
Using in-situ airborne measurements to evaluate three

cloud phase products derived from CALIPSO

Gregory Cesana, H. Chepfer, D. Winker, B. Getzewich, X. Cai, O. Jourdan,

G. Mioche, H. Okamoto, Y. Hagihara, V. Noel, et al.

To cite this version:

Gregory Cesana, H. Chepfer, D. Winker, B. Getzewich, X. Cai, et al.. Using in-situ
airborne measurements to evaluate three cloud phase products derived from CALIPSO.
Journal of Geophysical Research: Atmospheres, American Geophysical Union, 2016,
<10.1002/2015JD024334>. <hal-01318943>

HAL Id: hal-01318943

http://hal.upmc.fr/hal-01318943

Submitted on 20 May 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
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Abstract We compare the cloud detection and cloud phase determination of three independent
climatologies based on Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) to
airborne in situ measurements. Our analysis of the cloud detection shows that the differences between the
satellite and in situ measurements mainly arise from three factors. First, averaging CALIPSO Level l data along
track before cloud detection increases the estimate of high- and low-level cloud fractions. Second, the
vertical averaging of Level 1 data before cloud detection tends to artificially increase the cloud vertical extent.
Third, the differences in classification of fully attenuated pixels among the CALIPSO climatologies lead to
differences in the low-level Arctic cloud fractions. In another section, we compare the cloudy pixels detected
by colocated in situ and satellite observations to study the cloud phase determination. At midlatitudes,
retrievals of homogeneous high ice clouds by CALIPSO data sets are very robust (more than 94.6% of
agreement with in situ). In the Arctic, where the cloud phase vertical variability is larger within a 480m pixel,
all climatologies show disagreements with the in situ measurements and CALIPSO-General Circulation
Models-Oriented Cloud Product (GOCCP) report significant undefined-phase clouds, which likely correspond
to mixed-phase clouds. In all CALIPSO products, the phase determination is dominated by the cloud top
phase. Finally, we use global statistics to demonstrate that main differences between the CALIPSO cloud
phase products stem from the cloud detection (horizontal averaging, fully attenuated pixels) rather than the
cloud phase determination procedures.

1. Introduction

Clouds cover most of the Earth (more than 70% [Stubenrauch et al., 2013]) and are involved in many large-scale
processes, which are still misunderstood (e.g., El Niño–Southern Oscillation, Madden-Julian Oscillation, North
Atlantic Oscillation). The evolution of clouds and their radiative effects is still a major source of uncertainty and
limits our understanding of climate change [Boucher et al., 2013]. The presence of clouds in the atmospheremod-
ulates the exchanges of energy at the top of the atmosphere (TOA) as well as the surface. Although reliable mea-
surements at TOA [e.g., Harrison et al., 1990; Wielicki et al., 1996; Kandel et al., 1998] allow monitoring the global
energy balance precisely, surface radiationmeasurements are sparse and thereforemore uncertain [e.g., Stephens
et al., 2012; Ohmura et al., 1998]. Additional information about the vertical structure of clouds and their phase
[Stephens et al., 2002; Winker et al., 2010] helps improve those surface estimates [Stephens et al., 2012].

Cloud phase transition viewed on a global scale must be better understood to progress on our understanding
on the role of clouds on climate. The influence of the cloud phase on the climate system (e.g., climate sensi-
tivity, albedo, and cloud fraction) has been demonstrated using general circulation models (GCMs) [e.g., Li
and Le Treut, 1992; Gregory and Morris, 1996; Kay et al., 2016]. Recent studies have shown that changing
the phase description in a GCM could lead to biases not only on the radiative flux [Yun and Penner, 2012]
but also in the zonal cloud fraction, the heating rate, the humidity, and the cloud water content [Cheng
et al., 2012]. Those changes are evenmore important at middle and high latitudes, wheremixed-phase clouds
are ubiquitous [e.g., Forbes and Ahlgrimm, 2014]. Cloud phase is thus one of the sensitive parameters in GCMs
that have to be constrained and evaluated to improve climate projections. For this purpose, global scale
satellite observations have a spatial cover well suited for GCM evaluation (grid size typically larger than
100 km) and have been used recently to emphasize models’ flaws [Cesana et al., 2015; Komurcu et al., 2014].
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Different methods have been developed to retrieve the cloud thermodynamic phase from passive sensor
satellites. The most simple is to set a threshold on the cloud top temperature [Rossow and Schiffer, 1999;
Guignard et al., 2012]. Another one—extensively used in visible, infrared and microwave radiometers and
spectrometers—is based on both brightness temperatures and brightness temperature differences (BTD)
[e.g., Platnick et al., 2003; Pavolonis et al., 2005; Stephens and Kumerrow, 2007]. However, thin cirrus, mixed-
phase, and supercooled liquid clouds remain often misclassified or challenging to classify. The use of cloud
emissivity ratios [Parol et al., 1991] has been proven to slightly mitigate the deficiencies of the BTD-based
method such as the misclassification of thin cirrus clouds [e.g., Heidinger and Pavolonis, 2009; Pavolonis,
2010]. Aside from the brightness temperature, liquid and ice particles may be discriminated depending
on their shapes by using spaceborne polarization measurements of cloud tops [Goloub et al., 2000].
Moreover, some cloud phase retrievals may also be obtained using ambient temperature from reanalysis
data [Uppala et al., 2005]. Yet the cloud phase and its transition between liquid and ice depend not only
on the temperature but also on the water vapor pressure, the aerosol types present, and the shape, size,
and number of the particles. Retrievals based on measurements from spaceborne passive instruments do
not describe the entire profile but only the uppermost layers, integrated over a height that is moreover hard
to quantify with less confidence over land. Besides, in satellite remote sensing, the cloud phase is often used
to retrieve other variables. For example, assumptions regarding the size and shape of the cloud particles—
necessary to estimate the optical depth or the cloud water content—are often based on the retrieved cloud
phase [Nasiri and Kahn, 2008; Rossow et al., 1991]. Errors in the retrieved cloud phase might cause biases in
these quantities [Pavolonis and Key, 2003; Rossow and Schiffer, 1999]. Therefore, other spaceborne measure-
ments—sensitive to thin cirrus, supercooled liquid, and mixed-phase clouds, reliable over land, and indepen-
dent of the methods mentioned above—are necessary to improve our knowledge of the cloud phase.

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) [Winker et al., 2010] satellite
carries an active remote sensing instrument—i.e., the Cloud-Aerosol LIdar with Orthogonal Polarization
(CALIOP). In contrast with passive instruments, it allows one to retrieve the vertically resolved cloud phase,
for thin cirrus and supercooled liquid dense clouds, during daytime and nighttime and above all surfaces,
thus providing significant new information compared to passive remote sensing-based cloud phase climatol-
ogies. For these reasons, the CALIPSO observations have been often used to validate cloud phase retrievals of
spaceborne passive satellites, leading to a significant improvement of these retrievals [e.g., Baum et al., 2012;
Kahn et al., 2014; Jin and Nasiri, 2014; Heidinger et al., 2010]. CALIOP’s near-nadir pointing laser beam at
532 nm is linearly polarized. It measures total attenuated backscatter (ATB), which is split in two components:
one parallel (ATBpar) and one perpendicular (ATBperp) to the incident plane. A nonzero perpendicular signal
implies a change in the polarization state of the backscattered beam compared to the emitted beam. Unlike
spherical particles, nonspherical particles modify the polarization state of the laser beam for a single scatter-
ing case. The change of polarization state of the backscatter laser beam has been used since the early 1970s
to discriminate liquid from ice clouds in ground-based lidar data [Schotland et al., 1971] and continues to be
widely used for that purpose [e.g., Naud et al., 2010; Noel et al., 2006]. However, in spaceborne lidar observa-
tions, the distance to the cloud is larger compared to ground-based lidar. For a similar field of view, the illu-
minated cloud volume is therefore larger, which increases the impact of multiple scattering on
measurements and complicates the cloud phase determination. For that reason, further information (e.g.,
total and perpendicular attenuated backscatter, and lidar attenuation) is used to separate liquid clouds from
ice clouds [e.g., Cesana and Chepfer, 2013; Hu et al., 2009; Yoshida et al., 2010].

In this paper, we used three CALIPSO cloud phase climatologies, all vertically resolved and using algorithms
mainly independent of temperature: the GCM-Oriented CALIPSO Cloud Product, (CALIPSO-GOCCP) [Cesana
and Chepfer, 2013], the CALIPSO Science Team product (CALIPSO-ST) [Hu et al., 2009], and the CALIPSO
Kyushu University product (CALIPSO-KU) [Yoshida et al., 2010; Hirakata et al., 2014]. As the developments
of these three products were guided by different scientific questions, the choices made in their algorithms,
such as the method to detect clouds and to retrieve the cloud phase, and the vertical and horizontal
averaging, are not identical and lead to different results. For example, in comparing CALIPSO-GOCCP and
CALIPSO-ST, Chepfer et al. [2013] showed that variations in detection sensitivity with horizontal averaging
could generate differences in zonal mean cloud profiles up to a factor of 2 (see high clouds in the tropics
in their Figure 9). Although their methods are different, all use polarization and ATB to discriminate liquid
clouds (spherical liquid droplets) from ice clouds (nonspherical ice crystals).
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The phase transition of water within clouds happens at very small spatial-temporal scales (a few microns
[e.g., Rogers and Yau, 1989]). These are impossible to observe with spaceborne instruments. It is therefore
necessary to compare those satellite products with other robust cloud phase measurements. Airborne in
situ measurements, which are sampled directly inside clouds, are one way to validate satellite retrievals
[e.g., Mioche et al., 2010]. Compared to satellite products, in situ measurements describe the cloud phase
more accurately and with a better spatial-temporal scale. Nevertheless, in situ measurements performed
during field campaigns [e.g., Jourdan et al., 2010; Gayet et al., 2002; Heymsfield and Hjelmfelt, 1984] are very
localized and limited to specific time periods and regions, so they cannot provide a global view of cloud
phase transitions.

The objective of this study is threefold: (i) to explain the differences among the CALIPSO cloud phase pro-
ducts, (ii) to suggest improvements in cloud phase retrieval for current and future spaceborne lidar missions,
and (iii) to emphasize the need for in situ measurements to validate the satellite retrievals. In parallel, our
evaluation of the CALIPSO cloud phase products will improve our knowledge of the cloud phase on a global
scale. In section 2, we describe the three CALIPSO data sets, the in situ airborne measurements, and the com-
parison method. We examine the results of the comparison between CALIPSO and aircraft cloud detection
and cloud phase in sections 3 and 4, respectively. In section 5, we summarize the results of the study.

2. Data Sets and Method

The information presented in Table 1 helps to understand the differences between the data sets, by sum-
marizing the various resolutions and definitions used by the different cloud detection and cloud phase
determination procedures.

First, the horizontal and vertical averaging applied to the lidar profiles before cloud detection differ from one
product to another (e.g., 333m versus 80 km horizontally). This is expected to generate significant cloud
detection differences, as previously discussed in, e.g., Hagihara et al. [2010, 2014] and Chepfer et al. [2013].
Second, more interestingly, the definitions of the “Fully attenuated” pixels—i.e., when the lidar is blind
because the laser is completely attenuated—are inconsistent among the products. Third, some classifica-
tions, like the “undefined” cloud detection, the “uncertain” phase, or the “mixed” phase are populated (with
different definitions) in some products but do not exist in others. As a consequence of these factors, although
the three CALIPSO data sets use the same Level 1B version 3 CALIOP data (total and perpendicular ATB
profiles) as inputs, the science questions that drive each has led to different definitions and spatial resolutions
in each algorithm, in turn, leading to differences in the cloud products.

It is the goal of this paper to determine how much and where the differences in the design/definition of the
algorithms impact the total cloud fraction profiles as well as the liquid and ice cloud fraction profiles reported
at global scale.

A more detailed description of the data sets is given in the following section.

2.1. The GCM-Oriented CALIPSO Cloud Product (CALIPSO-GOCCP)

CALIPSO-GOCCP [Chepfer et al., 2010, 2013] has been developed from CALIPSO measurements of attenuated
backscatter, with the aim of evaluating the cloud representation in GCMs with the joint use of a lidar simu-
lator [Chepfer et al., 2008]. Every 333m spaced profile is used at a vertical resolution of 480m to compute
the scattering ratio (SR), which is the ratio of the total attenuated backscattered signal (ATB) to the molecular
attenuated backscattered signal (ATBmol, ATB in presence of molecules only). The SR characterizes the pre-
sence of particulate matters in the layer. A CALIPSO-GOCCP 480m pixel is diagnosed as cloudy when its SR
is higher than or equal to 5 and the difference between total and molecular ATB (ΔATB) is higher or equal
to 2.5 × 10�3 km�1 sr�1. In the high troposphere, this SR5 threshold may lead to the underestimation of thin
subvisible cirrus clouds, which have an optical depth lower than 0.03 [Martins et al., 2011]. According to its SR
value, a pixel can also be diagnosed as uncertain (3 ≤ SR< 5), clear (0.01 ≤ SR< 3), fully attenuated (0.01< SR),
or rejected (depending on the signal-to-noise ratio, SNR). Fully attenuated and rejected pixels are not
included in the global statistics. However, fully attenuated pixels are accounted for in the cloud detection
validation to address their impact. Here we use GOCCP v2.9 which, compared to v2.68 (as in Chepfer et al.
[2013]), includes an updated computation of the normalization ratio (R), used to reject noise-contaminated
daytime profiles. R is defined as the ratio of the ATB averaged over ±33 profiles to the Molecular Density
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(MD) number averaged over ±33 profiles between 20 km and 25km during daytime [see Chepfer et al., 2010,
section 2.1]. In v2.9, R is computed between 20 and 28 km during daytime, except during Polar Stratospheric
Cloud (PSC) season over Antarctica (June through October [Noel et al., 2008]) and over the Arctic (December
through February [Pitts et al., 2011]), where R is computed between 28.5 km and 35 km. Profiles with values
of R larger than 1.8× 10�31 (Rmax in sr�1mol�1m2, basically 3 times its mean over 3months of data) or lower
than 0.15× 10�31 (Rmin in sr�1mol�1m2) are first rejected. Then, R is calculated again using ±65 profiles. If
the new R value is between Rmin and Rmax, the profile is not rejected. This reduces the number of daytime-
rejected profiles (from 36.2% to 4.3% for January–March 2007) while ensuring a good SNR.

The CALIPSO-GOCCP cloud phase [Cesana and Chepfer, 2013] is diagnosed from ATB and ATBperp values of
cloudy pixels. ATBperp characterizes the change of polarization state of the laser beam. For spherical particles
ATBperp remains low and increases for nonspherical particles. Splitting the ATB and ATBperp 2-D distributions
(using a discrimination threshold) allows distinguishing ice cloudy pixels from liquid cloudy pixels. However,
because of lidar attenuation and signal noise, some pixels are classified as undefined (about 10% of the
cloudy pixels out of 3months of global statistics [Cesana and Chepfer, 2013]). In less than 1% of the cloudy
pixels, the algorithm uses temperature to impose that clouds colder than �42°C are ice and clouds warmer
than 0°C are liquid. This helps reduce misclassifications. Temperature profiles come from the Goddard Earth

Table 1. Overview of the Different Productsa

1. GOCCP ST KU Airborne-NP

2. Vertical resolution 480m 30m and 60m
reprojected at 480m

30m and 60m
reprojected at 240m

a few cm

3. Horizontal resolution
and averaging

333m< 8.2 km and
1 km> 8.2 km; no

horizontal averaging

333m< 8.2 km and 1 km> 8.2 km
Variable: from 333m to 80 km

333m< 8.2 km and
1 km> 8.2 km; Fixed

to 1.1 km

200m Mid-lat 80m Arctic;
no horizontal averaging

4. Cloud Detection

5. Reference Chepfer et al. [2010, 2013] Vaughan et al. [2009] Hagihara et al., 2010; Gayet et al., 2009
Mioche et al., 2010

6. Cloud SR5 and ΔATB>2.5e�3

km�1 sr�1
SR 1.2 to 15

See Chepfer et al. [2013]
Okamoto et al. [2007, 2008] Extinction coefficient >0.02 km�1

(midlatitude) >0.05 km�1 (arctic)

7. Clear 0.01< SR< 1.2 All what is not Cloudy
and not Fully attenuated

All what is not Cloudy Extinction coefficient <0.02 km�1

(mid-lat) <0.05 km�1 (Arctic)

8. Full attenuation SR< 0.01 Detect surface echo
and slope of ATB

Classified as clear -

9. Uncert 1.2< SR< 5: usually aerosols - - -

10. Cloud Phase Determination

11. Reference Cesana and Chepfer [2013] Hu et al. [2010] Yoshida et al. [2010]
Hirakata et al. [2014]

Gayet et al. [2002]
Jourdan et al. [2010]

12. Liquid ATBperp = f(ATB) δ = f(ATB) δ = f(χ) 0.83< g< 0.9
T T Spatial continuity test

ATB1064
CR

13. Ice ATBperp = f(ATB) δ = f(ATB) δ = f(χ) 0.7< g< 0.8
T T Spatial continuity test

ATB1064
CR

14. Mixed - Both liquid and ice are
detected at Δz = 30m

(or 60m) in the
same 480mpixel

- 0.8< g< 0.83 Both liquid and ice
but dominated by liquid phase

15. Undefined Cloud below a cloud
with SR(z) > 30

- Either liquid droplets
or randomly oriented

ice crystals

-

aSR, Scattering Ratio; ATB, Attenuated Total Backscatter; ΔATB=ATB – ATBmol; T, Temperature; χ(i) = log10[ATB(i)/ATB(i+1)]); Depolarization Ratio δ =ATBperp/ATBpar;
and the Color Ratio, CR = ATB1064/ATB.
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Observing System Data Assimilation System Version 5 data assimilation product (GEOS5-DAS) [Rienecker et
al., 2008], which are included in the Level 1 CALIPSO files. Those temperatures have been shown to be within
the range of ±1K compared to observations for pressure between 1000hPa and 10hPa [Rienecker et al., 2011]
and will be compared to the in situ temperatures later on (section 5.3 and Table S1 in the supporting
information).

2.2. CALIPSO Science Team (CALIPSO-ST) Cloud Product

The CALIPSO-ST cloud product [Winker et al., 2010] is based on the NASA cloud mask (version 3 of the level 2
product). The CALIPSO-ST aims to document clouds with the best possible spatial-temporal resolution, taking
advantage of the full capabilities of the CALIOP lidar. For this purpose, the cloud detection is done by the
Selective Iterated BoundarY Location (SIBYL) algorithm [Vaughan et al., 2009] at the nominal vertical resolution
(60m from 8.2 km to 20.2 km, 30m below) using SR detection thresholds adapted to scene brightness (typically
SR=1.2 to SR=15 depending on the SNR) and the horizontal averaging (1/3, 1, 5, 20, and 80 km). These detec-
tions at multiple scales are merged and accounted at specific along-track horizontal resolutions. Increasing the
horizontal averaging allows for the detection of the optically thinnest clouds (e.g., subvisible cirrus cloud
[Martins et al., 2011]) by increasing the SNR although it might also lead to overestimate of the cloud fraction
in thin cirrus broken clouds (as suggested in Chepfer et al. [2013] and Hagihara et al. [2014], and as shown by
Protat et al. [2014]). Full attenuation of the lidar signal in a thick cloud is detected from a lack of surface echo
and the slope of the lidar signal. Those pixels are excluded from the global statistics but accounted for in the
upcoming cloud detection validation against the in situ measurements, as with CALIPSO-GOCCP (section 2.1).

The CALIPSO-ST cloud phase [Hu et al., 2009] can be liquid, ice, or oriented ice crystals, based on a relationship
between the layer-integrated depolarization ratio at 532 nm δ (defined as δ=ATBperp/ATBpar) and the layer-
integrated attenuated backscattered coefficient (ATB=ATBperp +ATBpar). Other criteria such as the tempera-
ture (GEOS5-DAS), the ATB at 1064 nm (ATB1064), or the color ratio CR (defined as CR=ATB1064/ATB), are also
used to resolve ambiguities. Temperature is only used as a criterion for clouds below �40°C or above 0°C.
However, 7.8% of 333m detected pixels and 14.7% of 5 km detected pixels remain diagnosed as unknown
phase for 1 year of global data for ambiguous pixels at temperature between �40°C and 0°C. Since phase
is based on layer-integrated values, it is vertically homogeneous within a determined cloud layer. CALIPSO-
ST data have been vertically averaged onto 480m levels to facilitate the comparison with CALIPSO-GOCCP.

2.3. CALIPSO Kyushu University (CALIPSO-KU) Cloud Product

The CALIPSO-KU cloud particle type product [Yoshida et al., 2010; Hirakata et al., 2014] is based on the cloud
mask using a combined CloudSat [Stephens et al., 2002] and CALIPSO-merged data set [Hagihara et al., 2010].
The aim of the KU cloud particle type is to document cloud particle phase and orientation. The product is also
designed as inputs for the retrieval of cloud microphysics [Okamoto et al., 2010; Sato and Okamoto, 2011] and
to validate the cloud representation in models.

The characteristics of the KU cloud mask are as follows: it takes into account the remaining noise signals after
onboard subtraction of the background signal to reduce the effect of noise during daytime and reports the
results at a fixed horizontal scale of 1.1 km for a better comparison with model outputs. The cloud mask
determination is divided into two steps, i.e., threshold test for the ATB at 532 nm at the original vertical
and horizontal resolutions to detect small water clouds and a spatial continuity test. This method was origin-
ally developed and tested for shipborne cloud radar and lidar observations at midlatitudes by Okamoto et al.
[2007] and in the tropics by Okamoto et al. [2008]. After the cloud mask is determined, ATB and ATBperp are
averaged, using the values for the original resolutions vertically over 240m and horizontally over 1.1 km. To
avoid spurious signals caused by noise, when the average mask value exceeds 0.5, the pixels are considered
to be cloudy. Unlike in the CALIPSO-GOCCP and CALIPSO-ST approaches, fully attenuated pixels are counted
as clear sky pixels, which may lead to underestimation of the cloud fraction. As mentioned in Hagihara et al.
[2010, section 4.1], KU group examined the zonal mean cloud fraction difference between original CloudSat-
CALIPSO-KU product and modified CloudSat-CALIPSO-KU, in which attenuated bins were excluded in the
September–November 2006 period. They considered that the bins only detected by CloudSat below
the cloud tops detected by the CALIPSO as being attenuated and found a difference as small as ~2% over
the whole area (not shown). Therefore, the KU group considers that the underestimation related to fully
attenuated pixels does not have a large impact on their product.
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The cloud phase or particle-type classification scheme is then carried out at the averaged resolution, i.e., 240m in
vertical and 1.1 km in horizontal. The algorithm relies on two-dimensional frequency diagram in terms of the ratio
of ATB of two successive layers as a proxy of attenuation (defined as x(i) = log10[ATB(i)/ATB(i+1)]) and δ. Generally,
ice particles show smaller attenuation than water, ice particles with randomly oriented ice show large δ with
small attenuation, and horizontally oriented ice particles show small δ with small attenuation [Okamoto et al.,
2010]. Water clouds can also have large δ due to multiple scattering so that large δ with larger attenuation
assigns water clouds [Yoshida et al., 2010]. After the initial discrimination is examined, a “spatial consistency
test” is considered and major type is determined. It uniquely provides a vertically resolved cloud particle type
[Yoshida et al., 2010; Hirakata et al., 2014]. The phase of a 240m cloudy pixel can be diagnosed as liquid (warm
or supercooled), ice (randomly oriented or horizontally oriented ice or their mixture), unknown 1 (warmwater
or randomly oriented ice), and unknown 2 (missing x).

2.4. Polar Nephelometer

In this paper, we compare the three CALIPSO data sets with Polar Nephelometer (PN) measurements col-
lected during two airborne field campaigns colocated (in time and space) with CALIPSO: the “Cirrus Cloud
Experiment” (CIRCLE-2) [Eichler et al., 2009], and the “Arctic Study of Tropospheric Aerosol Clouds and
Radiation” campaign (ASTAR) [Engvall et al., 2008]. The PN in situ probe [Gayet et al., 1997]—designed at
the Laboratoire de Météorologie Physique (LaMP)—measures directly the angular scattering coefficient at
a wavelength of 0.8μm (nonnormalized scattering phase function) of an ensemble of cloud particles. From
these measurements, some optical parameters can be retrieved such as the extinction coefficient, which
characterizes the presence of particulate matter and the asymmetry parameter, which is a proxy of the par-
ticle shape [Jourdan et al., 2010]. We diagnose PN measurements (hereafter called pixels) as cloudy when the
in situ extinction coefficient is higher than 0.05 km�1 for the Arctic flights [Gayet et al., 2009] and higher than
0.02 km�1 for the midlatitude flights [Mioche et al., 2010]. Other cases are diagnosed clear.

The cloud phase is retrieved based on the asymmetry factor measurements (g): between 0.83 and 0.9, the
cloud is considered to be dominated by the liquid phase; between 0.7 and 0.8, the cloud is considered to
be dominated by the ice phase; between 0.8 and 0.83, the cloud contains either liquid droplets and ice crys-
tals referred as mixed-phase but remains dominated by liquid droplets [Gayet et al., 2002; Jourdan et al.,
2010]. The horizontal sampling of the CIRCLE-2 and ASTAR campaign measurements are approximately
200m and 80m, respectively, depending on the aircraft speed.

For the sake of simplicity and to make reading easier, in the rest of the paper we will refer to CALIPSO-GOCCP,
CALIPSO-ST, and CALIPSO-KU as GOCCP, ST, and KU.

2.5. Validation Method

The cloud phase comparison between all data sets may be biased by the cloud detection, i.e., differences in
total cloud occurrence frequency irrespective of cloud phase. For example, let us assume the aircraft probe
measures three successive ice clouds, one CALIPSO product detects three ice clouds and another CALIPSO
product detects one ice cloud and two clear sky points. In terms of ice cloud frequency, the result is 100%
agreement for the first product against 33% for the second. However, in terms of cloud phase determination,
either product correctly detects the ice phase in agreement with the aircraft measurements. Yet only one pro-
duct is sensitive enough to detect all clouds while the other has cloud detection issues. This cloud detection
issue put aside, both products diagnose the correct phase when a cloud is detected. Hence, the cloud phase
agreement should be 100% for both. For this reason, we treated separately the cloud detection (section 3)
from the cloud phase determination (section 4). First, we computed cloud detection statistics, and then,
we computed cloud phase determination statistics only for clouds that were detected by all CALIPSO pro-
ducts in order to focus on the cloud phase determination ability of the three algorithms.

To compute agreement statistics between aircraft in situ measurements and satellite observations of the
cloud phase, we selected five flights considering (i) the spatial-temporal colocalization between the aircraft
and the satellite and (ii) the presence of clouds during the flights. We selected the flights that were closest
to the CALIPSO tracks, ±10min around the CALIPSO overpass time (Figure S1), to ensure the climatological
conditions would remain similar. Yet this does not guarantee a perfect colocalization in time, and character-
istics of the cloud (cloud top height, presence of cloud, and liquid/ice partition) might slightly change during
the aircraft sampling. Consecutive airborne measurements are closer (80m and 200m) than successive
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CALIPSO profiles (333m). Thus, to facili-
tate the comparison between aircraft
measurements and CALIPSO data sets,
we considered the 333 m spaced satel-
lite measurements as being continuous
along track and used oversampling to
match the aircraft sampling (Figure 1).
In situ detections of cloud, clear sky,
and cloud phase do not vary significantly
between satellite profiles (not shown).
We then compared the cloud detection
for every algorithm by computing
agreement statistics of cloud detection.
Finally, from pixels diagnosed as cloudy

in both data sets, we assessed the cloud phase determination. Rejected satellite pixels were excluded from
all statistics. Details of the computation are available in the supporting information Text S1 for cloud detec-
tion and Text S2 for cloud phase determination.

3. Cloud Detection Validation

Cloud detection statistics with respect to the aircraft measurements for each CALIPSO product are presented
in Table 2a for midlatitudes and Table 2b for the Arctic. They are separated in two categories. The agreement
fractions (Fagree, rows 1–3) describe when the aircraft probe and the satellite both detect a cloud (FAcloud/
Ccloud) or clear sky (FAclear/Cclear). The other fractions (Fother, rows 4–10) describe when the aircraft probe
and the satellite detect different features: opposite features (FAclear/Ccloud, FAcloud/Cclear), uncertain features
(FAclear/Cuncert, FAcloud/Cuncert), concerning only GOCCP in the selected flights, and attenuated features
(FAclear/Catt, FAcloud/Catt), concerning GOCCP and ST. Uncertain fraction is small (at most 4.3% at midlatitudes
and 3.8% in the Arctic) and represents aerosols and features optically too thin to be classified as cloud by
GOCCP (see Chepfer et al. [2010, 2013] for more details). Although the attenuated features are small in
GOCCP as well, they represent a significant part of the ST pixels, particularly in the Arctic (up to 27.8%).
The sum of the two categories (and of their subcategories) is 100%. As the three algorithms do not use the
same vertical resolution, horizontal averaging and the same fully attenuated pixel treatment (Table 1, rows
2, 3, and 8), it is therefore possible to evaluate the impact of each of those on the cloud detection when they
are all compared to the same aircraft PN measurements.

Figure 1. Schematic of the satellite oversampling consistent with the
aircraft sampling. Aircraft measurements are represented by black
numbered squares as opposed to green numbered circles for the satel-
lite. The first CALIPSO measurement (green solid circle, on the left) is
assumed to be continuous until the next measurement (green solid
circle, on the right). The former measurement is oversampled (green
dotted circles) to match the aircraft sampling 1, 2 and 3 (black squares).

Table 2a. Statistics of Cloud Detection (%) Between CALIPSO Products (GOCCP, ST, KU) and the Colocated Aircraft Measurements for Three Flights at Midlatitudesa

Midlatitudes

Day 2007/5/16 2007/5/25 2007/5/26

Product GOCCP ST KU GOCCP ST KU GOCCP ST KU Comments

Fagree (%) 95.8 89.6 97.6 87.3 76.4 84.5 80.9 81.2 84.1 Agreementb (see Figure 2)
FAcloud/Ccloud 85.9 84.6 84.1 38.2 47.3 23.4 62.7 77.7 63.4
FAclear/Cclear 9.9 5 13.5 49.1 29.1 61.1 18.2 3.5 20.7

Fother (%) 4.2 10.4 2.4 12.7 23.6 15.5 19.1 18.8 15.9 ST coarse horizontal resolutionc

FAclear/Ccloud 4.2 10.4 1.7 2.5 23.6 0.9 1.9 18.8 1.8 Vertical resolution differencesd

FAclear/Cuncert 0 0 0 0 0 0 1.5 0 0
FAclear/Catt 0 0 0 1.7 0 0 1.3 0 0
FAcloud/Cclear 0 0 0.7 8.5 0 14.6 10.1 0 14.1
FAcloud/Cuncert 0 0 0 0 0 0 4.3 0 0
FAcloud/Catt 0 0 0 0 0 0 0 0 0

aFagree corresponds to agreement and Fother to other fractions. The sum of the twomain fractions or the eight subfractions is equal to 100%. Here after more detailed
explanations in the comments column; Days are formatted as year/month/day. Bold data are the main category, while italic data correspond to the subcategory.

bAll the data sets agree very well with the aircraft measurements at midlatitudes (section 3, second paragraph and see also Figure 2).
cDisagreements related to the high horizontal averaging of lidar profiles in ST (section 3.1 and Table 1, row 3).
dDisagreements related to the vertical resolution differences (section 3.2 and Table 1, row 2).
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At midlatitudes, the three CALIPSO products and the aircraft measurements have high agreement fraction
(76.4%< Fagree< 97.6%, Table 2a). These flights have been performed at altitudes between 8.5 and 12 km,
where clouds are generally composed of ice crystals. Their small optical thickness (typically< 3) lets the
CALIOP lidar detect multiple layers in the same profile without being totally attenuated. On the contrary,
for the low-level dense clouds in the Arctic flights, the agreement fraction is significantly lower (26%<

Fagree< 69.9%). The main reason for the disagreements between the lidar and the airborne PN is the strong
attenuation of the laser beam caused primarily by the cloud portions where liquid droplets prevail (i.e., dom-
inate the optical properties of the measured signal). Horizontal and vertical averaging are mostly responsible
for the remaining disagreements as will be described in the following sections.

3.1. Horizontal Averaging

The three CALIPSO products use different horizontal averaging intervals (Table 1, row 3). Chepfer et al. [2013]
showed that this, as well as the variable detection thresholds used by ST, could explain the significant
differences in the cloud fraction (and to a lesser degree the cloud cover) between GOCCP and ST.

The vertical distribution of the CALIPSO ATB, depolarization ratio and the CALIPSO cloud phase mask pro-
ducts appear together with the aircraft cloud phase mask in Figure 2 for the midlatitude cases and in
Figure 3 for the Arctic cases. For the midlatitude cases, ST reports more clouds than is measured by the
aircraft sensor (Table 2a, FAclear/Ccloud = 10.4%, 23.6%, and 18.8%; see yellow rectangles in Figures 2j and 2k,
because the ST algorithm uses large horizontal averaging (5, 20, and 80 km) here. This difference is less

Figure 2. CALIPSO Level 1 Attenuated Total Backscattered signal (ATB; km�1 sr�1; top row), CALIPSO Level 1 depolarization ratio (δ; second row) and cloud phase
mask profiles (x axis, °N; y axis, km) of CALIPSO products (GOCCP, ST, KU) and the colocated aircraft cloud phase measurements (CIRCLE-2; colored crosses and
black dots) at midlatitudes, for (a, d, g, j, m) 16 May, (b, e, h, k, n) 25 May, and (c, f, i, l, o) 26 May, during 2007. The vertical resolution of GOCCP and ST is 480m
and 240m for KU. Refer to the color bar directly in the figure for the different cloudmask definitions of CALIPSO products. The colored crosses (blue, magenta, yellow)
correspond to ice/liquid/mixed-phase cloudsmeasured by the aircraft, whereas the black dots correspond to clear sky. The coordinates in time and space correspond
to those (last three rows) of Figure S1. Yellow rectangles delimitate the cloud fraction disagreements between ST and the aircraft measurements due to horizontal
averaging (cf. section 3.1).
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significant for GOCCP (4.2%, 2.5%, and 1.9%) and KU (1.7%, 0.9%, and 1.8%), which do not average horizontally
and use the original horizontal resolution (1 km between 8.2 km and 20.2 km). Therefore, we found that,
although the use of large horizontal averaging increases the cloud detection sensitivity, it may artificially enlarge
the horizontal extent of clouds, consistent with the findings of Chepfer et al. [2013] and Hagihara et al. [2010,
2014]. The multiresolution feature of the ST retrieval is designed to minimize this effect [Vaughan et al., 2009].

3.2. Vertical Resolution

Although the vertical resolution of the CALIPSO products used in this paper is about a few hundred meters
(Table 1, row 2: 480m for GOCCP and ST, 240m for KU), the full resolution of the lidar is finer (30m below
8.2 km and 60m above). Thus, some part of the 480 m or 240 m pixel might be clear, whereas the whole pixel
is diagnosed as cloudy, and vice versa. As the aircraft vertical resolution is only a few centimeters, it is possible
that the aircraft flies into clear parts of a CALIPSO cloudy-diagnosed pixel (the most frequent cases) or the
cloudy parts of a CALIPSO clear-diagnosed pixel, leading to disagreements between the two retrievals. For
example, Figure 3 shows the full resolution CALIPSO ATB (Figures 3a and 3b) and all CALIPSO cloud masks
(Figures 3e–3j) along the CALIPSO track together with the flight path, for the Arctic cases. Near 77.42°N (blue
circles), GOCCP and ST diagnose several consecutive cloudy pixels between 1.44 km and 1.92 km. A visual
inspection of the full resolution CALIPSO ATB observations suggests that the actual cloud top layer is located
near 1.5 km. However, the features located between 1.44 km and approximately 1.5 km are optically thick
enough to be diagnosed as cloudy by the GOCCP and ST mask in the pixels between 1.44 km and 1.92 km.

Figure 3. CALIPSO Level 1 Attenuated Total Backscattered signal (ATB; km�1 sr�1; top row), CALIPSO Level 1 depolarization ratio (δ; second row) and cloud phase
mask of CALIPSO products (GOCCP, ST, KU) and the colocated aircraft cloud phase measurements (ASTAR; colored crosses and black dots) in Arctic, for (a, c, e, g, i) 7
April and (b, d, f, h, l) 9 April, during 2007. The vertical resolution of GOCCP and ST is 480m and 240m for KU. Refer to the color bar directly in the figure for the
different cloud mask definitions of CALIPSO products. The colored crosses (blue, magenta, yellow) correspond to ice/liquid/mixed-phase clouds measured by
the aircraft, whereas the black dots correspond to clear sky. The coordinates in time and space correspond to those (first two rows) of Figure S1. Yellow circles indicate
the disagreement in cloud detection is due to the lidar attenuation (cf. section 3.3). Green circles highlight the cloud phase disagreements because of the attenuation
and vertical resolution combined effect (cf. section 4.2.i). Green rectangles show noisy area where the cloud phase retrieval is ambiguous (cf. section 4.2.iii). Blue
circles denote the disagreements between in situ airborne measurements and satellite data due to horizontal resolution (cf. section 3.1).
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Yet the aircraft flies outside the feature (above 1.5 km), measuring only clear sky and finally detects clouds as
it gets inside the feature at 77.44°N. This situation partially explains the other fraction of GOCCP (Table 2b,
Arctic cases, FAclear/Ccloud: 38.5% and 3.1%) and ST (Table 2b, Arctic cases, FAclear/Ccloud: 43.2% and 12.8%).
It also occurs around 77.8°N and 78°N (blue circles in Figure 3) and to a lesser extent in midlatitude cases
(Table 2a, midlatitudes, FAclear/Ccloud). The finer vertical resolution of KU drastically reduces these disagree-
ments with the in situ retrievals compared to GOCCP and ST, at both midlatitude and Arctic latitude (e.g.,
Table 2b, FAclear/Ccloud: 0.5% and 0%). Finally, the finer vertical resolution also enhances the clear sky detection
(Tables 2a and 2b, FAclear/Cclear). For example, between 77.8°N and 78°N (blue circles in Figure 3i), KU detects
clear sky in agreement with the in situ retrievals (black points) whereas GOCCP and ST diagnose clouds all
along the track (blue circles in Figures 3e and 3g).

3.3. Lidar Attenuation

In low-level Arctic clouds, the aircraft probe detects clouds that CALIOP does not (Table 2b: 1.4%<

FAcloud/Cclear< 40.1%). Most of these should be classified as fully attenuated instead of clear sky
(FAcloud/Catt), particularly in GOCCP (FAcloud/Cclear = 21.8% and 20.7%) and KU (FAcloud/Cclear = 40.1% and
34.9%). Indeed, as the laser beam penetrates successive particulate layers, eventually, the laser beam gets
fully attenuated (when the optical depth of the penetrated layers is higher than about 3). For example, this
happens between 77.51°N and 77.68°N in Figure 3 (left column, yellow circles) and between 78.4°N and
78.45°N in Figure 3 (right column, yellow circles).

The differences here are a direct consequence of the different definitions of fully attenuated pixels in each
algorithm (Table 1): KU classifies the “fully attenuated” pixels as “clear,” GOCCP classifies fully attenuated
where SR< 0.01, and ST classifies “fully attenuated”when the laser does not detect the surface echo, depend-
ing on the slope of the lidar signal at higher altitudes. Unlike GOCCP and KU, ST diagnoses much more fully
attenuated pixels (Table 2b: FAcloud/Catt = 27.8% and 8.2%). The direct consequence is a significant reduction
of the clear sky fraction in the annual global statistics (section 5). A better representation of the fully attenu-
ated pixels in GOCCP, KU, and ST than the actual one (Table 1, row 8) would improve the agreement statistics
with respect to the aircraft data set.

4. Cloud Phase Validation

From pixels diagnosed as cloudy in all data sets, we computed statistics of phase agreement (computations
are detailed in Text S2). The results are presented in Table 3a for midlatitudes and Table 3b for the Arctic. As

Table 2b. Statistics of Cloud Detection (%) Between CALIPSO Products (GOCCP, ST, KU) and the Colocated Aircraft
Measurements for Two Flights in the Arctica

Arctic

Day 2007/4/7 2007/4/9

Product GOCCP ST KU GOCCP ST KU Comments

Fagree (%) 30.6 26 59.4 69.9 67.5 65.1
FAcloud/Ccloud 26 25.8 14.8 19.3 25.3 10.2
FAclear/Cclear 4.6 0.2 44.6 50.6 42.2 54.9

Fother (%) 69.4 74 40.6 30.1 32.7 34.9
FAclear/Ccloud 38.5 43.2 0.5 3.1 12.8 0 Vertical resolution differencesb

FAclear/Cuncert 1.9 0 0 1.3 0 0 Definition of uncert in GOCCPc

FAclear/Catt 0 1.6 0 0 0 0
FAcloud/Cclear 21.8 1.4 40.1 20.7 11.7 34.9 Lidar attenuationd

FAcloud/Cuncert 2.6 0 0 3.8 0 0
FAcloud/Catt 4.6 27.8 0 1.2 8.2 0 Lidar attenuationd

aFagree corresponds to agreement and and Fother to other fractions. The sum of the two main fractions or the eight
subfractions is equal to 100%. Here after more detailed explanations in the comments column; Days are formatted as
year/month/day. Bold data are the main category, while italic data correspond to the subcategory.

bDisagreements related to the vertical resolution differences (section 3.2 and Table 1, row 2).
cUncertainty linked to the sensitivity of the GOCCP cloud detection threshold to the atmospheric features (near the

cloud detection SR threshold but below, section 2.1 and Table 1, row 7).
dDisagreements related to definitions of fully attenuated pixel (section 3.3 and Table 1, row 8).
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was the case with the cloud detection validation (section 3), results are separated in two main categories.
The first five rows of Tables 3a and 3b represent the agreement fraction (F′agree, the prime distinguishes
between cloud and cloud phase determination statistics). It includes clouds diagnosed as ice or liquid by
the aircraft and the satellite retrievals (F′Aice/Cice and F′Aliq/Cliq) as well as clouds diagnosed as being
mixed-phase by the aircraft probe and ice or liquid by the satellite retrievals (F′Amix/Cice and F′Amix/Cliq). The
other fraction (F′other, rows 6–11) corresponds to: the aircraft probe and the satellite retrievals detecting oppo-
site cloud phase (F′Aliq/Cice and F′Aice/Cliq) and the fraction of undefined-phase pixels (F′Aliq/Cun, F′Aice/Cun, and F′

Amix/Cun). The sum of the two categories (and nine subcategories) is 100%. In section 4.2, we investigated the
Arctic cases further because the agreement fraction of the midlatitude cases is almost 100% (always> 94.6%,
section 4.1) and the aircraft probe shows no liquid or mixed-phase clouds contrary to the Arctic cases.

Table 3a. Statistics of Cloud Phase Detection (%) Between CALIPSO Products (GOCCP, ST, and KU) and the Colocated
Aircraft Measurements for Three Flights at Midlatitudesa

Midlatitudes

Day 2007/5/16 2007/5/25 2007/5/26

Product GOCCP ST KU GOCCP ST KU GOCCP ST KU Comments

F′agree (%) 100 100 100 96.9 100 94.6 97.8 100 100 Very good agreementb

F′Aliq/Cliq 0 0 0 0 0 0 0 0 0
F′Aice/Cice 100 100 100 96.9 100 94.6 97.8 100 100
F′Amix/Cliq 0 0 0 0 0 0 0 0 0
F′Amix/Cice 0 0 0 0 0 0 0 0 0

F′other (%) 0 0 0 3.1 0 5.4 2.2 0 0
F′Aliq/Cice 0 0 0 0 0 0 0 0 0
F′Aice/Cliq 0 0 0 0 0 5.4 2.2 0 0
F′Aliq/Cun 0 0 0 0 0 0 0 0 0
F′Aice/Cun 0 0 0 3.1 0 0 0 0 0
F′Amix/Cun 0 0 0 0 0 0 0 0 0

aF′agr, F′dis, and F′uncert correspond to agreement, disagreement, and uncertain fractions. The sum of the three main
fractions or the nine subfractions is equal to 100%. Hereafter, the definition of the symbols are used in the table; Days are
formatted as year/month/day. Bold data are the main category, while italic data correspond to the subcategory.

bAll the data sets agree very well with the aircraft cloud phase measurements at midlatitudes, meaning that methods
based on polarization are robust to retrieve the ice phase of high midlatitude clouds (section 4.1).

Table 3b. Statistics of Cloud Phase Detection (%) Between CALIPSO Products (GOCCP, ST, and KU) and the Colocated Aircraft Measurements for Two Flights in
the Arctica

Arctic

Day 2007/4/7 2007/4/9

Product GOCCP ST KU GOCCP ST KU Comments

F′agree (%) 52.2 74.7 79.8 56.1 51.5 37.5
F′Aliq/Cliq 43.9 60.2 62.4 46.9 38.8 32.5
F′Aice/Cice 1.9 0 0 0 0 0
F′Amix/Cliq 6.4 14.5 17.4 9.2 6.7 2.5 Clouds with Liquid at the topb

F′Amix/Cice 0 0 0 0 6 2.5

F′other (%) 47.8 25.3 20.2 43.9 48.5 62.5
F′Aliq/Cice 0 0 6.2 3.1 14 56.7 Noisy measurementsc (SNR)
F′Aice/Cliq 5.2(1) 20.4 (4.2) 14 (3.4) 28.1 (11.8) 26.1 (10) 5.8 (3.3) Attenuation and vertical resolutiond Sensitivity to g factor in aircrafte

F′Aliq/Cun 17 4.9 0 11.4 7.7 0 Undefined phase in BL clouds due to noise in polarization channelf

F′Aice/Cun 17.6 0 0 1.3 0 0
F′Amix/Cun 8 0 0 0 0.7 0

aF′agr, F′dis, and F′uncert correspond to agreement, disagreement, and uncertain fractions. The sum of the three main fractions or the nine subfractions is equal
to 100%. Hereafter, the definition of the symbols are used in the table; Days are formatted as year/month/day. Bold data are the main category, while italic data
correspond to the subcategory.

bMixed-phase clouds are mostly dominated by the liquid phase in CALIPSO products (section 4.2).
cDisagreements linked to the noise on CALIPSO measurements (section 4.2.iii).
dDisagreements are caused by lidar attenuation and vertical resolution (section 4.2.i).
eDisagreements are related to the sensitivity of the aircraft cloud phase to the asymmetry g factor (section 4.2.ii and Table 1, row 13).
fOverrepresentation of undefined-phase pixels because the aircraft flies into boundary layer clouds that are optically thick (SR> 30; section 4.3 and Table 1, last row).
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4.1. Midlatitudes

At midlatitudes, the agreement fraction is very high for all CALIPSO data sets (Table 3a, F′agr> 94.6%). In these
regions, clouds above 8 km are usually composed of homogeneous layers of ice crystals (cirrus clouds) and
scarcely composed of liquid droplets. Furthermore, the aim of the CIRCLE-2 campaign was to document
the microphysical properties of cirrus clouds and in situ measurements focused on such clouds. Optically thin
clouds, such as cirrus, weakly attenuate the lidar signal and introduce little noise in the measurements, which
facilitates the cloud phase identification. The very high agreement fraction shows that methods from the
three CALIPSO products based on the polarization (Table 1, rows 12 and 13) all consistently retrieve the
proper ice phase of high clouds at midlatitudes.

4.2. Arctic Clouds

Agreement fractions between the CALIPSO products and the aircraft measurements are lower in Arctic low-
level clouds than in midlatitude high-level clouds (Table 3b, F′agree: 37.5% to 79.8%) and mostly come from
supercooled liquid clouds. In addition, a substantial part of the agreement fraction is due to clouds classified
as being mixed-phase by the airborne PN (Table 3b, F′Amix/Cice and F′Amix/Cliq: 2.5% to 17.4%). In the Arctic, the
low-level stratiform clouds are typically composed of a liquid layer on top with precipitating ice particles
beneath [e.g., de Boer et al., 2009; Cesana et al., 2012], as in the two Arctic cases under study. In most clouds
identified as mixed-phase by the airborne PN, liquid droplets are more numerous and dominate the lidar
signal, leading to a liquid phase classification in CALIPSO products. This is consistent with the fact that air-
borne PN mixed-phase clouds are dominated by the liquid phase and also confirms that the CALIOP lidar
is more sensitive to the cloud top phase (here liquid) [e.g., Hu et al., 2010], provided that the signal is not
much attenuated by clouds above. The three main sources of the differences between the lidar products
and the aircraft measurements are, in order of importance as follows:

i. Attenuation and vertical resolution. The main reason of these differences is the combined effect of the
laser beam attenuation and the vertical resolution (Table 3b, F′Aice/Cliq). As mentioned in section 3.3,
the nominal resolution of the CALIOP lidar (30m to 60m) is finer than those of CALIPSO products under
study (240m at best). For ST, the cloud mask and the cloud phase mask are first applied to the full resolu-
tion profiles, and then cloud fraction and cloud phase are projected into 480mpixels, which can lead to
mixed-phase 480mpixels (Table 1, row 14). For GOCCP, the cloud phase mask is applied after averaging
the signal onto the 480m vertical resolution. For KU, a continuity test is applied at the finest vertical reso-
lution so that the most probable phase is determined for the 240m pixel. Thus, a cloudy pixel in GOCCP
and KU is never identified as mixed-phase: it may be diagnosed as liquid even if some parts of the pixel
contain ice, and vice versa. This explains some differences, where the aircraft flies into the ice part of a
pixel with a liquid-dominated signal (Table 3b, F′Aice/Cliq). Following the same principle, in all CALIPSO
data sets, ice/liquid/mixed-phase pixels may contain fully attenuated sublayers. For those partly attenu-
ated pixels, the cloud phase is identified as a function of the nonattenuated part. For example, assume
that the aircraft flies into the attenuated portion of the whole CALIPSO pixel. It will lead to a difference
if the (aircraft) cloud phase of the attenuated portion is different from the cloud phase of the whole
CALIPSO pixel, for example, Figures 3a, 3c, 3e, 3g, and 3i around 77.69°N (green circles in left column).
This is frequent in Arctic stratiform clouds often topped with an optically thick liquid layer, which strongly
attenuates the signal and ice layers underneath [e.g., Curry et al., 1996; de Boer et al., 2009]. Another exam-
ple between 78.37°N and 78.40°N is shown, and between 960m and 1440m (Figures 3b, 3d, 3f, 3h, and 3j,
right column, see green circles). GOCCP (Figure 3f) and ST (Figure 3h) diagnose liquid clouds whereas the
aircraft probe measures ice particles in the lower portion of the 480mpixel. In this particular portion, KU (
Figure 3j), which has a higher vertical resolution of 240m, diagnoses clear sky. This corresponds actually to
fully attenuated layers that do not contribute to the cloud phase classification.

ii. Asymmetry factor. Here we discuss the sensitivity of cloud phase to the asymmetry factor g from PN air-
borne measurements (section 2.4). When g is right below the 0.8 limit identifying ice (i.e., 0.79< g< 0.8),
small droplet amounts might be present in the sampled cloud although it is dominated by the ice phase
[Jourdan et al., 2010]. This fraction represents up to 11.8% of the F′Aice/Cliq cases (see footnote (e) compared
to total numbers in Table 3b).

iii. Noisy signal. The noise particularly affects the perpendicular signal because of its lower value compared to
the parallel signal. Besides, the effect of the noise in the perpendicular channel is shifted in time
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compared to the total ATB, leading to artificially high depolarization ratios (δ) (Figure S2). The noise is
essentially induced by solar photons and highly reflective clouds and may be enhanced by upper cloud
layer features, which significantly attenuate the signal. As a result, false classification of liquid clouds into
ice cloudsmay arise, for example, around 78.65°N between 1 km and 1.5 km in Figures 3b, 3d, 3f, 3h, and 3j
(see green rectangles and Tables 3a and 3b, F′Aliq/Cice). The cloud is identified as ice by all products but
GOCCP (cloud optically too thin to pass the GOCCP cloud detection threshold). We also suspect that
around 78.68–78.75°N, the cloud particle phase becomes ambiguous for all three products due to the
high noise in the original data resulting from daylight pollution and highly reflective clouds.

Overall, the differences between the CALIPSO products and the aircraft measurements are mostly related to
the vertical dimension (including attenuation and noise). By selecting the aircraft measurements that are well
collocated with the nonattenuated signal near the cloud top region in CALIPSO observations (e.g., between
77.44 and 77.47 and between 77.73 and 77.77 for 7 April and between 78.61 and 78.67 for 9 April), we obtain
higher agreement fractions in all products (about 70% and more, not shown). In addition of being able to
determine the cloud phase of several vertical layers, the above discussion highlights the ability of CALIOP
lidar to retrieve the cloud phase along track (i.e., horizontally) when the signal is not fully attenuated.

4.3. Mixed-Phase, Undefined-Phase, and Unknown Clouds

In the two Arctic case studies, respectively, 42.6% and 12.7% of GOCCP Arctic clouds are undefined-phase
(Table 3b, F′Aliq/Cun, F′Aice/Cun, and F′Amix/Cun), which identify clouds below another cloud with a SR larger
than 30. These are much more frequent in opaque boundary layer liquid clouds in the Arctic (i.e., SR> 30,
Table 1, row 15) than in midlatitude optically thin cirrus. Such a high undefined-phase fraction is not
representative of most retrievals: in 3 months of GOCCP data (January–March 2010) we found that 5.3% of
clouds were undefined-phase in the Arctic (60°N to 82°N), much less than in the case studies (12.7% and
42.6%). On a global scale we found 10% of undefined-phase clouds in GOCCP. The comparison between
GOCCP and aircraft data suggests that in the Arctic, undefined-phase clouds occur mostly below liquid clouds
and are likely to be mixed-phase clouds. In ST, F′Aliq/Cun, F′Aice/Cun, and F′Amix/Cun fractions (Table 3b) are
mixed-phase clouds (Table 1, row 14). They represent a small part of the cloudy pixels: 4.9% and 7.7%. In
KU, undefined-phase clouds (Table 1, row 15) do not exist in the comparison. In the Arctic, undefined-phase
pixels are located in areas of phase transition, between liquid clouds and ice clouds. At midlatitudes, they
often are at the cloud base.

5. Global Scale Comparison of CALIPSO Products

The previous section compared all CALIPSO data sets using accurate airborne in situ measurements as a
reference. Similarity (e.g., robust cloud phase identification of the midlatitude ice clouds by all data sets)
and differences (e.g., more false ice clouds by KU and ST compared to GOCCP on 9 April) among the products
were observed in these case studies. Unfortunately, the representativeness of this comparison suffers from a
lack of available samples. Only five out of nine colocated aircraft flights could be used consistently. We there-
fore generated 1 year of ice/liquid cloud statistics (from September 2006 to August 2007) for all data sets to
get a larger picture of the CALIPSO products comparison.

5.1. Ice Clouds

Figure 4 presents the zonal average of ice clouds as reported by the CALIPSO data sets. The global pattern of
ice clouds (i.e., fraction of ice clouds> 0) is very similar for GOCCP and KU although ST shows some differ-
ences particularly in the tropics at very high level (above 17 km) and at midlevel (between 5 and 6.5 km).
There are also more ice clouds everywhere in ST compared to the two other products. On average, GOCCP
exhibits less ice clouds than ST at all heights and latitudes and than KU in high levels (above 8 km). The dif-
ferences between GOCCP and ST (KU) reach 19% (8%) in high-level tropical clouds. This significant difference
is mostly due to the cloud detection algorithms (Table 1, row 6) rather than cloud phase determination
procedures as pointed out by Chepfer et al. [2013]. They reported that by using horizontal averaging up to
80 km along track and different cloud detection thresholds depending on the nighttime/daytime and height,
ST detects more low-signal clouds than GOCCP. Indeed, GOCCP does not use any horizontal averaging
and keeps a unique cloud detection threshold for daytime and nighttime data and for all vertical layers.
However, by doing so, ST may overestimate the cloud fraction of thin cirrus broken clouds as shown in the
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above case studies (also suggested by Chepfer et al. [2013] and Hagihara et al. [2010, 2014], and shown by
Protat et al. [2014]). KU does not horizontally average above 8.2 km similarly to GOCCP but uses cloud detec-
tion thresholds as a function of the height. As a consequence, the GOCCP and KU zonal mean of ice cloud
fractions are much closer compared to ST. Yet KU diagnoses more high-level clouds than GOCCP and less
in low and middle levels because of its cloud detection threshold. However, when the GOCCP undefined-
phase clouds are not accounted as ice clouds, then KU diagnoses more ice clouds also in low and middle
levels (not shown).

5.2. Liquid Clouds

Figure 5 shows the zonal average of liquid clouds reported by CALIPSO products. KU detects less liquid clouds
everywhere, especially in middle and high levels. In the low-level layers, ST liquid cloud fraction is significantly
higher than GOCCP and KU (up to 24% and 30%more over the Southern Ocean, respectively). The 1 year sta-
tistics exhibit substantial differences among the data sets, which can be explained by the differences in the
cloud detection procedures, presented in Table 1, rather than cloud phase determination differences. In the
Arctic case studies (section 3), we showed that (i) KU may detect less clouds than GOCCP and ST (Table 2b,
FAcloud/Ccloud) but more clear sky than the two others (Table 2b, FAclear/Cclear), (ii) ST may overestimate the
cloud fraction because of its along-track averaging (up to 5 km in the low levels), and (iii) that the fully atte-
nuated pixels (Table 2b, FAclear/Catt and FAcloud/Catt; classified as clear by KU) represent a substantial fraction,
especially for ST. By counting the pixels that ST identifies as fully attenuated as being clear, GOCCP and KU
comparatively decrease their liquid cloud fraction, especially in stratocumulus region (between 40° and 60°
in both hemispheres). However, other explanations—connected to special conditions not encountered in
the case studies—may explain part of the differences. One is the possible misclassification of 2-D-oriented
ice crystals [Noel and Chepfer, 2010; Yoshida et al., 2010] as supercooled liquid clouds between �30°C and
�10°C due to the laser-viewing angle change in November 2007. In GOCCP, the 2007 zonal mean liquid frac-
tion can be larger by 2% in the middle and high levels at high latitudes, compared to the 2008–2014 mean.

Figure 4. Annual and zonal mean profiles of ice clouds (%) during September 2006 through August 2007 (nighttime), for a) GOCCP (ice + undefined-phase), b) ST, c)
KU. d) difference between GOCCP and ST, and e) differences between GOCCP and KU. The black thin lines correspond to the height that separates low-, middle-,
and high-level clouds.
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The ST and KU liquid fractions remain consistent before and after the tilt change. Another possibility concerns
the different treatments of aerosols in the algorithms, which might generate some discrepancies over the
dust-polluted regions such as the Saharan desert or the China basin.

5.3. Cloud Phase Transition Against Temperature

Previous studies showed that the cloud phase transition between liquid and ice clouds (i.e., the ratio of ice
clouds to all clouds, referred as to Phase Ratio, PR) could be represented in a simple way using the tempera-
ture [e.g., Bower et al., 1996; Korolev et al., 2003; Hu et al., 2010; Cesana and Chepfer, 2013]. This method lets us
easily compare different data sets on the same plot using the same thermodynamical variable—the tempera-
ture—as reference. Here we took advantage of the in situ measurements to validate the temperature used in
the CALIPSO products (GEOS5-DAS in GOCCP and ST, and European Centre for Medium-Range Weather
Forecasts-auxiliary product (ECMWF-AUX) provided by the CloudSat team in KU). We averaged the aircraft
temperature onto the CALIPSO horizontal sampling grid and then computed the mean absolute error
(MAE) and the maximum error (ME) for all/cloud/clear sky pixels (according to the in situ measurements).
The results are presented in Table S1. In the Arctic as well at midlatitudes, the MAE is lower than 2°C and
the ME no more than 4°C.

Figure 6 shows the relationship between the PR and the temperature, for the CALIPSO products (GOCCP in
red, ST in magenta, and KU in green), the aircraft in situ measurements (black + circle line), and the average
between five passive sensor satellites of the Global Energy and Water Cycle Experiment-Cloud Assessment
(GEWEX-CA) [Stubenrauch et al., 2013; blue line and blue shade]. To make this figure, we created Phase-
Temperature composites by breaking the PR into 3° temperature bins. For the CALIPSO products, we
used the monthly mean files over 1 year (thick dashed lines). As GOCCP and KU relations are sensitive to
the change of CALIOP nadir-pointing angle (0.3° off nadir before 2008, to 3° off nadir after), we used the year
2008 to build these relations (ST ice and liquid cloud amount remain consistent before and after the tilt, not
shown). The change of nadir angle decreased specular returns of horizontally oriented ice crystals. This
resulted in less false cloud detection and less false liquid cloud determination since ice crystal plates produce
the same signature as liquid droplets [e.g., Sassen et al., 2012]. In GOCCP, we assumed undefined-phase

Figure 5. same as Figure 4 for liquid clouds.
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clouds—most likely mixed-phase clouds—as dominated by the ice phase. For the airborne PN measure-
ments, we used the nine available flights of the CIRCLE-2 and ASTAR missions. Mixed-phase pixels (11% of
the clouds between �40°C and 0°C) are assumed to be liquid as they contain more liquid than ice water
[Jourdan et al., 2010]. Finally, for the GEWEX satellite data, we used the phase and temperature of the cloud
top cloud covers, included in the monthly mean cloud cover files during the year 2007 (http://climserv.ipsl.
polytechnique.fr/gewexca/). Overall, for both the active and passive sensors, this relationship is similar
regardless of the year (not shown), consistent with what is shown by Cesana et al. [2015].

In GEWEX-CA satellite observations (five products listed hereafter), cloud phase can be determined by
the cloud top temperature (CTT) in the Atmospheric Infrared Sounder-Laboratoire de Météorologie
Dynamique product (AIRS-LMD; ice for CTT<�43°C) and the International Satellite Cloud Climatology
Project (ISCCP; ice for CTT<�13°C). Alternatively, it may also be accomplished by spectral radiance differ-
ence in the Moderate Resolution Imaging Spectroradiometer-Science Team product (MODIS-ST) and the
Pathfinder Atmosphere Extended climatology (PATMOS-X). Finally, it may be determined by using both spec-
tral radiance and CTT in the MODIS-Clouds and the Earth’s Radiant Energy System Science Team product
(MODIS-CE). The relation based on in situ measurements highly depends on the type of clouds that were
sampled. Consequently, its shape is very different compared to the other data sets: dominated by Arctic
cloud cases between �21°C and 0°C and by midlatitude cloud cases below �21°C. Passive satellites from
GEWEX-CA (blue line and shade) exhibit a quasi-linear relation from 0°C to �32.5°C with a slightly constant
spread of about 12°C. Due to the lidar ability to detect several cloudy layers and its higher sensitivity to
mixed-phase clouds, results from CALIPSO products are different (red/magenta/green dashed lines) from
the GEWEX-CA satellites. Also, the shape of the curve is a function of the cloud thresholds, spatial-temporal
resolutions, and the cloud phase retrieval methods of the data set, which explains the slight diversity among
the CALIPSO products. In addition to that, at temperatures warmer than �10°C, disagreements with the
airborne PN might be enhanced because CALIPSO does not detect most clouds below the optically thick
stratiform layers, which are most likely to be mixed-phase clouds dominated by the ice phase. However, in
situ measurements may also misclassify precipitating hydrometeors as cloudy and overestimate the amount
of ice with respect to the sum of liquid and ice in these mixed-phase clouds.

We also tested the sensitivity of the cloud phase transition to the type of surface (ocean versus land, Figure 7)
for the CALIPSO and GEWEX-CA products, as previous studies showed a variation of the liquid and ice distri-
butions over ocean and land [e.g., Baum et al., 2012]. Regardless of the surface, the PR-temperature relation

Figure 6. Phase Ratio (%) as a function of the temperature (°C). Red, green and magenta dashed lines correspond to
GOCCP, KU and ST relationships, respectively, using 1 year of monthly data (2008 for GOCCP/KU and September 2006
to August 2007 for ST). The blue line and area are the mean relationship using five passive sensor satellites from the
GEWEX-CA experiment and its spread. The black line with circle corresponds to the relation using measurements of nine in
situ flights.
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remains constant (no significant change) in both CALIPSO and GEWEX observations. Yet all CALIPSO products
detect more “warm liquid-only” clouds (PR< 10% and T>�10°C) over ocean than land, and more “cold ice-
only” clouds (PR> 90% and T<�30°C) over land whereas the GEWEX-CA observations show significant
changes also in the mixed-phase cloud PR range (i.e., 10%< PR< 90%; supporting information, Figure S3).
The difficulties of the passive satellite to properly retrieve the cloud and cloud phase over land may contri-
bute to this large variation undetected by the CALIPSO products.

While CALIOP retrievals lead to a better representation of the cloud phase compared to passive sensor
satellites, the above discussion indicates there is no unique phase-temperature relationship. It depends
not only on sensor and algorithmic factors (sampling, cloud detection threshold, resolution, and cloud phase
method as shown in this study) but also on environmental variables, such as the humidity, the vertical wind,
and the number/type of aerosol particles [e.g., Cesana et al., 2015; Komurcu et al., 2014; Korolev, 2007]. As a
consequence, models that have taken into account all these factors/variables in their development show a
better agreement with observations than the ones that use temperature-dependent relationship to parame-
terize the cloud phase [e.g., Cesana et al., 2015].

6. Conclusion

Knowing the vertical distribution of clouds and their phase on a global scale is key to understanding and
estimating the TOA and surface radiative fluxes in present and future climate. The CALIPSO satellite,
thanks to its CALIOP-polarized lidar, lets us document cloud profiles and their thermodynamic phase—
mostly independent of the temperature—at a high vertical resolution all over the globe during both
day and night, even over highly reflective surfaces. It thus provides a unique view of the cloud phase at
global scale. Three CALIPSO cloud phase products were evaluated and compared in this paper: the
GCM-Oriented CALIPSO Cloud Product, CALIPSO-GOCCP (GOCCP), the CALIPSO Science Team product,
CALIPSO-ST (ST), and the CALIPSO Kyushu University product, CALIPSO-KU (KU). These products have been
developed by independent teams based on the same Level 1 version 3 CALIPSO data product. Their devel-
opment has been guided by different scientific questions (section 2). Therefore, differences between the
products were expected and need to be evaluated. Here we used airborne in situ measurements colocated
in time and space with CALIPSO (section 2.4), from two flights in the Arctic and three flights at midlati-
tudes, to first validate the cloud detection (section 3). We then validated the cloud phase identification
solely using the pixels diagnosed as cloudy by both aircraft and satellite measurements (section 4).
Finally, we compared the three satellite data sets in a broader context by using 1 year of global liquid
and ice cloud fraction data (section 5).

Figure 7. Same as Figure 6 but over ocean (dashed lines), land (solid lines), and both ocean and land (dash dotted).
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The results of the comparison with in situ airborne measurements help us better understand the differences
among the CALIPSO data sets. Our cloud detection evaluation shows that three main reasons explain differ-
ences between the three CALIPSO climatologies:

1. Fully attenuated definition. Our study suggests that the definition of “fully attenuated” pixels have
received little attention during the development of the three CALIPSO products, and progresses
should be made in the future by all teams to improve it. Indeed, the definition of the “fully attenuated”
pixels (Table 1) is different in the three CALIPSO products. In the Arctic, below optically thick clouds,
pixels found “cloudy” by the aircraft probe may be declared either “fully attenuated” or “clear sky” in
CALIPSO products.

2. Vertical resolution. The atmosphere is not vertically homogeneous at a resolution of 480m. Thus, the
products with the crudest vertical resolution (ST, GOCCP) may mix together clear and cloudy layers
stacked within a 480m vertical layer and declare it cloudy [e.g., Chepfer et al., 2010, Table 1 versus
Table 2]. The aircraft probe samples only a few meters of these 480m vertical thick layer, and so in situ
measurements cannot be used to validate the vertical resolution of a given CALIOP profile. KU gives
results closer to the airborne data (vertical resolution < 1m) than other products, just because its fin-
est vertical resolution (240m) documents a cloud volume that is more similar to the one seen by the
aircraft probe.

3. Horizontal averaging. When clouds and clear sky alternate at a given altitude along a large portion of the
track (5 to 80 km), the products using along-track averaging can overestimate the cloud amount. This may
contribute to overestimate the cloud cover and in turn to a bias in fluxes and Cloud Radiative Effect (CRE).
ST horizontally averages the most the lidar profiles before cloud detection and declares cloudy areas that
are found clear in the airborne observations (e.g., high cirrus at midlatitudes). As a consequence, ST, which
mostly uses 5 to 80 km horizontal averaging in these high clouds sampled by the aircraft (and may also
affect the low-level clouds), diagnoses more “false” clouds (Table 2a, FAclear/Ccloud: 10.4%, 23.6% and
18.8%) than GOCCP (no horizontal averaging; 4.2%, 2.5%, and 1.9%) and KU (1 km horizontal averaging
below 8.2 km and none above 8.2 km; 1.7%, 0.9%, and 1.8%).

From the clouds detected by both aircraft and CALIPSO satellite (Tables 2a and 2b: Fagree), we computed
agreement/disagreement fractions regarding the phase detection. Our analysis indicates the following:

1. All CALIPSO products agree very well with the in situ measurements when it comes to detect homoge-
neous phase of midlatitude ice clouds, meaning that the methods based on the depolarization to identify
the ice phase are very robust.

2. Where the cloud phase is not vertically homogeneous within a 480m or 240m layer, the three products
show some disagreements due to the way they take into account these vertical inhomogeneities. These
situations mostly occur over the Arctic where mixed-phase cloud layers are ubiquitous in the boundary
layer [e.g., Shupe et al., 2011]. According to the in situ airborne measurements in the Arctic (Table 3b,
F′Aliq/Cice), ST (0% and 14%) and KU (6.2% and 56.7%) identify more ice clouds, which should be classified
as liquid clouds, than GOCCP (0% and 3.1%). Although GOCCP has the lowest disagreement fraction with
the aircraft, it includes substantial amount of undefined-phase clouds compared to ST and KU. The GOCCP
undefined-phase clouds occur mostly below liquid boundary cloud layer, where the polarization signal is
too noisy for phase classification. If the aircraft flights considered in this study sampled clouds represen-
tative of the general cloud population, then it suggests that the undefined-phase class in GOCCP may be
considered as mixed-phase (within a 480m vertical layer) most of the time.

3. Some cloudy pixels identified as liquid by all CALIPSO products are measured as ice by the aircraft probe.
This confirms that the lidar cloud phase determination is somehow dominated by the cloud top (see also
Hu et al. [2010]). Besides, part of them (20% to 57%) is near the mixed-phase g value threshold of the PN
and thusmay contain some liquid droplets, especially because the in situ probe always documents a small
vertical extent compared to cloud layer seen by the lidar (240m or 480m).

4. The phase-temperature relation, often used in GCMs to separate liquid from ice cloud water content, is
not unique and may vary as a function of many factors: the vertical and horizontal resolutions at which
the clouds are detected, the threshold used to detect clouds, and the definition of the cloud phase.
This confirms that for the specific purpose of model evaluation, consistent definitions of the cloud detec-
tion and the cloud phase determination need to be used in both observations and models as performed
by Cesana and Chepfer [2013] using COSP/lidar and the GOCCP cloud phase product.
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Finally, the global statistics of liquid and ice cloud fraction using 1 year of data are consistent with above find-
ings from orbit/aircraft comparisons. Results highlighted that most differences between the cloud phase of
CALIPSO data sets arise from the cloud detection rather than cloud phase restitution when they are com-
pared on a global scale. On one hand, the horizontal averaging of lidar profiles (up to 80 km in ST) results
in significantly higher estimates of ice cloud fraction compared to other CALIPSO products (up to 20% and
12% compared to GOCCP and KU in the tropics). On the other hand, the treatment of attenuated pixels
mostly affects the liquid fraction in low-level clouds. For example, KU, which assumes the fully attenuated pix-
els as clear, diagnoses up to 30% and 24% less liquid cloud than ST and GOCCP over southern ocean (60°S).

The results obtained in this study show that detecting mixed-phase clouds and dealing with the lidar
attenuation remain challenging. Overcoming these issues may rely on the synergy of multiple instruments
on the same satellite mission or on the same constellation, such as the A-train. For example, CloudSat radar
(part of the A-train) can detect a solid precipitation signature when the CALIPSO lidar gets attenuated [e.g.,
Mioche et al., 2015; Zhang et al., 2010]. In that regard, the results obtained here provide a good opportunity
to help us prepare and assess the future EarthCARE multiinstrument mission [Illingworth et al., 2015; Reverdy
et al., 2015] (launch scheduled for 2018). This satellite will carry a polarized lidar and a radar sensitive to light
precipitation that is expected to provide cloud and cloud phase measurements similar to the CALIPSO lidar
and thus extend the lidar data set record.
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