tecting cloud and aerosol layers. Higher thresholds are
used during daytime than at night because SNR is
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FIG. 1. Detection thresholds used in the CALIPSO-ST and
CALIPSO-GOCCP detection algorithms. Solid green line is the
standard threshold used for -GOCCP. Green dotted line indicates
threshold used for -GOCCP during daytime over bright, low-level
clouds. Black curves are nighttime thresholds used by -ST. Blue
and red curves are daytime thresholds used for low and high solar
background conditions, respectively. Dashed and solid lines in-
dicate thresholds used for detection of layers with 5- and 80-km
horizontal averaging, respectively. (bottom right) Black (night)
and red (day, high background) curves with filled circles represent
equivalent 532-nm scattering ratio thresholds for detection of cloud
tops below 8 km in 1064-nm single-shot profiles. The top axis is
labeled with the detection threshold in equivalent cirrus optical
depth. These values assume a 1-km-thick cirrus cloud at an alti-
tude of 8 km with the ratio of cirrus extinction to 180° backscatter
S = 25 sr. The optical depth threshold varies less than a factor of
2 for cirrus located at other altitudes.

reduced by solar background illumination, so weakly
scattering clouds that are detected at night may be
missed during daytime. Above an altitude of 8.2 km, two
30-m vertical bins are averaged (on board the satellite)
to 60 m. This improves the SNR and thresholds are
decreased accordingly. The lidar signal is partially at-
tenuated by each cloud layer it passes through. The ST
algorithm estimates and corrects the signal below the
cloud for this attenuation (Vaughan et al. 2009). With-
out this attenuation correction, the detection algorithm
would become progressively less sensitive after passing
through increasing amounts of attenuating cloud.
Detection is initially performed on profiles averaged
over 15 consecutive shots, corresponding to a horizontal
resolution of 5 km. When layers are detected in these
averaged profiles, the highest-resolution profiles (/3 km
below 8-km altitude and 1 km above) are rescanned to
detect clouds at the highest possible resolution. If clouds
with tops below 4 km are found in the /3-km profiles,
these data are removed and the 15 shots are reaveraged
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and rescanned to detect weaker layers. Following this,
additional scans are conducted after averaging over
60 shots (20 km) and 240 shots (80 km). At each step,
clouds detected at finer horizontal resolutions are re-
moved from the scattering ratio profiles before further
averaging, to avoid them being averaged together with
as yet undetected, more weakly scattering clouds. In this
way, cloud detection is performed after the least amount
of averaging required and the overestimation of cloud
cover because averaging over broken clouds is avoided
as much as possible. Clouds detected in single-shot
profiles are reported in the /3-km cloud layer product,
while cloud layers detected at 5, 20, and 80 km are all
reported in the 5-km cloud layer product.

A number of studies have evaluated CALIOP cloud
detection and CALIOP level 2 cloud products. McGill
et al. (2007), using the cloud physics lidar (CPL) carried
on the NASA ER-2, determined a daytime detection
limit of SR = 5 for cirrus at an altitude of 15 km for
CALIOP data averaged horizontally to 5 km, consistent
with the threshold shown in Fig. 1. Davis et al. (2010),
comparing CALIOP with CPL in a study of tropical
subvisible cirrus, found a daytime optical depth detection
limit of 0.005-0.01. Yorks et al. (2011), again comparing
CALIOP and CPL observations of midlatitude cirrus,
found good agreement in both cloud fraction and the
vertical profile of cloud occurrence. Thorsen et al. (2011)
compared 31 months of tropical cirrus observations from
CALIOP with micropulse lidar observations from three
sites in the tropical western Pacific. Good consistency
between the satellite- and ground-based observations was
found for both cloud fraction and the vertical profile of
cloud occurrence. Medeiros et al. (2010) investigated low-
latitude boundary layer clouds using the CALIOP /3- and
1-km cloud layer products, finding that the CALIOP
cloud products reveal the expected patterns of marine
stratus and trade wind cumulus.

2) MERGING

CALIPSO-ST is produced by merging several of the
CALIOP level 2 data products. Intermediate files are
produced on a grid of /3 km X 60 m, from the surface to
20-km altitude. Clouds reported in the !/3-km cloud layer
product, which only contains clouds with tops between
the surface and 8 km, are first registered onto the grid.
Clouds detected at 5, 20, and 80 km are all reported in
the 5-km cloud layer product, on a 5-km horizontal grid.
The cloud fraction reported in the 5-km cloud layer
product is either 0 or 1 for each 5-km column. Cloudy
columns may contain one cloud layer or several. For each
layer in the 5-km cloud layer product, each of the 15
corresponding !/3-km profiles in the intermediate file is
marked as “cloudy” between the base and top altitudes
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of the detected layer. CALIPSO-ST is constructed using
all ice clouds reported in the 5- and !/3-km layer prod-
ucts. Water clouds are only taken from the '/3-km layer
product, as detection sensitivity at /3 km is sufficient to
detect water clouds with optical depths as small as 0.1.

It has been noticed that optically thin ice clouds in
the polar regions, particularly during polar night, are
sometimes classified as aerosols. Aerosol loading above
the Antarctic Plateau is so low that the aerosol is almost
always below the CALIOP detection limit. Therefore,
any aerosol layers reported in the aerosol layer product
over the Antarctic Plateau (poleward of 60°S and sur-
face height greater than 2 km) or Greenland (60°-90°N,
25°-60°W and surface above 2 km) and with a layer top
of 8 km or less are assumed to be misclassified and are
included in CALIPSO-ST as cloud layers.

3) SCREENING

Several tests are applied to determine if a given 5-km
cloud layer should be included. The cloud-aerosol dis-
crimination (CAD) score indicates the confidence of the
CAD algorithm in classifying a layer as either aerosol or
cloud. The CALIPSO-ST product is meant to charac-
terize tropospheric clouds, so polar stratospheric clouds
(PSCs) are screened out by ignoring any cloud layer
poleward of 60° that has a base altitude greater than or
equal to 9 km. This test only has an effect during PSC
season, which is roughly June—October in Antarctica
(Pitts et al. 2007; Noel et al. 2008, 2009) and a shorter
period during Arctic winter.

4) BINNING

After screening of the intermediate files, the final step
is to bin the data to the three-dimensional grid used by
GOCCP. In each V/3-km column of the intermediate files,
if any of the 60-m vertical bins is cloudy, the corre-
sponding 480-m vertical bin is marked as cloudy. At each
480-m vertical level, the fraction of cloudy !/3-km col-
umns within each 2° X 2° grid cell is then computed to
determine the cloud fraction at that level.

¢. Primary differences between CALIPSO-ST and
CALIPSO-GOCCP

Previous subsections 2a and 2b indicate that the main
differences between the two algorithms are the thresh-
olds used for cloud detection, the CAD algorithm to
determine whether the detected layers are aerosols or
cloud (ST only), and the adjustment of the thresholds in
producing the standard CALIOP-ST level 2 product to
account for cloud attenuation, which is applied to each
independent CALIOP-attenuated backscattered profile.

Basically, CALIPSO-GOCCP increases the signal-to-
noise ratio by averaging level 1 data vertically (over 480 m)
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(b) CALIPSO-ST Cloud Fraction
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FIG. 2. Nighttime orbit segment crossing the equator at about 13°E showing observations over the Sahara and the

southeast Atlantic Ocean on 1 Jan 2001 (2007-01-01T00-22-49ZN). Cloud masks: (a) CALIPSO-GOCCP; CF-low =
40.5%, CF-high = 21.4%. (b) CALIPSO-ST; CF-low = 39.7%, CF-high = 40.7%. (c) CALIPSO-GOCCP 20-km
horizontal averaging. (d) CALIPSO-GOCCP 20-km horizontal averaging, cloud detection threshold SR = 5, AATB =
0. (e) CALIPSO-GOCCP 20-km horizontal averaging, cloud detection threshold SR = 2, AATB = 0. (f) CALIPSO-
GOCCP 80-km horizontal averaging, cloud detection threshold SR = 5, AATB = 0. (g) CALIPSO-ST vertical feature
mask version 2. (h) CALIPSO-GOCCP scattering ratio: white color corresponds to SR > 5 and AATB < 2.5 X

10 3 km sl

and keeping the full horizontal resolution (/3 km),
whereas CALIPSO-ST increases the signal-to-noise
ratio by averaging horizontally over various distances
and keeping the full vertical resolution (30 and 60 m).

CALIPSO-GOCCEP produces a cloud mask at a single
resolution of /3 km. This single cloud mask is built using
a fixed detection threshold (SR > 5 and ATB-ATB, >
2.5 X 102 km 'sr™') applied to a given vertical
(480 m) and horizontal grid (330 m along track and
75 m cross track), except above stratocumulus in day-
time (see previous section) and there is no correction for
attenuation. Any layer exceeding the GOCCP threshold
is assumed to be a cloud.

CALIPSO-ST produces a cloud mask based on the
detection of atmospheric layers at several different

horizontal resolutions and different values of the de-
tection threshold. Detected layers are classified as
either aerosol or cloud. The horizontal extent of de-
tected cloud layers ranges from /3 to 80 km. The av-
eraging of attenuated backscattered profiles allows
for detection of optically very thin clouds. The de-
tection threshold varies with altitude and lighting
conditions, as well as depending on the degree of av-
eraging employed.

Figure 1 contrasts the range of cloud detection thresh-
olds and horizontal averaging used in CALIPSO-ST with
the fixed cloud detection threshold used in CALIPSO-
GOCCP. The ST threshold is set depending on light-
ing conditions, the “low” and ‘high” numbers represent
thresholds used over dark and bright surfaces, respectively,
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(a) CALIPSO-GOCCP Mask
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FIG. 3. Nighttime orbit segment illustrating the detection of cloud at midlevels in the
tropical western Pacific Ocean. (2007-01-01T16-51-41ZN). (a) CALIPSO-GOCCP cloud
mask. (b) CALIPSO-ST cloud mask scattering ratio (white areas correspond to SR > 5 and
AATB <2.5 X 1072 km ™! sr™1). (c) Scattering ratio (white areas correspond to SR > 5 and

AATB <2.5X10 3 km 'srh).

and are meant to represent low and high daytime
limits. The threshold scattering ratio values shown
in Fig. 1 can be related to cirrus optical depth. The
threshold used by GOCCP at night corresponds to
a cirrus with 1-km thickness, and optical depth of about
0.07 up to an altitude of 8 km and increases above that.
The thresholds used by ST on single-shot profiles allow
for detection of cirrus optical depths of 0.3, even during
daytime. Averaging allows for detection of more tenu-
ous cirrus with optical depths as low as about 0.02 during
day and 0.005 at night.

In the next section, we compare the cloud detection
along individual orbit tracks for several typical cloud
scenes in order to highlight the behaviors of the two
algorithms.

3. Cloud detection
a. High clouds

Figure 2 shows that the high cloud amounts detected
by ST (Fig. 2b) along this given orbit are larger than the
amount detected by GOCCP (Fig. 2a).

As seen from the scattering ratios shown in Fig. 2h,
GOCCEP will miss most of the subvisible cirrus because
of the cloud detection threshold used at altitudes higher
than 8 km (shown in Fig. 1), and applied to profiles with
a vertical resolution of 480 m and a full horizontal res-
olution of 1 km. Consequently, GOCCP will not detect
high clouds with an optical depth smaller than about 0.07
(refer to previous section; see also Chepfer et al. 2010).
This can be seen in Fig. 2h (in white), where much of the
high cloud has scattering ratio less than 5.

On the other hand, for high cloud scenes, ST will
typically use a detection threshold SR < 1.5 during
nighttime (Fig. 1), at the full vertical resolution of 60 m
above 8 km of altitude. With a minimum horizontal
averaging of 5 km above 8 km, there is a potential to
overestimate the cloud fraction because of clouds with
horizontal extent less than 5 km. Clouds are detected
with the minimum required amount of averaging.
Clouds detected with 20 (80)-km averaging were not
with 5 (20)-km averaging.

Lidar In-Space Technology Experiment (LITE) ob-
servations, with a higher sensitivity than CALIOP, show
the horizontal extent of thin cirrus cloud is in most cases
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FIG. 4. Nighttime orbit segment illustrating the detection of midlevel midlatitude clouds over
the northeastern Pacific Ocean. (2007-01-02T10-59-24ZN). (a) CALIPSO-GOCCP cloud
mask. (b) CALIPSO-ST cloud mask. (c) Scattering ratio (white areas correspond to SR > 5 and

AATB <25 % 102 km ' st ).

larger than 50 km, suggesting that broken clouds may
thus not play any significant role (Winker et al. 1998).
The LITE dataset also shows that the vertical extent of
the thinnest tropical tropopause-layer clouds is about
250 m, suggesting that the vertical resolutions used in ST
(60 m) and GOCCP (480 m) should both detect cor-
rectly the presence of these clouds.

To evaluate the impact of the cloud detection threshold
and horizontal averaging on cloud cover, we computed
the cloud fraction (CF) for various amounts of hori-
zontal averaging [1, 20, 40 (not shown), and 80 km] and
for various detection thresholds (SR = 5,SR =2, ATB-
ATB,,o = 0). The cloud detection threshold (Figs. 2c—¢)
strongly impacts the detection of high clouds at 20-km
horizontal resolution: CF-high increases from 0.36 to
0.64. But such a low detection threshold cannot be ap-
plied at very high horizontal resolution (1 instead of
20 km) because of the lower signal-to-noise ratio.

The cloud cover obtained for this orbit is almost in-
sensitive to the horizontal resolution as long as it is
larger than 20 km: the results obtained at 80-km hori-
zontal resolution are similar to the 20-km results.

Figure 2c shows that averaging to 20 km (with the
standard GOCCP threshold) does not increase the cloud

fraction of high cloud. Figures 2d and 2e show that re-
ducing the threshold increases cloud fraction but also
increases false positive detections. Figure 2f shows ad-
ditional averaging to 80 km does not substantially in-
crease cloud fraction but reduces false positives and
gives a result similar to ST.

b. Midlevel clouds

In tropical deep convective conditions during night-
time (Fig. 3), GOCCP and ST detect a similar amount
of clouds in the midtroposphere (CF-mid = 28% for
GOCCP and 26% for ST), even when the clouds are
located beneath a high-level cloud (because the mid-
level clouds are strongly scattering and are detected
even without attenuation correction). Larger differ-
ences (not shown) occur in the tropics during daytime
because a significant number of profiles are rejected
in GOCCP because of the lower signal-to-noise ratio,
and we do not know if the profiles rejected are clear or
cloudy.

In the midlatitudes during nighttime, the midlevel
cloud amount detected by ST (44%) is larger than the
one detected by GOCCP (33%) (Figs. 4a and 4b) when
they are located beneath a high cloud. There are two
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FIG. 5. Nighttime orbit segment over Antarctica, nighttime (2006-09-12T16_04-22ZN). (a) CALIPSO-GOCCP
cloud mask. (b) CALIPSO-ST cloud detection. (c) CALIPSO-ST cloud mask. (d) Scattering ratio.

reasons for this, but they are not independent: (i) ST
uses a lower detection threshold and (ii) ST accounts for
attenuation of overlying cloud when locating cloud ba-
ses (GOCCP uses a fixed threshold).

In the midlatitudes during daytime (not shown), the
differences between GOCCP and ST are comparable to
the ones for nighttime (Figs. 4a and 4b).

¢. Boundary layer clouds

For boundary layer cloud with no high cloud above
(the lidar return signal is not attenuated before hitting
the boundary layer cloud), seen in Fig. 2 between 25°
and 30°S, GOCCP (Fig. 2a) and ST (Fig. 2b) use the
same horizontal resolution (/3 km) but different de-
tection thresholds. They both detect the same clouds
because the liquid clouds under study scatter strongly
enough to exceed the detection thresholds of both
algorithms.

The values of total, low, mid-, and high cloud fractions
along the orbit segment shown in Fig. 2 are computed
similarly in GOCCP and ST: these low, mid-, and high
cloud fractions are defined as the number of profiles
containing a cloud in a given altitude range (low, mid-,
or high) divided by the total number of profiles along

the piece of orbit. As expected from looking at Fig. 2,
the low-level cloud cover in ST (39.8%) and GOCCP
(40.5%) is very similar. Note that the low cloud cover is
significantly different between ST version 3 and ST
version 2. GOCCP is in much better agreement with the
ST version 3 used in this study than it was with ST ver-
sion 2 (not shown).

d. Discrimination between dust and low-level clouds

Figure 2g shows a significant presence of dust (yellow)
between 0° and 20°N. GOCCP (Fig. 2a) and ST (Fig. 2b)
report about the same amount of low cloud in this region
(CF-low-GOCCP = 0.11 and CF-low-ST = 0.13). The
low-altitude “‘cloud” reported by both GOCCP and ST
between 10° and 15°N is strongly scattering dust, likely
produced by a dust storm. Dense dust that produces li-
dar backscattering exceeding the GOCCP threshold or
the ST threshold used at '3 km is assumed to be cloud.
Depolarization and color ratio of '/3-km layers were
studied to estimate the fraction of /3-km layers that were
dust and not cloud. Such misclassification was estimated
to increase the global mean low cloud fraction by about
0.01. In active dust source regions, such as parts of the
Sahara, the increase is estimated to be no more than 0.08.
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FIG. 6. Seasonal mean layered cloud fractions, SON 2006 (left) nighttime and (right) daytime. CALIPSO-GOCCP cloud fraction: (a)
high level, (e) midlevel, and (i) low level. CALIPSO-ST cloud fraction: (b) high level, (f) midlevel, and (j) low level. Difference between
ST and GOCCP cloud fractions during nighttime: (c) high level, (g) midlevel, and (k) low level. Difference between ST and GOCCP cloud
fractions during day time: (d) high level, (h) midlevel, and (1) low level.

Analysis on a daytime orbit (not shown) exhibits re-
sults similar to nighttime.

e. Polar clouds

In both Arctic and Antarctic regions, ST observes
more clouds than GOCCP, at all altitudes.

Figure 5 shows a typical Antarctic orbit where mid-
level clouds (32% in GOCCP and 77% in ST) are likely
associated with moderate SR (between 2 and 5; Fig. 5d),
corresponding to optically thin clouds: they are classified
as “‘uncertain” in GOCCP and “‘cloud” in ST. To ex-
amine this cloud type, GOCCP has been reprocessed for
alower detection threshold (SR =2 and ® ATB = 0; see
Fig. Al in the appendix); the midlevel clouds are de-
tected at smaller thresholds but with increased false
detections. The presence of these optically thin polar ice
clouds with a large vertical extent in the troposphere has
been mentioned in previous studies (i.e., Grenier et al.
2009).

The same type of feature appears in the Arctic; the
largest differences between the two datasets occur in
midlevel clouds.

The polar regions, of both hemispheres, are charac-
terized by the frequent occurrence of weakly scattering
ice clouds, particularly during polar winter. These clouds
are more often detected by ST than by GOCCP because
of the lower detection thresholds of the ST algorithm.

4. Global maps
a. Cloud maps

Global maps of high, mid-, and low cloud fractions
obtained with ST and GOCCP at night are presented in
Fig. 6 (left and middle columns).

More high-level clouds are present in ST than
GOCKCEP, consistent with the orbits studied in the pre-
vious section. The largest differences between the two
datasets occur for high clouds in the tropical belt (Figs.
6a and 6b), where optically thin cirrus clouds are most
often found (i.e., Martins et al. 2011; Sassen et al. 2009;
Virts et al. 2010), are not detected by GOCCP, as ex-
plained previously. In daytime, above tropical stratocu-
mulus, GOCCP detects more high clouds than ST (Fig. 6d,
blue color), which is likely due to a smaller signal-to-noise
ratio above 8 km of altitude (see section 2b), because
of solar photon reflected on the stratocumulus clouds
producing some false cloud detection at high altitude.

ST and GOCCP detect similar low-level cloud amounts
in nighttime (Fig. 6k). In daytime (Fig. 61), GOCCP detect
more low- and midlevel clouds because the cloud de-
tection threshold used by GOCCEP is smaller than the one
used by ST (Fig. 1, single-shot threshold used for ST).

The polar areas are where ST and GOCCP cloud
covers exhibit the largest differences (up to +20%
cloud cover) at all altitude levels (Fig. 7 for the Arctic
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FIG. 7. Mean Arctic cloud cover, DJF 2006-07, nighttime. CF-high: (a) CALIPSO-GOCCP, (b) CALIPSO-ST, and (c) difference
ST-GOCCP. CF-mid: (d) CALIPSO-GOCCP, (e) CALIPSO-ST, and (f) difference ST-GOCCP. CF-low: (g) CALIPSO-GOCCP,

(h) CALIPSO-ST, and (i) difference ST-GOCCP.

and Fig. A2 for the Antarctic). In all cases, the ST
cloud covers are larger than GOCCP, which is con-
sistent with the orbit case studied (Fig. 5), showing that
the differences are due to the optically thin clouds
occurring in this region.

A quantitative evaluation (not shown) demonstrates
that in the Arctic, the differences between ST and
GOCCP are more pronounced during winter [December—
February (DJF) nighttime] than summer [June-August

(JJA) daytime] and that the differences are not de-
pendent on the surface (land/ocean).

As GOCCP and ST maps of low, mid-, high clouds
mostly differ in latitude and not in longitude, hereafter
we study zonal means.

b. Zonal means

Low-level clouds from ST and GOCCP are consistent
at all latitudes; GOCCP cloud fractions are 0.05 higher
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FIG. 8. Zonal mean of layered cloud fraction for CALIPSO-GOCCP and CALIPSO-ST.
Lat/lon (2° X 2°), SON 2006. High-level clouds in black, midlevel clouds in red, and low-level
clouds in blue: (a) nighttime and (b) daytime.

than ST in daytime (Fig. 8b), consistent with the orbit
studied in Fig. 2 and with the difference in the cloud
detection thresholds used in each algorithm (Fig. 1).
Midlevel clouds show the largest differences in polar
regions, consistent with the orbit studied in Fig. 5. In
addition, the two datasets exhibit some differences in
the tropics in daytime (Fig. 8b) that do not occur at night
(Fig. 8a), in agreement with the change of the cloud
detection used in ST between day and night (Fig. 1).
High clouds exhibit large differences at all latitudes in
both night and day, consistent with the orbit studied in
Fig. 2.

The surface type (ocean or land; Fig. A3) below the
cloud does not impact the differences between ST and
GOCCEP for high (Fig. A3a) and low (Fig. A3c) cloud
covers (averaged over day and night): the differences
between both datasets and their dependence on lati-
tude are very similar above both ocean and land, sug-
gesting that the surface does not introduce bias in the
cloud detection in any of the datasets (especially for
low-level clouds that are sometimes in contact with the
surface).

For midlevel clouds, the differences between ST and
GOCCP (Fig. A3b) in polar regions are similar above
both land and sea surfaces.

¢. Summarized cloud fraction numbers

Global high-, mid-, and low-level cloud cover is sum-
marized in Table 1. On average, the two datasets give
maximum cloud cover difference of 0.05 at low and
midaltitudes, where GOCCP observes more optically
thin clouds than ST. There are larger differences at high
altitudes, where ST detects typically 10% more clouds
than GOCCP, because of the increased presence of
optically thin clouds.

In spite of the sparse sampling from the nadir-viewing
CALIOP instrument, averaging to seasonal zonal scales
provides robust statistics. Computing the statistics of
Table 1 using only even days or only odd days over a
2-month period produces average even-day and odd-day
cloud covers that agree within 0.5%.

When examining specific regions (tropics, subtropics,
polar regions), it appears that the largest differences
between ST and GOCCP occur in polar regions during
winter (Table 1): those differences (up to +18% over
land) are more pronounced in mid- and high-level alti-
tudes, where the optically very thin cloud amount is
significant and not reported in GOCCP. These differ-
ences occur for the same reasons in high-level tropical
clouds, where subvisible clouds are frequent.
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TABLE 1. Average cloud cover reported in CALIPSO-ST and
CALIPSO-GOCCP, mean percentage values (day + night).

Global OCEAN LAND
GOCCP ST GOCCP ST GOCCP ST
All SON 2006
High 31 40 30 39 33 41
Mid 19 19 17 17 23 25
Low 38 35 45 41 23 21
Tropics (30°-30°S), SON 2006
High 32 44 31 42 37 47
Mid 12 10 10 08 20 16
Low 30 26 35 31 16 11
Midlatitude (30°-60°N, 30°~60°S), SON 2006
High 31 37 31 36 31 37
Mid 2 25 2 24 23 25
Low 44 41 52 49 23 21
Arctic (60°-90°N), SON 2006
High 24 36 2 35 27 37
Mid 33 44 31 42 35 45
Low 54 57 65 65 46 51
Antarctic (60°-90°S), JJA 2007
High 28 40 28 39 29 42
Mid 30 45 32 45 26 45
Low 50 49 62 62 26 29

5. Zonal cloud fraction profile

The zonal cloud fraction profile is new, critical infor-
mation provided by CALIPSO. It gives an unprecedented
view of the detailed cloud vertical distribution, a new
piece of knowledge that was missing in the puzzle of
cloud observations.

This information was not possible to observe with
passive instruments. These instruments derive the cloud
vertical structure very indirectly compared to CALIPSO,
which directly measures the distance between the
satellite and the cloud. The zonal mean cloud fraction
profile from ST and from GOCCP for day and night for
September-November (SON) are reported in Fig. 9 at
480-m vertical resolution. The GOCCP zonal cloud
fraction profile is lower than ST everywhere except at
midlevels in the tropics and subtropics. The differences
between the two datasets obtained in this season are
representative of the others (not shown).

Contrary to the low-, mid-, and high-level cloud maps
shown in previous sections, the zonal cloud fractions
profile (Fig. 9) from GOCCP and ST are significantly
different: the differences in cloud detection between the
two datasets in each vertical layer (every 480 m) directly
impact the zonal cloud fraction profile, whereas it is not
directly obvious on cloud maps. The cloud maps shown
earlier contain several 480-m vertical levels (typically
7 in the low layer, 7 in the midlayer, and 26 in the high
layer). The layer (low, middle, or high) is declared
cloudy if one or more of the 480-m levels included in the
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layer is declared cloudy, whatever the altitude level and
the number of cloudy levels within the layer. As a con-
sequence, very different cloud distributions within the
480-m levels included within a layer can produce similar
maps of low (or middle or high) cloud; for example,
a low cloud layer will be declared cloudy if all seven
successive vertical 480-m levels included in the layer are
cloudy, or if only one of the seven levels is declared
cloudy. But, unlike the cloud map, the zonal cloud
fraction profile associated with these two scenarios will
look very different. This effect is illustrated in Fig. 4: the
vertical extent of ST high clouds (z > 8 km) is larger
than the GOCCP one.

The differences between the zonal cloud fraction
profile in ST and GOCCP in different regions (boundary
layer clouds, high clouds, tropics, midlatitudes, polar
regions) in Fig. 9 have various reasons because they are
mostly induced by the types of cloud observed (vertical
and horizontal extension, cloud optical depth). To un-
derstand the source of the differences between ST and
GOCCP, we use case studies (section 3) and examine
the sensitivity of the zonal cloud fraction profile to the
three parameters involved in the cloud detection: SR
threshold, and horizontal and vertical averaging of the
lidar profile before the cloud detection.

The large difference between day and night in the ST
zonal cloud fraction profile (Figs. 9a and 9c) demon-
strates that sensitivity differences at the low SR values
are important. Consistently, the GOCCP zonal cloud
fraction profile is similar in day and night (Figs. 9b and
9d) because it is using a constant spatial resolution and
a single cloud detection threshold.

a. Vertical resolution

ST and GOCCP detect clouds at different vertical
resolutions: GOCCP performs cloud detection on SR
profiles with 480-m vertical resolution, whereas ST
performs it on SR profiles with 30- or 60-m vertical
resolution. To examine the impact of this difference, we
computed the GOCCP zonal cloud fraction profile for
different vertical resolutions (240 and 120 m). The re-
sulting changes in low-, mid-, high-level clouds (not
shown) were too small to explain the difference between
ST and GOCCP.

b. Cloud detection threshold

The threshold of cloud detection is lower in ST than in
GOCCEP (see Fig. 1), implying that ST detects clouds
with lower optical depth than GOCCP. We processed
the GOCCP zonal cloud fraction profile with a lower
detection threshold (SR = 2, ® ATB = 0 instead of
SR = 5) during nighttime (when the SNR is higher be-
cause of the absence of solar photons) to examine
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whether this can explain differences between GOCCP
and ST. Figure 10a shows that the GOCCP cloud frac-
tion profile is increased at all altitudes and latitudes
when the cloud detection threshold is reduced. GOCCP
still detects less than ST in the tropical upper troposphere,
in the boundary layer, and throughout the troposphere
in the polar regions. Moreover, polar stratospheric clouds
(having small optical depths) show up over Antarctica
but false detections occur below 8 km of altitude, where
the SNR is lower because there is no horizontal aver-
aging done on board a satellite below 8 km (/3 km be-
low 8 km and 1 km above).

Nevertheless, despite the lower detection threshold
used in GOCCP-SR2, the zonal mean cloud fraction
from ST remains greater (Fig. 10b) in most of the cloudy
regions. When averaging over 80 km (Fig. 10d), the
difference between ST and GOCCP is reduced; how-
ever, some optically thin clouds are still detected by ST
only in the upper troposphere. Based on Fig. 1, the re-
maining clouds have an optical depth lower than 0.017
(SR < 2).

c. Horizontal resolution

The horizontal resolution used in GOCCP is equal
to /3 km. On the other hand, ST performs cloud de-
tection at different horizontal resolutions between /3
and 80 km, depending on the amount of averaging
required to detect the cloud. For testing the sensitivity
of the results to the horizontal averaging, we processed
GOCCP-SR2 by averaging the lidar profile over 80 km
along the orbit track before doing cloud detection.

The zonal cloud fraction profile increases significantly
everywhere (Fig. 10c), in particular in boundary layer
clouds, where a small-size cumulus cloud (typically
500 m) surrounded by clear air will produce a large SR
value (because it scatters strongly) at !/3>-km horizontal
resolution and be detected as one small cloud (with
I»-km extent) surrounded by a cloud-free area. When
averaged over 80-km horizontal resolution, however,
this same cloud of /3-km size will still be detected (be-
cause the 80-km horizontally averaged SR value will be
larger than 2) but the entire 80 km will be considered
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FIG. 10. Zonal mean cloud fraction profile (CF3D) for SON 2006, nighttime, lat/lon (2° X 2°), and 40 vertical levels
(480 m). (a) CF3D CALIPSO-GOCCP-test]l, NOT standard: Ax = 330 m, SR = 2, AATB = 0. (b) CF3D CALIPSO-
ST — CALIPSO-GOCCP-test1. (c) CF3D CALIPSO-GOCCP-test2, NOT standard: Ax = 80 km, SR = 2, AATB = (.

(d) CF3D CALIPSO-ST — CALIPSO-GOCCP-test2.

cloudy, even if only a very small fraction of it is actually
cloudy. This effect artificially increases the cloud cover
retrieved in regions with broken clouds such as shallow
cumulus, frequently encountered in the boundary layer.
When the clouds are homogeneous over a very large
extent (80 km), as with some cirrus clouds, for example,
the horizontal averaging increases the SNR and allows
better detection of optically very thin clouds.

The additional averaging applied to ST improves the
agreement between ST and GOCCP-SR2 and the 80-km
zonal cloud fraction profile in the upper troposphere
(Fig. 10d vs Fig. 10a), although GOCCP now over-
estimates cloud fraction relative to ST at middle and low
altitudes. Figure 10 illustrates that most of the differ-
ences between the two datasets comes from the hori-
zontal resolutions and the cloud detection thresholds
used—two parameters that cannot be considered fully
independently (except in sensitivity studies like here) as
both of them depend on the SNR: (i) using high cloud
detection thresholds ensures safe cloud detection and
limits false positives but implies losing some optically
thin clouds and (ii) reducing the threshold to detect
optically thin clouds is meaningful only if the SNR is
sufficient, otherwise it will produce false positives.

Ideally, the cloud detection (defined by the amount of
horizontal averaging along the orbit track before cloud
detection and the cloud detection threshold) should be
adapted to each cloud scene individually, which is not
doable because the cloud characteristics are a priori
unknown. The ST algorithm was designed to be as close
as possible to this approach. On the other hand, GOCCP
has a fixed constant horizontal resolution (/3 km) and
a fixed detection threshold.

6. Conclusions

This paper aims to understand the differences between
cloud cover and vertical distribution obtained from the
same CALIPSO-attenuated backscattered profile data-
set (level 1) using two different algorithms, referred to as
ST and GOCCP, that have been built with different ob-
jectives. The first one was developed by the CALIPSO
Science Team and aims at documenting all types of
clouds as well as possible. The second is built to be
consistent with the lidar simulator included in the COSP
package and to evaluate cloudiness in climate models.

CALIPSO daytime and nighttime orbits containing
typical cloud scenes (boundary layer shallow cumulus,
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cirrus, midlevel tropical clouds, etc.) were first examined
to characterize the detailed cloud picture produced by
each algorithm, and to point out the main differences:
ST detects more clouds than GOCCP, particularly at
high altitudes and in the polar regions, where the clouds
are often optically thin (typically cirrus clouds with op-
tical depth lower than 0.07 are not detected by GOCCP
in the upper troposphere).

Comparison shows differences in the global cloud
cover maps from the two algorithms are frequently
larger than 10% and vary with region (e.g., Arctic versus
tropics, day versus night, high-level versus midlevel
cloud amounts). The low-, mid-, and high-level cloud
covers are also dependent on the algorithm mostly in the
polar regions, where the maximum difference is en-
countered (15%).

Both algorithms produce a low-level cloud cover
larger than previously observed by passive remote sen-
sors. Still, the actual low-level cloud cover is likely even
larger in specific regions, such as the midlatitude storm
track and the along the intertropical convergence zone,
because of the attenuation of the lidar signal when
passing through upper-altitude clouds.

Larger differences between the two datasets show up
in the zonal cloud fraction profile, which is a new vari-
able that was not observed from space before CALIPSO
and CloudSat. Before, the vertical cloud distribution was
obtained very indirectly from passive remote sensors at
coarse vertical resolution and with large uncertainties
(Weisz et al. 2007; Holz et al. 2008; Kahn et al. 2008;
Minnis et al. 2008). The zonal cloud fraction profile
obtained by ST and GOCCP are compared at 480-m
vertical resolution and are found to differ by a factor of
almost 2 in some regions, the ST zonal cloud fraction
profile being always larger than GOCCP. Moreover, ST
shows significant day-night differences contrarily to
GOCCP cloud fraction profiles that are very similar
during the day and night. A sensitivity study using var-
ious cloud detection thresholds and different horizontal
and vertical averaging before cloud detection has been
conducted to understand the reasons for the differences
between the zonal cloud fraction profile in ST and
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GOCCP. The zonal cloud fraction profile is highly sen-
sitive to both the cloud detection threshold and the
horizontal averaging. Horizontal averaging over long
distances (up to 80 km) allows for detecting high-altitude
optically thin clouds that are not detected otherwise, and
it explains most of the differences between the two da-
tasets. Nevertheless, applying such large horizontal av-
eraging at low altitudes can artificially increase the cloud
cover in the low troposphere.

The differences between the two datasets are now well
understood and are mostly due to the different hori-
zontal averaging and cloud detection thresholds used in
the two algorithms. We recommend using the CALIPSO-
GOCKCEP dataset for climate model evaluation purposes
through the COSP simulator: the horizontal resolution
(Y3 km) and the cloud detection threshold (SR = 5) are
fixed in GOCCP. We recommend using the CALIPSO-ST
dataset for other cloud analyses and choosing carefully
the horizontal resolution based on the optical depth of
clouds under study.

The CALIPSO-GOCCP datasets are available online
(http://climserv.ipsl.polytechnique.fr/cfmip-obs/). The
CALIPSO-ST dataset is available on the NASA Lang-
ley Atmospheric Sciences Data Center website (http://
eosweb.larc.nasa.gov).
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APPENDIX

Antarctic Clouds (Detection and Cloud Cover),
and Comparisons between Land
and Ocean Cloud Covers

Figures Al, A2, and A3 are shown below.
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FIG. Al. Sensitivity to the cloud detection threshold over Antarctica, vertical resolution
480 m: (a)—(d) CALIPSO-GOCCP, (e) CALIPSO-ST. (a) Scattering ratio (white pixels cor-
respond to SR < 5and AATB < 2.5 X 107 km ™! sr™"). (b) Cloud mask for standard detection:
SR > 5 and AATB > 2.5 X 107> km ™! sr™ L. (c) Cloud mask; pixels are flagged cloudy when
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