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Abstract.  

This article gives the overview of the Japan Aerospace Exploration Agency (JAXA) level 2 (L2) Standard and Research 

algorithms and products by Japanese science teams for EarthCARE Clouds, Aerosols and Radiation Explorer (EarthCARE), 

which is a JAXA and the European Space Agency (ESA) joint satellite mission. First three single sensor algorithms for 94GHz 

cloud profiling radar (CPR)-only, 355nm-atmospheric lidar with high spectral resolution function (ATLID)-only, and multi-20 

spectral imager (MSI)-only retrievals, and their products were briefly reviewed. CPR-echo algorithms provide radar 

reflectivity factor, Doppler velocity, normalized radar cross section and path integral attenuation. CPR-only, CPR-ATLID 

synergy and CPR-ALTID-MSI synergy algorithms for standard cloud products provide cloud detection, cloud particle type 

and cloud microphysics, and the research products further provide Doppler velocity, terminal velocity and vertical air motion 

inside clouds. ATLID standalone algorithms produce aerosol, cloud and clear sky classification products as well as total aerosol 25 

extinction and extinction and number concentration of each aerosol types. ATLID-MSI synergy algorithms are developed to 

retrieve effective radius for each aerosol species in addition to the ATLID-only products. MSI algorithms retrieve cloud 

effective radius, ice and water content and cloud top pressure. Four sensor algorithms are prepared to produce shortwave and 

longwave radiative fluxes at the top of atmosphere, those at the surface and also heating rate profiles by using the outputs from 

CPR, ATLID and their synergy algorithms. The shortwave and longwave fluxes from the four sensor algorithms will then be 30 

compared with broad band radiation (BBR) to examine the consistency of the JAXA L2 retrievals.  

The algorithms are developed and evaluated by using observational data from satellites and ground-based instruments, 

and simulation data from the Japanese global cloud-resolving model, the Nonhydrostatic Icosahedral Atmospheric Model 

(NICAM) with Joint simulator. As for space-borne data, existing space-borne satellites data such as CloudSat, CALIPSO, 

MODIS and CERES datasets are intensively used. For ground-based observations, High-sensitivity Ground-based Super 35 

Polarimetric Ice-crystal Detection and Explication Radar (HG-SPIDER) with a minimum sensitivity of -40dBZ at 15km and 

over -60dBZ at 1km, Electronic Scanning SPIDER (ES-SPIDER), 355nm high spectral resolution lidar, multiple-field-of-view 

multiple scattering lidar and Doppler lidars are installed at EarthCARE super-site in Koganei, Tokyo and offers unique 

opportunities to evaluate and analyse EarthCARE data. 
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1 Introduction 40 

Cloud feedbacks remain to be the largest source of uncertainties in the Coupled Model Intercomparison Projects, across CMIP3 

to CMIP6. Dufresne and Bony (2008) performed climate feedback analysis using ensemble of 12 CMIP3/IPCC AR4. 

Uncertainties of cloud feedbacks, related to low clouds, appeared to be larger than other feedbacks according to their analysis. 

Both of the multimodal mean and variances in the effective climate sensitivity have increased in CMIP6 compared in CMIP5 

(Zelinka et al., 2020). These increases attributed to cloud feedbacks, mainly low clouds. Del Genio (2012) pointed out the 45 

parameterizations in GCMs are not sufficient to allow mesoscale convections and the large spread of climate sensitivity 

attributed to low level clouds does not mean other types of clouds such as high clouds and deep convection do not contribute 

to the uncertainty in climate sensitivity.  Climate model averaged rainfall biases for El Nino events have been reported in IPCC 

reports across AR3, AR5 and AR6 (Slingo et al. 2022). These seem to show the lack of our understanding of cloud formation 

processes leading to insufficient parameterizations of convections, low-level water clouds and ice cloud processes. To solve 50 

these issues, we need global observing system that measures cloud, aerosol, their radiative properties and vertical velocity to 

better understand cloud and precipitation formation and their relation to radiation.  

Regarding the algorithm developments for JAXA-level2 products, there were several precursors. Prior to the space-

borne active sensor observations, ground-based or ship-based observations were used to develop retrieval algorithms for cloud- 

and aerosol microphysics. Information content of the synergy use of 94-GHz radar and lidar systems was established and the 55 

retrieval of ice effective radius and ice water content from radar-lidar synergy was performed for the first time (Okamoto e al. 

(2000, 2003)) using ground-based 94GHz radar (SPIDER) and Mie-type lidar developed by National Institute of Information 

and Communications Technology (NICT) and National Institute for Environmental Studies (NIES), respectively. 

Cloud/hydrometeor mask was developed for 94GHz cloud radar on the vessel Mirai for mid-latitude (Okamoto et al., 2007) 

and for the Tropical Western Pacific Ocean (Okamoto et al., 2008). Attempts to simultaneously retrieve vertical air motion, 60 

terminal velocity and ice cloud microphysics from ground-based Doppler cloud radar–lidar synergy were made, and the 

estimated vertical air motion has been validated against the Equatorial Atmospheric Radar measurements (Sato et al., 2009). 

Three-channel aerosol retrieval algorithms for 532nm and 1064nm dual wavelength polarized Mie lidar measurements were 

developed to uniquely treat the co-existence of aerosol types, i.e., water soluble as small aerosols, sea-salt and dust particles 

as large particles, and provided the extinction coefficient for each aerosol, and demonstrated using R/V Mirai lidar observations 65 

(Nishizawa et al. 2007, 2008).  

 CloudSat started observations by the first 94GHz cloud radar being in operation since 2006 (Stephens et al. 2018) to 

study clouds. CALIPSO lidar measures also started measurements with CloudSat and offers attenuated backscattering 

coefficient 532nm and 1064nm and depolarization ratio at 532nm (Winker et al., 2010). These two spaceborne active sensors 

provide three dimensional pictures of clouds and aerosols and brought deeper understanding of atmospheric composition and 70 

radiative impact of clouds and aerosols (Stephens 2018 and the references therein). The synergetic analysis of CloudSat and 

CALIPSO also started since the two sensors joined the A-train orbit with small time differences.  

Methods developed for ground/ship-based active sensors were applied to CloudSat and CALIPSO observations. A Cloud 

detection algorithm was developed based on Okamoto et al., (2007, 2008) to create CloudSat and CALIPSO merged data sets 

(Hagihara et al., 2010, 2014). Vertically resolved phase and ice particle orientations were derived using attenuation and 75 

depolarization ratio observations (Yoshida et al., 2010). Cloud particle identification algorithms for CloudSat and CloudSat -

CALIPSO synergy was further developed (Kikuchi et al. 2017). Recently, the retrieval of detailed cloud particle shape 

categories were tested by CALIPSO information (Sato and Okamoto 2023). For cloud microphysics, the radar-lidar synergy 

algorithms was extended and incorporated functions to deal with specular reflections for CloudSat and CALPSO synergy ice 

cloud retrievals. The use of CloudSat reflectivity (Ze), backscattering coefficient and depolarization ratio at 532nm from 80 

CALIPSO have allowed the investigation of ice cloud microphysics and the ratio of horizontally oriented ice plates to randomly 

oriented ice crystals in three-dimensional space (Okamoto et al., 2010). The algorithm was further refined to allow the analysis 
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of cloud regions observed only by CALIOP or CloudSat (Sato and Okamoto 2011). Aerosol typing and microphysical 

properties retrieval algorithms have been demonstrated from CALIPSO and Aqua/MODIS (Kudo et al., 2023).    

EarthCARE Clouds, Aerosols and Radiation Explorer (EarthCARE), the JAXA and the European Space Agency 85 

(ESA) joint satellite mission launched in May 20204, carries four sensors, 94GHz cloud profiling radar (CPR), atmospheric 

lidar (ATLID), multi-spectral imager (MSI) and Broad band radiometer (BBR), on the same platform. The CPR developed by 

JAXA and NICT uses the same frequency as CloudSat and will measure the Doppler velocity in vertical direction in clouds 

by pulse-pair method where phase shift of the two successive pulses is measured to infer Doppler velocity. The EarthCARE 

CPR will achieve much better sensitivity of -36dBZ than -30dBZ for CloudSat cloud profiling radar due to the low orbit (about 90 

400km) of EarthCARE satellite and large antenna of 2.5m. 355nm-high spectral resolution atmospheric lidar (ATLID) will 

provide extinction and backscattering coefficient with depolarization ratio. MSI will provide horizontal information of cloud 

and aerosol information outside of the swarths of CPR and ATLID. BBR provides the radiative fluxes in shortwave (SW) and 

longwave (LW). Retrieve microphysics of clouds and aerosols will be used as inputs to simulate radiative fluxes in SW and 

LW at the top of atmosphere and at the surface. In addition, the heating profiles are also estimated. Comparisons of the 95 

estimated radiative fluxes with those actually measured by the BBR offers a unique opportunity to evaluate whether the 

retrieved quantities about microphysics and radiative characteristics of these particles by CPR, ATLID and MSI. 

The EarthCARE observations including Doppler velocity and extinction information inputs will bring new scientific 

knowledge about the clouds, aerosols, radiation and convections. In the article, we focus on the algorithms used to produce 

JAXA Level 2 products by Japanese science teams.  100 

2 Description of the algorithms for JAXA L2 products 

The structure of products and algorithms used to produce the L2 products and inter relation between products are described 

in this section. JAXA standard products are produced by relatively mature algorithms and the JAXA research products are 

produced by advanced algorithms, respectively. Auxiliary products are also prepared and used to produce L2 products. Most 

of the products will be processed and reported at a Joint Standard Grids (JSG) in two horizontal and vertical grid spacings. 105 

The horizontal and vertical grid spacing of the fine scale version of the products are 1 km and 100 m, respectively. The 

coarse version of the products is provided after averaging over 10km and 100m horizontal and vertical resolution, 

respectively. Both of 1km- and 10km-products are reported at 1km. Exception is MSI products reported with 0.5km 

horizontal grid spacing. 

 110 

2-1 Algorithms for CPR L2a echo products 

We first introduce the JAXA CPR level2 algorithm (CPR echo).  Both radar reflectivity factor (Ze) and Doppler velocity in 

CPR L1b product are provided as 500m-integrated values along the satellite path. In order to reduce the random error and 

improve accuracy of the radar reflective factor and the Doppler velocity, 1-km and 10-km horizontal integration are processed 

from CPR L1 products in CPR echo L2 algorithm. Additionally, atmospheric gas attenuation, normalized radar cross section, 115 

path integrated attenuation, unfold correction of Doppler velocity, and Doppler correction caused by non-uniform beam filling 

are also provided in CPR echo L2 products. Center position of the 1-km integration and 10-km integration of the CPR echo 

L2 products are the same position and those products are provided every 1 km horizontally.  

 

2-1-1 Integrated radar reflectivity factor (Ze) 120 

Horizontally integrated received echo power and noise power are calculated using two(1km) and twenty(10km) successive 

data in L1b products in order to calculate horizontally integrated radar reflectivity factor. Then integrated noise power is 

subtracted from integrated received echo power and integrated radar reflectivity is derived from the range, the transmit power, 
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and the radar constant. Finally, the 1-km and 10-km integrated radar reflectivity factor are calculated from the integrated radar 

reflectivity and the radar wavelength every 1 km horizontally, and 100 m vertically.  125 

 

2-1-2 Integrated Doppler Velocity (VD) 

Similar to Ze, horizontally integrated real and imaginary part of pulse-pair covariance are calculated individually using 

two(1km) and twenty(10km) successive data in L1b products in order to calculate horizontally integrated Doppler velocity. 

Integrated Doppler velocity (VD) is then calculated from integrated real and imaginary part of the pulse-pair covariance as 130 

shown in Eq. (1)  

	𝑉! =
"∙$%&
'(

tan)* '∑ ,-(%(/!))∑12(%(/!))
( , (1) 

where 𝜆 denotes wavelength of the CPR and is about 3.2mm. PRF is pulse repetition frequency of CPR. Ts denotes time 

interval between the two pulses. R is the pulse pair covariance corresponding to Ts and is integrated for 500m in L1b. ΣIm 

(R) is 1-km or 10-km integrated imaginary part of pulse-pair covariance, and ΣRe (R) is 1-km or 10-km integrated real part 135 

of pulse-pair covariance. PRF is determined by the satellite altitude and the observation window. The satellite altitude changed 

with latitude, then PRF changed with latitude. For the EarthCARE CPR, we prepared three observation window choices, which 

is high(-1～20km), mid(-1～18km) and low(-1～16km) mode. PRF can vary between 6100 to 7500Hz. The CPR observation 

mode can be switched with latitudes automatically. Figure of PRF change with latitude are seen in Hagihara et al., (2023). 

Since Doppler accuracy of radar is higher if its PRF is higher for the same Signal to Noise Ratio (SNR) target (Doviak and 140 

Zrnic 1993), low mode has higher Doppler accuracy and high mode has lower Doppler accuracy instead. 

 

2-1-3 Other parameters and possible corrections  

Atmospheric gas attenuation is calculated using temperature, pressure, water vapor profile along with satellite path. In CPR 

echo L2 algorithm, vertically integrated atmospheric gas attenuation from top of atmosphere to each height are calculated from 145 

meteorological data provided by the ECMWF data, by equation given in the ITUR recommendation P676.  

Normalized radar cross section (NRCS) is also estimated in CPR echo L2 algorithm. Surface range position and its reflectivity 

are estimated by Gaussian fitting of the 1-km horizontally integrated reflectivity profile. From estimated surface range position 

above, reflectivity of surface range is calculated and it is converted into normalized radar cross section. On the other hand, 10-

km integrated surface position and NRCS are averaged from eleven 1-km integrated surface positions and NRCS. 150 

Measured VD contains several errors sources such as (1) satellite motion, (2) non-uniform beam filling (NUBF) errors and 

(3) Doppler folding. Here we focus on (2) and (3). Doppler folding occurs when the velocity exceeds Nyquist velocity (𝑉345) 

determined by 𝜆 and PRF.  

 

𝑉345 =
"∙$%&
'

. (2) 155 

Since PRF varies as latitude and observation mode changes, 𝑉345 also shows variation. Therefore, the maximum range of the 

unfolded Doppler velocity Vnyq takes the value from 4.9 to 5.2 m/s for high mode and 5.7 to 6.0m/s for low mode (Hagihara 

et al., 2023). Due to this, VD of large precipitation cloud appear as upward velocity while large upward motion could be 

observed as downward motion, For vertical velocity above |Vnyq|, unfolding correction is required. Currently simple unfolding 

correction scheme is adopted: when VD of the echo exceeds 3 m/s in upward direction, we use folding correction, i.e. 2*Vnyq 160 

is subtracted from VD. 

Another mechanism for Doppler folding is the NUBF causing VD to be outside the range of 𝑉345. If there is a horizontal 

inhomogeneity of reflectivity factor within certain averaging distance, non-zero vertical Doppler velocity is observed even if 

there is no actual vertical velocity. The above Doppler error is called NUBF Doppler error. A correction method is developed 
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using inhomogeneity of Ze information, and the corrected velocity estimated by this method will be provided as the CPR echo 165 

research product.  

The Path Integrated Attenuation (PIA) denotes the NRCS loss, which is mainly caused by water particle attenuation. We plan 

to calculate PIA from non-attenuated NRCS map under the orbit. This product will be implemented when the global NRCS 

data is accumulated adequately. 

 170 

2-2 Algorithms for CPR standalone Cloud products 

The standard CPR products include cloud mask, cloud particle type and cloud microphysics. These are derived mainly 

from radar reflectivity factor (Ze) without using VD. The research products are similar to the standard products but derived 

by the additional use of VD. The products will be processed in two horizontal and vertical grid spacings. The horizontal 

and vertical grid spacing of the fine scale version of the products are 1 km and 100 m, respectively. The coarse version 175 

of the products is provided after averaging over 10km and 100m horizontal and vertical resolution, respectively. Both of 

1km- and 10km-products are reported at 1km.  
 

2-2-1 Algorithms for CPR standalone cloud mask products 

The CPR cloud mask algorithms are based on the algorithms originally developed for the analysis of 94GHz cloud radar on 180 

the vessel Mirai for the mid-latitude cruise near Japan (Okamoto et al., 2007) and for the Tropical Western Pacific Ocean 

cruise (Okamoto et al., 2008). The algorithm has been modified to analyse CloudSat 94GHz cloud radar (Hagihara et al., 2010). 

There are several similarities between our cloud mask algorithm and the method developed in Marchand et al. (2008) which 

has been used for the hydrometeor detection by CloudSat. EarthCARE CPR cloud mask is extended version of the approach 

applied to CloudSat.  The algorithm considers the signal to noise ratio, spatial continuity test (coherent test), and horizontal 185 

averaging to identify significant signals from noise and to assign a confidence level. Further details of cloud mask can be found 

in (Okamoto et al., 2024b).  

 

2-2-2 Algorithms for CPR standalone Cloud particle type products  

 Cloud particle type is conducted by CPR. Details of the algorithm can be found in Kikuchi et al., (2017). Cloud particle type 190 

algorithm for CPR uses information of radar Ze from CPR and temperature from the European Center for Medium-range 

Weather Forecasting (ECMWF) to infer cloud phase, shape and orientation, cloud or water or ice precipitation. The first step 

used the Ze -temperature diagram for initial hydrometeor type classification. There are eight cloud particle types from CPR; -

9: missing, 0:clear, 1: warm water, 2: super cooled water, 3: 3D-ice, 4: 2D-plate, 5: liquid drizzle, 6: mixed phase drizzle, 7: 

rain, 8: snow. For example, grid that indicates dBZe>10dBZ and temperature below 0°C is categorized as snow. Further, 195 

precipitation correction and spatial continuity test (as coherent filter) are introduced to the hydrometeor type algorithm in order 

to reduce the misclassification of cloud particle type. Further details of clouds particle type can be found in (Okamoto et al., 

2024b).  

 

 200 

2-2-3 Algorithms for CPR standalone ice cloud category products 

After applying the cloud mask and cloud particle type products, the ice particle shape and orientation (there are called ice 

cloud categories) are inferred by using CPR observables (Sato et al., 2024). The algorithm for CPR only ice cloud category 

product is trained by using the results from the ATLID-only ice cloud category product where lidar ratio and depolarization 

ratio are used to classify the category. The description of ATLID-only ice cloud category is briefly given in 2-2. The retrieved 205 

ice particle habit categories are horizontally oriented two-dimensional (2D) plates and their assemblages, 2D columns and 
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their assemblages, bullet rosettes and three-dimensionally (3D) oriented aggregate types, droxtal/compact types, 

voronoi/irregular/roughened types, and fractal type snow aggregates.  

 

2-2-4 Algorithms for CPR standalone cloud microphysics products 210 

The single scattering properties of ice particles with various shapes and orientations are calculated using the discrete dipole 

approximation (DDA) for most of the particles (Okamoto 2002, Sato and Okamoto 2006, Okamoto et al., 2010, Sato and 

Okamoto 2011) and Finite-Difference Time-Domain method (FDTD) for fractal type snow aggregates (Ishimoto et al., 2012) 

at the CPR wavelength, and multiple scattering effects are estimated based on Sato et al. (2018, 2019).  

The ice-phase cloud microphysics retrieval algorithms use forward models for CPR corresponding to the derived ice particle 215 

categories. CPR Ze, and s0/PIA are used to determine the ice cloud and precipitation microphysics (Sato et al., 2024). . For 

each cloudy JSG grid, the cloud microphysics scheme considers the maximum of two different size distributions corresponding 

to mixed phase, mixture of ice and snow particles, ice and liquid precipitation types, and their co-existence of ice particles 

with liquid cloud particles. Therefore, in addition to the total effective radius, water content, and number concentrations of the 

ice and liquid phases, the effective radius, water content, number concentration, and cloud phase of cloud particle with two 220 

different size distributions are also reported to capture the complex nature of cloud microphysics. 

 

2-3 Algorithms for ATLID only products 

 ATLID only products include feature mask product, target mask product, Aerosol product, Cloud product, boundary layer 

height product and aerosol component product. Details of the algorithms can be found in Nishizawa et al., (2024).  225 

There are two horizontal resolutions; 1km and 10km except for feature mask where products with horizontal resolution of 

0.3km is also produced in addition to 1km and 10km. In the 10km-resolution product, 10km running-averaged of the 1km 

observables are performed and the running averaged values are reported at each 1km. Vertical resolution is set to be 0.1km. 

Prior to deriving the above products, the noise reduction scheme is applied to ATLID L1b data. The noise reduction scheme 

is a discrete wavelet transform (DWT) type. The DWT has been known to be effective for improving the signal to noise ratio 230 

(SNR) of lidar signals (e.g., Fang and Huang 2004).  

The following algorithms were developed to produce ATLID L2 products for aerosols and clouds using ATLID L1 data 

(Nishizawa et al., 2024). The algorithm produces the following five products. (1) Extinction coefficient, backscatter 

coefficient, depolarization ratio, and lidar ratio of aerosols and clouds at 355nm are estimated by our developed optimization 

method with Gauss-newton method combined with the line search method (Kudo et al. 2016). (2) Identifiers of layers such 235 

as cloud, aerosol or clear-sky layers (Feature mask) are estimated by the combined use of vertically variable criteria method 

and continuity test method developed for CALIOP analysis (Hagihara et al. 2010; Okamoto et al. 2008). (3) Particle type is 

classified based on lidar ratio and depolarization diagram for aerosols and signal attenuation (or extinction)-depolarization 

ratio diagram for clouds (Yoshida et al. 2010, Okamoto et al. 2019). (4) Planetary boundary layer height is estimated using 

wavelet covariance transform (WCT) method improved for the ATLID analysis. (5) Extinction coefficients of dust, sea-salt, 240 

carbonaceous, and water-soluble aerosols at 355nm are retrieved using difference in depolarization and light absorption 

property of each aerosol component (Nishizawa et al. 2007, 2008, 2011, 2017).  

ATLID standalone cloud particle type algorithm enables to create seven cloud particle types from ATLID; -1: missing, 0: 

clear, 1: warm water, 2: super-cooled water, 3: 3D-ice, 4: 2D-plate, 5: mixture of 2D-plate and 3D-ice, 6: unknown1(water or 

3D ice), 7: unknown2. Further details for cloud particle type algorithms can be found in Okamoto et al., (2024b) 245 

Feature mask, Target mask, aerosol, cloud and boundary layer height are categorized as standard products. Extinction 

coefficient for water-soluble, dust, sea salt and black carbon aerosols are categorized to be research products. 

 

2-4 MSI standalone product 
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There are two types of MSI cloud algorithms, an optimization of the cloud and aerosol unbiased decision intellectual algorithm 250 

(CLAUDIA) and the cloud and an optimization of Comprehensive Analysis Program for Cloud Optical Measurements 

(CAPCOM), to produce MSI standalone standard products. CLAUDIA is used for the discrimination of cloudy and clear sky 

and CAPCOM is used for the retrieval of cloud optical properties. Aerosol properties are retrieved by Multi-wavelength and 

multi-pixel method (MWPM) and the product is categorized to be Research ones. When the EarthCARE is in its descending 

mode, the nadir pixel of MSI is located around the 102nd pixel counted from the west among 384 pixels, including 48 unusable 255 

pixels.  

MSI L2a standard products include Cloud Flag and Cloud Phase, optical thickness and effective radius of liquid cloud, optical 

thickness and effective radius of ice cloud and cloud top temperature. Horizontal resolution is 0.5km. MSI L2a Research 

products aerosol optical thickness over ocean and land and Angstrom exponent parameter.  

 260 

2-4-1 Algorithms for discrimination of cloudy and clear sky pixels: CLAUDIA 

CLAUDIA is originally developed by Ishida and Nakajima (2009). The multiple threshold method is employed for the cloud 

screening by in CLAUDIA. The CLAUDIA consists of calculation of clear confidence levels for the following three threshold 

tests, i.e., (1) single reflectance tests, (2) reflectance ratio tests and (3) brightness temperature tests and the integration of these 

levels.  265 

For the first single reflectance tests, Reflectance at 0.865µm of the MSI is used over ocean and the reflectance at 0.67µm of 

the MSI is used over land. Minimum albedo map is constructed from minimum reflectance for a month before the satellite 

data for cloud screening and the measured reflectance is compared with the minimum albedo, instead of using a static threshold 

like MOD35 algorithm (Ackerman et a., 1998), in order to reduce the incorrect identification. Lower limit and upper limit 

threshold values are determined by using minimum albedo. Reflectance ratio tests use the ratio and the difference of reflectance 270 

between two wavelengths. These are effective to detect optically thick clouds. Ratio of reflectance at 0.865µm and 0.67µm 

and that of 0.865µm and 1.65µm as well as the Normalized Difference of Vegetation Index (NDVI) are considered. Brightness 

temperature tests rely on the brightness temperature at 10.8µm and are used to detect high clouds over ocean. These tests are 

applicable to day and night. For all of these three tests, lower limit and upper limit values are set. When the observed value is 

larger (smaller) than the upper limit (lower limit), the pixel of interest is clear(cloudy) with high level of clear confidence and 275 

clear confidence level is set to be 1 (0). When the observed value is smaller than the upper and larger than the lower limits, 

the value of clear confidence level is assigned to be between 0 and 1 by linear interpolation. The overall confidence level is 

estimated by the geometrical mean of all clear confidence levels. Then the cloudy pixels are finally determined according to 

the value of overall confidence level. When the value is 0, the pixel is considered as cloudy.  

 280 

 2-3-2 Algorithms for cloud properties: CAPCOM 

 CAPCOM is the cloud microphysical retrieval algorithm, originally developed by Nakajima and Nakajima (1995) and 

Kawamoto et al. (2001). CAPCOM-MSI uses observed radiances of MSI band 1(0.67µm), 3(1.65µm), 4(2.21µm) and 6 

(10.8µm) to retrieve cloud optical thickness, water cloud effective radius and cloud top temperature. Ancillary data of vertical 

profile of temperature, pressure and water vapor and ground albedo are also used to derive the cloud top height and cloud top 285 

pressure. Liquid water path is also calculated by the retrieved cloud optical thickness and effective radius. In order to reduce 

computing time for the retrievals, look up tables (LUT) are prepared by using one-dimensional radiative transfer code RSTAR 

(Nakajima and Tanaka 1986) and the retrievals of the above-mentioned cloud properties are carried out by comparing the 

LUTs and observations.  

 CAPCOM can be applied to retrieve ice cloud microphysics. Scattering properties of Voronoi ice particles are considered in 290 

the retrievals of ice optical thickness and effective radius (Letu et al., 2016, Wang et al., 2023).  
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 The MSI observations has an issue where center wavelength shifts as distortions of spectrum images due to spectral 

misalignment. This effect is called Spectral MIsaLignmEnt (SMILE). The errors in the retrieved cloud microphysics associated 

with the SMILE effect were examined by Wang et al. (2023) considering ideal scenes for shallow water and the by using ideal 

clouds cases for shallow warm clouds and convective cases. The errors were found to be less than 6%. The synthetic JAXA 295 

L1 data were also used with and without SMILE effect for MSI by using NICAM outputs with Joint Simulator for Satellite 

Sensors (Joint-Simulator) (Hashino et al., 2013, Satoh et al., 2016, Roh et al., 2023) and analyses indicated that the retrieval 

results are not essentially affected by the SMILE effect.  Joint simulator and NICAM are described in section 2-8.  

 

2-4 Algorithms for synergy cloud products 300 

 

2-4-1 Algorithms for synergy cloud mask and cloud particle type 

The standard products include Cloud mask, cloud particle type, cloud particle categories and clouds microphysics. The cloud 

mask results from CPR and those from ATLID were merged to create CPR-ATLID cloud mask. The CPR- and ATLID- type 

classification schemes are combined as the CPR-ATLID synergy classification scheme, which is applicable to CPR only 305 

detected cloud regions, ATLID only detected cloud regions and CPR and ATLID detected cloud regions. In the CPR-ATLID 

synergy classification scheme, information of the particle types assigned independently by the CPR- and ATLID- type 

classification scheme at each observation grid is used to re-classify the particle type based on the developed classification rule. 

Further, a radar reflectivity and temperature-based melting layer detection scheme is developed and implemented in the 

hydrometeor type classification scheme to determine the ice-water mixing layers. Accordingly, the following 14 hydrometeor 310 

types are considered from CPR and ATLID synergy: -9: missing, 0: clear, 1: warm water, 2: super-cooled water, 3: 3D-ice, 4: 

2D-plate, 5: mixture of 3D-ice and 2D-plate, 6: liquid drizzle, 7: mixed-phase drizzle, 8: rain, 9: snow, 10: water and liquid 

drizzle, 11: water and rain, 12: mixed phase, 13: unknown, 14: melting layer.  

 

2-4-2 Algorithms for synergy cloud particle category 315 

The ice particle habit can be further specified by d or by using lidar ratio (S) (i.e.,S=σext/b) and d. We estimated the average 

backscattering coefficient (β), backscatter color ratio (χ), and depolarization ratio (δ) for ice particles with a wide range of 

effective radii for five randomly oriented three-dimensional (3D) and three quasi-horizontally oriented two-dimensional (2D) 

types of ice particle using physical optics (PO) and geometrical integral equation methods (GOIE) (Okamoto et al., 2019, 

2020). The following ice particle habit and orientations (hereafter ice particle categories) are considered; 2D and 3D-Voronoi, 320 

Droxtal, 3D-Bullet (and Bullet-Rosette), quasi 2D- and 3D-Columns quasi 2D-Plates, supercooled water and warm water. For 

CALIPSO, δ-based method has been applied to determine ice particle categories described above (Sato and Okamoto 2023) 

based on the PO and GOIE calculations. Wavelength dependence of δ for ice particles in UV and visible wavelengths is 

relatively small revealed by the PO and GOIE calculations (Okamoto et al., 2020). Thus, similar technique with small 

modification of boundaries for each category can be applied to retrieve ice particle categories. The algorithm based on S- d 325 

relationship at 355nm might produce more reliable classification of ice particle categories (Okamoto et al., 2020).  

CPR only particle category algorithm is also developed so that the results of CPR- and ATLID cloud particle categories are 

combined.  

 

2-4-3 Synergy algorithms for cloud microphysics 330 

The retrieval algorithms for cloud microphysics use consistent forward models for each sensor at 94GHz and 355nm 

corresponding to the derived cloud particle categories. The algorithms are based on the heritage from previously developed 

methods. ATLID σext, δ, and β are used to derive the microphysical properties of  water and ice clouds (Sato et al., 2018, 2019; 

Sato and Okamoto, 2020), and the synergy among ATLID observables, CPR Ze, and s0/PIA are used to determine cloud and 

https://doi.org/10.5194/amt-2024-101
Preprint. Discussion started: 2 July 2024
c© Author(s) 2024. CC BY 4.0 License.



9 
 

precipitation microphysics (Sato et al., 2024). As for CPR standalone cloud microphysics products, the effective radius, water 335 

content, number concentration, and cloud phase of cloud particle with two different size distributions are also reported in 

addition to the total effective radius, water content, and number concentrations of the ice and liquid phases.  

Cloud microphysics can be further improved by adding the information of MSI. It is also expected to incorporate 

Doppler velocity information to improve clouds and precipitation microphysics. Simultaneous retrievals of particle fall 

velocity and vertical air motion are conducted for CPR-ATLID as demonstrated in Sato et al. (2009) in CPR-ATLID-MSI 340 

synergy Research Products.  

  

2-6 Synergy aerosol products 

ATLID-MSI synergy algorithm was developed to retrieves vertically mean mode-radii for dust and fine-mode aerosols as 

well as the extinction coefficients of the abovementioned four aerosol components (Kudo et al., 2023) and will produce the 345 

L2 aerosol synergy product. The products are categorized as research one. Products include Extinction coefficients for water-

soluble, dust, sea-salt and black carbon as for MSI standard products and mode radii for water-soluble and dust.  

 

2-7 Four sensor radiative flux products 

Radiative fluxes in shortwave (SW) and longwave (LW) are computed by one-dimensional plane-parallel radiative transfer 350 

calculations are performed.  Input data are L2 products of cloud and aerosol profiles from CPR, ATLID and MSI and outputs 

are radiative flux and heating rate profiles. One dimensional radiative transfer code used in the study is MSTRNX (Sekiguchi 

and Nakajima 2008, Nakajima et al. 2000). Input parameters include aerosol extinction of four types from ATLID, ice water 

content, liquid water content, effective radius of ice and water clouds from CPR and ATLID and optical thickness from MSI 

as retrieved properties and meteorological conditions, e.g., temperature and pressure, from Auxiliary ECMWF products.   355 

The optical parameter table for ice particles assumes Voronoi particles. Details are found in Yamauchi et al., (2024).  

 

2-8 NICAM/Joint simulator 

 The forward simulator called Joint simulator is developed to simulate the JAXA L1 data of signals for all four sensors onboard 

EarthCARE (Hashino et al., 2013, 2016, Satoh et al., 2016). It uses the output from NICAM (Tomita and Satoh 2004, Satoh 360 

et al., 2008, Satoh et al., 2014). In the simulator, radiative signatures of a vertical column of the atmosphere are calculated 

with the assumption of a plane-parallel atmosphere. 3D radiative transfer model, MCARaTS can be also chosen (Okata et al., 

2016). The basic structure of Joint simulator is taken from SDSU and NASA Goddard SDSU (Masunaga et al., 2010). 

Concerning the cloud and precipitation properties, a bulk single-moment cloud microphysics scheme with six water categories 

(NSW6; Tomita 2008) was applied. Aerosol properties were simulated using the NICAM Spectral Radiation-Transport Model 365 

(NICAM-SPRINTARS to simulate global 3D aerosol and their radiative properties (Takemura et al. 2000). Aerosol data 

include sulfate, soil dust, sea salt, black carbon and organic matter.  

Signals of CPR and ATLID are calculated by EarthCARE Active sensor simulator (EASE) (Okamoto et al. 2007, 2008; 

Nishizawa et al. 2008). MSI signals are given by RSTAR (Nakajima and Tanaka 1986, 1988). BBR signals are by MSTRNX. 

Details are described in Roh et al., (2023). The simulator provides synthetic observations for the development and evaluation 370 

of the retrieval algorithms for EarthCARE.  

 

3 Demonstration of the retrieval results and evaluations 

We demonstrate part of the key features of JAXA L2 algorithms to retrieve aerosols, clouds and their radiative properties in 

this section.  375 

 

3-1 Aerosol properties from ATLID-MSI algorithms 
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 The ATLID algorithms for aerosols are demonstrated by using CALIPSO and MODIS data obtained in September 22, 2009. 

Time height plot of attenuated backscattering coefficient at 532nm, perpendicular component of attenuated backscattering 

coefficient at 532nm and attenuate backscattering at 1064nm and results of the target mask is shown in Fig.1. The target mask 380 

algorithm detected thick aerosol layer, high cirrus clouds and low-level clouds. Aerosol component analyses were conducted 

using these products (Fig.1). The extinction coefficients of water soluble, light absorbing carbonaceous aerosols, dust and sea-

salt are retrieved by ATLID- MSI algorithms. Co-existence of dust and water soluble is clearly shown. Largest extinction 

coefficient was observed due to dust below 5km. Water soluble are also found with smaller extinction.  

  385 

 
Figure 1. (From top to bottom) CALIPSO observations used to demonstrate EarthCARE ATLID target mask algorithm and 

EarthCARE ATLID-MSI aerosol microphysics retrieval algorithms. Time height plot of total attenuated backscattering 

coefficient (ßatt) at 532nm, (middle) Perpendicular component of ßatt and (bottom) attenuated backscattering coefficient at 

1064nm. Result of EarthCARE ATLID Target mask.  390 
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Figure 2. Retrieved Extinction coefficient [1/km] for water soluble, light absorbing carbon, dust and sea-salt (from top to 

bottom) by EarthCARE ATLID-MSI algorithm for aerosols applied to CALIPSO and MODIS data.  395 

 

 

 

3-2 Cloud properties from MSI standalone algorithms 

 EarthCARE MSI L2 cloud products, which includes horizontal distribution of cloud optical thickness, cloud effective radius, 400 

and cloud top temperature, are shown in Fig. 4, Fig. 5, and Fig. 6, respectively. L1 simulated data created by NICAM-Joint 

simulator on June 19, 2008 are used as input for the retrievals. Both water clouds and ice clouds can be clearly identified in 

Fig.4, as the clouds from 30 to 33 southern degrees with relatively higher cloud top temperature (260-280K) are water clouds, 

and the clouds from 33 to 34.5 southern degrees with relatively lower cloud top temperature (220-240K) are ice clouds. Water 

clouds generally have smaller cloud effective radius than ice clouds, which can be verified in Fig. 5, and in this case the ice 405 

clouds are generally shallower than the water clouds, which is shown from Fig. 6. 
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Figure 3. EarthCARE MSI cloud optical thickness product, based on the L1 simulated data by using NICAM-Joint simulator 

during 00:00-00:16 UTC, on June 19, 2008. 410 

 

 
Figure 4. EarthCARE MSI L2 product of cloud effective radius (using MSI band 4), based on the L1 simulated data by using 

NICAM-Joint simulator during 00:00-00:16 UTC, on June 19, 2008. 

 415 
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Figure 5. EarthCARE MSI L2 product of cloud top temperature, based on the L1 simulated data by using NICAM/Joint 

simulator during 00:00-00:16 UTC, on June 19, 2008. 

 

s 420 

3-3 Cloud properties from CPR-ATLID algorithms 

The EarthCARE CPR-ATLID algorithms were applied to the simulated EarthCARE L1 data from NICAM/Joint simulator 

and cloud particle type (Fig. 6a), effective radius and cloud water content were derived (Figs. 6b and d). The displayed scene 

contained ice particles above 4km and rain below 4km. Among NICAM original outputs, only clouds and precipitation scenes 

which passed the CPR or ATLID cloud mask were shown as truth for the validation purposes (Figs 6c and e).  There was a 425 

good agreement between retrieved and simulated values both in ice and precipitation regions.  

 
 

(b) (c)

(d) (e)

(a)
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Figure 6 Retrieval results for cloud microphysics from EarthCARE CPR-ATLID algorithms (a) Retrieved cloud particle type, 

(b) Retrieved effective radius of ice clouds and precipitation, (c) Effective radius of ice and precipitation particles used to 430 

simulate CPR and ATLID signals by NICAM original outputs after cloud mask, (d) Retrieved ice and precipitation water 

content, (e) Ice and precipitation water content used to simulate CPR and ATLID signals by NICAM original outputs after 

clouds mask. The simulations are conducted for June 19 2008.  

 

 435 

 

3-4 Radiative fluxes and heating rate from EarthCARE four sensor algorithms 

 We first show the radiative fluxes and heating rate profiles simulated by the one-dimensional radiative transfer with input of 

the EarthCARE L2 products of (1) aerosol microphysics from ATLID-MSI algorithms, (2) cloud microphysics from CPR-

ATLID algorithms and (3) cloud optical thickness from MSI algorithms where L1 simulated data by using NICAM-Joint 440 

simulator are used. There are high clouds and small fraction of low-level water clouds. LW flux is larger than SW flux at the 

TOA in this scene (Figure 7).  

Calculation of the radiative fluxes and heating rate profiles are also conducted by using actual observations. That is, input 

data are (1) aerosol microphysics from EarthCARE ATLID aerosol algorithms applied to CALIPSO data, (2) cloud 

microphysics from EarthCARE CPR-ATLID algorithms applied to CloudSat and CALIPSO data, (3) cloud optical thickness 445 

from EarthCARE MSI algorithms applied to MODIS data, on January 1, 2007. Aerosols are located below 5km and aerosol 

extinction coefficient was generally smaller than 0.3. The retrieved aerosol aerosol types are water-soluble aerosols (a mixture 

of sulfate, nitrate, and organic aerosols), dust, and sea salt in case of CALIPSO standalone aerosol products. Cloud to height 

reaches about 17km in tropics and large positive net radiative heating is found inside the clouds except for cloud top regions 

where net radiative cooling is estimated. The results of the SW and LW fluxes at TOA are compared with Clouds and Earth's 450 

Radiant Energy System (CERES) observations. LW fluxes estimated from the retrieved cloud and aerosol microphysics agree 

well with that from CERES but there are some discrepancies between simulated and observed SW. These errors might be 

reduced by using new retrievals of clouds and aerosols from EarthCARE observations.  

 

 455 
Figure 7.  (Left) Upward SW fluxes in blue and upward LW fluxes in red resulting from the RT calculation at the TOA. 

(Right top) LW radiative heating (in K/day). (Right middle) SW radiative heating. (Right bottom)  SW+LW radiative heating.  
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Figure 8.  (From top to bottom) Input data for Aerosol Extinction, Cloud Extinction (in km-1), Net radiative heating (in 

K/day) and the SW fluxes in blue and LW fluxes in red resulting from the RT calculation at the TOA. Observed SW fluxes 460 

(light blue) and LW fluxes (light red) from CERES at the TOA are also collocated for comparison.  

 

 

4. Summary 

 This article gives the overview of the Japan Aerospace Exploration Agency (JAXA) level 2 (L2) algorithms and products by 465 

Japanese science teams for EarthCARE Clouds, Aerosols and Radiation Explorer (EarthCARE), which is a JAXA and the 

European Space Agency (ESA) joint satellite mission. The EarthCARE will purvey the first Doppler information by CPR and 

together with high spectral polarization function of ATLID, MSI and BBR, the EarthCARE products will contribute to improve 

the current climate models, leading to the reduction of the uncertainties in climate predictions and possibly to improve 

Numerical Weather Prediction.   470 

The JAXA L2 algorithms produce EarthCARE JAXA L2 products of CPR echo, clouds, aerosols and radiative fluxes/heating 

rate as summarized below.  

・Radar reflectivity factor and Doppler velocity are derived by algorithms for CPR L2a echo products. Observation of Doppler 

velocity is challenging from space and several correction schemes have been developed. 
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・ For the cloud products, one of unique aspects of the algorithms is that depolarization ratio and extinction from ATLID is 475 

incorporated into the algorithms to derive detail information of cloud particle shape and orientations. It is expected that these 

new information will help not only to reduce the retrieval errors in the cloud microphysics but also to understand cloud 

generation mechanism and improve cloud schemes. CPR standalone, CPR-ATLID and CPR-ATLID-MSI algorithms offer 

cloud mask, cloud particle type, cloud particle category, cloud microphysics, Doppler velocity, terminal velocity of cloud and 

precipitation particles and air motions.  480 

 ・ATLID-standalone and ATLID-MSI algorithms offer details of aerosol microphysics. Uniqueness of the algorithms is that 

these can treat the mixture of several aerosol types including light absorbing carbonaceous aerosols in a same grid and 

extinction and particle size for each aerosol can be retrieved.  

 ・MSI standalone algorithms offer water and ice clouds microphysics. Smile effects in MSI measurements are also evaluated 

and found to be small.  485 

・Four sensor algorithms can provide radiative fluxes of SW and LW and heating rate profiles by using the output of JAXA 

L2 products of microphysics of aerosols by ATLID-MSI and microphysics clouds by CPR, ATLID and MSI.  

  The retrievals by these algorithms to create JAXA L2 products are demonstrated by using simulated L1 data from 

NICAM/J-simulator. Evaluation activities of the L2 algorithms using NICAM/J-simulator outputs were introduced. Further,  

A-train data sets are also intensively used to test the algorithms and the four sensor radiative flux products were demonstrated 490 

to have good correspondence with CERES observations.  

  A comprehensive ground-based synergy observation systems are developed at the super site in NICT in Koganei, 

Tokyo. The system consists of 94GHz cloud radar, HG-SPIDER, 355nm-Multiple-Field-of-view Multi Scattering Polarization 

lidar (Okamoto et al., 2016, Nishizawa et al., 2020,) to simulate space-borne lidar signals, 355nm-high-spectral resolution lidar 

with polarization (Jin et al., 2021), 355nm-Doppler lidar (Ishii et al., 2022) and 2µm-Doppler lidar (Iwai et al., 2013). There 495 

are other data sets, including wind profiler network operated by Japan Meteorological Agency in Japan and K-band radar with 

disdrometer observations in Antarctica (Bracci et al., 2023) through European Union-Japan collaboration activities. Evaluation 

of  JAXA EarthCARE L2 algorithms using these observations will be reported further.   

 

 500 

Data availability. 

The JAXA EarthCARE synthetic data is distributed from https://doi.org/10.5281/zenodo.7835229 (Roh et al., 2023). The 
JAXA L2 Echo products, ATLID products, MSI products were processed by the National Institute of Information and 
Communications Technology (PI: Horie H.), National Institute for Environmental Studies (PI: Nishizawa, T.) and Tokai 
University (PI: Nakajima, Y. T.), respectively. CPR, CPR-ATLID and CPR-ATLID-MSI cloud products were processed by 505 
Kyushu University (PI: Okamoto, H. O.). The CALIPSO Lidar Level 1B profile data and CloudSat 2B-GEOPROF data used 
in this study are provided from the NASA Langley Research Center Atmospheric Science Data Center 
(https://doi.org/10.5067/CALIOP/CALIPSO/LID_L2_05KMCLAY-STANDARD-V4-20) and CloudSat Data Processing Center 
(https://www.cloudsat.cira.colostate.edu/data-products/2b-geoprof, Marchand & Mace, 2018), respectively. The KU 
CloudSat-CALIPSO merged data sets and cloud products, CALIPSO aerosol products, MODIS cloud products are provided 510 
and updated to the latest version by JAXA EarthCARE Research A-Train Product Monitor 
(https://www.eorc.jaxa.jp/EARTHCARE/research_product/ecare_monitor_e.html).  
 

Author contributions. 

HO coordinated the work and drafted the paper. KS1 and HO developed the active-sensor based JAXA L2 cloud algorithms. 515 

TN2, YJ, RK processed the L1 data and produced the ATLID and ATLID-MSI L2 products. TN3 and MW processed the L1 

data and produced the MSI L2 products. MS and WR developed the EarthCARE synthetic data and provided the NICAM 

model outputs. HH, YO and YH processed the L1 data and produced the CPR echo L2a products. KS4 and AY conducted 

radiation calculations. HI provided scattering simulations. TK and TT contributed to the validation activities of the algorithms.  

 520 

https://doi.org/10.5194/amt-2024-101
Preprint. Discussion started: 2 July 2024
c© Author(s) 2024. CC BY 4.0 License.



17 
 

Competing interests. 

The authors have no competing interests to declare. 

 

Special issue statement.  

This article is part of the special issue “EarthCARE Level 2 algorithms and data products.” It is not associated with a conference. 525 
 

Acknowledgements. 

The authors would like to thank the JAXA EarthCARE Science Team and the Remote Sensing Technology Center of 
Japan (RESTEC). 

 530 

Financial support. 

This study was supported by The Japan Aerospace Exploration Agency for the EarthCARE mission (grant no. 24RT000246; 

24RT000193); JSPS (KAKENHI Grants JP24H00275; JP22K03721); Research Institute for Applied Mechanics, Kyushu 

University (Fukuoka, Japan). 

 535 

References 

Ackerman, S. A. ; Strabala, K. I. ; Menzel, W. P., Frey, R. A. Moeller, Christopher C.,  Gumley, L.  E.: Discriminating clear 
sky from clouds with MODIS, J. Geophys. Res. Atmospheres, Volume 103, Issue D24, pp. 32,141-
32,157,10.1029/1998JD200032 

Bracci, A., Sato, K., Baldini, L., Porcù, F., and Okamoto, H.: Development of a methodology for evaluating spaceborne W-540 
band Doppler radar by combined use of Micro Rain Radar and a disdrometer in Antarctica, Remote Sensing of Environment, 
294, 113630, https://doi.org/10.1016/j.rse.2023.113630, 2023.  

Del Genio, A. D,: Representing the Sensitivity of Convective Cloud Systems to Tropospheric Humidity in General Circulation 
Model, Surv Geophys, 33:637–656 DOI 10.1007/s10712-011-9148-9, 2012.  

Doviak, R., J., and Zrnic, D. S.: Doppler radar and weather observations (second edition), Academic press, 1993. 545 

Dufresne, J. L. & Bony, S.: An assessment of the primary sources of spread of global warming estimates from coupled 
atmosphere-ocean models. J. Clim. 21, 5135–5144, https://doi.org/10.1175/2008JCLI2239.1, 2008.  

Fang, H.-T., and Huang, D.-S.: Noise Reduction in Lidar Signal Based on Discrete Wavelet Transform, Opt. Comm., 233, 67-
76, 2004. 

Hagihara, Y., Okamoto H., and Yoshida,R.: Development of a combined CloudSat/CALIPSO cloud mask to show global 550 
cloud distribution, J. Geophys. Res., doi:10.1029/2009JD012344, 115, D00H33, 2010.  

Hagihara, Y., Okamoto, H. and Luo, Z. J.: Joint analysis of cloud top heights from CloudSat and CALIPSO: New insights into 
cloud top microphysics, J. Geophys. Res. Atmos., 119, 4087-4106, doi:10.1002/2013JD020919, 2014. 

Hagihara, Y., Ohno, Y., Horie, H., Roh, W., Satoh, M., and Kubota, T.: Global evaluation of Doppler velocity errors of Earth- 
CARE Cloud Profiling Radar using global storm-resolving simuation, Atmos. Meas. Tech., https://doi.org/10.5194/amt-16-555 
3211-2023, 2023. 

Hashino, T., Satoh M., Hagihara, Y., Kubota,T., Matsui T., Nasuno T., and Okamoto H.: Evaluating cloud microphysics from 
NICAM against CloudSat and CALIPSO, J. Geophys. Res. Atmos., 118, 7273–7292, doi:10.1002/jgrd.50564, 2013.  

Hashino, T., Satoh, M., Hagihara, Y., Kato, S., Kubota, T., Matsui, T., and Sekiguchi, M.: Evaluating Arctic cloud radiative 
effects simulated by NICAM with A-train, J. Geophys. Res.-Atmos., 121, 7041–7063, 2016.  560 

https://doi.org/10.5194/amt-2024-101
Preprint. Discussion started: 2 July 2024
c© Author(s) 2024. CC BY 4.0 License.



18 
 

Heymsfield, A. Protat, J. A., Austin, R., Bouniol, D., Hogan, R., Delaoe, J., Okamoto, H., Sato, K., Zadelhoff, G., Donovan, 
D. and Wang, Z.: Testing and Evaluation of Ice Water Content Retrieval Methods using Radar and Ancillary Measurements, 
J. Appl. Meteor., 47, 135-163., 2008. 

Ishida H. and Nakajima T. Y.: Development of an unbiased cloud detection algorithm for a spaceborne multispectral imager, 

J. Geophys. Res. Atmosphere, 114 D07206, doi: 10.1029/2008JD010710, 2009.   565 

Ishii, S., Kishibuchi, K., Takenaka, H., Jin, Y., Nishizawa, T., Sugimoto, N., Iwai, H., Aoki, M., Kawamura, S., and Okamoto, 

H.: 355-nm direct-detection Doppler wind lidar for vertical atmospheric motion measurement, Appl. Opt., 61, 7925, 

https://doi.org/10.1364/ao.460219, 2022.  

Ishimoto H., Masuda, K., Mano, Y., Orikasa, N., Uchiyama A.: Irregularly shaped ice aggregates in optical modeling of 
convectively generated ice clouds,Journal of Quantitative Spectroscopy and Radiative Transfer, Volume 113, Issue 8, 570 
https://doi.org/10.1016/j.jqsrt.2012.01.017.2012, 

Iwai, H., Ishii, S. ., Oda, R., Mizutani, K., Sekizuka, S. and Murayama, Y.: Performance and Technique of Coherent 2-mm 

Differential Absorption and Wind Lidar for Wind Measurement, Journal of Atmospheric and Oceanic Technology, 30(3), 429-

449, doi:10.1175/JTECH-D-12-00111.1, 2013. 

Jin, Y., Nishizawa, T., Sugimoto, N., Ishii, S., Aoki, M., Sato, K., and Okamoto, H.: Development of a 355-nm high-spectral-575 

resolution lidar using a scanning Michelson interferometer for aerosol profile measurement, Opt. Express, 28, 23209, 

https://doi.org/10.1364/oe.390987, 2020. 

Jin, Y., Nishizawa, T., Sugimoto, N., Takakura, S., Aoki, M., Ishii, S.,  Yamazaki, A., Kudo, R.,  Yumimoto, K., Sato K., and 

Okamoto, H.: Demonstration of aerosol profile measurement with a dual-wavelength high-spectral-resolution lidar using a 

scanning interferometer, Appl. Opt. 61, 3523-3532, 2022 580 

Kawamoto, K.,  Nakajima, T., Nakajima, T. Y.: A global determination of cloud microphysics with AVHRR remote sensing, J. 
Climate, 2000.  

Kikuchi, M., Okamoto, H., Sato, K., Suzuki, K., Cesana G., Hagihara, Y., Takahashi, N., Hayasaka, T., Oki, R.: Development 

of algorithm for discriminating hydrometeor particle types with a synergistic Use of CloudSat and CALIPSO. Journal of 

Geophysical Research: Atmospheres, 122, 11,022–11,044. https://doi.org/10.1002/ 2017JD027113, 2017. 585 

Kudo R., Nishizawa T., Aoyagi T.: Vertical profiles of aerosol optical properties and the solar heating rate estimated by 
combining sky radiometer and lidar measurements. Atmos. Meas. Tech., 9, 3223-3243, 2016. 

Kudo, R., Higurashi, A., Oikawa, E., Fujikawa, M., Ishimoto, H., and Nishizawa, T.: Global 3-D distribution of aerosol 
composition by synergistic use of CALIOP and MODIS observations, Atmos. Meas. Tech., 16, 3835–3863, 
https://doi.org/10.5194/amt-16-3835-2023, 2023. 590 

Letu, H., Ishimoto, H., Riedi, J., Nakajima, T. Y., C.-Labonnote, L., Baran, A. J., et al. Investigation of ice particle habits to 
be used for ice cloud remote sensing for the GCOM-C satellite mission. Atmospheric Chemistry and Physics, 16(18), 12287–
12303. https://doi.org/10.5194/ acp-16-12287-2016, 2016 

Marchand, R., Mace, G.G., Ackerman, T., Stephens, G.: Hydrometeor detection using CloudSat—an earth-orbiting 94-GHz 
cloud radar. J. Atmos. Ocean. Technol. 25, 519–533, 2008. 595 

Masunaga, H., Matsui, T., Tao, W. K., Hou, A. Y., Kummerow, C. D., Nakajima, T., Bauer, P., Olson, W. S., and Sekiguchi, 
M., and Nakajima, T. Y.: Satellite data simulator unit: a multisensor, multispectral satellite simulator package, B. Am. 
Meteorol. Soc., 91, 1625–1632, https://doi.org/10.1175/2010BAMS2809.1, 2010.  

Nakajima, T. Y.,  Nakajima, T.: Wide-area determination of cloud microphysical properties from NOAA AVHRR 
measurements for FIRE and ASTEX regions, J. Atmos. Sci.,52,  4043–4059, 1995. 600 

https://doi.org/10.5194/amt-2024-101
Preprint. Discussion started: 2 July 2024
c© Author(s) 2024. CC BY 4.0 License.



19 
 

Nakajima, T. and Tanaka, M.: Matrix formulations for the trans- fer of solar radiation in a plane-parallel scattering atmosphere, 

J. Quant. Spectrosc. Ra., 35, 13–21, 1986. 

Nakajima, T. and Tanaka, M.: Algorithms for radiative intensity calculations in moderately thick atmospheres using a 

truncation ap- proximation, J. Quant. Spectrosc. Ra., 40, 51–69, 1988. 

Nakajima, T., Tsukamoto M., Tsushima Y., Numaguti A., and Kimura T.: Modeling of the radiative process in an 605 

atmospheric general circulation model, Appl. Opt., 39, 4869-4878, doi:10.1364/AO.39.004869, 2000. 

Nishizawa, T., Okamoto, H., Sugimoto, N., Matsui, I., Shimizu, A. and Aoki,K.: An algorithm that retrieves aerosol properties 
from dual-wavelength polarization lidar measurements, J. Geophys. Res., 112(D6), D06212, doi:10.1029/2006JD007435, 
2007. 

Nishizawa, T., Okamoto, H., Takemura, T., Sugimoto, N., Matsui, I., and Shimizu, A.: Aerosol retrieval from two‐610 
wavelength backscatter and one‐wavelength polarization lidar measurement taken during the MR01K02 cruise of the R/V 
Mirai and evaluation of a global aerosol transport model, J. Geophys. Res., 113, https://doi.org/10.1029/2007jd009640, 2008.  

Nishizawa T., Sugimoto N., Matsui I., Shimizu A., Okamoto H.: Algorithms to retrieve optical properties of three-component 
aerosols from two-wavelength backscatter and one-wavelength polarization lidar measurements considering nonsphericity of 
dust. J.Quant.Spectrosc.Radiat.Transfer, 112 (2), 254-267, 2011. 615 

Nishizawa T., Sugimoto N., Matsui I., Shimizu A., Hara Y., Uno I., Yasunaga K., Kudo R., Kim S.W.: Ground-based network 
observation using Mie-Raman lidars and multi-wavelength Raman lidars and algorithm to retrieve distributions of aerosol 
components. Journal of Quantitative Spectroscopy and Radiative Transfer, 188, 79-93, 2017. 

Nishizawa, T., Jin, Y., Sugimoto, N., Sato, K., Fujikawa, M., Ishii, S., Aoki, M., Nakagawa, K., and Okamoto, H.: Observation 
of clouds, aerosols, and precipitation by multiple-field-of-view multiple-scattering polarization lidar at 355 nm, Journal of 620 
Quantitative Spectroscopy and Radiative Transfer, 271, 107710, https://doi.org/10.1016/j.jqsrt.2021.107710, 2021. 

Nishizawa, T., Kudo, R., Oikawa E., Higurashi A., Jin, Y., Sugimoto, N., Sato, K., Okamoto, H.: Algorithm to retrieval aerosol 
optical properties from EarthCARE satellite onboard lidar measurements, Atmos. Meas. Tech., submitted, 2024.  

Okamoto, H., Iwasaki, S., Yasui, M., Horie, H., Kuroiwa, H. and Kumagai, H.: 95-GHz cloud radar and lidar systems: 

preliminary results of cloud microphysics, Prof. SPIE 4152, Microwave Remote Sensing of the Atmosphere and Environment 625 

II, https://doi.org/10.1117/12.410618, 2000. 

Okamoto, H.: Information content of the 95GHz cloud radar signals: theoretical assessment of effect of non-sphericity by the 
discrete dipole approximation, Geophys. Res., 107(D22), 4628, doi:10.1029/2001JD001386, 2002.  

Okamoto, H., Iwasaki, S., Yasui, M.,  Horie, H., Kuroiwa, H., Kumagai, H.: An algorithm for retrieval of cloud microphysics 
using 95-GHz cloud radar and lidar. J. Geophys. Res., 108(D7), 4226, doi:10.1029/2001JD001225, 2003. 630 

Okamoto, H., Nishizawa,T., Takemura,T., Kumagai, K., Kuroiwa, H., Sugimoto, N., Matsui, I., Shimizu, A., Kamei, A., Emori, 
S. and Nakajima, T.: Vertical cloud structure observed from shipborne radar and lidar, : mid-latitude case study during the 
MR01/K02 cruise of the R/V Mirai, J. Geophys. Res, 112, D08216, doi:10.1029/2006JD007628, 2007. 

Okamoto, H., Nishizawa, T., Takemura, T., Sato, K.,  Kumagai, H. Ohno, Y., Sugimoto, N., Matsui, I., Shimizu, A. and 
Nakajima, T.: Vertical cloud properties in Tropical Western Pacific Ocean: Validation of CCSR/NIES/FRCGC GCM by ship-635 
borne radar and lidar, J. Geophys. Res., 113, D24213, doi:10.1029/2008JD009812, 2008 

Okamoto, H., Sato, K. and Hagihara, Y.: Global analysis of ice microphysics from CloudSat and CALIPSO: incorporation of 
specular reflection in lidar signals, J. Geophys. Res., 115, D22209, doi:10.1029/2009JD013383, 2010. 

Okamoto, H., Sato, K., Nishizawa, T., Sugimoto, N., Makino, T., Jin, Y., Shimizu, A., Takano, T., and Fujikawa, M.: 

Development of a multiple-field-of-view multiple-scattering polarization lidar: comparison with cloud radar, Opt. Express, 24, 640 

30053, https://doi.org/10.1364/oe.24.030053, 2016.  

https://doi.org/10.5194/amt-2024-101
Preprint. Discussion started: 2 July 2024
c© Author(s) 2024. CC BY 4.0 License.



20 
 

Okamoto, H., Sato, K., Borovoi, A., Ishimoto, H., Masuda, K., Konoshonkin, A., and Kustova, N.: Interpretation of lidar ratio 

and depolarization ratio of ice clouds using spaceborne high-spectral-resolution polarization lidar, Opt. Express, 27, 36587, 

https://doi.org/10.1364/oe.27.036587, 2019.  

Okamoto, H., Sato, K., Borovoi, A., Ishimoto, H., Masuda, K., Konoshonkin, A., and Kustova, N.: Wavelength dependence 645 

of ice cloud backscatter properties for space-borne polarization lidar applications, Opt. Express, 28, 29178, 

https://doi.org/10.1364/oe.400510, 2020.  

Okamoto, H,, Sato K, Nishizawa T., Jin Y., Ishimoto H, Oikawa E., Hagihara Y., Ogawa S., Cloud mask and particle type 

classification using EarthCARE CPR and ATLID, Atmos. Meas. Tech., submitted, 2024. 

Okata, M., Nakajima, T., Suzuki, K., Inoue, T., Nakajima, T. Y., and Okamoto, H.: A study on radiative transfer effects in 3-650 

D cloudy atmosphere using satellite data, J. Geophys. Res.-Atmos., 122,443–468, 2017. 

Roh, W., Satoh, M., Hashino, T., Matsugishi, S., Nasuno, T., and Kubota, T.: Introduction to EarthCARE synthetic data using 
a global storm-resolving simulation, Atmos. Meas. Tech., 16, 3331–3344, https://doi.org/10.5194/amt-16-3331-2023, 2023. 

Satoh, M., Matsuno, T., Tomita, H., Miura, H., Nasuno, T., and Iga, S.: Nonhydrostatic icosahedral atmospheric model 
(NICAM) for global cloud resolving simulations, J. Comput. Phys., 227, 3486– 3514, 655 
https://doi.org/10.1016/j.jcp.2007.02.006, 2008.  

Satoh, M., Inoue, T., and Miura, H.: Evaluations of cloud prop- erties of global and local cloud system resolving models us- 
ing CALIPSO and CloudSat simulators, J. Geophys. Res., 115, D00H14, https://doi.org/10.1029/2009JD012247, 2010.  

Satoh, M., Tomita, H., Yashiro, H., Miura, H., Kodama, C., Seiki, T., Noda, A. T., Yamada, Y., Goto, D., Sawada, M., Miyoshi, 
T., Niwa, Y., Hara, M., Ohno, T., Iga, S., Arakawa, T., Inoue, T., and Kubokawa, H.: The Non-hydrostatic Icosahedral 660 
Atmospheric Model: description and development, Progress in Earth and Plan- etary Science, 1, 18, 
https://doi.org/10.1186/s40645-014-0018-1, 2014. 

Satoh, M., Roh, W., and Hashino, T.: Evaluations of clouds and precipitations in NICAM using the Joint Simulator for Satel- 
lite Sensors, CGER’s Supercomputer Monograph Report Vol. 22, 110 pp., ISSN 1341-4356, CGER-I127-2016, 2016.  

Sato, K., and Okamoto, H.: Characterization of Ze and LDR of nonspherical and inhomogeneous ice particles for 95-GHz 665 
cloud radar: Its implication to microphysical retrievals, J. Geophys. Res., 111, D22213, doi:10.1029/2005JD006959, 2006. 

Sato, K., Okamoto, H., Yamamoto, M. K., Fukao, S., Kumagai, H., Ohno, Y., Horie, H., and Abo, M.:  95-GHz Doppler radar 
and lidar synergy for simultaneous ice microphysics and in-cloud vertical air motion retrieval. J. Geophys. Res., 114, D03203, 
doi:10.1029/2008JD010222, 2009. 

Sato, K.,  Okamoto,H.,  Takemura, T., Kumagai, H., Sugimoto, N.:  Characterization of ice cloud properties obtained by 670 
shipborne radar/lidar over the tropical western Pacific Ocean for evaluation of an atmospheric general circulation model, J. 
Geophys. Res.,  115, D15203, doi:10.1029/2009JD012944, 2010. 

Sato, K. and Okamoto, H.: Refinement of global ice microphysics using spaceborne active sensors, J. Geophys. Res.,116, 
D20202, doi:10.1029/2011JD015885, 2011.  

Sato, K., Okamoto, H. and Ishimoto, H.: Physical model for multiple scattered space-borne lidar returns from clouds, Opt. 675 
Express 26, A301-A319, doi.org/10.1364/O E.26.00A301, 2018.  

Sato, K., Okamoto, H., Ishimoto, H.: Modeling the depolarization of space-borne lidar signals. Opt. Express, 27, A117-A132, 
doi:10.1364/OE.27.00A117, 2019.  

Sato, K., Okamoto, H., Application of single and multiple-scattering theories to analysis of space-borne cloud radar and lidar 
data, Springer Nature, Springer Series in Light Scattering, Vol.5, pp.1-37, doi:10.1007/978-2-030-38696-2, 2020. 680 

Sato, K. and Okamoto, H., Global Analysis of Height‐Resolved Ice Particle Categories From Spaceborne Lidar, Geophysical 
Research Letters, 50, https://doi.org/10.1029/2023gl105522, 2023.  

https://doi.org/10.5194/amt-2024-101
Preprint. Discussion started: 2 July 2024
c© Author(s) 2024. CC BY 4.0 License.



21 
 

Sato K., Okamoto H, Nishizawa T., Jin Y., Nakajima T., Wang M., Satoh M., Roh W., Ishimoto H., Kudo R., JAXA Level 2 

cloud and precipitation microphysics retrievals based on EarthCARE CPR, ATLID and MSI, Atmos. Meas. Tech., submitted, 

2024. 685 

Sekiguchi, M., and Nakaima T.: A k-distribution-based radiation code and its computational optimization for an 

atmospheric general circulation model, J. Quant. Spectrosc. Radiat. Transfer, 109, 2779-2793, 2008.  

Slingo, J., Bates, P., Bauer, P, Stephen Belcher, S., Tim Palmer, T., Stephens, G., Stevens, B., Stocker, T., Teutsch, 
G.:Ambitious partnership needed for reliable climate prediction. Nat. Clim. Chang. 12, 499–503, 
https://doi.org/10.1038/s41558-022-01384-8, 2022.  690 

Stephens, G., Winker, D., Pelon, J., Trepte C., Vane D., Yuhas, C., L’Ecuyer, T. and Lebsock M.: CloudSat and CALIPSO 
withtin the A-Train: Ten Years of Actively Observing the EarthCARE System, Bull. Amer. Meteor. Soc. 99(3), 569-581, 
https://doi.org/10.1175/BAMS-D-16-03241, 2018.   

Takemura, T., Okamoto, H., Maruyama, Y., Numaguti, A., Higurashi, A. and Nakajima, T.: Global three-dimensional 
simulation of aerosol optical thickness distribution of various origins. J. of Geophys. Res. Atmospheres, 105, 17853–17873, 695 
doi:10.1029/2000JD900265, 2000.  

Tomita, H.: New microphysical schemes with five and six categories by diagnostic generation of cloud ice, J. Meteorol. Soc. 
Jpn., 86, 121–142, https://doi.org/10.2151/jmsj.86A.121, 2008.  

Wang, M., Nakajima, TY., Roh, W., Satoh, M., Suzuki, K., Kubota, T., Yoshida, M.: Evaluation of the spectral misalignment 
on the Earth Clouds, Aerosols and Radiation Explorer/multi-spectral imager cloud product, Atmos. Meas. Tech., 16, 603-623, 700 
https://doi.org/10.5194/amt-16-603-2023,2023  

Winker D. M., Pelon J, Coakley JA, Ackerman SA, Charlson RJ, Colarco PR, Flamant P, Fu Q, Hoff RM, Kittaka C, Kubar 
TL, Le Treut H, Mccormick MP, Mégie G, Poole L, Powell K, Trepte C, Vaughan M. A. and  Wielicki B.A.: The CALIPSO 
mission. Bull Am Meteorol Soc 91:1211–1230. https://doi.org/10.1175/2010BAMS3009.1, 2010 

Yamauchi, A., Suzuki, K., Oikawa, E., Sekiguchi, M., Nagao, T. M, and Ishida, H.: Description and validation of the Japanese 705 
algorithm for radiative flux and heating rate products with all four EarthCARE instruments : Pre-launch test with A-
Train, Atmos. Meas. Tech. Discuss., 2024. 

Yoshida, R., Okamoto, H., Hagihara, Y., and Ishimoto, H.: Global analysis of cloud phase and ice crystal orientation from 
Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) data using attenuated backscattering and 
depolarization ratio, J. Geophys. Res., 115, https://doi.org/10.1029/2009jd012334, 2010.  710 

Zelinka, M. D., Myers, T. A., McCoy, D. T., Po-Chedley, S., Caldwell, P. M., Ceppi, P., et al.: Causes of higher climate 
sensitivity in CMIP6 models. Geophysical Research Letters, 47, e2019GL085782. https://doi.org/10.1029/2019GL085782, 
2020. 

 

https://doi.org/10.5194/amt-2024-101
Preprint. Discussion started: 2 July 2024
c© Author(s) 2024. CC BY 4.0 License.


