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composite diagram using the CALIPSO data (see Sect. 2.5

for the method).
Before examining the cloud changes in 2 9 CO2 and

their differences among the models, we compare the mean

cloud fraction between CALIPSO and GCMs (shading in
Fig. 9). The satellite-based estimate of the cloud fraction

(Fig. 9a) reveals the following characteristics: a maximum

of more than 30% occurring at the highest value of LTS,
and a gradual increase of the cloud layer altitude as LTS

decreases. These features of the mean low-cloud fraction
may also be seen when we make the longitude-height

section along the subtropical eastern oceans (Wang et al.

2004). All the GCMs not only fail to reproduce the cloud
distribution derived from CALIPSO but also show different

types of bias. Namely, low clouds are overestimated for

low LTS in MIROC5, CCSM3, and GISS ER, whereas
overall they are underestimated in MIROC3, CCCma, and

GFDL CM2.0. The cloud layer is too thin in MRI GCM.

The causes of these biases would involve various factors
and are beyond the scope of this study, but we need to bear

them in mind when comparing the cloud change in the

2 9 CO2 runs.
The divergence of the mean cloud distribution in GCMs

prevents us from detecting and understanding the

consistent change in the cloud fraction in the 2 9 CO2

experiments (contours in Fig. 9). Yet, we can identify some
consistency although it may not necessarily explain the

different magnitude and sign of the total low-cloud change.

For example, a relatively large change in the cloud fraction
is found at small LTS in models that overestimate the mean

cloud there (e.g., MIROC5, CCSM3, and GISS ER). At

large LTS, many models show an increase and decrease of
clouds above and below the mean cloud layer, suggesting

an upward shift of the cloud layer. This accompanies an
asymmetry in the cloud amount change, either a greater

increase (e.g., MIROC5, CCSM3, and GISS ER) or

decrease (e.g., MIROC3, INM, and MRI), probably
resulting in a non-zero change of the low-cloud amount.

Despite large differences in the mean cloud fraction and

its changes among GCMs, the change in the thermody-
namic condition Ps has a common structure, which repre-

sents a shift of the PDF peak to larger values (bottom

panels in Fig. 9). While the degree of the PDF shift
depends on the model (for example, it is large in CCSM3

but small in INM), this coincidence indicates that the

changing thermodynamic constraint as found in the two
MIROC models (Fig. 8b, d) is a robust part of the climate

change. If the cloud change at a given LTS (contours) does

Fig. 9 Regime composite of
the cloud fraction in the lower
troposphere over the tropical
oceans as sorted by LTS
(shading), together with its PDF
(curves at the bottom of each
panel): a CloudSAT/CALIPSO
from June 2006 to May 2007,
b MIROC3.2, c MIROC5,
d–i CFMIP1 models, all from
control runs. The vertical axis is
the normalized pressure. In b–i,
contours indicate the difference
between the control and either
4 9 CO2 or 2 9 CO2 runs
(intervals ±1, 2, 4, 6, 8, 10%),
and blue (red) curves in the
bottom panels are the PDF for
the control (4 9 CO2 or
2 9 CO2) run. The grey
shading in the PDF gives the
definition of stable regime (see
text)

M. Watanabe et al.: Fast and slow timescales
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KU-type products MIROC 5 GCM

2. KU-type:  
Zonal mean property of water-ice ratio on temperature 
agrees between KU-type for CALIPSO and GCM. 

(Watanabe et al., 2010 J. Climate)

“water”), x was assumed to be larger than 0.5, corresponding
to Dt532 of 0.58 (equation (6)). When x < 0.5 and d >
10%, 3‐D ice was selected. Ray tracing simulations of 3‐D
ice shows that d is around 30% or larger [Takano and Liou,
1995] and 2‐D plate does not produce any depolarization.
When d was smaller than 3%, the grid box was assumed to
contain 2‐D plate. Considering the mixture of 3‐D ice and
2‐D plate, d > 10% indicates the dominance of 3‐D ice
particles and d < 3% indicates 2‐D plate is dominant [Sassen
and Benson, 2001]. When d > 10%, the separation of 3‐D ice
from water is done by using d < 60x2 + 10 [%]. This criterion
is determined on the basis of the results of Monte Carlo
simulation (as in Figure 2a and also the observational results
for T > 5°C). Unknown1 had d between 3 and 10%, although
most of the signals in this area contained 3‐D ice crystals with
horizontally oriented plates. Unknown2 was assigned in a
relatively small area in the x − d plane where liquid droplets or
randomly oriented ice crystals might exist. The discrimina-
tion of water from unknown1 for x > 0.5 and discrimination
between unknown1 and unknown2 are performed by using
d = 7.5 exp{−4.0(x − 0.2)2} + 2.5 for x > 0.5 in order to
connect the d = 10% for 3‐D ice and d = 3% for 2‐D plate.
[19] After the initial discrimination was performed, the

following second classification (spatial consistency test)
was applied. For each discriminated pixel, the surrounding
3 × 5 pixels (i.e., 3 pixels in the vertical direction and 5 pixels
in the horizontal direction) were considered. First, the
major particle type was estimated from the results for these
15 pixels. Then, if the particle type of the central pixel dif-
fered from the major particle type, the central pixel was
forced to be the major type. The spatial consistency test also
reduced uncertainties owing to the fixed thresholds intro-
duced here. It is worth noting that most of the unknown2
pixels selected by the first classification were actually
changed to water or 3‐D ice on the basis of the consistency
tests of surrounding pixels; only a minor number of
unknown2 particles remained.

3. Results and Discussions

3.1. Case Study
[20] We first examined cloud particle types from CALIOP

observations taken on 8 October 2006 in the area 33°S–58°

S, 114°W–123°W over ocean (Figure 4). We also examined
the CloudSat radar reflectivity, CALIOP backscattering
coefficient at 532 nm, depolarization ratio, the resulting
cloud particle type by our method (referred to as TU), and
the VFM cloud phase product. The VFM cloud phase is
derived from the ice water algorithm (IWA) [Liu et al.,
2005] and distributed by the CALIPSO team based at the
National Aeronautics and Space Administration (NASA),
Langley.
[21] The VFM product generally showed more cloudy

pixels than were found in our product (Figures 4d and 4e).
The differences reflect differences in the cloud mask
schemes [Okamoto et al., 2007, 2008; Hagihara et al.,
2010]. Temperature from the ECMWF model was also
overlaid in Figures 4d and 4e. In Figures 4d and 4e,
CloudSat and CALIOP detected southern midlatitude storm
tracks. These were typical storm tracks in that latitude zone
and are known to be associated with extratropical cyclones.
CloudSat CPR detected clouds with precipitation having top
heights of ∼10 km and horizontal scales larger than 2000 km
(Figure 4a). Owing to attenuation, the CALIOP signal did
not reach the surface or the cloud base detected by CloudSat
(Figure 4b). However, CALIOP detected more optically thin
clouds than did CloudSat around 30°S above 8 km, as
shown in Figure 4b.
[22] We found frequent occurrence of specular reflections

characterized by large backscattering coefficients close to
zero d around the center of the convection zone, at altitudes
above the melting layer around 2 km as observed by
CloudSat and below 5 km (e.g., at 53, 46, 44, 42, and 35°S;
see Figures 4b and 4c). Cloud particles in this area were the
2‐D plate type according to our classification method
(Figure 4d).
[23] The upper parts of the clouds were mostly 3‐D ice,

with unknown1 found at altitudes between those of 2‐D
plate and 3‐D ice. Unknown1 might have consisted of ice
crystals that exhibited intermediate d between values for
2‐D plate and 3‐D ice.
[24] By our method, we could infer the vertically resolved

particle type inside the same cloud layer. In contrast, the
VFM cloud phase results present a vertically homogeneous
type; for example, all liquid water particles between 3 and
10 km at 46°S. This was because the IWA primarily uses a
layer‐integrated depolarization ratio defined as

!integrated ¼

Rtop

base
"

0

532;cross"polðRÞdR

Rtop

base
"

0
532;co"polðRÞdR

; ð7Þ

which assigns one cloud phase for an estimated cloud layer.
Because of the integration, this method seemed to misclas-
sify 2‐D plate and part of 3‐D ice as water associated with
very low d owing to specular reflections. Consequently, the
VFM tended to overestimate low‐level cloud occurrences.
In contrast to the VFM method, our method could provide
vertically resolved cloud types.
[25] The altitude of 2‐D plate occurrences corresponded

to temperatures between −10 and −20°C. Supercooled water
was found below −10°C, with maximum occurrence located
at around 35°S. Significant attenuation of the lidar back-

Figure 3. Cloud particle diagram on the x and d planes.
The colors denote occurrence frequencies from observations
during October 2006 at all temperatures.

YOSHIDA ET AL.: CLOUD PARTICLE TYPE FROM CALIPSO DATA D00H32D00H32

5 of 12

(Yoshida et al., 2010 JGR)

δ-X’ diagram was used for ice/water 
partition. 
X’=log(βi/βi+1)

waterice ice water



3. KU-micro:  
Global distribution of ice microphysics from 
CloudSat-CALIPSO and evaluation of NICAM. 

KU-micro 
(Okamoto et al., 2010 JGR, 
Sato and Okamoto 2011 JGR)

IWC in NICAM is underestimated 
in tropics. Vertical grid spacing 
<400m is necessary when NICAM 
with ΔH=14 and 28km in tropical 
cirrus. 

(Seiki et al., GRL 2015)
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 4. Differences in cloud fraction and water-ice partitions 
are large in three CALIPSO global products

ice cloud 
fraction

water cloud 
fraction

cloud

Cesana et al., 2016 JGR 
due to different treatment of clouds/aerosol partitions, 
resolutions, fully attenuated pixels, multiple scattering

KU 

NASA KUFrench
French NASA

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.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD024334

CESANA ET AL. CALIPSO CLOUD PHASE VALIDATION 5802



4-2. Depolarization ratio due to multiple-scattering 
The depolarization ratio for the four tilt angles was estimated using eight channels (Fig. 

4). Depolarization ratio ( )δ θ  for four different angles θ  (mrad) was estimated by 
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Fig. 4. Same as Fig. 2 but for depolarization ratio. (a) For on-beam channel, (b) for 10 mrad, 
(c) for 20 mrad, (d) for 30 mrad, and (e) for NIES lidar. 
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5. Development of Multi-Field of View Multiple 
Scattering Polarization Lidar (MFMSPL) 

8 telescopes are used 
and total FOV ~ 

70mrad. 

This is the first 
time that 
depolarization 
ratio for optically 
thick clouds was 
observed by 
ground-based 
lidar.

(Okamoto et al., 2016, Opt. 
Express.)

 

Fig. 2. MFMSPL installed at the National Institute of Environmental Studies (NIES), Tsukuba, 
Japan. 

Table 1. MFMSPL system specifications. 

Transmitter 
Laser Nd:YAG, Q-switched, linearly polarized (Quantel, Brilliant EaZy) 
Wavelength 532 nm 
Pulse energy 165 mJ/pulse 
Repetition rate 10 Hz 
Receiver 
Lens Diameter = 5 cm, focal length = 40 cm (CVI Laser Optics) 
FOV 10 mrad 
Detectors PMTs (Licel, PM-HV-20) 

Bandpass filter Interference filter with 1 nm FWHM (Andover Corporation) 

ND filters Transmittance: 1% for Ch.1 and 7% for Ch.2 (Sigma Koki Group) (ND filters were 
used only for channels 1 and 2) 

Data acquisition 
• A/D converter for all of the channels, 25 MHz, 16-bit (Turtle Industry Co., TUSB-0216ADM) 

3. Calibration procedures 
There are two steps used for calibration of the MFMSPL to obtain attenuated backscattering 
coefficient (ßatt) for each channel. The first is absolute calibration, which is performed by 
comparing signals observed by Mie-type NIES vertical-pointing lidar and those observed 
from channel 1 (vertical-pointing). Calibration of the NIES lidar was performed in advance, 
according to the procedure described in [16]. The NIES lidar was necessary for calibration 
because the MFMSPL cannot detect signals from altitudes higher than 8 km during the day, 
due to its limited sensitivity, and self-calibration was not possible. 
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Simulation of space-borne lidar signals becomes possible.  
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5-1. Refinement of cloud mask scheme 
: using MFMSPL data in Tsukuba.

Former KU-mask
Refined KU-mask

Current KU-mask underestimated cloud fraction in large τ.  
Refined scheme overcomes the issue mainly by using different 
discrimination schemes at/below cloud top (above cloud bottom) 
for space-borne (ground-based) lidar.

Okamoto et al., 2017 (in press)



5-2. Refinement of cloud particle phase algorithm 
by MFMSPL 
Former algorithm misclassified water as ice in regions 
where lidar signals are heavily attenuated. It leaded to 
underestimation of water cloud fraction. Refined 
algorithm overcomes the issue.  
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5-3. Global analyses of ice and water cloud 
fraction: former versus refined schemes
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6. Revision of KU-micro for ice. 
Refined look up tables for CALIPSO

Oct.2008
off-nadir 
period
(3deg.)Backscattering coefficient of 

oriented ice plate depend on the 
detail of how they orient in 
horizontal plane.

Observed ß of radar-lidar overlapping ice clouds showed large 
decrease from 0.3 deg. to 3 deg. off nadir, i.e., after Nov.2007. 



6-2. Retrieval of ice microphysics from CloudSat-
CALIPSO, Refined look up tables for CALIPSO analysis

Physical optics was applied for ice particle models (Borovoi et al., 2012). 
Horizontally oriented ice plate model (2D-plates) could produce more 
than one order larger backscattering for nadir period (0.3 degrees-off 
nadir) than for off-nadir (3 degrees-off nadir) period, which is consistent 
with CALIPSO observations.
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to allow continuous retrievals of ice microphysics during whole 
CALIPSO and EarthCARE observation periods.



　7. EarthCARE (Earth Clouds Aerosol Radiation Explorer)  
   JAXA-ESA joint mission

1. 94GHz Doppler cloud radar  
(CPR) 

2. 355nm high spectral resolution 
lidar (ATLID) 

3. Multi-spectral imager (MSI) 
7channels (0.69, 0.865, 1.65, 
2.21,8.8, 10.8, 12.0µm) 

4. Broad band radiometer (BBR) 3 
views 

(Illingworth et al., 2015 BAMS) 

launch date : 2018 
altitude : 393.14km  
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7. Expected products from EarthCARE 
with HSRL and Doppler capability

to evaluate cumulus convective parameterization 
and cloud parameterization

FIG. 4. Flowchart showing level 1, 2a, and 2b products scheduled to be in place 
when EarthCARE is launched. Level 2a geophysical products are derived from 
a single instrument’s data, while level 2b products use synergistic data from 
more than one instrument.

et al. 2009) to retrieve 
the fol lowing proper-
ties: effective radius, ice 
and liquid-water content, 
snow and rain rate and 
their amount, sedimenta-
tion velocity, and verti-
cal air motion (Sato et al. 
2009; Sato and Okamoto 
2011).

355-nm high -spec tral -
r e so l u t i on  l i da r.  The 
EarthCARE atmospheric 
lidar (ATLID) is a linearly 
polarized HSRL (Shipley 
et a l. 1983) transmit-
ting a spectrally narrow 
laser line at 355 nm and 
separating the backscatter 
return into three channels: 
a “Mie” channel, receiving 
the copolar return from 
clouds a nd aerosols ; 
a copolar “Rayleigh ” 
channel, receiving copolar 
backscatter from atmospheric molecules; and a 
channel receiving the total backscattered cross-
polar signal.

In the absence of any attenuating cloud or 
aerosol, the profile of the Rayleigh channel is 
defined by the known profile of air density. The 
extinction profile of the clouds and aerosols 
can be derived from the observed reduction in 
the Rayleigh profile below this expected value. 
This extinction profile may then be used to 
correct the observed attenuated Mie backscatter 
profile, and the true “lidar” or “extinction-to-
backscatter” ratio (S) may be calculated (see 
“Optical depth from the HSRL” sidebar and the 
associated figure). In contrast, a simple elastic 
backscatter lidar like CALIOP must assume a 
value for S in order to estimate the extinction 
coefficient (Omar et al. 2009) or, in the case of 
isolated layers embedded in clear air, constrained 
retrievals using molecular scattering below and 
above the layer as a reference are applied (Young 
and Vaughan 2009).

The nighttime copolar Mie-channel perfor-
mance of ATLID should be similar to the 532-nm 
CALIOP channel, but better daytime sensitivity 
is expected because of reduced background noise 
due to the smaller field of view, the narrower FIG. 5. The 2.5-m antenna for the 94-GHz radar.
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Summary
1. Refined KU-mask shows increase of low-level cloud fraction. 
2. Refined KU-type shows increase of water cloud fraction.  
3. LUTs for ice particles are updated in order to bridge the gap in 
retrieved microphysics among nadir- and off-nadir CALIPSO 
periods and also EarthCARE.  

4. Fast semi-analytical approach for lidar multiple scattering is 
developed. Water microphysics is retrieved by CALIPSO(Sato’s 
presentation).  

5. Multiple scattering polarization lidar is developed and 
extension is planned to connect CALIPSO and ATLID on 
EarthCARE information.  

6. EarthCARE is expected to provide vertical air motion, better 
particle typing, and cloud mass flux by Doppler function of 
CPR and high spectral resolution function of ATLID.



Get out of the office..

In Matsushima, 2005

In Sendai 2005

Thank you.



Doppler accuracy of EarthCARE CPR 

16km mode (PRF=7200Hz)a: 

10km horizontal integration: 
1.1m/s for -19dB (worst case).  
0.6m/s for -19dB (best case). 

1km horizontal integration: 
1.3m/s for -14dBZ (worst case).  

    0.8m/s for -14dBZ (best case).  
Theoretical limit =0.2m/s



(a) 

 
(b) 

 

(c) 

 

Fig. 2 (a) The longitude-height cross section of the radar reflectivity factor (Ze) 

obtained by the 94 GHz cloud radar on the CloudSat satellite, above the area through 

China to Russia on August 3rd, 2015. (b), (c) The longitude-height cross sections of the 

lidar backscattering coefficient (ß) of clouds and aerosols (b) and the depolarization 
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ratio (δ) of ice clouds (c), obtained by the CALIOP, the lidar loaded on the CALIPSO 
satellite, from the same area and date as in (a). 
 

 
(a) 

 

(b) 
Fig.3  The longitude-height cross sections of effective radius of ice clouds (a) 
and ice water content (b) obtained from simultaneous analysis of the 
CloudSat and CALIPSO data. 
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4-2. Refine of ice microphysics from CloudSat/CALIPSO
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Challenge and key questions; 
1. Can we get sufficient information to test cumulus convective 

parameterization? Vertical velocity/terminal velocity in cloud only. 
Do we need clear airs motion? 

2.  Are accuracy of IWC/LWC and mass flux sufficient to quantify  
cloud life cycle?. 

3. Do we need vertical profile of water vapor, clear sky velocity and 
aerosols in addition to cloud properties and in-cloud motion? 

4. Can we correct non-uniform beam filling effect in Vd-> accuracy 
of velocity?. 

5. Are LWP and IWP by EarthCARE better than those from single 
use of passive? : climate sensitivity depends on LWP?  

6. Convert knowledge to GCMs, e.g., different resolutions. 
7. Sufficient to discriminate ice, snow, graupel..? 
8. What is the best way to avoid no observations after 

CloudSat/EarthCARE. note that only three years of 
EarthCARE. We need  long records for climate change studies.. 



Features of EarthCARE compared with 
Cloudsat and Calipso 

1. Doppler at 94GHz (~1m/s for 10km integration) 
2. +8dB sensitivity (-36dBZ) -> better water cloud detection, 
better overlap between radar and lidar ->better accuracy for 
microphysical retrievals by radar-lidar.  

3. Not suffer from contamination in CPR due to surface clutter 
in CloudSat ->better model for surface process and 
convection. 

4. High Spectral Resolution Lidar at 355nm for ATLID->robust 
observations of extinction. Need to bridge the gap between 
CALIPSO at 532nm and ATLID at 355nm information, i.e., 
FOV of ATLID ~65µrad and satellite altitude ~400km, foot 
print size~30m. FOV of CALIPSO~130µrad and its altitude 
~700km, foot print size~90m, 



1. Overview of KU-algorithms and refinements

1. Cloud mask from CloudSat/CALIPSO (KU-mask) 
Hagihara et al., 2010JGR, 2014JGR based on ship-borne lidar. Refined by 
using the ground-based multiple scattering polarization lidar (MFMSPL) 
(Okamoto et al. 2016 Opt. Express).  

2. Cloud particle type from CloudSat/CALIPSO(KU-type) 
CALIPSO-type: Yoshida et al., 2010JGR based on Monte Carlo 
simulations for single cloud layer by CALIPSO. Refined by MFMSPL. 
CloudSat-type: Developed based on Yoshida et al., 2010 JGR (Kikuchi et 
al., submitted to JGR). 

3. Ice and water cloud microphysics from  
CloudSat/CALIPSO (KU-micro) 
Ice: Okamoto et al., 2010 JGR, Sato and Okamoto 2011 JGR.  
Refined LUT.  
Water: Sato et al., 

22



There are large gaps between space borne lidar and 
ground based one. 
・CALIPSO lidar CALIOP has FOV~130 µrad and satellite 
altitude of ~700km and resultant foot print size ~90m on 
ground.  
・JAXA-ESA mission EarthCARE has high spectral resolute 
lidar EarthCARE-ATLID and its FOV~65 µrad and satellite 
altitude ~400km, foot print size~30m.  
・Typical conventional lidar has FOV~1mrad and foot print 
size~1m at 1km. Maximum optical thickness~3. 

Space-borne lidar is expected to provide better estimates of 
cloud physical properties (at least complementary with cloud 
radar. (remember CloudSat product relies on temperature to 
partition ice and water). We might fill the gaps to evaluate 
satellite algorithms and products.  



ー20kmー 

ー40kmー 

ー20kmー 

New Ver. 

Refined scheme shows improvements in detection of 
clouds. 

former scheme

1-3. Development of CALIPSO-cloud mask; example

Blue : fully attenuated pixel.

Low level cloud detections have been improved in largely attenuated 
regions by the refined scheme.

Katagiri et al., 2017 (in prep.)24

Refined scheme


