
1

Hajime Okamoto  
(Research Institute for Applied Mechanics, Kyushu University)

Development of algorithms for EarthCARE mission for improving 
the representation of clouds in the models



2EarthCARE (Earth Clouds Aerosol Radiation Explorer): Advantage of CPR and ATLID

launch date : 2023 FY 
altitude : 400km   

 JAXA-ESA joint mission

(Illingworth et 
al., 2015 BAMS)

1. 94GHz Doppler cloud radar  (CPR); Ze, 
Vd (vertical) 

2. 355nm high spectral resolution lidar 
(ATLID); 　ß,  σext,  δ 

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

S(355) =σ ext (355) / β (355)Lidar ratio

Co-chair: A. Illingworth/H. Okamoto

CPR : radar reflectivity factor Ze and Doppler 
velocity Vd 

Higher sensitivity :-35dBZ;  7dB higher senstivity 
compared to CloudSat (-28dBZ) 

Low and upper cloud detection will be improved. 

Doppler velocity information: ~1m/s  
Theoretical errors ~0.2 m/s for 16km mode with 
PRF of 7300Hz and ~0.5m/s for 20km mode 
(Hagihara et al., 2021 IEEE) with PRF~6200Hz  
Phase discrimination for precipitation, i.e., snow 
or rain. Vertical motion, terminal velocity of 
particles 

ATLID High spectral resolution lidar 

HSRL will provide direct extinction information 
without assumption of lidar ratio and ice particle 
types will be inferred to reduce uncertainties in 
the retrieval of microphysics. 
UV wavelength and HSRL will provide better 
estimate of aerosol microphysics.   



3CPR and synergetic algorithms (1): overview

Cloud mask schemes : KU-mask 
 (Hagihara et al. 2010 JGR, 2014 JGR) 
 -based on ground-&ship-based conventional lidar algorithm 
  (Okamoto et al. 2007JGR, 2008 JGR)  
   C1: radar-only detected cloud 
   C2: lidar-only detected cloud 
   C3: radar-lidar overlapping cloud 
   C4: radar or lidar detected cloud 

Cloud particle type: KU-type 
 Lidar-type (Yoshida et al. 2010 JGR) 
 - based on empirical/Monte Carlo simulations.   
 Cloud particle type-radar: C1 
 Cloud-particle type-synergy (Kikuchi et al., 2017 JGR) 
  Ice cloud type for CALIPSO (Okamoto et al., 2019 Opt. 
Express) 

Ice particle type for ATLID and AOS lidar (Okamoto et al. 
2020 Opt. Express)      
                                       

Cloud microphysics : KU-micro (for ice) 
 (Okamoto et al., 2010 JGR, Sato and Okamoto  2011JGR) 
Vertical air-motion and terminal velocity of cloud particles 
(Sato et al. 2009 JGR)

for classifying hydrometeor types. At !rst, given the systematic depen-
dency of particle types on radar re"ectivity and temperature, we propose
a type classi!cation algorithm using CPR alone. Then we extend it to a
synergistic algorithm combining CPR and CALIOP.

4.1. CPR Stand-Alone Hydrometeor Particle Type

The CPR stand-alone algorithm consists of three main steps: (1) initial clas-
si!cation of hydrometeor particle type based on radar re"ectivity and tem-
perature, (2) correction for cloud-precipitation partitioning, and (3) spatial
continuity test.
4.1.1. Initial Classi!cation of Hydrometeor Particle Type
The hydrometeor type is initially determined based on the relationship of the
dominant hydrometeor type with radar re"ectivity and temperature. For this
purpose, we constructed a type classi!cation diagram that describes the
initial guess of hydrometeor type using the relationship (Figure 2). This was
derived from Figure 1 by selecting the hydrometeor type that gave the
highest fractional occurrence exceeding the minimum threshold of
3 ! 10!6 at a given radar re"ectivity-temperature bin. The category of water
was further separated according to temperature temp into the warm water

(temp! 0°C) and the supercooled water (temp< 0°C). Furthermore, when the fractional occurrence was below
the threshold, we assigned rain to temp! 0°C and snow to temp< 0°C based on the fact that dominance of
the precipitation coincides with the low occurrence of CPR/CALIOP detection as argued in section 3. In the next
step described in section 4.1.2 and Appendix B, the temperature threshold of 0°C for rain-snow separation is
modi!ed to 2°C (Liu, 2008), in the convective cloud types where falling snows typically reach below 0°C level.
The convective cloud types were de!ned by those with the hydrometeor top temperature of the lowest hydro-
meteor (tempLHT) was below 0°C.

The hydrometeor type was further divided into drizzle categories, according to the particle size (approxi-
mated by radar re"ectivity). The threshold re"ectivity that detect the occurrence of drizzle in clouds has been
somewhat uncertain in previous studies: The lower limit of the drizzle was taken to be !15 dBZ (Matrosov
et al., 2004; Stephens & Haynes, 2007) and !18 dBZ (Leon et al., 2008). The present study set the limit to
!11.75 dBZ, considering the existence of supercooled water at !18.25°C and !11.25 dBZ (Figure 2). The
drizzle category was further separated according to temperature into subcategories of liquid drizzle for
temp ! 0°C and mixed-phase drizzle for temp< 0°C. The latter assignment was introduced because the rela-
tively large radar re"ectivity (over!11.75 dBZ) for the temperature below 0°C implies the presence of ice par-
ticles (i.e., not water), while the collocated lidar observation indicates the existence of water (Figure 1c).
Above temp ! 20°C, we assigned rain even at low radar re"ectivity because the radar signal is often attenu-
ated by the precipitating layer above. At this stage, there were some circumstances where cloud water
particles, instead of rain, are present. In this case it was dif!cult to discriminate the hydrometeor type based
on radar re"ectivity alone. Overall, water particles were assigned to low radar re"ectivity (i.e., small-sized
particles), ice and drizzle particles to moderate re"ectivity, and precipitating particles to high re"ectivity.

The present study extends the previous study by Ceccaldi et al. (2013), who developed the CloudSat (and
CALIOP) phase discrimination algorithm using independent thresholds based on radar re"ectivity and tem-
perature, respectively. Here we take into account the multiple dependency of hydrometeor type on both
radar re"ectivity and temperature, which was built based on collocated CALIOP measurements, making the
maximum use of global measurement information, and proposes the hydrometeor type classi!cationmethod
based on global statistics of the hydrometeor occurrence as a function of particle size and temperature.
4.1.2. Correction for Cloud and Precipitation Partitioning
The initial guess of the hydrometeor type described above is then corrected in the context of cloud-precipitation
partitioning for each CPR pro!le using the precipitation detection method by Haynes et al. (2009). The details of
the correction method are described in Appendix B. To summarize, the attenuation-corrected radar re"ectivity
factor is derived near the surface to identify “snow de!nite,” “rain de!nite,” and “no precipitation” pro!les based
on Haynes et al. (2009). Then, we correct any pro!le that is inconsistent with the initially estimated type. For
example, for rain de!nite or snow de!nite pro!les, we corrected the initially classi!ed cloud pixels in the lowest
layer to precipitation. The readers should refer to Appendix B for more details of the correction methodology.

Figure 2. Radar re"ectivity-temperature diagram for the initial hydrometeor
type classi!cation in the radar algorithm. In the precipitation correction, we
modi!ed the 0°C threshold for rain and snow separation to 2°C for convec-
tive clouds where the hydrometeor top temperature of the lowest hydro-
meteor was below 0°C.
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KU-type (C2) for CALIPSO

KU- type (C1) for CloudSat

(Kikuchi et al. 2017 JGR)
There is a KU- type (C4) algorithm for CloudSat/CALIPSO

(Yoshida et al. 2010 JGR)
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CPR and synergetic algorithms (2) mask and type for CALIPSO

and almost zero in other temperature ranges. Occurrences of
plate!like ice crystals in this temperature range were also
reported from sampling in natural clouds by Ono [1970] and
from laboratory experiments on ice crystal growth such as
the study by Kumai [1982]. From zenith!pointing ground!
based lidar observations, Hogan et al. [2003] also reported
the occurrence of specular reflection from horizontally
oriented plates in these temperature ranges.
[35] Figure 7 presents the zonal mean properties of the

ratio of each cloud particle type determined by the TU
method for four latitude categories bounded at 15°, 35°, and
65°, mostly in the Northern Hemisphere, as a function of
temperature with intervals of 2°C. That is, the latitude cat-
egories were high (65°N), middle (35°N–65°N), subtropical
(15°N–35°N), and tropical (15°S–15°N) (Figure 7). Figure 7
also indicates the cloud fractions for all cloud particle types
for each latitude category.
[36] The cloud fraction between 0°C and !40°C was

larger in the middle! and high!latitude regions than in the
tropics and subtropics. The ratio of water cloud occurrence
in the high!latitude category was larger than those in other
regions, as illustrated in Figure 6a. In the subtropical region,
this tendency was not clear and showed latitudinal broad-
ening. Except for this tendency, the temperature de-

pendences of each type in the latitude categories were
similar to each other; for example, in all latitude categories,
50% water occurrence was observed at about !10°C.
[37] Only very small fraction of water clouds was iden-

tified at T < !40°C. The rates of water cloud occurrence
between !40°C and !42°C for each latitude categories are
0.014 in high, 0.014 in middle, 0.017 in subtropical and
0.013 in tropical regions, respectively. The 2!D plate
occurrence ratio exhibited its maximum (0.5) between !12°
C and !14°C in any latitude category.
[38] The cloud fractions of total clouds were found to

increase in association with 2!D plate occurrences between
!10°C and !20°C. Around this temperature range, a change
in the gradient of water clouds was also found. Unknown1
occurrence was associated with 2!D plate occurrence and
increased at the lower temperatures of the 2!D plate peak.
Thus, most unknown1 consisted of ice crystals, with only a
small part being water particles. As a result of the consis-
tency test step, the fraction of unknown2 was close to zero at
any temperature.

3.3. Comparison With the MODIS Global Distribution
[39] We also compared the particle type occurrence found

for CALIOP with MODIS water and ice cloud data.

Figure 8. Global distribution of averaged daytime cloud coverage for water and ice clouds from
CALIPSO and MODIS from September to November 2006. The resolution is 2.0° latitude by 2.0° longi-
tude. (a) Cloud cover by water clouds from CALIPSO (TU). (b) The same as Figure 8a but from MODIS.
(c) Cloud cover of ice clouds from CALIPSO (TU). (d) The same as Figure 8c but from MODIS.

YOSHIDA ET AL.: CLOUD PARTICLE TYPE FROM CALIPSO DATA D00H32D00H32
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Comparison of KU type and MODIS

Consistency in pattern with larger magnitude of 
ice and water fraction for KU compared with 
MODIS.

(Yoshida et al. 2010 JGR) 

Water (KU) Water (MODIS)

Ice (MODIS)Ice (KU)
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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-, mid- and high-level clouds. 
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Figure 5: same as Fig. 4 for liquid clouds. 

  

Comparison of CALIPSO-phase global products

Large differences are identified among three products. 
ST (NASA) >KU>GOCCP for ice 
ST (NASA) >GOCCP> KU for water

(Cesana et al. 2016 JGR)
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6.1. Zonal Mean Occurrence Frequency

Here, we discuss the consistency of CALIOP- and CPR-only classi!cations and highlight the types that were
newly identi!ed in the CPR type. Note that despite the CPR classi!cation being built based on CALIOP infor-
mation, this does not guarantee the agreement of their global distributions. Figures 8 and 9 investigates
these points by showing the zonal mean cross section of the occurrence frequency of each particle type
for CALIOP and CPR, respectively. The statistics were computed between September and November 2006.
We sampled latitude and altitude every 2° and 240 m, respectively. The occurrence frequency of the
CALIOP cloud type (Figures 8) is equivalent to that in Yoshida et al. (2010). Note that the water is the sum
of warm water and supercooled water. The main !ndings derived from this analysis are as follows:

1. The CPR types of water, 3D-ice, and 2D-plate (Figures 9b–9d) generally show distributions of occurrence
similar to the corresponding CALIOP types (Figures 8b–8d). This suggests that the occurrences of the CPR
types, derived from combined radar re"ectivity and temperature, were statistically consistent with those
of the CALIOP types, derived from the independent observations of depolarization and lidar attenuation.
Figures 8 and 9 con!rms the consistency of the two schemes in terms of their existence region. However,

Figure 9. Latitude-altitude cross section of hydrometeor particle type for CPR hydrometeor type: (a) all types, (b) water
(warm water + supercooled water), (c) 3D-ice, (d) 2D-plate, (e) liquid drizzle, (f) mixed-phase drizzle, (g) rain, and
(h) snow. The statistics were obtained for the September to November 2006 period. The resolutions for latitude and altitude
were 2° and 240 m, respectively.
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CPR and synergetic algorithms (3): Results from C1 type and C4 type

(Kikuchi et al. 2017 JGR)

the occurrence frequencies of the CPR types are overall higher than those of CALIOP because the CPR is
capable of observing hydrometeors where the CALIOP signal is attenuated.

2. The hydrometeor types detected by CPR alone, namely, liquid drizzle, mixed-phase drizzle, rain, and snow
(Figures 9e–9h), are those that were dif!cult to obtain from the lidar scheme due to its total attenuation by
the water clouds or thick ice clouds above. The drizzle or precipitation types are mainly assigned to the bin
where the radar re"ectivity is relatively high (>11.75 dBZ) associated with large-sized particles. The rain
type is found to occur frequently in the tropics (Figure 9g), centered at approximately 10°N, where deep
convection is ubiquitous. The rain type occurrence is also found to be enhanced at midlatitudes (30°–60°)
in both hemispheres, which is associated with the storm tracks. It is also shown that some of CPR types
(e.g., 2D-plate and mixed-phase drizzle) share the common arched-shape distributions primarily

Figure 10. Latitude-altitude cross sections of hydrometeor particle types by the synergy algorithm. The hydrometeor types are (a) all types, (b) water (warm
water + supercooled water), (c) 3D-ice, (d) 2D-plate, (e) 3D-ice + 2D-plate, (f) liquid drizzle, (g) mixed-phase drizzle, (h) rain, (i) snow, (j) mixed-phase cloud,
(k) water + liquid drizzle, and (l) water + rain. The calculation period and resolution was same as those in Figure 8. The color scale of the three types on the right panel
is different from that of left and middle panels because the three types are only derived when CPR and CALIOP observation overlapped, whereas the other types are
derived even in the absence of either of the sensor.
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Cloud particle type for C1 clouds Cloud particle type for C4 clouds by synergy-type algorithm

SON 2007

SON 2007

11 types7 types

5

water liquid drizzle 

mixed-phase drizzle water+liquid drizzle

water+rain

snow

Rain

Mixed phase

2D-plate 

3D-ice 

Mixture of 
3D and 2D-ice 



CPR and synergetic algorithms (4): ice microphysics for C3 and C4

small (i.e., mostly less than 0.1%). The true plate fraction
might have been much larger. The reason for the small
values could be explained as follows: Initially the CA-
LIPSO lidar had a tilting angle of 0.3°, and the plate!like

particles might have been oriented in the horizontal plane
with a Gaussian distribution of standard deviation s. The
s would have depended on parameters such as the wind
velocity, air density, and viscosity, and also on the par-
ticle shape and size [Klett, 1995]. Only a small fraction of
the plates could have been approximately perfectly hori-
zontal. In other words, 2D and other imperfectly oriented

Figure 12. (a) Zonal mean properties of cloud fraction
derived from C3 cloud mask scheme where both CloudSat
and CALIPSO detect. The observation period was from 1
September to 30 November 2006. (b) Same as Figure 12a
but derived from C4 cloud mask scheme where either Cloud-
Sat or CALIPSO detect. (c) Ratio of C3 to C4 cloud fractions.

Figure 13. (a) Zonal mean properties of Reff derived from the
algorithm with the specular model. (b) Same as Figure 13a but
for IWC. (c) Same as Figure 13a but for the mass mixing ratio
of 2D plate category to total ice.

OKAMOTO ET AL.: ICE MICROPHYSICS FROM CLOUDSAT AND CALIPSO D22209D22209
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Ice cloud microphysics for C3 cloud from Synergetic 
algorithms 

with that for the case for reff. The accuracy of reff and IWC
retrieval depended little on the cloud depth of the radar!only
region, and the retrieval was within about 40% uncertainty
for the radar!only region.
[39] 4. The zonal mean profiles of reff and IWC indicate

that the microphysical properties that account only for the
lidar!radar overlap cloud regime may provide slightly
larger/smaller reff/IWC because of the attenuation in the
lidar beam caused at the lidar!only region, which was
occasionally observed above the cloud region of lidar!radar
overlap. Because of the difference in the observed cloud
system among the cloud scenarios, the bimodal structure of
reff and IWC observed for the cloud region of lidar!radar
overlap is masked when the microphysical properties from
all cloud scenarios are considered in the mean profile.

Appendix A: Implication of Equations (5) and (6)
for the Estimation of Microphysical Properties

[40] Based on the relation among Ze and b observed in
cloud layers where lidar and radar overlap, the algorithm
proposed a method to divide the differential of Ze,obs,UN

(bobs,UN) between consecutive cloud grids into the contri-
bution from dreff and dIWC for the radar! (lidar!) only cloud
region. However, without a retrieval, it is usually not able to
provide quantitative estimates of the magnitude of dIWC
and dreff. By a simple approach, here we discuss how dIWC
and dreff were expressed in term of the differentials of Ze and
b between cloud grids for cases in which both Ze and b were
observed and in which b was estimated through equations (5)
or (6). Such a comparison of the expressions for dIWC and
dreff provide better insight into the assumptions underlying
the retrieved microphysical properties when equations (5)
and (6) are used.
[41] For simplicity, we first discuss the case for constant

IWC = 1 g m!3. dBZe can be expressed as a function of reff as

dBZe ! A0 " A1 log10 reff #A1$

and therefore

Ze ! 10 0:1A0# $ % r0:1A1
eff ! C0r

C1

eff #A2$

whereA0,A1,C0 = 10
(0.1A0), andC1 = 0.1A0 are constants for a

certain size range. In the Rayleigh regime, A1 " 30 andC1 " 3,

Figure 12. Zonal mean profiles for (a) reff and (b) IWC obtained for the lidar!radar overlap cloud region
and (c) reff and (d) IWC obtained for the lidar or radar cloud region using the new algorithm. The obser-
vation data used are the same as in Figure 11.

SATO AND OKAMOTO: REFINEMENT OF GLOBAL ICE MICROPHYSICS D20202D20202
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Sato and Okamoto 2011 JGR

Ice cloud microphysics for C4 cloud from Synergetic 
algorithms 

Reff for C3 cloud IWC for C3 cloud Reff for C4 cloud IWC for C4 cloud

6

Characteristics: 
Ze, attenuated backscattering coefficient and depolarization ratio are used to retrieve effective radius 
and ice water content. 
Mixture of 3D-ice and 2D-plates are taken into account where effects of specular reflection due to 
horizontally oriented ice plates are treated.  

MSI products are also provided for wide swarth.  
Algorithms for A-train are extended for EarthCARE CPR/ATLID/MSI. 
Radiative flux for SW and LW as 4 sensor-products are also provided from the L2 outputs of retrieved 
microphysics. 



Extension of algorithms (1) : ice particle type

Research Article Vol. 27, No. 25 / 9 December 2019 / Optics Express 36591

Fig. 1. Ice particle shapes used for estimating �tot, �, and S. (a) Voronoi aggregate, (b)
droxtal, (c) bullet, (d) hexagonal column, and (e) hexagonal plate.

The hexagonal column and plate models are defined using D and L [35,37]. The length of the
ice column L [µm] is related to its diameter D [µm], which varies with size as follows:

D = 0.7 ⇥ L
1.0 for L<100 µm,

D = 6.96 ⇥ L
0.5 for L>100 µm. (9)

The height L [µm] of the plate is assumed to be related to its diameter D [µm] as follows [37]:

L = 2.02D
0.449 (10)

The three-dimensional backscattering properties of the randomly oriented ice particles described
above were estimated. The refractive index at 355 nm is 1.3249 [38]. In addition, the
backscattering properties of 2D columns and 2D plates were estimated for the following five
values of ⇥e� : 0.5°, 1.0°, 2.0°, 3.0°, and 5.0°.

First, the individual scattering properties of 3D and 2D particles were calculated for the size
ranges summarized in Table 1. The properties of Voronoi aggregates were initially computed
using GOIE. The properties of 3D droxtals, 3D bullets, 3D columns, 3D plates, 2D columns and
2D plates were computed using PO.

Table 1. Parameters used in the lidar backscattering calculations

Shape/orientation Minimum req[µm] Maximum req[µm] Number of bins

Voronoi aggregate 4.5 191 70

Droxtal 4.7 448.8 101

Bullet 5.7 173.6 101

3D column 4.2 195.8 101

3D plate 4.4 191.0 101

2D column 4.24 195.8 27

2D plate 4.45 191.0 69

Then, Cbk,k , Cbk,?, and Cext for the particle shapes and orientations described above were
extrapolated from req = 0.75 to 2,500 µm based on the power law relationship identified previously

Research Article Vol. 28, No. 20 / 28 September 2020 / Optics Express 29188

Fig. 9. As in Fig. 8 but � were estimated at wavelengths of 355 and 532 nm. S and � were
estimated at 355 nm.

discrimination of the orientation of 2D-plate, i.e., 2D-plate (0.5) and 2D-plate (1.0), was not
possible by �(532,355)–� diagram but S(355)-� relationship was e�ective for the discrimination
as seen in Fig. 9(b).

Voronoi categories (including 3D- and 2D-types) can be separated from other particle types
by �(532,355)–� relationship. Some of 3D-column, bullet and 3D-plate showed more similar
�(532,355)-� relationship than �(1064,532)-� relationship. For these three particles, more
robust discrimination could be achieved when S-� relationships was applied. 3D-Voronoi could
be separated from 2D-Voronoi using 2D �(532,355)-� diagram than 2D S(355)-� diagram.

It is therefore concluded that �–� and S–� relationships were complementary in distinguishing
ice particle types.

In both �(532,355)–� and S(355)-� diagram space, there were some portions where discrimi-
nations between 2D-column (0.5) and 2D-column (1.0) and also between 2D-Voronoi (0.5) and
2D-Voronoi (1.0) were not possible.

4. Summary

We applied the PO and modified GOIE methods to perform a theoretical investigation of
backscattering properties of various ice particle types for the interpretation of space-borne
lidar data. The selected wavelengths were 532 and 1064 nm, and LT was set to 3° o�-nadir to
match those of CALIPSO lidar. We considered both 2D (quasi-hexagonally oriented columns,
hexagonal plates, and Voronoi particles) and 3D (hexagonal columns and plates, droxtals, bullets,
and Voronoi particles) ice particles with re� ranging from about 9 µm to 2 mm and a range of
⇥e� (0.5°, 1.0°, 2.0°, 3.0°, and 5.0°). We estimated � at wavelengths of 1064 and 532 nm and
investigated the relationship between � and �. Our results can be summarized as follows.

(1) Among 3D ice particles of all re� values, the largest and smallest �tot values were observed
for 3D columns and Voronoi particles, respectively, at 532 nm. Among 2D plates, ⇥e�

had a large e�ect on �tot, with ⇥e� of 2.0° and 0.5° producing the largest and smallest
�tot, respectively, among all ice particle types. Among 2D columns, �tot was not strongly
dependent on ⇥e� . The greatest di�erences in �tot exceeded two orders of magnitude
among all ice types.
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droxtals in certain ranges; however, examining multiple characteristics allows the distinction of
2D Voronoi particles from other ice particle types using the �–� or S–� relationship.

3.6. �–� and S-� relationships of all ice categories

�–� and S-� relationships for all ice categories were examined. Figure 8(a) demonstrates that,
unlike either �(1064,532) or � alone, the �–� relationship can be used to distinguish particle
types. Similar � values can be produced by di�erent particle types; e.g., among Voronois,
droxtals, 2D plates, and 2D columns, � ranged from 0.9 to 1.0, and 3D column, 3D plate, and
bullet ice particles all produced � values around 0.4–0.5. Thus, additional information in terms
of � is necessary to improve ice particle type discrimination.

Fig. 8. The relationships between (a) � and � and (b) S and � at for all ice categories. �
were estimated at wavelengths of 532 and 1064 nm. S and � were estimated at 532 nm. LT
was set at 3° o�-nadir.

There are uncertainties in discriminating 2D-plate (0.5) and 2D-plate (1.0) using �(1064,532)–�
(532) relationship in Fig. 8(a) as also shown in Fig. 5(a). When S-� relationship is applied, the
two particle types can be distinguished as seen in Fig. 8(b).

Some of 3D-Voronoi and 2D-Voronoi particles with small angles (0.5 and 1.0) showed similar
S(532)-�(532) relationships. �(1064,532)–�(532) diagram is e�ective to distinguish 3D-Voronoi
from 2D-Voronoi since no such overlapped points were found in the �(1064,532)–�(532) diagram.

The airborne dual wavelength HSRL observations revealed with polarization function that
�(1064, 532) of ice clouds ranged from 0.4 to 1.4 and � ranged from 20% to 40% [10]. The
theoretical calculations suggested that the small �(1064, 532) of 0.4 corresponds to 3D-plate,
3D-column or 3D Bullet. Large �(1064, 532) of 1.4 might be the 2D-plate with radius <60 µm.
2D-column, Droxtal and Voronoi can explain the �(1064, 532) between 0.6 and 1.0. Observed �
of 20% is close to the value of 3D-column and � of 40% corresponds to Droxtal. � between 20 to
40% can be understood by the existence of 3D-column, 3D-plate and 3D-bullet.

We performed the theoretical estimations of backscatter color ratio �(532,355) between
532 nm and 355 nm. The relation between backscatter properties between 532 nm and 355 nm is
generally similar to those between 1064 nm and 532 nm. The two dimensional diagram of the
color ratio �(532,355) and depolarization ratio at 355 nm is shown in Fig. 9. The distinct feature
of 2D-Voronoi at 355 nm is the much lower depolarization than that at 532 nm.

The 2D �(532,355)–� diagram can be used to discriminate among 2D-plates, 2D-columns and
Droxtal. Group of 3D-columns, 3D-plates and bullet can be well separated from 2D particles
and 3D-Voronoi were also possible as seen in Fig. 9(a). As for the �(1064,532)–� relationship,

Ice particle type for 
EarthCARE ATLID by using 
lidar ratio-depolarization 
diagram

Ice particle type for CALIPSO 
by using color ratio—
depolarization diagram

Okamoto et al. 2019 Opt. Express 
Okamoto et al. 2020 Opt. Express

Backscattering properties depend on shapes, orientations, wavelength and laser tilt angle. Physical optics 
is developed and backscattering coefficient, extinction coefficient and depolarization ratio of ice particles 
have been computed.

7

Look up tables are prepared for 
355nm, 532nm and 1064nm, 
Laser tilt angles for 0.3 and 3 degrees off-nadir to cover ATLID 
and CALIPSO.  
LUT is also made for 0 degree for ground-based lidars  
LUTs for lidars are mostly compatible to those for CPR. 



Extension of algorithms (2) : water clouds

 

Fig. 11. įVPM and įMC for the (a) ıext = 3km!1 case corresponding to Experiments 1,2 and 3, (b) 
ıext~15.7km!1 case corresponding to Experiments 5,6 and 7, (c) ıext = 40km!1 case 
corresponding to Experiments 9,10 and 11. 

Experiment 13 corresponds to the case with vertically inhomogeneous cloud particle size 
profiles, specifically, reff = 20, 5, and 10 µm from the cloud top bounded at 240 and 480 m 
with a liquid water content of 0.1g/m3. 240m corresponded to the vertical resolution of the 
global cloud phase product of [8] (KU product). Inhomogeneous structures were evident due 
to the change in microphysics, as observed in įMC in Fig. 12. Such behavior was well captured 
by įVPM; the ¢ERR² value was 3.76% ± 3.22%. 

 

Fig. 12. įVPM and įMC for the inhomogeneous case (Experiment 13). Ĳ is around 1.8 and 9.5 at z 
= 240m and z = 480m, respectively. 

Experiments 14–16 and 17 corresponded to the cases studied in Figs. 8 and 9, 
respectively. The ¢ERR² values for all 17 cases are summarized in Fig. 13. The overall ¢ERR² 
was 2.32% on average, and was less than 5% for all optical thickness ranges. 

Table 1. Experimental setting. 

Experiment 1,2,3 4 5,6,7 8 9,10,11 12 13 14,15,16 17 
ıext[km!1] 3 3 15.7 15.7 40 40 7.7/32/15.7 17.25 25 
reff [µm] 5,10,20 10 5,10,20 10 5,10,20 10 20/5/10 C1  C1  
șfov  șfov,1 10șfov,1 șfov,1 10șfov,1 șfov,1 10șfov,1 șfov,1 0.2, 1.1, 3.5 mrad 1.75 mrad 

wavelength [nm] 532 532 532 532 532 532 532 1064 700 
homogeneous yes yes yes yes yes Yes no yes yes 
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Fig. 13. (a,b,c,d,e) Same as Fig. 12(a,b,c,d,e) but for Case 3. 

3.3 Inhomogeneous profile: Case 3 

ȕtot from the cloud and molecular layers in Case 3 shown in Fig. 13 had more dramatic change 

in their profiles than Case 2. ȕtot,MC and ȕtot,PM decreased similarly for the molecular layer at 
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8
Fast multiple scattering computations in space-borne lidar signals are required to interpret optically thick clouds, 
e.g.,water cloud. 

Physical Model (PM); 
Analytical expression of N-th order phase function (Pn) is implemented instead of tracing each photon-paths. 
Path integral formulation is also used to estimate effective extinction.  

Vectorized Physical Model (VPM); 
Analytical formula to estimate n-th order scattering matrix is implemented. 
This is the first time to estimate depolarization due to multiple scattering with much less computing time 
compared with Monte Carlo method. PM/VPM show small errors. PM/VPM can be applied to space-borne 
polarization lidar application.  



Extension of algorithms (3) : quick look of retrieved particle types for A_train

Algorithms for cloud particle types are extended.

Cloud particle type for CPR 

Cloud particle type for Lidar 

Cloud particle type for CPR-Lidar synergy 

dBZe from CPR

β from CALIPSO

dep. from CALIPSO

9



Retrieval algorithms are extended. Estimated optical thickness are compared with MODIS value from Tokai University. In 
general, agreement is found except for some two layers (ice and water). Extinction from ATLID can offer better 
characterization of ice particle type and Doppler information of CPR will provide more robust rain-snow classification.

Extension of algorithms (4) : quick looks for retrieved cloud microphysics for A_train

Reff for C1 Reff for C4 

TWC(IWC and LWC)  for C1 Total water content for C4 

Tau for C1 Tau for C4 

10



Extension of algorithms : using Doppler velocity 

7a, and 7b, respectively). For the microphysics, LDR was
not available, so MX was set to 50% in the retrieval. The
number of pixels where these quantities were retrieved
(Figure 6b) increased drastically compared with the lidar-
radar method (Figure 4c). In addition, though to a smaller
degree, the fraction of cloud portion with corrected VD,obs

increased compared to that when Vair,meas was used directly.

The majority of the retrieved Vair (Vair,ret) lay within approx-
imately 0.2 m s!1 magnitude.
[27] The sign of Vair,ret changed from positive to negative

in the vertical direction, and Vair,ret did not necessarily
correlate with VD,obs. Vair,ret at cloud boundaries also had
non-zero values. The microphysical retrieval results showed
that the majority of the reff were in the range 20 to 60 mm,
with smaller/larger particles at the cloud top/base, while the

Figure 4. Time-height cross section of (a) Ze,obs, (b) V D,obs observed by 95-GHz radar, and (c) bbk,obs

obtained by lidar at 532 nm on 14 November 2005.
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negative Vair sign observed between record numbers
330 and 450. Of the Vair,ret values, 70% had the same sign
as Vair,meas, and the percentage gradually increased when
only pixels with larger jVair,measj were considered.

[29] We also examined the frequency distributions for
both Vair,ret and Vair,meas. Both Vair,ret and Vair,meas had peak
values around 0.0 m s!1, with similar widths. The retrieval
was also able to track the change in the frequency distribu-
tion profile of Vair,meas after averaging over several temporal

Figure 6. (a) Vertical profile of Vair for record number 291 showing the cloud case on 14 November
2005. (b.) Time-height cross section for retrieved Vair and (c) that for in-cloud Vair directly measured by
EAR. Only Vair for the cloud portion where EAR data were available is shown in both figures.
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and spatial scales. This revealed that the Vair retrieval was
potentially also useful in a statistical sense (see Figures B1
and B2 in Appendix B). Most of the velocity fell into the
range of ±0.4 m s!1, and 90% of both Vair,ret and Vair,meas

values had a magnitude less than 0.2 m s!1.
[30] Figure 8b shows a one-to-one comparison of Vair,ret

and Vair,meas. Overall, Vair was retrieved with high accuracy.
The mean error hVair,ret ! Vair,measi was -0.009 ± 0.119 m
s!1. This corresponded to the contribution from the majority
of Vair in the rangejVair,measj " 0.2 ms!1, where uncertainty
was !0.004 ± 0.108 m s!1 and 0.081 ± 0.071 m s!1 for
hVair,ret ! Vair,measi and hjVair,ret ! Vair,measji, respectively.
The slope and intersection of the linear regression line for
Vair,ret and Vair,meas were 0.97 and !0.014 m s!1, respec-
tively, and the correlation coefficient between Vair,ret and
Vair,meas was 0.53. Investigation of the Vair,O03 pixels showed
little scatter around the 1:1 line between Vair,meas. The
correlation coefficient between Vair,O03 and Vair,meas was
0.81, and the slope and intercept coefficients from their
linear regression line were 0.70 and 0.08, respectively. This
indirectly proved that the retrieval error in the microphysics
obtained from the O03 method was quite small, and
demonstrated that a reliable estimate of Vair could be
extended to the radar-only region using the analyzed results
from the lidar-radar overlap region (3% of that observed by
radar for this case). We performed further sensitivity tests,
whereby the retrieved microphysics by O03 was changed by
±20%, and found that the average uncertainty in Vair,ret for

the whole cloud was !0.0063 ± 0.126 ms!1/!0.014 ±
0.130 ms!1, respectively. When we used the exponential
size distribution (which included information on small
particles) for the LUTs in the algorithm, the mean value
and standard deviation of hVair,ret ! Vair,measi changed 2%
and 3% relative to the original value of !0.009 ±
0.119 ms!1, respectively.

4.2. Correction of Vair for the Microphysics Estimate

[31] Validation of the cloud microphysics retrieved here
was unfortunately not possible because we had no access to
in situ measurements. Instead, we compared the retrieval
results of microphysics by the S08 method using VD with
and without Vair correction, to investigate the improvement
in the cloud microphysics estimate due to the Vair retrieval.
Three different estimates were compared: 1) the case where
the microphysics were estimated by Vtz derived directly
using the Vair measured by EAR (i.e., Vtz = VD,obs - Vair,meas,
hereafter the ‘‘reference’’ case), 2) the case where Vtz was
obtained from the retrieved Vair (Vtz = VD,obs - Vair,ret,
hereafter the ‘‘corrected’’ case), and 3) the case where the
microphysics was retrieved without correction from the Vair
in VD,obs (Vtz = VD,obs; hereafter, the ‘‘uncorrected’’ case).
We assumed that the ‘‘reference’’ case was the most reliable
microphysics estimate, and that the mean and standard
deviation of the retrieved reff and IWC for this case were
40.3 ± 9.27 mm and 0.038 ± 0.028 g m!3, respectively. The
fraction of the retrieved microphysics to the whole clouds

Figure 7. Same as Figure 6b but for the retrieved (a) reff and (b) IWC. Because of the retrieved Vair,
microphysics for the cloud portion where EAR data were absent is also obtained.
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IWC varied between 0.001 g m!3 near the cloud top and
0.1 g m!3 in the fall streaks and middle region of the cloud.

4. Validation of the Algorithm
by Direct Measurement
4.1. Validation of Vair by a Wind Profiler

[28] Figure 6a illustrates the retrieval process for cloud
radar, lidar, and EAR measurements using the vertical
profile for record number 291. The lidar-radar overlap
region existed in cloud layers lower than approximately
9.5 km. In the figure, Vair,meas from the EAR is shown by

circular symbols. The dotted line shows the initial estimate
of the vertical profile of Vair at the first iteration (w = 1/6).
The final profile retrieved by the algorithm Vair,ret is shown
by the square symbols. As can be seen, the retrieval
captured the vertical pattern of Vair observed by the EAR.
The number of iterations performed until a solution was
found for each radar volume is indicated by the color of the
squares. Comparisons for the full time-height cross-section
of Vair,ret and Vair,meas are provided in Figures 6b and 6c. The
locations of the up- and downdrafts were reasonably closely
reproduced. For example, the algorithm agreed closely with
the EAR observations during the shift between positive and

Figure 5. (a) Same as Figure 4 but for Vairobserved directly by EAR for the cloud case on 14 November
2005. The white portions represent areas of missing data. (b) Frequency of occurrence of the EAR
spectral width within the cloud.
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dBZe at 94GHz

Vd at 94GHz

Vertical air motion from VHF radar EAR(Equatorial Atmospheric Radar)

Reff [µm]

IWC [gm-3]

Retrieved w[m/s]

Measured w[m/s]

Sato et al., 2009 JGR

11

Doppler information is implemented into algorithms of CPR and lidar to retrieve microphysics, terminal 
velocity and air-motion. Retrieved air motion has been evaluated by EAR. 

Clouds and air motion products are provided for 1km and 10km 
horizontal resolutions with 100m resolution in vertical.



Lidar Ratio–Depolarization Ratio Relations of Atmospheric Dust Aerosols 12
Dust extinction affects  temperature dependence of ice cloud fraction (Kawamoto et al., 2021 GRL) . Ice fraction increases as 
dust extinction increases. More sophisticated treatment of dust beyond simple spheroid approximation is needed for further 
analyses.

therefore, the situation analyzed is mostly realized for a dusty layer
just above the cloud top. Second, the ice cloud fraction (ICF here-
after) is calculated as the ratio of the ice sample number to the total
(ice plus liquid water) sample number at each grid of T and !ext bins
for the aforementioned temporal and spatial ranges. The analyzed
ranges of T and !ext were taken for 230–273 K and 0.005–
0.145 km!1, respectively. Six bins were taken for both T and !ext as
de!ned in Table 1.

Note that ICF in this study is not exactly the same as that referred to
in numerical models, such as the fraction of ice crystals to total parti-

cles throughout the cloud layer or the fraction of frozen layers to all cloud layers, because lidar signals
quickly attenuate in thick media. Rather, ICF can be interpreted as the frozen probability; this should be
kept in mind when comparing the results of this study with model outputs.

3. Results and Discussion
3.1. Relationships Between ICF and T With Different !ext
Figure 1a shows the relationship between ICF and T with six !ext bins. ICF is a monotonic function of T for
all !ext bins. The overall tendency of the graph is consistent with the !ndings of Choi et al. (2010), which
showed the following in the SCF in their Figure 1: ICF values are generally about 30%, 55%, and 85% at
approximately 260, 250, and 240 K, respectively; and "atter and steeper parts can be observed near the lowest
and highest T range (especially near the lowest T in this study), and except these two ends, respectively. This
feature suggests that the curves are convex in lower T, and they are concave in higher T ranges.

Note that the larger !ext is, the larger ICF becomes in the same T bin. Although the variation in ICF due to
different values of !ext in the same T bin is smaller in bins near the low and high ends, that in intermediate T
bins is larger. Hereafter, intermediate T and intermediate !ext mean about 250 K and about 0.03 km!1,
respectively. In particular, ICF values are most spread at the intermediate T range, with an almost 30% dif-
ference between the smallest and largest !ext values. In this temperature range, heterogeneous nucleation
such as immersion freezing and condensation nucleation modes would be effective (Hoose &
Möhler, 2012). It would be interesting to point out that ICF highly depends on !ext at the intermediate T
range, but ICF is insensitive to !ext at the low and high ends of the T range.

Table 1
Ranges of Each bin of T and !ext

T (K) !ext (1/km)

1 230 237 0.005 0.009

2 237 244 0.009 0.015
3 244 251 0.015 0.027
4 252 259 0.027 0.047
5 259 266 0.047 0.083
6 266 273 0.083 0.145

Figure 1. (a) Relationship between ICF and T with six !ext bins. The values of T and !ext cover from 230 to 273 K and
from 0.005 to 0.145 (km!1), respectively. (b) Sensitivity of ICF with regard to T as a function of !ext. Conditions of T and
!ext are the same as those of (a).
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Cloud particle phase from KU-type product.  
Dust extinction is retrieved from CALIPSO 
(Nishizawa et al., 2007 JGR). 
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databases (Lin et!al.,!2018), and have been tested against the polarized radi-
ance measurements of the Polarization and Anisotropy of Reflectances for 
Atmospheric Sciences coupled with Observations from a Lidar (PARASOL) 
satellite (Lin et!al.,!2021). The depolarization properties of super-spheroids 
have been examined theoretically in relation to the complex refractive indi-
ces and shapes of atmospheric aerosols (Bi, Lin, Liu, & Zhang,!2018). Tang 
et! al.! (2019) investigated the effects of the morphology and absorptivity 
changes of soot-contaminated dust on lidar backscattering properties. How-
ever, a comprehensive survey of the variability of lidar ratio–depolarization 
ratio relationships produced by super-spheroid dust has not been performed 
over a wide range of dust shapes and sizes.

In this study, we systematically investigated the backscattering properties of 
dust at 355!nm over a wide range of particle shapes and effective sizes, by 
applying super-spheroids for the interpretation of future data from the Earth-
CARE ATLID. We aimed to assess, for the first time, the extent to which 
super-spheroids can reproduce the large variations observed in the joint dis-
tribution of the lidar ratio and depolarization ratio of HSRL observations for 
dust at 355!nm. To achieve this objective, the invariant imbedding T-matrix 

method (II-TM) (Bi et!al.,!2013; Bi & Yang,!2014) was employed for theoretical simulations. The ability to 
simulate the observed lidar ratio–depolarization ratio relationships using super-spheroid models was further in-
vestigated by analyzing dust observation data obtained from the National Aeronautics and Space Administration 
(NASA) Langley second-generation airborne High Spectral Resolution Lidar-2 (HSRL-2; Burton et!al.,!2015; 
Redemann et!al.,!2021).

The remainder of this paper is organized as follows. In Section!2, we describe the methodology and data. In 
Section!3, we comprehensively investigate the features of the lidar and depolarization ratios produced by su-
per-spheroid models with various particle shapes, over a wide range of effective radii. Then, we compare the 
theoretical simulations with airborne HSRL observation data. Finally, we discuss the capability of super-spheroid 
dust models to account for the observed two-dimensional distribution of the lidar ratio and depolarization ratio at 
355!nm. A summary and conclusion are provided in Section!4.

2. Methods and Data
2.1. Theoretical Procedures
The general equation of a super-ellipsoid can be written as follows (Barr,!1981):

 (1)

where  are the lengths of the three semi-major axes along the corresponding coordinate axes in the Cartesian 
coordinate system, and  and  are roundness parameters. Here, to reduce computation time and model complexi-
ty, we focus on the super-spheroidal model (where  and  ) obtained by the following equation:

 (2)

As models with  are normally used to study cube-like sea salt aerosols (Bi, Lin, Wang, et!al.,!2018), we 
employed models with  to study dust (Figure!1). The model with  is a standard octahedron. For 
models with  , the particle shapes are convex. For models with  , the shapes are concave.  is defined 
as the aspect ratio (  ), and  is the roundness parameter. The size parameter is defined as  , in which  is the 
modified wave number (  ,  is the wavelength) and  is the maximum of  and  , that is, the half maximum 
dimension.

Single particle optical properties were calculated by the II-TM method, as described by Bi et!al.!(2013) and Bi and 
Yang!(2014), to ensure an acceptable computation time for relatively large  range (0.1–50 for this study). For 

Figure 1. Super-spheroid models with different roundness parameters (! " ) and 
aspect ratios (!) . Fifteen shapes (! " = 1.2, 1.6, 2.0, 2.6, 3.0 and ! " = 0.5, 1.0, 
2.0) were selected for illustration.

The super-spheroid model for computing the 
scattering matrix of dust aerosols is introduced 

Journal of Geophysical Research: Atmospheres

KONG ET AL.

10.1029/2021JD035629

3 of 21

databases (Lin et!al.,!2018), and have been tested against the polarized radi-
ance measurements of the Polarization and Anisotropy of Reflectances for 
Atmospheric Sciences coupled with Observations from a Lidar (PARASOL) 
satellite (Lin et!al.,!2021). The depolarization properties of super-spheroids 
have been examined theoretically in relation to the complex refractive indi-
ces and shapes of atmospheric aerosols (Bi, Lin, Liu, & Zhang,!2018). Tang 
et! al.! (2019) investigated the effects of the morphology and absorptivity 
changes of soot-contaminated dust on lidar backscattering properties. How-
ever, a comprehensive survey of the variability of lidar ratio–depolarization 
ratio relationships produced by super-spheroid dust has not been performed 
over a wide range of dust shapes and sizes.

In this study, we systematically investigated the backscattering properties of 
dust at 355!nm over a wide range of particle shapes and effective sizes, by 
applying super-spheroids for the interpretation of future data from the Earth-
CARE ATLID. We aimed to assess, for the first time, the extent to which 
super-spheroids can reproduce the large variations observed in the joint dis-
tribution of the lidar ratio and depolarization ratio of HSRL observations for 
dust at 355!nm. To achieve this objective, the invariant imbedding T-matrix 

method (II-TM) (Bi et!al.,!2013; Bi & Yang,!2014) was employed for theoretical simulations. The ability to 
simulate the observed lidar ratio–depolarization ratio relationships using super-spheroid models was further in-
vestigated by analyzing dust observation data obtained from the National Aeronautics and Space Administration 
(NASA) Langley second-generation airborne High Spectral Resolution Lidar-2 (HSRL-2; Burton et!al.,!2015; 
Redemann et!al.,!2021).

The remainder of this paper is organized as follows. In Section!2, we describe the methodology and data. In 
Section!3, we comprehensively investigate the features of the lidar and depolarization ratios produced by su-
per-spheroid models with various particle shapes, over a wide range of effective radii. Then, we compare the 
theoretical simulations with airborne HSRL observation data. Finally, we discuss the capability of super-spheroid 
dust models to account for the observed two-dimensional distribution of the lidar ratio and depolarization ratio at 
355!nm. A summary and conclusion are provided in Section!4.

2. Methods and Data
2.1. Theoretical Procedures
The general equation of a super-ellipsoid can be written as follows (Barr,!1981):

 (1)

where  are the lengths of the three semi-major axes along the corresponding coordinate axes in the Cartesian 
coordinate system, and  and  are roundness parameters. Here, to reduce computation time and model complexi-
ty, we focus on the super-spheroidal model (where  and  ) obtained by the following equation:
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As models with  are normally used to study cube-like sea salt aerosols (Bi, Lin, Wang, et!al.,!2018), we 
employed models with  to study dust (Figure!1). The model with  is a standard octahedron. For 
models with  , the particle shapes are convex. For models with  , the shapes are concave.  is defined 
as the aspect ratio (  ), and  is the roundness parameter. The size parameter is defined as  , in which  is the 
modified wave number (  ,  is the wavelength) and  is the maximum of  and  , that is, the half maximum 
dimension.

Single particle optical properties were calculated by the II-TM method, as described by Bi et!al.!(2013) and Bi and 
Yang!(2014), to ensure an acceptable computation time for relatively large  range (0.1–50 for this study). For 

Figure 1. Super-spheroid models with different roundness parameters (  ) and 
aspect ratios  . Fifteen shapes (  1.2, 1.6, 2.0, 2.6, 3.0 and  0.5, 1.0, 
2.0) were selected for illustration.

super-spheroid 
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of  . The  had a relatively small dependence on shape when  !<!20%–25% and may be well inferred in this  
range (Figure!6a).

Note that the models with  ! =! 1.2, 1.4, which were almost spheroid, were not sufficient to account for the 
measurements with larger  values. In this regard, super-spheroid models with relatively large  were superior to 
spheroid-like models (  !=!1.2, 1.4) and spheroid models (  !=!1.0) for simulating the large variation of  and  
of atmospheric dust.

Figure 9. Comparisons of  relations obtained from the HSRL-2 at a wavelength of 355!nm and their counterparts 
simulated using the super-spheroid models. (a) Shows the results of all super-spheroid models and the observation data. The 
cyan scatters show the scatter plot of the lidar data obtained on 13 July 2014 while the green ones show those obtained on 
21 September 2018 (the time interval was 10!s and the vertical resolution was 15!m). The upward-triangle and downward-
triangle with bars refer to the mean and standard deviation of lidar ratio in each depolarization-ratio bin. (b–k) Show the 
results of 10 groups of super-spheroids. In each group, the roundness parameter is the same (indicated in the subplot), but the 
aspect ratio (  ) varies from 0.5 to 2.0. Compact models with  and extreme models with  
are shown with circles and solid stars, respectively. The colors of stars and circles represent the  of the models at 25 
discrete sizes (see the color bar on the top of panel). The square symbols with bars represent the model three in Saito and 
Yang!(2021), which remains the same in (b–k). Note, the definition of  in Equation!10 was applied to the TAMUdust2020 
model 3.

• The super-spheroid models with different sets of 𝑛 and 𝛼 were capable of 
simulating the entire 𝑆 − 𝛿 range of HSRL measurement at 355 nm. 

(Kong, S, Sato. K, Bi L., JGR, 2022)



 

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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Lidar with large FOV can penetrate thick clouds : 
8ch(4 co-pol.+4 cross-pol.) ~35mrad.  
→can detect comparable multiple scattering to 
space-borne lidar and first depolarization.  

History of Multiple-scattering lidar  

    [Davis, 2008 JGR, Caharan et al., 2005 JTECH]   

Multiple FOV lidar ~12mrad  

   [Bissonette and Hutt,1990 Appl. Opt.,  

     Roy et al.,1999 Appl. Opt.] 

Multi-Field-of-View Multiple-scattering polarization lidar to simulate space-borne lidar signals

Comparison of Cloud top height by MFMSPL with Cloud Radar

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 ( )! "  for four different angles "  (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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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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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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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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Depolarization ratio

(Okamoto et al., 2016 Opt. Express)

Space-borne lidar

the cloud bottom. Thus, unlike the cloud radar, combinations of on-beam and off-beam 
channels of the MFMSPL could be used to distinguish the cloud base from drizzling regions. 

 

Fig. 5. Co-located observations of 95 GHz cloud radar FALCON-1 and the MFMSPL (a) 
Time-height plot of radar signals by the FALCON-1, (b) attenuated backscattering coefficient 
for 0 mrad detected by channel 1 (c) same as (b) but for 10 mrad by channel3, (d) same as (b) 
but for 20 mrad by channel 5. Magenta circles indicated the apparent cloud top height detected 
by cloud radar. 
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Fig. 6. Same as Fig. 5 but for the two-layer cloud case. (a) Time-height plot of radar signals by 
FALCON-1, (b) attenuated backscattering coefficient for 0 mrad detected by channel 1 (c) 
same as (b) but for 10 mrad by channel 3, (d) same as (b) but for 20 mrad by channel 5. 
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Foot print size of space-borne lidar are much larger 
(~30m for ATLID and 90m for CALIPSO) than that of 
ground-based lidar so that larger multiple scattering 
for space-borne lidar is expected. 
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Comparable depolarization of 
water cloud to CALIPSO has 
been observed by MFMSPL



Direct-detection  
355nm-wind lidar Coherent  

2µm-wind lidar

94GHz radar 
HG-SPIDER

94GHz radar 
ES-SPIDER

355nm-
MFMSPL 

355nm-HSRL
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Synergistic-ground-based system are developed by Kyushu Univ., NIES, NICT and TMU to evaluate EarthCARE algorithms.  

The observation system and collaboration 
will continue by a research collaboration 
agreement after 2022.



T. Nishizawa, Y. Jin, N. Sugimoto et al. Journal of Quantitative Spectroscopy & Radiative Transfer 271 (2021) 107710 

Fig. 2. Time-height cross sections of the parallel (left column) and perpendicular (middle column) components of the attenuated backscatter coe!cients [/m/sr], and depo- 
larization ratio (right column) for the on-beam ( ! = 0 mrad) and off-beam ( ! = 10, 20, 30, and 40 mrad) channels observed at Koganei, Tokyo, Japan on June 2, 2019. Data 
with an SNR of 5 or less have been removed. The dotted line shows the altitude at 0 °C [20] . The time in parentheses is local time (JST). 

Table 1 
Specifications of MFMSPL-355. 

Transmitter 
Laser type Nd:YAG, Q-switched, linearly polarized (Brilliant Eazy, Quantel) 
Wavelength 355 nm 
Pulse energy 80 mJ 
Repetition rate 10 Hz 
Divergence 0.1 mrad (using a 5 ! expander) 
Receiver module 
Condenser lens Diameter = 50 mm, Focal length = 380 mm (CVI Laser Optics) 
Field of view 10 mrad 
Detector PMT (PM-HV-113, Licel) 
Band-path filter Interference filter with 1-nm FWHM (Alluxa) 
ND filter Transmittance: 0.3% for channels 1 and 2, 1% for channels 3–10 (Sigma Koki) 
Data acquisition 
Transient recorder for analog measurement (40 MHz, 16 bit) and photon counting measurement (800 MHz counting rate) (TR40-16bit, Licel) 
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Fig. 1. Multiple-field-of-view multiple-scattering lidar system at 355 nm (MFMSPL-355): (Left) Photograph of the system; (Middle) Configuration of entire system; (Right) 
Configuration of receiver module. The polarization direction of the laser (PDL) is horizontal to the ground. The polarization direction of the scattered light parallel (perpen- 
dicular) to the polarization of the laser is also shown by the arrow (line) on the receiver module in the Middle figure. The direction in which the receiver module is tilted 
is indicated by the dotted arrow in the Left and Middle figures. 
for the concentric MFOV system and wide-angle imaging system 
to realize a depolarization measurement with a large total FOV, 
owing to the angle dependency of the polarizer and band-path 
filter [6] . 

In a different approach, Okamoto [7] developed a 532- 
nm MFOV lidar with a depolarization measurement function 
that comprises eight small telescopes (receiver modules) and 
a laser (Multiple-field-of-view Multiple-scattering Polarization Li- 
dar (MFMSPL)-532). Each receiver module constitutes a 50-mm- 
diameter lens to collect the scattered light, an iris set to 10 mrad, 
a band-path filter to reduce contamination by background light, a 
polarizing sheet to measure the parallel or perpendicular compo- 
nent of the scattered light, and a detector. Four of the eight re- 
ceiver modules measure the parallel component (parallel receiver 
modules), while the other four receivers measure the perpendicu- 
lar component (perpendicular receiver modules). A laser was trans- 
mitted to the atmosphere in the vertical direction. Each combi- 
nation of the parallel receiver module and perpendicular receiver 
module is tilted at every 10 mrad from the vertical direction (i.e., 
tilting angle ! = 0, 10, 20, 30 mrad). Therefore, the receiver mod- 
ules for ! = 0 mrad measure the on-beam signals and the other 
receiver modules measure the off-beam signals ( ! > 10 mrad). 
The total FOV of this system is set to 40 mrad to cover the foot- 
print size of CALIOP, such that the system can be used to simulate 
CALIOP observations. The footprint size of the system at 1-km alti- 
tude is similar to that of the CALIOP (~90 m). 

The Earth Clouds, Aerosol and Radiation Explorer (EarthCARE) 
is a joint Japanese-European satellite observation mission for un- 
derstanding the interactions among clouds, aerosols, and radia- 
tion processes in the Earth ’s atmosphere [8] . In the mission, 
clouds, aerosols, and atmospheric radiations will be observed us- 
ing a 355-nm high-spectral resolution lidar (HSRL) with a depo- 
larization measurement function (Atmospheric Lidar (ATLID)), 94- 
GHz Doppler Cloud Profiling Radar (CPR), multispectral imager, and 
broad-band radiometer. The Japan Aerospace Exploration Agency 
(JAXA) EarthCARE standard algorithms are being developed to dis- 
criminate between types of clouds and aerosols [9] , and retrieve 
data on the microphysics of aerosols [10] , clouds [ 11 , 12 ], and ver- 
tical air motion [13] using ATLID and CPR. The physical model 
and vectorized physical model have been developed to interpret 
multiple scattering signals measured by lidars, including ATLID 

[ 14 , 15 ]. Wavelength dependence of ice cloud backscatter proper- 
ties have been theoretically investigated to construct continuous 
multi-decadal records of cloud microphysics from different space- 
borne lidar missions [16] . Against this background, a ground-based 
MFOV lidar at 355 nm is necessary to interpret multiple scattering 
signals measured by ATLID, improve the retrieval algorithms us- 
ing ATLID data, validate the ATLID measurements, and simulate the 
ATLID measurements, as the MFMSPL-532 is utilized for CALIOP 
measurements. 

In this study, we developed a MFMSPL at 355 nm (MFMSPL- 
355) by improving the previously developed MFMSPL-532. This is 
the first multiple scattering lidar developed at 355 nm, which is 
being utilized for the EarthCARE mission. The microphysical prop- 
erties of clouds and aerosols, such as particle size information 
(e.g., effective radius), can be evaluated from MFMSPL-355 because 
it can measure the single scattering signal and multiple scatter- 
ing signal independently [3] . Note that MFMSPL-355, which uses a 
laser at 355 nm, is a more eye-safe lidar than MFMSPL-532 nm, 
indicating that safer observations by MFMSPL-355 are possible in 
various regions without restrictions. 
2. 355-nm Multiple-field-of-view multiple-scattering 
polarization lidar system 

The configuration and specifications of the MFMSPL-355 devel- 
oped in this study are shown in Fig. 1 and Table 1 . The MFMSPL- 
355 employs a commercial Nd:YAG laser with second- and third- 
harmonics generators; the laser beam at 355 nm is transmitted 
to the atmosphere upward in the vertical direction. The scattered 
light is received by five receiver modules. Each receiver module 
corrects the scattered light with a 50-mm-diameter lens, and mea- 
sures the signal intensities of the parallel and perpendicular com- 
ponents with two PMTs. The FOV of the receiver module was set 
to 10 mrad to maximize the polarimetric purity [ 4 , 7 ]. A band-path 
filter (1-nm FWHM) was installed for each channel to reduce con- 
tamination by background light. The five receiver modules were 
tilted from the vertical direction with different tilting angles !
and away from the laser, allowing the on-beam signals ( ! = 0 
mrad) and four off-beam signals ( ! = 10, 20, 30, and 40 mrad) 
to be measured. An angle meter (2D-120, Obishi Keiki Seisakusho 
Co., Ltd.) was used to mount each receiver module with an accu- 
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355nm-MFMSPL with 10 channels are 
developed (Nishizawa et al 2021 JQSRT)



355nm-HSRL 
(Jin et al. 2020 Opt. Express)

Research Article Vol. 28, No. 16 / 3 August 2020 / Optics Express 23217

and the results for the reference in Fig. 3(a) are 8.0⇥10�3 rad and 2.8⇥10�3 for the phase and
amplitude, respectively. The simulated ideal amplitude for the reference signal is 0.497, and the
degradation of the measured amplitude is probably due to the misalignment and the imperfection
of the interferometer. The aerosol backscatter coe�cient is retrieved from the amplitude for
the reference and atmospheric scattering signals. The retrieved backscatter coe�cient is used
to obtain the Rayleigh scattering signals plotted by the dashed line in Fig. 3(a). The aerosol
extinction coe�cient is retrieved by analyzing the slope of the Rayleigh scattering signals.

Figure 4 shows the time-series vertical profiles of aerosol backscatter, extinction, lidar ratio,
and depolarization ratio on October 1, 2019. The time and range resolutions are 5 min and 30 m,
respectively. The data at the points where the signals are saturated, or cloud signals are detected
are masked. The lidar clearly captures the atmospheric boundary layer with dense aerosols.
Transported aerosols above the boundary layer are also measured. The lidar ratio in the boundary
layer is approximately 50–60 sr and that in the transported aerosol layer is 70–90 sr. The aerosol
depolarization ratio was also analyzed. It is smaller than 0.1 and slightly decreases with the
aerosol backscatter coe�cient. Therefore, spherical aerosols would mainly be observed for this
case.

Fig. 4. Time–height indications of (a) aerosol backscatter coe�cient, (b) aerosol extinction
coe�cient, (c) lidar ratio (extinction-to-backscatter ratio), and (d) aerosol depolarization
ratio measured on October 1, 2019, at Koganei, Japan. Saturated signals and cloud data are
masked by the gray color. Lidar ratios and aerosol depolarization ratios having errors larger
than 20% are also masked. Time and range resolutions are 5 min and 30 m, respectively.

We also measured the Raman lidar signals to evaluate the HSRL results. Nitrogen Raman
scattering was separated by a dichroic beam splitter set in front of the interferometer. Figure 5
shows the aerosol backscatter and extinction profiles at 12:00–14:00 UTC on the same date as
in Fig. 4. There is a good agreement between the HSRL and Raman lidar results. Errors in
backscatter and extinction for HSRL are smaller than that for the Raman lidar. For example,
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Synergetic-ground-based system

355nm-HSRL
Direct-detection 
355nm-wind lidar

Coherent 
2µm-wind 
lidar

94GHz radar
HG-SPIDER

94GHz radar
ES-SPIDER

355nm-
MFMSPL 

355nm-HSRL
�Extinction coefficient at 355nm
�Backscatter coefficient at 355nm
�Depolarization ratio at 355nm

355nm-MFMSPL
�Parallel and perpendicular attenuated 
backscatter coefficients for the on-bean 
(θ=0mrad) and four off-beam directions 
with different tilting angles 
(θ=10,20,30,40mrad), to measure single 
and multiple scattering signal 
independently.

NICT, Koganei site
(35.7N, 139.5E)

Scanning interferometer used in 355nm-HSRL
[Jin et al. 2020] 

355nm-MFMSPL
[Nishizawa et al. 2021]355nm-HSRL with 

scanning interferometer 

Five angle-measurement of wind velocity has been carried out 
to derive U, V and W by the 2-µm Doppler lidar (Iwai et al., 
2013 JTECH) to achieve 30sec resolution.

U

SNR

Long-term measurements of clouds, aerosols and vertical air motions have been 
carried out by new instruments HSRL and 355-MFMSPL with 94GHz Doppler radar and 
Doppler lidar. Analyses of cloud microphysics and vertical air motion from the 
algorithms are conducted. 

ß(355nm)

Extinction

Lidar ratio

Depolarization ratio

V

W
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Algorithms for A-train and EarthCARE have been developed. 

Global analyses of cloud phase and cloud microphysics were shown for A-train. 

Continuity and some major improvements for EarthCARE and A-train observations are discussed.  
New input (extinction from ATLID and Doppler velocity from CPR) are expected to provide better 
characterization of cloud and precipitation particle phase and types and microphysics.  

Synergistic observation systems have been developed. HSRL and Multiple scattering lidar at 355nm, 
high sensitivity 94GHz Doppler cloud radar and Doppler lidars correspond to the extended version of 
EarthCARE.  

Cloud-, Precipitation- , Aerosol-microphysics and vertical motion from EarthCARE is crucial to 
constrain/improve the models. 

Multiple-wavelength-observations and theoretical analyses to cover CALIPSO and EarthCARE ATLID 
are essential to bridge the gap between information content of A-train and EarthCARE.  


