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[1] Level 1 measurements, including cross-polarized backscatter, from the Cloud-Aerosol
Lidar with Orthogonal Polarization lidar, have been used to document the vertical structure of
the cloud thermodynamic phase at global scale. We built a cloud phase identification (liquid,
ice, or undefined) in the Global Climate Model (GCM)–oriented Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) Cloud Product (GOCCP) and analyzed
the spatial distribution of liquid and ice clouds in five January, February, March (JFM) seasons
of global-scale observations (2007–2011).We developed a cloud phase diagnosis in the Cloud
Feedback Model Intercomparison Program Observation Simulator Package to evaluate the
cloud phase description in the LMDZ5B climate model. The diagnosis in the simulator is fully
consistent with the CALIPSO-GOCCP observations to ensure that differences between the
observations and the “model + simulator” ensemble outputs can be attributed to model biases.
We compared the liquid and ice cloud vertical distributions simulated by the model with and
without the simulator to quantify the impact of the simulator. The model does not produce
liquid clouds above 3 km and produces ice instead of liquid at low and middle altitudes in
polar regions, as well as along the Intertropical Convergence Zone. The model is unable to
replicate the observed coexistence of liquid and ice cloud between 0�C and �40�C. Liquid
clouds dominate T>�21�C in the observations, T>�12�C in the model + simulator, and
T>�7.5�C in the model parameterization. Even if the simulator shifts the model cloud phase
parameterization to colder temperature because of the lidar instrument peculiarities, the cloud
phase transition remains too warm compared to the observations.

Citation: Cesana, G., and H. Chepfer (2013), Evaluation of the cloud thermodynamic phase in a climate model using
CALIPSO-GOCCP, J. Geophys. Res. Atmos., 118, 7922–7937, doi:10.1002/jgrd.50376.

1. Introduction

[2] Water coexists in three thermodynamic states
(gas, liquid, and solid) in the atmosphere. This state impacts
directly the Earth’s energetic balance: changes in water
states are accompanied by a release of latent heat, and the
interactions between water and radiation depend on it.
As an example, while water vapor mostly contributes to
the greenhouse effect that warms the Earth, dense liquid
clouds have a strong albedo effect that cools it, and cold
semitransparent ice clouds produce both albedo and greenhouse
effects [e.g.,Kiehl and Trenberth, 1997]. For the above reasons,
characterizing the energy exchanges, which take place in
the atmosphere, necessitates knowing precisely not only
the amount and spatiotemporal distribution of clouds but
also their partition between liquid and ice water.
[3] In theory, the local amount of liquid and ice water

in the atmosphere is predictable from the temperature and

the partial water vapor pressure as described by the
Clausius-Clapeyron equation: when the water vapor
pressure is sufficient, liquid water particles will form at
temperatures above 0�C, whereas ice will form below
�40�C. Between 0�C and �40�C, either ice or liquid
particles can form, depending on the water vapor available
and (to a smaller extent) on the amount and type of
condensation and ice nuclei available. However, environmental
conditions (temperature, water vapor, and nuclei) are
not known at global scale with enough precision and
spatiotemporal resolution for the theory to predict the cloud
thermodynamic phase all over the globe.
[4] As a consequence, the description of liquid and

ice clouds in climate models is poorly constrained due to
the lack of adequate information either on the environmen-
tal conditions that pilot the water phase or on the liquid and
ice water distributions in the atmosphere. This lack of
knowledge has led to different (and unverified) descrip-
tions of cloud thermodynamic phase from one model to
another, which contributes to cloud climate feedback
uncertainties [e.g., Yokohata et al., 2005], and may limit the
ability of the climate model to reproduce observed net radia-
tive fluxes in specific regions such as the Arctic [e.g., Cesana
et al., 2012].
[5] Most of our knowledge of cloud thermodynamic

phase at global scale is derived indirectly from brightness
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temperature measurements collected by satellites, such as
Moderate Resolution Imaging Spectroradiometer (MODIS)
[Barnes et al., 1998; Platnick et al., 2003] and International
Satellite Cloud Climatology Project (ISCCP) [Rossow and
Schiffer, 1999]. The radiometers Polarization and Directionality
of the Earth’s Reflectances (POLDER) [Deschamps et al.,
1994] or Polarization and Anisotropy of Reflectances for
Atmospheric Sciences Coupled with Observations from a
Lidar use an original technique: they measure the state of
polarization of the scattered solar light, which directly gives
the sphericity (liquid droplet) or nonsphericity (ice crystals)
of cloud particles [Goloub et al., 2000]. POLDER
observations have been used to evaluate the description of
the thermodynamic phase in LMDZ [Doutriaux-Boucher
and Quaas, 2004]. This cloud phase measurement has the
advantage of being independent of the temperature but
gives only vertically integrated information on the cloud
phase. Since June 2006, vertical profiles of depolarization
are directly measured by the Cloud-Aerosol Lidar with
Orthogonal Polarization [CALIOP on board Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO)] lidar [Winker et al., 2009] every one-third
kilometer with a laser beam diameter of 70m and a
vertical resolution of 30–60m. These measurements give
information on the sphericity of the cloud particles. As a
consequence, the observations contain direct information
on the vertical distribution of the thermodynamic water
phase of clouds.
[6] 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), among climate models (e.g., 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, which takes into account the effects of viewing
geometry, sensors’ sensitivity, 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., 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;
Cesana and Chepfer, 2012].
[7] Within the framework of the Cloud Feedback Model

Intercomparison Project (CFMIP, http://www.cfmip.net),
which is now coordinated as part of the Coupled Model
Intercomparison Project Phase 5 (CMIP5) [Taylor et al.,
2012], a package named COSP (“CFMIP Observation
Simulator Package”) [Bodas-Salcedo et al., 2011] has
been developed to evaluate in a consistent way the cloud
cover predicted by climate models with that derived from
different satellite observations. This software simulates
observations that would be collected by satellites flying
over the atmosphere predicted by a model. It is used
within CMIP5 and CFMIP2 experiments to evaluate the
cloud cover and vertical distribution in climate models

by comparing actual satellite observations with synthetic
ones. COSP contains a subgridding module called Subgrid
Cloud Overlap Profile Sampler [Klein and Jakob, 1999]. It
generates stochastically 50 subgrid columns from each
model gridbox and includes modules to simulate several
satellite instruments: CALIPSO [Chepfer et al., 2008],
CloudSat [Marchand et al., 2009], ISCCP [Klein and
Jakob, 1999; Webb et al., 2001], MODIS [Pincus et al.,
2012], and Multiple Imaging Spectroradiometer
[Marchand and Ackerman, 2010].
[8] This current study has a dual purpose. The first is to

document and better understand the partition of liquid and
ice water within clouds at global scale by using a new cloud
phase climatology called Global Climate Model (GCM)–
oriented CALIPSO Cloud Product (CALIPSO-GOCCP).
The second is to propose a methodology to evaluate the
description of liquid and ice clouds in climate models.
For these purposes, we analyze polarized lidar profiles
(Level 1, version 3) observed from CALIOP (section 2)
and discriminate liquid and ice clouds. By using the
output from the LMDZ5B climate model, we simulate the
polarized profiles that would be observed by a lidar flying
over the modeled atmosphere (section 3). Then, we define
a diagnosis to discriminate the cloud phase (ice/liquid/
undefined) at each altitude level within a lidar profile. In
section 4, we apply this diagnosis identically to the
observed and simulated lidar profiles and build global maps
of cloud phase (observed and simulated) by accumulating
several months of data. We then compare the cloud
phase distributions deduced from the observations with
the ones simulated by the ensemble “model + lidar
simulator,” and we evaluate the cloud thermodynamic phase
in the atmospheric component of the Institut Pierre-Simon
Laplace climate model.

2. Observation of Cloud Thermodynamic Phase
With the CALIOP Lidar on Board CALIPSO

2.1. Physical Basis

[9] Previous studies [Hu, 2007; Hu et al., 2009, 2010;
Yoshida et al., 2010; Cheng et al., 2012] retrieved the cloud
thermodynamic phase using a relationship between the
depolarization ratio and the attenuated backscatter profiles
measured from CALIOP. In contrast to the studies mentioned
above, our diagnosis uses CALIPSO version 3 measurements
of attenuated total backscatter (ATB) and cross-polarized
ATB (ATB┴) at a fixed vertical resolution of 480m to
discriminate liquid and ice clouds.
[10] First, the cloud is detected using the CALIPSO-GOCCP

algorithm [Chepfer et al., 2010] designed to evaluate cloud
distribution in climate models. It uses lidar profiles
collected every 330m along the satellite flight track at a
fixed vertical resolution of 480m. Cloud detection is applied
to each pixel of each lidar profile: the pixel is flagged as cloudy
if the value of the scattering ratio (SR=ATB/ATBmol) is
higher than 5. ATB is the attenuated backscatter, and ATBmol

is the attenuated backscatter in clear sky (no particles, only
molecules). Figure 1a shows an example of cloud detection
along a single CALIOP orbit.
[11] Second, the cloud phase discrimination uses the

possible change in the state of polarization of the laser light
backscattered (scattering angle Y= p) by the particles

CESANA AND CHEPFER: CALIPSO-GOCCP CLOUD THERMODYNAMIC PHASE

7923



composing the cloud. The incident laser light is initially
linearly polarized, and after backscattering by the cloud
particles, the lidar telescope measures (1) the backscattered
attenuated signal collected in the cross-polarized direction
(ATB┴) relative to the incident laser light and (2) the total
backscatter attenuated signal (ATB=ATB┴ +ATB⁄⁄). If the
effects of multiple scattering are neglected, the spherical
particles (liquid droplets) do not change the state of polari-
zation of the backscatter light, for a scattering angle of
180� exactly leading to ATB┴ = 0 [i.e., Van de Hulst,
1957;Mishchenko and Travis, 1997], whereas backscattering
by nonspherical particles (ice crystals) changes the state of
polarization, leading to large values of ATB┴ at 180�. Multi-
ple scattering effects modify this simple view [Platt, 1981], by
increasing the ATB┴ for liquid clouds, because some
scattering occurs at scattering angles slightly different
from 180� within azimuthal planes different from the
incident one, and produce ATB┴ larger than zero [Pal and
Carswell, 1985].

2.2. Case Study

[12] Figure 2 shows 2-D histograms of ATB and ATB┴,
called “phase diagrams,” obtained for different cloud types
defined by their height and temperature. The coldest clouds
appear in the tropics (�40�C to �75�C, z> 8 km, between
red vertical lines in Figure 1a) and polar regions (�40�C to
�60�C, not shown). They exhibit similar phase diagrams

typical of ice clouds (Figure 2a), which is consistent with
the fact that liquid is unlikely at temperatures below �40�C.
[13] Warmer (�10�C to �50�C, z> 8 km, between

orange vertical lines in Figure 1a) middle-latitude clouds
can contain both liquid and ice because they are warmer
than the temperature below which homogeneous ice nucle-
ation occurs (about �40�C). As a consequence, the phase
diagram for these clouds (Figure 2b) is slightly different
from the previous one: a second branch is visible, along
near-zero ATB┴, consistent with the presence of liquid
(section 2.1).
[14] Tropical and middle-latitude warm clouds (z< 3 km)

without any clouds above (between magenta vertical lines
in Figure 1a) show a phase diagram typical of liquid water
(Figure 2c): ATB┴ increases slightly with ATB because of
multiple scattering [Sassen and Petrilla, 1986]. Despite this
effect, ATB┴ remains significantly lower than in ice clouds
most of the time. The overall pattern can be clearly discrim-
inated from an ice cloud signature (Figures 2a and 2b),
except for ATB< 0.02 km�1 sr�1.
[15] When we consider more complex scenes, e.g., a low-

level cloud with a higher one above or an optically thick
stratocumulus (between vertical black lines in Figure 1a),
the phase diagrams (Figure 2e) become more complex
due to the decreased signal-to-noise ratio. The attenuation
of the top cloudy layer within the stratocumulus, as well
as the numerous photon reflections inside the cloud, intro-
duce additional noise into the lidar signal particularly in

Att

Rej

Surf

Strato

Dust

Cloud

Clear

Figure 1. CALIPSO orbit, 1 January 2007 during nighttime (latitude between 72�130 and �58�930;
longitude between 173�850 and �4�860). (a) Cloud mask CALIPSO-GOCCP. (b) Cloud phase mask
CALIPSO-GOCCP. “Noise” stands for nonphysical value (depolarization ratio higher than 1), “HO” for
horizontally oriented particles, “False Liq” for cloudy pixels classified as liquid (respectively ice) while
temperature is lower than �42�C (respectively higher than 0�C), and “Unclass” for cloud located below
a cloudy pixel with SR> 30. The temperature is taken from GMAO data (Global Modeling and Assimi-
lation Office) [Bey et al., 2001], which is part of CALIPSO Level 1 ancillary data. For each CALIOP
Level 1 profile, we interpolate the GMAO temperature over the 480m vertical levels of CALIPSO-
GOCCP and use it as the cloudy pixel temperature.
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the cross-polarized profile. It artificially increases ATB┴.
To avoid false phase detection produced by this additional
noise, we exclude the cloudy pixels located at lower
altitudes than a cloudy pixel with SR> 30 (Figures 2d
and 2f). Comparing Figure 2c with Figure 2d, and Figure 2e
with Figure 2f, indicates that most of the cloudy pixels
that were behaving like ice in Figures 2c and 2e have
been removed.
[16] This case study shows that the phase diagrams may

be used to distinguish the water phase. Ice clouds generally
have ATB lower than 0.1 km�1 sr�1 and are located along a
straight line (magenta dashed-dotted line in Figure 2).
Liquid clouds can have a high value of ATB and are
located along a parabolic curve (solid magenta line in
Figure 2). As the lidar beam penetrates a dense liquid
cloud, the values of ATB as well as ATB┴ increase due
to multiple scattering [Hu et al., 2001], which explains
the parabolic shape of the solid magenta line. Moreover,
water clouds can produce larger values of ATB than ice
clouds because of multiple scattering, larger cloud optical
depths, or very small particle radii.

2.3. Statistics Over 3 Months

2.3.1. Cloud Phase Determination
[17] Figure 3 shows the phase diagram obtained when

accumulating 3 months (JFM 2010) of CALIPSO-

GOCCP observations over the globe. Figure 3a contains
all cloudy pixels regardless of their temperature. Figure 3b
is for warm (T> 0�C and z< 3 km) clouds that can
confidently be considered as liquid. Figure 3c is the
phase diagram for cold (T<�40�C and z> 8 km) clouds
only, which can confidently be considered as ice. These
statistical diagrams (Figures 3b and 3c) are consistent
with the typical behavior observed in the previous
case study (Figure 2): cold clouds (Figure 3c) remain
along the “ice” parameterization (magenta dashed-dotted
line), i.e.,

ATB┴ ¼ 0:29�ATB (1)

and the warm clouds remain along the “liquid water”
parameterization (parabolic magenta curve), i.e.,

ATB┴ ¼ 1:39�ATB2 þ 1:76 10�2�ATB (2)

[18] This suggests that ice and liquid clouds can be
distinguished as a function of their ATB and ATB┴
using a discrimination line. The phase discrimination line
(i.e., the black curve in Figures 2 and 3) has been built from
the phase diagram (Figure 4a) of the ice fraction with

Figure 2. Phase diagrams for different pieces of the orbit. Number of cloudy pixels as a function of the
perpendicular attenuated total backscatter (ATB┴ in the y axis) and the attenuated total backscatter (ATB
in the x axis) observed by CALIPSO at a vertical resolution of Δz = 480m. (a) High-altitude (z> 8 km)
tropical clouds located between the red lines in Figure 1a. (b) High-altitude (z> 8 km) middle-latitude
clouds located between the orange lines in Figure 1a. (c) Low-altitude (z< 3 km) middle-latitude clouds
with no high clouds above located between the magenta lines in Figure 1a. (d) Same as Figure 2c but
excluding clouds located below another cloud with SR> 30. (e) Low-altitude (z< 3 km) stratocumulus
clouds located between the black lines in Figure 1a. (f) Same as Figure 2e but excluding clouds located
below another cloud with SR> 30. The solid magenta line (respectively dash-dotted magenta) shows
the relationship between ATB and ATB┴ for low cloud pixels only (respectively high clouds).
The “phase discrimination line” (black line) is the threshold used to distinguish ice clouds (above the
line) from liquid clouds.
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respect to the total condensate, including only the warm
(T> 0�C and z< 3 km) and cold (T<�40�C and z> 8 km)
cloudy pixels, excluding clouds with temperatures ranging
between �40�C and 0�C. The warm (respectively cold)
clouds can unambiguously be considered as liquid (respec-
tively ice) and do not content mixed phase. The phase discrim-
ination line is defined as the isoline 50% in Figure 4a: the ice
fraction is equal to the liquid fraction. The phase discrimina-
tion line fits the following equation:

ATB┴ ¼ 9:032 10�3�ATB5 þ 2:136 10�3�ATB4 þ 173:396�ATB3

� 3:951�ATB2 þ 0:256�ATB� 9:478 10�4 (3)

[19] The gray (respectively pink) boxes are the ones where
warm clouds (T> 0�C; respectively cold clouds, T<�40�C)
represent 100% of the points. The ambiguous region
(between 10% and 90% ice fractions in Figure 4a) is
relatively thin (blue to red color in Figure 4a) and contains
1.2% of the cloudy pixels. The sensitivity of the results
to the position of the phase discrimination line will be
discussed in section 4, considering the curve located along
the 10% or 90% isolines.
[20] In the rest of the paper, we used the phase diagram to

classify each cloudy pixel in each profile as “ice,” “liquid,”
or “undefined” water phase. Cloudy pixels above the phase

discrimination line are classified as “ice” and those below
as “liquid.” The “undefined” class (10.3% of cloudy
pixels) contains the ambiguous cloudy pixels: (1) below
another cloud with SR> 30 (as discussed in the previous
section), (2) with a nonphysical value of depolarization
(higher than 1 or ATB// <0 and/or ATB ? <0), and (3)
containing typical signatures of horizontally oriented parti-
cles (high ATB and ATB┴ close to 0) [e.g., Noel and
Chepfer, 2010].
[21] Moreover, cloudy pixels colder than �42�C

(respectively warmer than 0�C) but identified as liquid
(respectively ice) using the phase diagram are classified as
ice (respectively liquid). It represents 0.14% (respectively
0.62%) of all the cloudy pixels, which indicates that the phase
discrimination is independent of the temperature in more
than 99% of the cases. Figure 1b shows the cloud phase
mask obtained when applying this algorithm to the orbit
presented in Figure 1a.
2.3.2. Sensitivity of the Phase Diagram to the Vertical
Resolution of the Lidar Profiles
[22] For a given vertical resolution, an optically thicker

cloud contains more particles, and therefore, the probability
for the photon to be scattered before coming back in the
lidar telescope [Pal and Carswell, 1985] is larger. This is
the multiple scattering effect. From this statement, the
pattern of the phase diagram is expected to vary as a
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Figure 3. Global phase diagrams. Number of cloudy pixels (log) as a function of the perpendicular
attenuated total backscatter (ATB┴ in the y axis) and the attenuated total backscatter (ATB in the x axis)
for JFM 2010 at a vertical resolution of Δz = 480m, (left column) as observed by CALIPSO-GOCCP and
(right column) as simulated at the subgrid scale by the “LMDZ GCM+COSP lidar simulator.”
All cloudy pixels regardless of their temperature in (a) observations and (d) simulations. High cold
cloudy pixels only (z> 8 km and T<�40�C) in (b) observations and (e) simulations. Low
warm cloudy pixels only (z< 3 km and T> 0�C) without cloud above in (c) observations and
(f) simulations. The solid magenta line (respectively dash-dotted magenta) shows the relationship
between ATB and ATB┴ for low cloud pixels only (respectively high clouds). The “phase discrimination
line” (black line) is the threshold used to distinguish ice clouds (above the line) from liquid clouds
(below the line).
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function of the vertical resolution of ATB┴ and ATB.
Figure 5 shows the same diagram as in Figures 3a–3c but
built with a higher vertical resolution (120m instead of
480m). Cold ice clouds show slightly lower values of
ATB at 480m resolution (Figure 3c) than at 120m resolu-
tion (Figure 5c) but show similar pattern regardless of the
resolution. This result was expected because multiple
scattering has a small impact on ice particles and does not
change the relationship between ATB and ATB┴. On the
contrary, for liquid clouds, a lower depolarization was
expected. As the lidar beam penetrates less deep in the
cloud, the possibility for the photon to encounter another
particle and be scattered is lower. This statement is
illustrated in Figure 5b: for 120m heighted clouds, the value
of ATB┴ is lower than for 480m heighted clouds for a given
value of ATB. The impact of the multiple scattering effect
on the cloud geometrical thickness has to be taken into
account in the parameterization used in the simulator to
predict ATB┴. GCM could have many different vertical
resolutions and sometimes thinner than 480m. That is why
the thinnest resolution of CALIPSO-GOCCP has been used
to establish the parameterization of ice/liquid ATB┴ in the
lidar simulator (section 3.1).

3. Simulation of the Lidar Polarized Profile From
Climate Model Outputs

[23] The lidar module (or “simulator”) [Chepfer et al.,
2008] currently included in COSP [Bodas-Salcedo et al.,
2011] computes CALIPSO-like profiles of ATB and SR
from GCM subgridded outputs. In order to evaluate the
cloud thermodynamic phase description in climate models,
we developed a new cloud phase diagnosis in the lidar
simulator, which consists of (1) computing ATB and
ATB┴ that would be observed by CALIPSO above the
modeled atmosphere at the subgrid scale; (2) discriminating
liquid, ice, or undefined cloudy pixel of the subgrid
profile; and (3) building statistical cloud phase diagnosis
at global scale.

3.1. Simulations of ATB and ATB┴ at 532 nm

[24] The standard version of the lidar simulator uses the pres-
sure, temperature, particle size and type, liquid and ice mixing
ratios, and cloud fraction produced by the model in each
subgrid at each level of altitude to compute the ATB and

ATBmol profiles. The ATB and ATBmol profiles are computed
using the lidar equation

ATB zð Þ ¼ b==;liq zð Þ þ b⊥;liq zð Þ þ b==;ice zð Þ
�

þb⊥;ice zð Þ þ b==;mol zð Þ

þb⊥;mol zð Þ
�

� exp �2
ZTOA

Z

Z aice zð Þ þ aliq zð Þ
� �þ amol zð Þ

� �
dz

2
64

3
75 (4)

ATBmol zð Þ ¼ bmol zð Þ þ exp
ZTOA

Z

amol zð Þdz

0
B@

1
CA (5)

where amol (respectively aliq and aice) is the molecular (respec-
tively liquid and ice particles) extinction coefficient (m�1), bmol
(respectively bliq and bice) is the molecular (respectively liquid
and ice particles) lidar backscatter coefficient (m�1 sr�1), and �
is the particulate multiple scattering coefficient taken equal to
0.7 followingWinker [2003]. Sensitivity studies to this parame-
ter have been conducted in Chepfer et al. [2007, 2008]. Chepfer
et al. [2007, Figure 7] showed the lidar profiles simulated for dif-
ferent values of the multiple scattering coefficient. Chepfer et al.
[2008, section 5.1, paragraph 17] demonstrated that changing the
multiple scattering coefficient from 0.7 to 0.3 had a negligible
impact (less than 1%) on the monthly mean total cloud fraction.
Here we computed the low, middle, and high monthly mean
cloud fractions for ice, liquid, undefined, and all clouds (Table 1).
It confirms that the multiple scattering coefficient has a relatively
small impact on the ice and liquid cloud fractions.
[25] For the phase diagnosis, we compute the liquid and

ice backscatter (ATBliq and ATBice), in complement to
ATB and ATBmol, i.e.,

ATBliq zð Þ ¼ b==;liq zð Þ þ b⊥;liq zð Þ þ b==;mol zð Þ
�

þb⊥;mol zð Þ
�
exp �2

ZTOA

Z

Zaliq zð Þ þ amol zð Þ� �
dz

2
64

3
75 (6)

ATBice zð Þ ¼ b==;ice zð Þ þ b⊥;ice zð Þ þ b==;mol zð Þ
�

þb⊥;mol zð Þ
�
exp �2

ZTOA

Z

Zaice zð Þ þ amol zð Þð Þdz

2
64

3
75 (7)

Table 1. Sensitivity of the Liquid, Ice, Undefined Phase, and All Cloud Cover (JFM) as Simulated by the “LMDZ GCM+COSP/Lidar
Simulator” for Different Multiple Scattering Coefficients (�)

Ice Clouds Liquid Clouds

h= 0.7 h = 0.5 h= 0.3 h= 0.7 h= 0.5 h= 0.3
High 20 19.9 19.6 0 0 0
Middle 10.6 10.4 9.7 1 1.1 1.4
Low 8.1 7.7 7.6 16.9 16.4 15.8

Undefined Phase Clouds All

h= 0.7 h = 0.5 h= 0.3 h= 0.7 h= 0.5 h= 0.3
High 9.4 11.1 13.6 34.4 35.2 37
Middle 4.7 5.65 7.5 16.4 17.2 18.6
Low 0.4 0.5 0.8 20.4 20.4 20.5
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[26] We then derive ATB┴,ice (ATB┴,liq) from ATBice

(ATBliq) using a parameterization (Figure 5) deduced from the
thinnest resolution of the observations (120m). This allows
taking into account the impact of multiple scattering on the
ATB┴ profile (for liquid and ice), as explained in section 2.3.2.
[27] We then compute b┴,ice (b┴,liq) from ATB┴,ice

(ATB┴,liq) using the lidar equation in cross polarization, i.e.,

ATB⊥;ice zð Þ ¼ b⊥;ice zð Þ þ b⊥;mol zð Þ
� �

� exp �2
ZTOA

Z

Zaice zð Þ þ amol zð Þ
� �

dz

2
64

3
75 (8)

ATB⊥;liq zð Þ ¼ b⊥;liq zð Þ þ b⊥;mol zð Þ
� �

� exp �2
ZTOA

Z

Zaliq zð Þ þ amol zð Þ
� �

dz

2
64

3
75 (9)

[28] Finally, the total ATB┴ can be computed using b┴,ice
and b┴,liq, i.e.,

ATB⊥ zð Þ ¼ b⊥;liq zð Þ þ b⊥;ice zð Þ þ b⊥;mol zð Þ
� �

� exp �2
ZTOA

Z

Z aliq zð Þ þ aice zð Þ
� �þ amol zð Þ

� �
dz

2
64

3
75 (10)

with

b⊥;mol zð Þ ¼ b⊥;mol zð Þ þ b==;mol zð Þ
� �

= 1þ 1=dmolð Þ (11)

where the molecular depolarization ratio is dmol = 0.0284
[Bodhaine et al., 1999].
[29] This computation provides profiles of ATB(z) and

ATB┴(z) at the subgrid scale over 40 vertical levels (480m
thick). Each level of the subgrid profile is either cloudy or

not. Thus, water in non subgridded cloudy pixels can be
liquid only, ice only, or a mix of both.

3.2. Statistics Over 3 Months

[30] The computation of ATB and ATB┴ is applied to daily
subgridded atmospheric profiles derived from LMDZ5B
[Hourdin et al., 2012] simulations, forced by observed sea
surface temperatures. We computed 3 months of simulated
subgrid daily CALIPSO-like profiles of total ATB and
cross-polarized ATB┴ to build phase diagrams for clouds
with unambiguous phase (Figures 3d–3f), as we previously
did with the observations (Figures 3a–3c). Cloudy pixels
(SR> 5) below 3 km of altitude and warmer than 0�C are
expected to be composed of liquid water. In a phase diagram
(Figure 3e), most of these cloudy pixels are below the phase
discrimination threshold (black curve), which classifies
them as liquid water. A few pixels are above the threshold
and correspond to very weak ATB (typically<0.05 km�1 sr�1)
that can lead to false phase determination.
[31] Cloudy pixels above 8 km colder than �40�C are

expected to be composed of ice. In a phase diagram
(Figure 3f), these cloudy pixels are all well above the phase
discrimination line (black curve), which correctly classifies
them as ice. Initially, 2.1% of the ice clouds were below
the black curve (and thus misclassified as liquid),
which corresponded to clouds with values of ATB larger
than 0.064 km�1 sr�1 (ATB of the intersection point
between the parameterized ice curve and the discrimination
line). As those values of ATB are never encountered
in the observations, they correspond to unrealistic
optically thick clouds produced by the model. To
avoid these phase misclassifications, when ATB=ATBice

and ATB> 0.064 km�1 sr�1, the values of ATB and ATBice

are set to be 0.06 km�1 sr�1 in the simulator. This impacts only
the phase diagnostic in the lidar simulator and does not modify
the cloud fraction that remains unchanged (not shown).
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Figure 6. Ice and liquid cloudmaps observed by CALIPSO-GOCCP and simulated by the “LMDZGCM+
COSP/lidar simulator” in JFM. Liquid cloud covers (a–c) observed and (d–f) simulated at high, middle, and
low altitudes. Ice cloud covers (g–i) observed and (j–l) simulated at high, middle, and low altitudes.
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[32] Figure 3d shows the phase diagram, including all
clouds regardless of their temperature (including also�40�C
<T< 0�C): pixels spread on both sides of the phase dis-
crimination line, indicating that some pixels contain both
liquid and ice water in various proportions. Pixels containing
mostly liquid and relatively little ice will show up below the
threshold and will be classified as liquid, while those
containing mostly ice and little liquid will be classified as
ice. For consistency with the algorithm applied to the
observations (section 2), the simulator also imposes that
cloudy pixels with temperature T> 0�C are classified as
liquid, those with T>�40�C are classified as ice, and
those located below an optically thick cloud (SR> 30) are
classified as “undefined.”

4. Results

[33] We accumulated cloudy pixels collected over days to
build global maps of low-altitude (z< 3.36km), middle-altitude
(3.36< z< 6.72km), and high-altitude (6.72< z<19.2km)
liquid and ice clouds, as well as global vertical distributions
of ice and liquid clouds (at a resolution of 480m). Detailed
definitions of each variable can be found in Appendix A.
Those daily variables are averaged over the JFM season.

4.1. Observed Liquid and Ice Clouds

[34] Figure 6 shows maps of liquid and ice clouds for low-,
middle-, and high-altitude levels using five JFM seasons
(2007–2011) of observations. As expected, high-altitude
clouds (Figure 6, top row) are mostly composed of ice in the
observations (Figure 6g). In middle-level clouds (Figure 6,
second row), liquid water clouds occur (about 20%) in the
warm middle latitudes and convective tropical regions [along
the Intertropical Convergence Zone (ITCZ), Figure 6b], and
ice clouds (typically 25%, Figure 6h) occur exclusively at high
latitudes (poleward of 60�), where the middle troposphere is
colder than at lower latitudes. Low-level clouds (Figure 6,
bottom row) are almost exclusively composed of liquid
(Figures 6c and 6i), except in polar regions where ice cloud
cover reaches 20%.
[35] The zonal cloud fraction profile (Figure 7a) shows that

ice clouds are observed only above 8 km in the tropics but ap-
pear at lower altitudes in middle- and high-latitude regions.
Meanwhile, liquid clouds (Figure 7b) are mostly in the bound-
ary layer, even if they reach the free troposphere at middle and
high latitudes and in deep tropical convection. The partition
between liquid and ice clouds (Figure 7c) shows
equiprobability (50% ice and 50% liquid, represented by a
solid black curve) is reached at lower altitudes in polar regions
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Figure 7. Cloud phase vertical distribution observed and simulated in JFM. (left column) Ice cloud
fraction, (center) liquid cloud fraction, and (right) ice fraction with respect to the total condensate,
(top row) for observations from CALIPSO-GOCCP, (middle row) for simulations by the “LMDZ GCM+
COSP lidar simulator,” and (bottom row) for simulations by LMDZ GCM alone, at a vertical resolution of
Δz = 480m. The black line corresponds to the equiprobability between liquid and ice (50%). The solid and
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and 6%) cloud fractions. The horizontal black dashed lines separate the low- and middle-level clouds
(3.36 km) and the middle- and high-level clouds (6.72 km).
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compared to the tropics because of the temperature change
with latitude at a given altitude. Areas of coexisting liquid
and ice (blue to red color in Figure 7, right column) are signif-
icant at latitudes above 45� (middle latitudes and polar re-
gions) but less in the tropics.
[36] We tested the sensitivity of these results to the

position of the phase discrimination line in using the
isolines 90% and 10% instead of 50% in Figure 4a. The
results (not shown) are almost unchanged as only 1.3% of
all the cloudy pixels are located between the isolines 10%
and 90%. Moreover, our algorithm imposes that clouds with
T> 0�C are classified as liquid, and those with T<�42�C
are classified as ice. These temperature criteria are effectively
used to classify the phase in less than 1% of the cloudy pixels.
Figure 8 shows the regions where the temperature thresholds
are used. Figures 8a and 8c indicate that the warm cloudy
pixels (T> 0�C), initially misclassified as ice (based on ATB
and ATB┴), are mostly located in the Saharan dust region, be-
cause the cross-polarized signal is produced by nonspherical
dust. In these cases, the temperature criteria included in the al-
gorithm allow avoiding misclassification. It is also useful in
deep convection regions, where low liquid clouds located
below high-altitude clouds would have been misclassified
as ice if the temperature criteria had not been applied.
For ice clouds (Figures 8b and 8d), the temperature
threshold (T<�42�C) is mostly used in the South Atlantic
anomaly region and over Greenland and Russia, likely
because of the ground reflection.
[37] The transition temperature between liquid and ice

varies between �20�C and �30�C depending on the latitude
and the season (black line in Figures 13a and 13c). To
characterize this transition, we used the temperature Tice=liq
defined as the temperature where the ice and liquid cloud
fractions are equiprobable (50%). In both seasons
(not shown), deep convection (along the ITCZ) is associated
with slightly warmer Tice=liq (�18�C) and subsidence

tropical regions with colder Tice=liq (�33�C in June, July,
August (JJA)). Yoshida et al. [2010] obtained warmer
values of Tice=liq (�10�C) and compared with the results
obtained using CALIPSO NASA Science Team Version 2
vertical feature mask Tice=liq (�20�C). The difference
between NASA and Yoshida et al. [2010] results has been
attributed to the contamination of oriented ice as water in
the NASA product and to the different treatment of vertical
layers (one phase for a whole layer in the Verticl Feature
Mask (VFM) versus vertically resolved phase for Yoshida
et al. [2010]). Moreover, differences between cloud detection
in CALIPSOVersion 3 Science Team product and CALIPSO-
GOCCP have been documented [Chepfer et al., 2013],
showing significant differences between the cloud fractions,
attributed to the difference in the resolution and the cloud
detection threshold. As a consequence, for both cloud detec-
tion and phase discrimination, the vertical resolution used in
the algorithm and the method used to discriminate ice and
liquid discrimination have a significant impact on the
results. Therefore, it is important to evaluate models against
observations using the same definition for each cloud
variables (resolution and thresholds).

4.2. Model Cloud Phase Diagnosed From
the Lidar Simulator
[38] The daily cloud phase diagnostics are averaged over

seasons to produce CALIPSO-like liquid and ice cloud
maps (Figure 6) together with cloud ice (respectively liquid)
vertical distribution (Figure 7d; respectively Figure 7e). The
CALIPSO-like cloud ice (respectively liquid) vertical distribu-
tion (Figure 7d; respectively Figure 7e) is first compared with
the cloud phase vertical distribution originally produced by
LMDZ5B (Figure 7g; respectively Figure 7h). There are less
clouds overall in the middle and lower troposphere when using
the simulator. This is symptomatic of situations where high-
level clouds mask low-level clouds, because the virtual lidar
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laser cannot penetrate cloud with optical depths typically
higher than 3. Less predictable, this masking effect affects more
the ice clouds (Figure 7d compared to Figure 7g) than the liquid
clouds (Figure 7e compared to Figure 7h). This is because a
large majority of the clouds produced by LMDZ5B are com-
posed of ice (Figure 7g compared to Figure 7h), and those
clouds seem to have a significant optical depth.
[39] Figures 9a–9c quantify the liquid clouds that are

misclassified as ice clouds or are undefined clouds due to the ef-
fect of the model+simulator. Figure 9a shows the CALIPSO-
like liquid cloud fraction obtained when considering only liquid
water (the ice water content is set to zero at the input of the
simulator). The cloudy pixels misclassified as ice (Figure 9b)
are mostly located in the upper troposphere and correspond
to the pink boxes above the phase discrimination line in
Figure 4b. They represent 0.28% of the cloudy pixels. The
cloudy pixels (Figure 9c) that are classified as “undefined”
because they are located below of clouds with SR> 30 are
logically mainly located in the storm track region in the first
kilometers above the surface.When considering only ice clouds
(the liquid water content is set to zero at the input of the simu-
lator), the resulting CALIPSO-like zonal ice cloud fraction
profile is shown in Figure 9d. The cloudy pixels classified as
“undefined” (Figure 9e) are also located in the storm track, just
like the liquid clouds.

4.3. Evaluation of LMDZ5B Cloud Phase Against
CALIPSO-GOCCP Observations

4.3.1. Main Features
[40] Themodel+ simulator does not produce any liquid clouds

above 3.2km (Figures 6d and 6e), contrary to the observations

(Figures 6a and 6b). Moreover, the model+ simulator simulates
too many ice high clouds along the ITCZ (Figure 6j)
compared to the observations that show less ice high clouds
(Figure 6g) and indicates the presence of liquid high clouds
(Figure 6a). The main model + simulator defects are quanti-
tatively summarized by zonal means (Figures 10a–10c): ice
high clouds are underestimated at middle and high latitudes,
and liquid low clouds are underestimated by about 30%,
even more in the Southern Hemisphere middle latitudes
(see also Figure 6). Independently of the cloud cover, the
model + simulator fails to reproduce the ice and liquid
partition within clouds (Figure 10d) in 30%–40% of polar
low clouds, in up to 30% of tropical high clouds, and in
40% of middle-level clouds at middle and low latitudes.
The vertical distributions (Figure 7) clearly indicate that the
model produces ice instead of liquid water at low altitudes in
polar regions. Moreover, the model + simulator fails to
reproduce correctly the coexistence of ice and liquid clouds.
In the observations (Figure 7c), ice and liquid clouds coexist
over a 4 km vertical range at all latitudes. In the model (Fig-
ure 7f), liquid and ice clouds almost never coexist: no liquid
clouds are found where ice clouds occur (and vice versa).
4.3.2. Role of Temperature
[41] Observed ice clouds are dominant (Figure 11a)

within a wide range of temperatures between �21�C and
�90�C, with a maximum cloud fraction around �43.5�C.
As expected from theory and from the previous sections,
liquid and ice clouds coexist between 0�C and �40�C.
Liquid clouds occur at temperatures as cold as �40�C,
in agreement with in situ measurements of liquid droplets
at �40.7�C [Heymsfield and Miloshevich, 1993] and ground-
based lidar retrievals [Noel et al., 2006]. By contrast,

Figure 9. Misclassification in the simulations by the “LMDZ GCM+COSP lidar simulator.” (left
column) Vertical distribution of liquid clouds: (a) properly classified as liquid, (b) misclassified as ice,
and (c) classified as undefined. (right column) Vertical distribution of ice clouds: (d) properly
classified as ice and (e) classified as undefined. The horizontal black dashed lines separate the low- and
middle-level clouds (3.36 km) and the middle- and high-level clouds (6.72 km).
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the “model + simulator” (dash-dotted lines) does not
produce liquid clouds colder than �20�C. Moreover, most
liquid clouds are observed between �21�C and 21�C
with two maxima at �10.5�C and 16.5�C. While the
“model + simulator” correctly produces a bimodal liquid
cloud distribution consistent with observations, its
maximum within the negative temperatures is too warm
(�7.5�C). Nevertheless, in all regions (Figure 11b), the
transition between liquid- and ice-dominated clouds is too
warm by about 9�C in the “model + simulator” (colored
dashed lines), and the temperature range in which liquid
and ice coexist is way too narrow (~10�C) compared to
the observations (~35�C, colored solid + circle line). This
is a direct consequence of the cloud phase parameterization
in LMDZ5B [Hourdin et al., 2012] that imposes the
transition between ice and liquid around �7.5�C. The
relationship used inside the LMDZ’s parameterization
is reported in Figure 11b (black dash-dotted line) together
with the “LMDZ GCM alone” cloud phase transition
(solid black line) obtained from outputs of the model. When

the attenuation of the lidar signal is taken into account
(black dashed line in Figure 11b), the transition between
liquid and ice is shifted to a colder value (�12�C instead
of �7.5�C) but still remains too warm compared to the
observations (�20�C, black solid + circle line). Therefore,
the shift from �12�C to �7.5�C (black solid line versus
black dashed line) is due to the peculiarities of the lidar
instrument (e.g., cloud detection, lidar attenuation, and
multiple scattering). In addition to this warm bias, the
model also produces a significant amount of very cold ice
clouds (T<�60�C) stuck to the tropopause (Figure 12),
especially in middle and high latitudes, that do not exist in
the observations.

5. Conclusion and Perspectives

[42] In order to evaluate how climate models describe the
partition between liquid and ice clouds, we built a liquid and
ice cloud climatology using CALIOP Level 1 version 3
observations and a cloud phase diagnosis within the COSP

Figure 10. Zonal means of low, middle, and high cloud covers, (solid lines) as observed by CALIPSO-
GOCCP and (dash-dotted lines) as simulated by the “LMDZ GCM+COSP lidar simulator” in JFM.
(a) High, (b) middle, and (c) low cloud covers are represented by black lines for liquid and red lines for
ice. (d) Ice fraction with respect to the total condensate is represented by black lines for high clouds,
red lines for middle clouds, and blue lines for low clouds.
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lidar simulator. Definitions of ice and liquid clouds within the
observational data set and the simulator are fully consistent, so
that the differences between observations and outputs from the
ensemble “model + simulator” can be used to evaluate the
cloud thermodynamic phase in the model.
[43] The liquid and ice cloud climatology is new in

the GCM-oriented CALIPSO Cloud Product (CALIPSO-
GOCCP). It was built using lidar profiles of total attenuated

backscatter (ATB) and cross-polarized attenuated backscatter
(ATB┴) included in the CALIOP Level 1 data set (version 3).
Each level of altitude (480m thick) of a single lidar profile
(every 330m) is declared cloudy when the scattering ratio
(SR) is higher than 5. The values of cross-polarized and total
attenuated backscattered signals were used to determine liquid
or ice cloud particle phase. The sensitivity of the ice/liquid
discrimination was discussed. We then documented ice and

Figure 11. Temperature profiles in liquid and ice clouds. (a) Temperature profiles of (black) liquid
and (red) ice clouds in JFM, (solid lines) as observed by CALIPSO-GOCCP and (dash-dotted lines) as
simulated by the “LMDZ GCM+COSP lidar simulator.” Note that the high values of cloud fraction at
temperature colder than �80�C correspond to very few cloudy events (0.8% of ice clouds). (b) Ice
fraction with respect to the total condensate, (solid + circle lines) as observed by CALIPSO-GOCCP
and (dashed lines) as simulated by the “LMDZ GCM+COSP lidar simulator” for different
regions. The modeled temperature in each subgrid is vertically averaged over 480m to characterize
the temperature of each cloudy pixel. The black solid line corresponds to ice fraction with respect
to the total condensate as simulated by LMDZ GCM vertically averaged over the 480m GOCCP
grid. The dash-dotted black line corresponds to the relationship used to parameterize the phase transition
in LMDZ GCM.

Figure 12. Cloud temperature distribution. Ice cloud fraction in JFM (a) as observed by CALIPSO-GOCCP
in JFM, (b) as simulated by the “LMDZ GCM+COSP lidar simulator,” and (c) as simulated by LMDZ
GCM alone.
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liquid clouds observed along a single CALIPSO orbit.We built
global maps of liquid and ice clouds in low-, middle-, and high-
altitude levels and zonal vertical distributions (40 levels) of
liquid and ice clouds, accumulating five JFM seasons of obser-
vations (2007–2011).
[44] We analyzed the link between the cloud phase

observed by CALIPSO-GOCCP and the cloud temperature
given independently by ancillary data. Liquid water still exists
at temperatures as cold as �35�C in tropical regions. The ice-
liquid equiprobability (coexistence of 50% of ice with 50% of
liquid) typically occurs at�21�C but varies with the humidity
in the upper troposphere in the observations (�5K). It is
colder in the drier conditions of tropical subsidence and above
land in polar regions.
[45] A cloud phase diagnosis has been developed in the

COSP lidar simulator. We first computed, from model
outputs, ATB and ATB┴ lidar profiles in each subgrid, then
classified each cloudy pixel within a profile as a liquid or ice
cloud using the phase discrimination line (“the black curve”)
on ATB and ATB┴ as in the observations, and finally
built statistics by accumulating one season of simulations.
We built maps of liquid and ice clouds and vertical
distributions of liquid and ice clouds from the ensemble
“climate model + simulator,” similar to the ones that were
obtained from a lidar flying over the atmosphere predicted
by the model. This method allows taking into account
the vertical and horizontal resolutions, the masking of
low clouds by high clouds, the effects of multiple scattering
on polarization measurements by the virtual lidar, the
attenuation of the lidar signal, etc.
[46] We compared the liquid and ice cloud vertical

distributions simulated by the model with and without the
simulator. Results show that optically thick high clouds mask
lower clouds in some regions (mostly storm tracks), as the lidar
cannot penetrate through clouds with optical depths higher than
3. A sensitivity study has shown that the results are poorly

sensitive to the parameters used in the simulator (the multiple
scattering factor and the position of the phase discrimination
line). Moreover, very few misclassified phase clouds (less than
0.3%) are introduced by the use of the lidar simulator.
[47] The comparison between observations and simulations

shows that the LMDZ5B model significantly underestimates
the amount of liquid water in clouds (no liquid clouds above
3 km) and produces ice instead of liquid clouds everywhere,
particularly over polar regions at low and middle levels
and in the upper troposphere at middle latitudes and along
the ITCZ. The transition from liquid to ice typically occurs
around �21�C in the observations, whereas it appears at
�12�C in the model + simulator and at�7.5�C in the model
parameterization The model does not reproduce any
coexistence of liquid and ice, even though this occurs
frequently in the observations over a wide range of
temperature (0�C to �40�C). Moreover, the transition
between ice and liquid water in the model is independent
of the atmospheric humidity, in contrast to observations
where the amount of liquid and ice clouds at a given
temperature depends on humidity. Even if the lidar
simulator shifts the model cloud phase parameterization to
colder temperature because of the lidar instrument
peculiarities, the cloud phase parameterization remains too
warm compared to observations. It clearly appears that the
cloud phase parameterization currently used in LMDZ is
not appropriate.
[48] Future work will include (1) a change in LMDZ

cloud phase parameterization based on these results; (2) a
comparison of our phase partitioning algorithm with other
satellite climatologies as well as with ground-based and in
situ observations; and (3) a study of the link between the
cloud thermodynamic phase, temperature, humidity, and
wind. In the strong subsidence regions (40�S–20�S and
10�N–30�N, red area in Figure 13c), where the atmosphere
is drier than that at other latitudes (Figure 13a), there is no

Figure 13. Cloud phase as a function of the atmospheric humidity and vertical wind speed. (a) Logarithm
of partial pressure of water vapour from the European Centre for Medium-Range Weather Forecast
Reanalysis (ERA) interim in JFM. (c) Vertical wind speed from ERA interim in JFM (10�2 Pa/s). (b and d)
Same as Figures 13a and 13c but simulated by the “LMDZ GCM+COSP lidar simulator” and using the
LMDZ thermodynamical fields. The black line corresponds to the equiprobability between liquid and ice.
The solid and dashed pink and green isolines show the ice (respectively 2%, 10%, and 18%) and liquid
(respectively 2% and 6%) cloud fractions.
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overlap between liquid and ice clouds (green and pink
isocontours). On the other hand, at the equator and at middle
and high latitudes, where the atmosphere is wetter, liquid
and ice clouds coexist. In these regions, it seems that the
liquid and ice equiprobability temperature is correlated to
the partial pressure of the water vapor: they are increasing
together moving poleward. The model does not replicate
the observations at middle and high latitudes: “Tice=liq”
decreases, whereas the partial pressure of water vapor is
constant. This could be due to the modeled vertical wind
that is different from the observed one in polar regions.
Additional work, based on the same observations at a higher
spatiotemporal resolution, will be pursued to study the link
between the cloud phase, temperature, humidity, and wind
in both the model and the observations.
[49] The CALIPSO-GOCCP cloud phase climatology is

available on the CFMIP-OBS website (http://climserv.ipsl.
polytechnique.fr/cfmip-obs/Calipso_goccp.html).
[50] The new version of the lidar simulator, including

the cloud phase diagnosis, will be included in the next
release of COSP (http://cfmip.metoffice.com/COSP.html)
for evaluating the ice and liquid cloud distributions in other
climate models.

Appendix A: Definition of the Global-Scale
Statistical Diagnostic

A1. Maps of Liquid and Ice Clouds

[51] We split the atmosphere in three altitude layers
[Chepfer et al, 2010]: low (z< 3.36 km), middle (3.36< z
6.72 km), and high (6.72< z< 19.2 km). For each layer,
we built maps of liquid (Figures 6a–6f), ice (Figures 6g–6l),
and undefined clouds. As an example, the map of liquid
low clouds is built as follows: (1) for each lidar profile,
the low layer (z< 3.36 km) is flagged “cloudy” if the
profile contains at least one cloudy pixel (identified in
section 4.1); (2) for each lidar profile, the low layer is
flagged “liquid” if it contains at least one “liquid” cloudy
pixel; (3) we computed the total number of low cloudy
layers (Ncloud) and the number of liquid low cloudy layers
(Ncloudliq) accumulated during a day within a latitude-
longitude grid box; and (4) we computed the liquid low
cloud fraction (CFlow,liq) in each latitude-longitude box for
each day, i.e.,

CFlow;liq ¼ Ncloudliq=Ncloud� CFlow (12)

where CFlow is computed by dividing, for each longitude-
latitude grid box, the number of cloudy profiles encountered
for 1 day by the total number of instantaneous SR profiles
(not fully attenuated) measured during that day [Chepfer
et al., 2010].
[52] To complete these maps of liquid low cloud fraction, we

similarly computed maps of ice low cloud fraction (CFlow,ice)
and undefined low cloud fraction (CFlow,undef). These low cloud
fractions are linked by the following relationship:

CFlow ¼ CFlow;liq þ CFlow;ice þ CFlow;undef (13)

[53] To study directly the water phase partition within the
clouds, we defined the cloud phase ratio (e.g., CPRlow for

low clouds), which documents the relative part of ice and
liquid within clouds independently of the cloud cover. Maps
of the cloud phase ratio for each day in each layer (low,
middle, or high) describe the ratio between the number of
ice layers and the number of ice and liquid layers in each
latitude-longitude box for each day. A cloud phase ratio of
100 means the layer (low, middle, or high) contains only
ice clouds, whereas a cloud phase ratio of 0 corresponds to
a layer that contains only liquid clouds.

A2. Vertical Distribution of Liquid and Ice Clouds

[54] In addition to cloud phase maps, and to obtain a more
detailed view of the vertical distribution of cloud phase, we
define the 3-D cloud phase fraction.
[55] The liquid (respectively ice and undefined) 3-D cloud

fraction CF3Dliq (respectively CF3Dice and CF3Dundef) is
computed for each profile vertical level (480m) by dividing,
for each latitude longitude grid box, the number of liquid
(respectively ice and undefined) cloudy pixels by the total num-
ber of pixels measured. Fully attenuated pixels (0< SR< 0.01)
are not taken into account [Chepfer et al., 2010].
[56] In each latitude-longitude-altitude grid box, the total

3-D cloud fraction (called “CF3D” in CALIPSO-GOCCP)
[Chepfer et al., 2010] is equal to the sum of the three-phase
3-D cloud fractions, i.e.,

CF3D ¼ CF3Dliq þ CF3Dice þ CF3Dundef (14)

[57] As discussed previously, we also computed a
variable (CF3DPice/liq) independent of the 3-D cloud
fraction (CF3D) to study the partition between ice and
liquid clouds. CF3DPice/liq is the ratio between the number
of ice cloud pixels and the sum of ice and liquid cloud pixels
at each level of altitude. CF3DPice/liq = 100 when a given
level contains only ice clouds and 0 when it contains only
liquid water clouds.
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