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1. Introduction

Earth observation by satellites is an important tool for us to investigate the earth's climate system
perturbed by human activities such as global warming phenomenon and global air pollution
phenomenon. He original concept of the EarthCARE (Earth Clouds, Aerosols and Radiation
Explorer) satellite was built in 1990s when a new cloud profiling radar (CPR) technology be-
came available. The CPR can detect cloud particles with its high frequency microwave rada
pulse to measure the cloud stratification. The first satélbtee CPR was proposed as the
ESA's Earth Radiation Mission (ERM) in early 90s. Japanese AFBD$ission was also
proposed as a project of JAXA'"s (JMigsoom Aer
Demonstration Satellite) program in rrods.

After these first generation mission proposals, the EarthCARE mission has been finally ap-
proved in 2006 in Europe and in 2007 in Japan for the FBasedy of the third Earth Explorer
core missionThis mission is a joint ESAHuropean Space AgencAXA-NICT (National In-
stitute of Information and Communications Technologyssion to carry a CPR and an atmos-
pheric backscatter lidar (ATLID) on the same satellite platform accompanied by sspadital
imager (MSI) and a broadband radiometer (BBR). This package is the most advanced one to
measure the vertical stratification of the atmosphere with clouds and aerosols. CPR and ATLID
will measure the vertical stratification of the atmosphere. Thjsalgility is especially im-
portant to understand the phenomenon of aerosol and cloud interaction. MSI and BBR will add
the information of horizontal distribution of aerosol and cloud and of broadband radiative fluxes.
One of important tasks of the EarthBE is to provide useful data to reduce the uncertainty in
evaluation of the radiative forcing of aerosols and clouds. This will bring an enormous benefit
for increasing a modeling ability of cloud and aerdaden atmospheres. The NICT's new
technology © Doppler velocity sensing is another innovation of the EarthCARE platform that
will produce a new data set of global cloud particle motion data.

This new mission is a good opportunity for the Japanese community to make a capacity build-
ing for theatmospheric science after the disastrous accidents of ABEO&-II shutdown. We
wish this innovative mission to lead us to the new remote sensing era.

In May 2008, the EarthCARE Mission Advisory Group of Japan drafted the Japanese science
plan forthe EarthCARE mission to present important science targets for the mission and activi-
ties to be performed as Japanese contributions. In March 200&atheersion of theAlgo-
rithms Theoretical Basis Document (ATB®jas addedy the EarthCARE Mission Adsory
Group of Japan to present algorithms to be used in the mission product generation as Japanese
activities. The NC version of the ATBD was officially released from JAXA in January 2012.

The purpose of the AEart hCARE BAXASLdOwelumzr
document the concept and the detailed description on the algorithms of the EarthCARE Level 2
products that JAXA is in responsible to develop. It also includes the description on the signal
simulator of the sensors onboard EarthCAREc a |l |-8idméGlU @t ot O .
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2. EarthCARE platform and the JAXA Product List
The EarthCARE platform is being developed by ESA. The list of the orbit parameters dur-

ing the nominal phase of the mission is given in Table 3.1.

JAXA and NICT are in charge of

developing CPR system, whereas ESA is responsible for the development of ATLID, MSI and

BBR systems.

Table 3.1 EarthCARE Nominal Orbit Parameter

Orbit Parameter
Repeat Cycle [days]
Orbit Period (nodal) [s]
Semi major axigkm]
Eccentricity

Inclination [°]

MLST Descending Node [hr]

Argument of perigee [°]

Means Semmajor axis Altitude

[km]

Minimum Geodetic Altitude [km]
Maximum Geodetic Altitude [km]
Means Geodetic Altitude [km]

Nominal Orbit
25

5552.7
6771.28
0.001283
97.050
13:4514:00
90.0

393.14

398.4
426.0
408.3

There are four sensors onboard the EarthCARE, each of which are designed to follow the fol-

lowing strategy:

- An Atmospheric Lidar (ATLID):to retrieve vertical profiles of aerosol physical parameters
and, in synergy with the cloud profiling radar, vertical profiles of cloud physical param-

eters.

- A Cloud Profiling Radar (CPR}p retrieve micre and macroscopic parameters of clouds
and thevertical velocity of cloud particles.

- A Multi-Spectral Imager (MSIYo provide information of the horizontal structure of cloud
fields in support of the vertical profiles measured by the active instruments.

- A BroadBand Radiometer (BBRjp measurelwortwave and totalvave (i.e. total wave =
shortwave + longwave) fluxes at the TOA. Shentave and derived longrave con-
sidered to be used as a crobeck of the radiative flux derived from the cleaerosol
profiles measured by the active instruments

Regarding the development framework of EarthCARE scientific products, i.e. Level 2 products,
JAXA and ESA agreed to develop their own products respectively. In this way, in case of failure
in either algorithm of the agencies, EarthCARE mission may sexumlternative algorithm to

[

4 g
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derive scientifically important parameters. In addition, keeping the algorithm development in
Japanese science community will maintain and cultivate the techniques of the remote sensing
analysis in the country. Despite tlelependency of the Level 2 product retrievals, JAXA and
ESA will share the updates of the algorithm development on a regular basis.

Figure 3.1 and 3.2 is the list of the products that JAXA is planning to develop. The strategy of
JAXAGs ¢gewvedluaeapment is to allot the respectiwv
fResearch Producto, depending on the feasibi
ard Product and the Research Products are;

- Standard Product (ST)
1. Majority of the algorithms in the Standard Products already being well researched
and has heritage from past studies
2. Strongly promoted to be developed and released
Data that are decided to be released will be processed and released from JAXA Mis-
sion Operation System

- Resarch Product (ER/LR)
1. The algorithms in the Research Products consists of new research development that
are challenging, yet scientifically valuable
Promoted to be developed and released
Data that are decided to be released will be processed and releasegitfier JAXA
Earth Observation Research Center and/or Japanese Institute/Universities

B
EARTHCARE
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Standard Product

Process. " Grid Spacing Spatial Resolution | Standard
Sensor | el Product Priimary Parameter Release Accurac| 1 -0 cy Target Accuracy
Horizontal | Vertical Horizontal | Vertical
Received Echo Power 0.1km . 0.5Kkm <4.7d8 <2.7dB -
CP.R one-sensor Radar Reflective Factor i 0.765knT ) <4.7dB <2.7dB <2.7dB
Received Echo Pow - (Cross-track)
CPR L1b | boducts and Dopple: Surface Radar Cross Section 0.5km - 0,840k - - - -
Product Doppler Velocity/Covariance of 0.1km (Aong-track) 0.5km B 1.3m/s <0.2m/s
Pulsepair/Spectrum Width - |
Integrated Radar Reflective
CPR L2a CPRone-sensor | ., integrated Doppler Velocity/Gas | 1km 0.1km | 1km/10km |  0.5km - <0.2m/s
Echo Product N
Correction Factor
Cloud Mask
Cloud Particle Type
CPR one-sensor Clou 0.5km
CPR L2a Products Reff JLWC/IWC 1km 0.1km 1km/10km R
Optical Thickness - -
L1b min L1b min.
Feature Mask unit'km unit/1km/
10km
Target Mask 0.1k 1km/10km 0.1k
ATLID L2a lAT(;‘ID one-lsenzor Aerosol Extinction Coeff./Backscat. -tkm 10km - LKm
Cloud Aerosol Poduct Coeff./Lidar Ratio/Dep. Ratio 1Kkm
Cloud Extinction Coeff./Backscat.
Coeff./Lidar Ratio/Dep. Ratio 1km/10km
Planetary Boundary Layer Height - -
Cloud Flag/Cloud Phase
MSI one-sensor Optical Thickness of Liquid Cloud
MSI L2a Cloud Poducts Reff. of Liquid Cloud 0.5km - 0.5km -
Cloud Top Temp./Pressure/Altitude
Cloud Mask/Cloud Particle Type - root mean -
CPR CPR-ATLID synergy 0.1km 0.5km square of errors|
+ L2b Reff./LWC/IWC 1km 1km/10km -
Cloud Poducts of one-sensor
ATLID " -
Optical Thickness - - - products -
CPR i R R
P CPR-ATLID-MSI Cloud Mask/Cloud Particle Type ot o5k . Ll;?; f:fe;’:ms
ATLID L2b synergy Reff./LWC/IWC 1km . 1km/ 10km ’ - a
* Cloud Poducts of one-sensor
MSI Optical Thickness - - - products -
CPR+ ~ SW/LW Radiative Flux - B _
ATLID+| L2b F‘;L" ds.e’.‘SO'PS S&’”e'g - : 10km? - 10km
MSI+BB adiative Products SW/LW Radiative Heating Rate 0.5km” 0.5km - - -
Auxilary Product
Sensor Pg:\;sls. Product Priimary Parameter Grid Spacing
Horizontal | Vertical
Temperature/Specific Humidity 1Km 0.1km
CPR Aux EC.MWF CPR - 0.1km
Grid Product
Surface Pressure/2m Temperature Km ~
Temperature/Specific Humidity/Ozone 1km 0.1km
ATUD | avc | ECMWEATLID S———TT
Total Column Ozone/10m U-Velocity/ 1km ~
T ture/Specific Humidi +
emperature/Specific Humidity 10km | 25 layers?
Msl | Aux ECMWF MS - 25 layers" |
Grid Product Total Column Ozone/10m U-Velocity/
10m V-Velocity/Surface Pressure/ 10km -

The accuracy is defined using the "Pixel Integration Length" in red italic numbers.
The accuracies of CPR L1b are defined by 10km integration.

Those accuracies except for CPR are assumed under the condition that sensors developed by ESA functioned as expected.
The accuracies of ATLID is based on the information before the change of specifications.
The length of a scene is defined as the length of an orbit divided equally.

CPR-ATLID-MSI Synergy Cloud Products and Four Sensors Synergy Radiation Budget Products are the final goal of the EarthCARE mission.
Therefore, they are defined as the standard products, although they will be released one year after the start of MOP.

NRT and Statistics (L2c) will be adjusted appropreately by taking user's needs into account.
*1: Depends on the resolution of ECMWF data that JAXA will receive by the time of launch

*2 : The values shown are defined at the time of JAXA CDR. In future, the values may change if there are strong scientific requirements.

*3 : The values shown are defined when anntenna beam width was 0.095 degrees and satellite altitude was 460km.

Fig 3.1 JAXA StandardndAuxiliary Product List

@“‘\\

EARTHCARE




NDX-1100184
EarthCARE JAXA Level 2Algorithm Theoretical Basis DocumentZ ATBD)

Research Product

Grid Spacin

Sensor Plislszs: Product Priimary Parameter . : g
Level Horizontal| Vertical
Doppler velocity correction
CPR One-sensor Doppler Product | value (considering inhomogeneity,
Doppler velocity unfolding value

LWC*IWC*/Rain Rate/Snow
Rate/Attenuation Corrected Radar 1km/10km|  0.5km
Reflectivity Factor

CPR L2a CPR One-sensor
Rain and Snow Product

CPR One-sensor Vertical Velocity Vertical air motion/
Product Sedimentation Velocity
ATLID One-sensor Aerosol Extinctionn  Aerosol Extinction Coefficient
ATLID L2a Product (Water Soluble/Dust/SS/BC) 10km 0.1km
Optical Thickness of Ice Cloud witl
MSI One-sensor Reflection method/Effetive Radius|
Ice Cloud Product
MSI L2a Temperature/Pressure/Altitude 0.5km B
MSI One-sensor Aerosol Optical Thickness
Aerosol Cloud Product (Ocean/Land)/ Angst. Exp.

CPR-ATLID Synergy Particle Mass
Ratio Product

CPR + CPR-ATLID Synergy Rain and Snow LWC*IWC*/
ATLID Product Rain Rate/Snow Rate Lkm/10km|  0.5km
CPR-ATLID Synergy Vertical Velocity| Vertical air motion/
Product Sedimentation Velocity

Aerosol Extinction Coefficient

ATLID-MSI Synergy Aerosol (Water Soluble/Dust/SS/BC)

ATLID + Lob COP”:SSSS”B Mode Radius 10km 0.1km
MSI (Fine mode/Coarse mode)
ATLID-MSI Synergy Aerosol Direct Aerosol Direct Radiative
; . 10km -
Radiave Forcing Product
Cloud Mask/Cloud Particle
Type/Cloud Effective Radius 0.5km
CPR-ATLID-MSI Synergy
Cloud Doppler Product
CPR + Optical Thickness/LWP/ 1km/10km )
ATLID + L2b
MSI CPR-ATLID-MSI Synergy LWCHIWC*/
Rain and Snow Product Rain Rate/Snow Rate 0.5km
CPR-ATLID-MSI Synergy Vertical air motion/ '
Vertical Velocity Product Sedimentation Velocity
CPR-ATLID-MSI Synergy Ice Cloud Ice Effective Radius/Optical
- 0.5km -
Product Thickness

The length of a scene is defined as the length of an orbit divided equally.
* Including with/without Doppler

Fig 3.2 JAXA Research Product List
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3. Stand-alone Product

3.1CPR

3.11 Standard Product (CPR Echo Product)

3.11.1 Introduction

This section describes the algorithms that provide the Standard Product relating the basic physi-
cal correctiorof the radar reflectivity factor and Doppler information from CPR on EarthCARE.

3.1.12 BasicPhysical Correction
3.1.1.2.1 Algorithm

Level 1 products of CPR include corrections caused by variation of radar performance and
satellite movement. However, the errors caused by physical characteristic of the echo and physi-
cal environment still remain in bothl products (reflectivity and Dopgt velocities) So, basic
corrections are provided in level 2 algorithn@utter echo correction and gas attenuation cor-
rection are provided for radar reflectivity, and Doppler unfolding correction is provided for the
Doppler velocity.

1) Horizontallntegraion Concept

In CPR L2a processing, bothkin and 16km horizontally integrated productse produced
from the 500m horizontally integrated received echo posvand Doppler velocities-ourteen
500-m horizontally integrated producaseprovided per seond in CPR L1b product as shown in
Figure 3.1.1.2.41. Note that there is gap time every second in CPR observation mode in order to
change pulse repetition frequency and to measure calibratiarStathkm and 16km horizon-
tal integration are defined &slow.

1-km horizontally integrated products are averaged with two successiva f@i@grations, but
in order to avoid integration between evergecond gap time, sevenrkin horizontally inte-
grated products are produced within a second as shown ireRdu1.2.41. Center locations of
1-km horizontal integradn are selected to thmiddle point of two successive L1b products lo-
cation.

A0
"
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Satellite clock 1 sec

I Time

Along track

12

CPR 500m
integration

Gap time
PRF may change

Figure 3.1.1.2.41 CPR 1 km Horizontal Integration

Center locations of H2m horizontal integradn are selected tbe the same as those ek
integraton, and 16km horizontally integrated products are produced every 1 km along track
distance using twenty successive $00ntegrations. It means that data across one or two gap
time are integrated for 3km horizontalintegraton (seeFigure 3.1.1.2.22).

Satellite clock 1 sec Time
Along tra}
-5 -4 -3 -2 -1 0 1 2 3 4 5
! 1 2 3 4 5 6 7|8 9 10 11 12 13 14
CPR 500m
integration
<€ >

CPR 10km
integration

Integration center is the same as 1km integration center

Figure 3.1.1.2.2 CPR 10 km Horizontal Integration

2) Integrated radar reflectivity factor products

Following the horizontaintegration concept describégl the Xkm and 16km integratedadar
reflectivity factor products arealculated Echo $gnals and noisgowers are averagegparately
and *km and 16km radar reflectivity factor are producéseeFigure 3.1.1.2.18). In case of
10km-avearageeflectivity calculation, since the integrated pulse number of L1b echo power
may change at the 1 sec gap time, pulse number weighted averages are applied for this calcula-
tion. The Signal to Noise ratis calculatedfrom the ratio of echo and noise powEne quality
flags for the radar reflectivityfactor productsare implemented to showeliability of the radar
reflective factors
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D Input data (L1b, ECMWF, etc)
D L2aecho products
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Figure 3.1.1.2.83 Processing flow of-km and 16km averaged radar reflectivity

3) Surface detection and NRCS (norraall radar cross section)

1-km averaged surface positions (bin number and its fraction) &«ml dveraged NRCS are
estimated from the -km integrated reflectivity profile calculated above. Roughly calculated
ranges between the satellite and the surfacauledéd by ikm averaged DEM (Digital Eleva-
tion Map) is used as the initial search range. L2a_echo products of surface location (bin number
and its fraction) and NRCS are calculatedGgussiarfitting of the Xkm averaged reflectivity
near the surface. Vén Gaussiarfitting of the surface reflectivity is failed,-dm surface estima-
tion flag is set to noizero value.

On the other hand, Im integrated surface positions and NRCS are average of eleuan 1
integrated surface position and eleveknl averagedRCS around the horizontal cen{see
Figure 3.1.1.2.4).
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Figure 3.1.1.2.4 Processing flow of-km and 16km averaged surface information
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There is contamination of the strong echo from the surface in the echo power products near the
ground surface as seen in the CloudSat data. In order to detect cloud echo near the ground as
much as possibleimilar clutter reduction algorithms is needed, but we expect that the contami-
nated height from the ground in EarthCRARE is less than that seen in the &ldDblffter echo
power products are estimated from the NRCS and the band pasteéittee If measured echo
power at the range near the ground is larger than the estimated clutter echo power, it is possible
to detect echo power from the cloud. If measuecho power at the rage near the ground is less
thanthe estimated clutter echo power, the echo power at the range may be caused by the clutter
and not by the cloud. Clutter echo algorithm is now waiting for provision of band pass filter fea-
ture.

3) Horizontally integrated Doppler products

Following the horizontaintegration concept described 1), Doppler velocity productshe
1-km and 16km averaged Doppler veldgiproducts arealculated Doppler velocity is calcu-
lated from tkm or 1Gkm integraton of the real andmaginarypart of the covariance of the
pulsepair processing of 50 integration. In the case ofKin integration pulse repetition fre-
quency(PRF) is always the same because the twerbQftegration products should be in the
same one secondhen tkm averaged Doppler velocity is easily calculatbdthe case of
10-km integration, there is a case that twenty-Dnhtegrated products usedfdrent PRF. If
two PRFare used in Bm integration timewe will integrate real and imaginary covariance
with eachPRFand calculate two Doppler velocities from thoSben 10km integrated Doppler
velocity is calculated with pulse numbaeighted averge of above two Doppler velociti¢see
Figure 3.1.1.2.56). The quality flag for the Doppler velocity productsalsoimplemented.

Maximum Doppler velocity measured by pufs&ir method is defined by PRF speed of echo
target is above maximum Doppleelocity, echo speed is observed as folded Doppler velocity.
For example, in case of 6100 Hz PRF (maximum velocity: 4.8 m/s), 6 m/s of falling Doppler
speed is measured as upward 3.6 ifiig simple unfoldng algorithm to avoid discontinuity ve-
locity chang normally used by ground Doppler weather radar is difficult to solve foldimgpef
lated clouds.If ambient air velocity is negligibly small, target that exceeds the maximum Dop-
pler velocity is only stronger raiffhen,we developed algorithm tidentify strong rainfall from
reflectivity and O degree temperature height and unfold its Doppler velbeisy year, we found
folded Doppler velocity with some strong rain echo cannot deerauseof its strong rain at-
tenuation. We are planning to modify thig@ithm next yearThe estimation quality flag for
Doppler velocity, folding correction is also implemented.

Doppler folding also appears with the error caused by the inhomogeneity of reflectivity. This
correction method is discussed in the 3.1.3.1.1.

[
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Figure 3.1.1.2.55 Processing flow of-km and 16km averaged Doppler velocity

4) Gas attenuation correction aRtA (Pathintegratedittenuation

For the 90 GHz 100GHz frequency radio wavg,is known as the relatively lowbsorption
by atmosphereHowever the absorption by oxygen amdter vapor ishot negligible, so propa-
gation loss correction is necessary to estinthteradar reflectivity factorPass tienuation
productsfrom the top ofatmosphereaup to each rangere estimated fronthe profiles ofwater
vapor contentair temperaturend pressure. These profiles astimatedusing data fromnu-
merical weather analysis (e §CMWF) and interpolated to CPR grid. Thaseous attenuation
at each range isalculaed uses the equation deged in the reference [Calculation of gaseous
attenuation, ITUR Recommendation P67@eeFigure 3.1.1.2.56).

Met data
pressure
P

Dry gas
attenuation

each bin
Gas ntegrated gas

attenuation attenuation
each bin from the top

Water
vapor
attenuation
each bin

Met data
temperature
T

Met data
humidity
h

Figure 3.1.1.2.56 Processing flow of integrated gas attenuation correction

PIA products show the NRCS loss with gaseous attenuation a@iled and ice particles attenua-
tion along with CPR radar beam. The integrated gaseous attenuation is provided|gdatiam
so water and ice patrticle attenuation, especially attenuation with rain will be remained. We plan
to calculate PIA frormonattenated NRCS map under the orbit, however, we should study sta-
tistics of NRCS for NRCS catalogue and we should consider change of NRCS with external
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condition (ocean surface wind, land surface vegetation, land use, etc.). This product will be im-
plemented aftethe launch of the satellifseeFigure 3.1.1.2.4).

5) Reflectivity correction and JSG (Joint Simulator Ghé)ghtconversion

Integrated gas attenuation from the top of the atmosphere calculated alappdiedto the
1-km and 16km radar reflectiity factor. Also the clutter echo correction showed in 3) is also
applied to the km and 16km radar reflectivity factor, too. Then, reflectivity correcteétn
and 10km radar reflectivity factor are obtained. Heights of reflectivity and Doppler prodtets
determined by CPR echo sampling bin and it is not the same as JSG height which based ATLID
height information. In order to make L2a echo products of the same height sam(iliegAdf
LID, radarreflectivity factor and Doppler velocity profiles are e@nted to the JSG height.

tegrated gax
attenuation

- .,

AAkm,10km™

Reflectivity
correction

1. Gas attenuation
correction

(2. Clutter echo
correction)

JSG height
conversion

\Clutterne
_______ 1km radar km rada km rada
reflectivity reflectivity reflectivity
4 W JSG Zc
Okm radar Okm r:ac!a Okm r_ac!a
reflectivity reflectivity reflectivity
Z Zc JSG Zc
1km 1km
Unfolded Unfolded
Vc JSG Vc
10km Okm
Unfolded Unfolded
Vc JSG Ve

Figure 3.1.1.2.47 Processing flow of reflectivity correction and JSG conversion

3.12 Standard Product (CPR Cloud Product)

3.12.1 Introduction

There are two kinds of cloud products; standard and researchpioduicts. These will be dis-
tributed from JAXA. The standard CPR products include cloud mask, cloud particle type and
cloud microphysics. These are derived mainly from radar reflectivity factor (Ze) without using
Doppler velocity (Vd). The research produats similar to the standard products but derived by
using Ze and 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, respédvely. The coarse version of the products is provided for each grid with 10km and

100m horizontal and vertical grid spacing, respectively.

This section describes the algorithfos the Standard Produst(1) the hydrometeor (cloud
and precipitatior) masks, 2) the cloud particle typealiscrimination schemand @) the cloud
and precipitationmicrophysicsretrieval schemeising the radar reflectivity factor froarth-
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CARE CPR.The flow of the algorithms to retrieve CPR cloud produstshown in Figure
3.1.2.1

CPR (Ze, Vd)

Standard cloud products Research cloud products

Doppler velocity,
Correct radar multiple scattering

repectivity factor effect on Ze, Vd

and Viz

Rain amount?*,
snow amount*

—

rain rate,
snow rate

Cloud mask

—

Cloud particle type
(phase, shape and
orientation)

—T—

Cloud microphysics

(LWC, IWC,
effective radius for
water/ice, optical

Vertical air motion,
sedimentation

velocity

thickness)
T —

* denotes the products produced with use of vd
and without use of Vd

Figure3.1.2.1Flow of the cloud products from CPR.

p 14

EARTHCARE

FEHMNZH R RN
g Anospace Feploration Agency




7B /vclcr7
EARTHCARE

£
o
:

NDX-1100184
EarthCARE JAXA Level 2Algorithm Theoretical Basis DocumentZ ATBD)

3.12.2 Cloud Mask

3.12.21 Algorithm

The CPR cloud mask algorithms are based on the algorithm originally developed for the
analysis of 94GHzloud radar on the vessel Mirai for the rfaditude cruise near Japan [Oka-
moto et al., 2007] and for the Tropical Western Pacific Ocean d@ilksemoto et al., 2008]The
algorithm has been modified to analyze CloudSat 94GHz cloud radar [Hagihara et al., 2010].
There are several similarities between olaud mask algorithnand themethoddeveloped in
Marchand et al. [2008] wth has been usedrfthehydrometeor detection by CloudSat.

The algorithmconsiders the signal to noise ratio, spatial continuity (coherent test), and hor-
izontal averaging to identify significant signals from noise and to assign a confidence level. In
order to remove theffect due to surface echo and noise, we are planning to intratiece
threshold method proposed by Okamoto et al., (2007).

P>P

t noise-l-2 S +Rh

noise

1)

Where, Pdenotes the radar echo power measured at 94Gkked@notes the echo power due to
n oi soeeis thaistandard deviation of noj$#, is the threshold valum reduce contamination
of noise signals into the signals from clowdslthe value will beempirically determined from
the analysi©f EarthCARE afer the launchWhen R satisfies equation (1), the grid box is con-
sidered to be a candidateaxloudy or precipitationgrid.

Anothercriterion might beeffectiveto reduce the misclassification of clou@®r this purpose,
a coherent filteris introdwed we first create the sliding data window consisting of target bin,
surrounding three bins in vertical and horizontal directidihg total number of bins in the win-
dow is 9. When more than half of the bins satisfies the critgiwen byequation (1)the bin of
interest is considered to becloudy or precipitatiorbin. In addition to the above criteria, Vd in-
formation will be used to further discriminate cloud signals from noise.

The possibility to adapt wavelet technique is currently investigatédrther reduce the noise
in the CPR signals (Ze and Vd) and can be combined with the above cloud mask algorithm.

Reference

Hagihara, Y., H. Okamotand R. Yoshida, Development of a combined CloudSat/CALIPSO
cloud mask to show global cloud distribution, J. Geophys. Res1,0.1029/2009JD012344, 115,
DOOH33, 2010.

Hagihara, Y., H. Okamot@ndZ. J. Luo, Joint analysis of cloud top heights froloudSatand
CALIPSO: New insights into cloud top microphysics, J. Geophys. Res. Atmos., 11941087
doi:10.1002/2013JD020919.

Heymsfield, A. J., A. Protat, R. Austin, D. Bouniol, R. Hogan, J. Delaoe, H. Okamoto, K. Sato,
G. Zadelhoff, D. DonovarandZ. Wang, Testing and Evaluation of Ice Water Content Retrieval
Methods using Radar and Ancillary Measurements, J. Appl. Meteor., 42,6832008.

Okamoto, H., Information content of the 95GHz cloud radar signals: theoretical assessment of

effect of nonsphericiy by the discrete dipole approximation, Geophys. Res., 107(D22), 4628,
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doi:10.1029/2001JD001386, 2002.

Okamoto, H., S. lwasaki, M. Yasui, H. Horie, H. Kuroiwa, and H. Kumagai, An algorithm for
retrieval of cloud microphysics using @8z cloud radar anddar. J. Geophys. Res., 108(D7),
4226, doi:10.1029/2001JD001225, 2003.

Okamoto, H., T. Nishizawa, T. Takemura, H. Kumagai, H. Kuroiwa, N. Sugimoto, |. Matsui, A.
Shimizu, A. Kamei, S. Emori, and T. Nakajima, Vertical cloud structure observed from ship-
borneradar and lidar, : mihtitude case study during the MR0O1/K02 cruise of the R/V Mirai, J.
Geophys. Res, 112, D08216, doi:10.1029/2006JD007628, 2007

Okamoto, H., T. Nishizawa, T. Takemura, K. Sato, H. Kumagai, Y. Ohno, N. Sugimoto, |. Mat-
sui, A. Shimizu,and T. Nakajima, Vertical cloud properties in Tropical Western Pacific Ocean:
Validation of CCSR/NIES/FRCGC GCM by sHimrne radar and lidar, J. Geophys. R&43,
D24213, doi:10.1029/2008JD009812, 2008

Sato, K., and H. Okamoto, 2006, Characterizatiodeofind LDR of nonspherical and inhomo-
geneous ice particles for 95Hz cloud radar: Its implication to microphysical retrievals, J. Ge-
ophys. Res., 111, D22213, doi:10.1029/2005JD006959, 2006.

Sato, K., Okamoto, M. K. Yamamoto. S. Fukao, H. Kumagai, Y. Ohno, H. Horie,and M. Abo
95-GHz Doppler radar and lidar synergy for simultaneous ice microphysics -@talioh vertical

air motion retrieval. J. Geophys. Rekl4, D03203, doi:10.1029/2008JD@R2, 2009.

3.12.2.2 Evaluation of the detectability of clouds by CPR cloud mask

EarthCARE CPR has better sensitivity than CloudSat and detectability of clouds will be
enhanced. @®undbased 94GHz cloud radgenerallyhas higher temporal and vertical resolu-
tions andsome of the radar amore sensitive to lovevel clouds compared with space borne
systemsThe data taken by such radars can be used to assess the performance of the EarthCARE
CPR and the following ship boe data have been used for the evaluafibe. shipbased 94GHz
Doppler cloud rada(SPIDER)observations were conducted using the R/V Mirai, operated by
the Japan Marine Science and Technology Center (JAMSTH®).minimum sensitivity of
SPIDER is about30dBZ at 10km and37dBZ at 5km after gaseous absorption in-taitude
(Okamoto et al., 2007). This means that the SPIDER can detect more clouds than EarthCARE
CPR below 5km and minimum detectable IWC for EarthCARE CPR is about 0.1 to 02mg/m
The radar and lidar measurements were conducted during the-KIF04nd MRO1KO05 cruises
in 2001. In the MROKO05, R/V Mirai departed from Sekinehama in northern Japan on 21 Sep-
tember 2001. The ship traveled southward to the equator, where it sailethdmasia during
October and stayed in the warm pool region from 9 November to 9 December before returning to
Japan. Stationary observation was performed for a month in the warm pool region at 2°N and
138°E from 9 November to 9 December 200ke data obtaied by the shibased cloud radar
daa systems on R/V Miraire usedor the following comparison study.

We analyzed the cloud frequency of occurrence detected bypsimpe radar on R/V Mirai
during MROXKO05 cruise.The radaibased cloud mask (hereaft€xl) with a radar thresholthe
radar and lidar cloud mask (hereafter, Gijdschemes to derive hydrometeor and cloud occur-
renceare applied C5 schemaised radar and lidar data. When the radar or lidar detected hy-
drometers (cloud or precipitationie layer bin was considered to be the first candidate of
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clouds. When the altitude of cloud grid determined by the cloud radar was below the cloud bot-
tom detected by the lidar, the grid box was considered to be contaminated by the precipitation.
Mean occurrece frequencies were then estimated for the whole cruise period. The sensitivity of
-30 dBZ was approximately the same as that of CloudSat. The mean frequfeocgurrence
for -30 dBZ was the largest of the three cases, but it may have contained eoiitption and
clouds. The difference between the fractioith -30 and-10 dBZ thresholds was 6.5%. This
could have corresponded to the cloud frequency, assuming that the freqtiencyrrencevith
-10 dBZ thresholdcorresponded to the actual pretagion frequency. This frequency was
smaller than that of clouds derived from the C5 mask (7.5%). This underestimation might indi-
cate that some cloudy regions were not detected usin@@dBZ threshold value. The under-
estimation of lowlevel clouds wil be significantly minimized for EarthCARE case due to the
higher sensitivity of the CPR than CloudSat. It is noted that the Doppler function can be used to
improve discrimination between clouds and precipitation for the EarthCARE CPR observations.
We appled the cloud mask schemes to Cloud3ahal mean cloud fractions obtained by
each maskvere examinedor the periodSeptembémMovember 2006The doud fraction at a
given altitude was defined as the number of cloud bins (mask values >0.5) dividedtttalthe
number of observations at thaltitude level. The vertical resolution was 240 m, and the hori-
zontal resolution was 2.0° latitude.

Reference

Heymsfield, A. J., A. Protat, R. Austin, D. Bouniol, R. Hogan, J. Delaoe, H. Okamoto, K. Sato,
G. Zadelhoff D. Donovan, Z. Wang, Testing and Evaluation of Ice Water Content Retrieval
Methods using Radar and Ancillary Measurements, J. Appl. Meteor., 41,6B32008

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

Okamoto, H.,T. Nishizawa, T. Takemura, K. Sato, H. Kumagai, Y. Ohno, N. Sugimoto, |. Mat-
sui, A. Shimizu, and T. Nakajima, Vertical cloud properties in Tropical Western Pacific Ocean:
Validation of CCSR/NIES/FRCGC GCM by sHimrne radar and lidar, J. Geophys. R&43,
D24213, doi:10.1029/2008JD009812, 2008

3.12.3 Cloud Particle Type

3.1.23.1 Algorithm

Details of the algorithm can be found in Kikuchi et al., [20BI¢orithm for cloud particle
type is as follows. The results of cloud partigipesderived from cloud particle discrimination
algorithm for CALIPSO lidar are used to develop CPR cloud particle type algorithm. The details
of cloud patrticle type discrimation algorithm for ATLID are found in sectiagh Cloud particle
type algorithmfor CPR uses information eddar Ze fronCPR andemperature from thEuro-
pean Center for Mediumange Weather ForecastifigCMWEF) to infer cloud phase, shape and
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orientation,cloud or water or ice precipitation. Currently we have obtained cloud particle types
from CALIPSO for more thadO years and empirical formuke derivedhat can be applied to
particle type algorithm fo€CPR.The algorithmusetwo-dimensional diagram afe and temper-

ature to infer cloud particle type and the vertical profile of Ze and temperatueefirst step

used theZe -temperature diagram for initial hydrometeor type classification. There are eight
types; snow, rain, mixeghase drizzle, liquid dzzle, 2Dplate, 3Dice, supeicooled water and
warm water. For example, grid that indicates dBZe>10dBZ and temperature below 0°C is cate-
gorized as snow. Further, precipitation correction and special continuity tesih@ent filtey

are introducedo the hydrometeor typelgorithm in order to reduce the misclassification of
cloud particle typelnformation of \4 can be included for theydrometeortype classification
Implementation of ¥ will be described in the description of algorithms for the re$ealaud
products Evaluation of the algorithm was conducted by the comparison of-caudlarclassifica-

tion with lidarbased classification assuming lidar phase classification to be correct, for Septem-
ber 2006. The phase misclassification was estimated &bbut 25%. The misclassification will

be corrected when CRRTLID cloud type algorithm will be applied.

Kikuchi, M., H. Okamoto, K. Sato, K. Suzuki, G. Cesana, Y. Hagihara, N. Takahashi, T.
Hayasaka, R. Oki (2017), Development of algorithm dcriminating hydrometeor particle
types with a synergistic Use of CloudSat and CALIPSO. Journal of Geophysical Research: At-
mospheres, 122, 11,02P1,044. https://doi.org/10.1002/ 2017JD027113.

3.12.4 Cloud Microphysics

Here, we first describe thalgorithm to retrieve ice microphysics in subsection
3.1.2.4.1, and the algorithm for water cloud microphysics will be described in subsection
3.1.2.4.2.

3.1.24.1 Ice cloud algorithm

After application of cloud mask ardoud particle typealgorithm microphysical retrievals
of ice cloud andsolid ice precipitation(snow) are performed using verticarofiles of Ze and
temperature for the standard products with theway pathintegrated attenuation (PIA) using
normalized radar cross sectias follows;

— 0 0
PIA=sC, - 5

att

,where s°, and s°, are the normalized radar cross section for clear sky and cloudy sky con-
dition, respectively.s®,, is obtained by searching the closest cloud free profiles within about 5
km consecutive pixels alorigack. When the same land or océgpe continues within about 5
km, mean value ofs°,, is estimated. Then PIA for the cloudy record of interest is estimated by
using the s°,, of the record ands®,, in the closest records.

The retrieved properties are effective radmfisce particles anice water content. To develop
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algorithm for cloud microphysics, the results from the rdidar algorithm can be used to for-
mulate the empirical relationships betweeyaAd cloud bottom and top altitudes and tempera-
ture where vertical structure ok,Zcloud top and bottom altitudes and temperature are used as
input. The details of the radadar algorithms for ice clouds can be found in [Okamoto et al.,
2003, Okamoto atl., 2010, Sato and Okamoto 2011] and some description forlrdaiaalgo-
rithms can be found in subsectidri. For actual cloud microphysicstrievals we can use the
framework of the Levenberiylarquardt algorithm [Marquardt 1963] as one of the opties-
mation technique. Thencertaintyof each cloud microphysical product is derived from the out-
put of LevenbergMarquardt algorithniSato and Okamoto 2011]

The ice particle model and scattering propertmssidered within the algorithm are prowide
in the following. Ice particle models are taken from Sato and Okamoto [2006]. We consider the
modified Gamma distribution function as standard size distribution function model (equation

(2)).
dnlr) _ Mo (r\" (1
dr T(p) \ru exp Fm)’
and euivalent radiuseg is first introduced as (3) .

&
Teg =

Where, e is the actual ice volume excluding internal air pocket. And the effective radius of the
particle is defined in terms of using, (4).

r max dn(r )
— - drg
r. = rmin eq dreq
eff — rmaxr dn(r )dr
rg - dreq (4)

Several particle shapesre considere@.g., column, plate, Ullet-rosette, aggregates of those,
fractal aggregates with different orientatiofitie orientations of the nespherical particles are
considered as follows; horizontal oriedtice plate model (2plate) andandomly orientedce

particles in three dimeonal spad@D-ice). We also considered horizontadlyiented particles

with Gausddistributionwith fixed standard deviatioand also Klett type oriented model on the
basis of aerodynamic properties of the falling ice particles [Klett 1995]. The aapedbr each

particle shape varies and the parameterizations to construct ice particle models used in the algo-
rithms are taken into account according to the measured ice particles [Sato and Okamoto 2006].
For these particle shapes and orientatiorss 2stimated by the discrete dipole approximation
(DDA) The accuracy of the DDA calculation to estimatasZsmaller than 10% when the cer-

&y - 10 /7
\;ZA:‘:HCA RE N‘ I c,T




’ .—\

NDX-1100184
EarthCARE JAXA Level 2Algorithm Theoretical Basis DocumentZ ATBD)

tain validity criteria are fulfiled [Okamoto 2002]. Note that the validity criteria depend on the
shape and orientaticand we follow the procedure to test the convergence of the DDA solutions
[Okamoto et al., 1995] to obtain the secure solutions. EhetAbulated as a function of particle
radius and particle habits (shape and orientation). Currently the ice paatieshfixed such as

the mixture of 50% of the hexagonal column oriented randomly in the horizontal plane
(2D-column) and 50% of the bullet rosette oriented randomly in spacé(B&:rosette) (here-

after the model is called CB50 model) in the retrieadgorithm. Size distribution function is
further assumed to estimate Ir broadparticle sizeranges We use several different size dis-
tribution functions to assess the effect of size distribution function on the fixed function in the
retrieval cloud mimphysics.Snow particle is modeled as Zidate, 3Dice and fractal aggregate
models.Multiple scattering effecestimated by Monte Carlo methdsl also considered in the
algorithm, though the effect is limited in the strong precipitation and convectigg@e regions.

Vd can be also estimated using Ze and Vtz. Then the accuracy of the algorithm without Vd is
also estimated by the algorithm with Vd.

3.1.24.2 Water cloud algorithm

The water cloudlgorithmis similar tothat forice clouds. The algorithm uskk up tables of
extinction, radar reflectivity factor as function of effective radius and temperature for a constant
LWC andthe vertical structure of Z¢éemperatur@and PIA are used as input parameterderive
effectiveradius and liquid water content (LWC) based on the synergy observations with cloud
radar with Doppler function and lidar and also on the awdtvelength Doppler radar observa-
tions and lidar. The empirical formula to provide water microphysics are demvéte basis of
radarlidar algorithm for water clouds where Ze from CPR, 3 and depolarization ratio from AT-
LID will be used.
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3.13 ResearchProduct (CPR Echo Product)

3.13.1 Introduction

This section describes the algorithm that retrieve the Research Product relatigpiher ve-
locity and multiple scattering effecising the radar reflectivity factor and Doppler information
from CPR on EGhCARE.

3.13.1.1 Studies UsingDoppler velocity error causedby inhomogeneityof reflectivity
Inhomogeneous reflectivityithin the radar beam causes significant Doppler velocity error
because the measured Doppler speeds are refleatigighted Doppler speeds instead of simple
averageand the satellite velocity contamination to the offnadir direction is not negligible even
within narrow beam widtiSchutgens, 2008]. If the echo reflectivity of the forward side has
stronger than the echo reflectivity thie backward side, approaching Doppler speed is medsur
from contamination of satellite velocigven though echo has no vedti speed. Although 500 m
horizontal integration reduces the error caused by the inhomogeneous reflectivity, some error

[
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still remains. In order to correct this error, tnethod using théclination of horizontal reflec-
tivity is proposed and studied invezal papers [Uematsu et al. 20@thutgens 2008y et al.
2014, Kollias et al. 2014]. In those paperdation between error caused by inhomogeneous re-
flectivity and inclination of horizontal reflectivity is statistically analyzed using various ground
base resultsThe Doppler correction factdas estimated using this relation.

Insteadof using the inclination of horizontal reflectivity, we propose here more general method
of Doppler errorcorrection as follows [Ohno et al. 2013]. Sy et al. (204ldady shows the
Doppler estimation errore(dea) caused bynhomogeneous reflectivityn general equation form
as follows.

-'fldeal(IE,_.\-') = [Mdeal(TE,N) —ﬁLRcf(IE,__.\-')
Viat 1 /
= X vlTE — TN
h‘sat Zldcnl_-’\" (IE._-’\") . f ( ' )
Xn(zE,N)

X / (x — rg) wx(z — rr) Zin(z)drdrR,

X(zg)
and ZigeaN(TEN) = / fu(ze — rEN) / wx (¢ — rg) Zin(r)drdre.
X (5, v) X(zp)

where/Miealand /Mefis measured Doppler including inhomogeneous reflectivity effect and real
Doppler velocity without inhomogeneous reflectivity effect over horizontal integratiarand
hsatis satellite horizontal velocity and altitude. The integratioRofXe,n) is anhorizontalinte-
gration over several puls&s which representsOOm or 1km, 10km horizontal integratiandfu
is a uniform weighting function ovém (Xe,n). The inner integration d¥n (Xe) is a beam foot-
print integration with its beam pattebtk(X) at beam centeXe. Zideal,N(XE,N) andZin (X) are hor-
izontally integrated reflectivity and local reflectivityXatThe variableX is a distance to the
alongtrack direction.

Using above equation, we firsttalculatethe known integration part exceptnultiplica-
tion. If we useGaussiarbeam pattern fonk(X) of the beam width as 0.098 degr&eatas
7500m/s andhsatas 400km, the error contribution factor at eldationis shown in Fig.
3.1.3.1.1.1From this figure in case of 2km integration, the area areL@®@Om position con-
tributes negativ®opplererror and the area around +1000m position contributes poBitige
plererror. Considering the reflectivity data of EarthCARE/CPR is available for 500m interval,
the integrated reflectivity al000m and +1000m should be use for correction of Doppler error
of 2km integration. Multiplying this factor to the local reflwity and integrating all of them,
then final Doppler error caused by inhomogeneous reflectivity can be estimated.
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Doppler error factor of 500m integration

[\
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Doppler error factor of 1km integration

A

2000 -1500 -1600 -5b0 0 500 1000 1500 2000

Doppler error factor of 2km integration

S\

2000 -1500 -1600 -sbo & 560 1000 1500 2000

Fig. 3.1.3.1.11 Doppler error contribution factor in case of 500m (top), 1000m (middle), 2000m
(bottom) integration

Now we discuss Doppler folding of Doppler velocity error, which mentioned in the 3.1.1.2.1
(3). Doppler velocity error caused bghomogeneity of reflectivitysometimesexceeds the
maximum Doppler velocity. In order to including with such folding case, wsider the phase
of the pulsepair covariance instead of the velocity itself. The real and imaginary part of the
500m integrated covariance are provided from the CPR science telemetry and L1 products.

Normally, Doppler velocityV is estimated from pulspar complex covarianc®(T) as fol-
lows.

/ LalmR(T) G

Wherel is a wave length of radar afids a time interval between pulses. The distance from the
beam centerXmax) that causes Doppler folding by satellite velocity contaminatiaralisulated

as follows.
_ |/ PRF q hsat
o 4 Vsat

In case of the EarthCARE/CPRpaxis about 270m in PRF6100Hz, 332m in PRF7500Hz. If we

think a similar formalization of the Doppler velocity error that mentioned aldbeeDoppler
estimation error dea) caused bynhomogeneous reflectivitis calculated from théollowing

equations.
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c(x) = ReR(T) = cos(x/ X, W)
q(x) =1m R(T) = sin(x/ X, @)

COe) = (X~ Xe)ME(X- Xe)Z(X)dx/Zn (xe)

QOxe) = (X - Xe) (X~ Xe)Z(x)dx/Zn ()
ZIN(Xe) = fPHE(X - Xe)Z(X)dX

edeal(XE,N) = [ PR

C(Xen)

F arctan( R(xe)Zin(xe)dx

C(Xe.N)
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i (X2)Zin (xe)dx)

Where cK) and gK) are real and imaginary part of the pupser covariancé(T) corresponding

to local phase shift values of Doppler error caused by the satellite velocity contamiGéXie)n.

andQ(Xe) are integrated values ofX)(and g¥) within one beam footprint areah&n, the Dop-

pler estimation errorgdea) caused bynhomogeneous reflectivitys calculatedwith the bottom

equation including horizontal integration. Horizontally integra@€¥e) andQ(Xe) are shown in

Fig. 3.1.3.1.12. From this figure the real part of covariand®T) (C(Xg)) is larger positive

value within integration length and small negatzgsideof integration length. In case of the

imaginary part of covariand&T) (Q(Xg)), positivepeak is located at the end of horizontal inte-

gration in the forward side and negatpeak is located at the beginning of horizontal integration

in the backward side, although it is small within the integration length. This mean the reflectivity

within theintegration length mainlgontribuing to theC(Xe) and reflectivity around both edg

of the horizontal integration contributing to ti§Xe). We are planning to make Doppler error

estimation algorithm including above consideration.

Correction algorithm for multiple scatterimgdfectsis still under development now.

Real{R(t)} of 500m integration

Real{R(t)} of 1km integration

Real{R(t)} of 2km integration

]

00 -1300 -1d00 -sbo &  sdo 1doo 1500 2000 -2000 -1500 -1d00 -sbo &  sbo 1000 1500 2000 -2000 -1500 -1000 -sbo O 500 1000 1500 2000
Imaginary{R(t)} of 500m integration Imaginary{R(t)} of Tkm integration Imaginary{R(t)} of 2km integration
oo -1500 -1do0 -sbo & 560 1doo 1500 2000 -2000 -1300 -1000 -sbo &  s60 1000 1500 2000 -2000 -1300 -1d00 -sbo & 580 1dbo 1500 2000

N

Fig. 3.1.3.1.12 Horizontally integratedC(Xe) andQ(Xe) in case of 500m (left), 1km (middle),

2km (right) integration
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3.13.1.2 Studiesof multiple scattering effect to radar reflectivity factor
This study is still under consideration. It is plannedeagelop algorithm to correct the radar re-
flectivity factor of CPR.
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3.14 ResearchProduct (CPR Cloud Product)

3.14.1 Introduction

This section describes the algorithm that retrieve the Research Cloud Product. The research
products include ice water content, liquid water content, rain rate, snow rate, \aartioation

and sedimentation vetdy of the cloud particle. Horizontal and vertical grid spasiate the

same as those for standard products.

It is crucial to estimatél) hydrometeor (cloud particles and precipitation particles) microphysics
and (2) separation of vertical air motiondgrarticle terminal velocity from thBopplervelocity

(Vd) and(3) contribution of multiple scattering on Ze and Vd. The precipitation (rain and snow)
microphysics and their vertical velocity is retrieved by using the radar reflectivity féaeor,
normalzed radar cross sections®, andVd from CPR and atmospheric condition such as

temperature, pressure and humidity from ECMWF-.

3.14.2 Improvement of cloud particle type by the information of Vd from CPR

The improvement of the cloud particle type discrimination is expected by introducing Vd in ad-
dition to Ze compared with the algorithm without using Vd. In general, terminal velociheof t
cloud and precipitation particle reflects particle shape, type (including paotielgation) and

size. Vd is given the sum of vertical air motion and reflectivity weighted terminal velocity, Vtz,
which is given by backscattering cross section of gaticle and terminal velocity (equation

(5)).

Lre:qr:a Vt(” eq)Ze (’” eq) dre, dreq

= 2e(r) )

I/tz -

®)
Terminal velocity depends on particle size, shape, orientation and atmospheric condition such as
temperature and pressure. Thereforecs®n be included for the cloud particle tyalgorithm,
provided that the effect of vertical airotion can be subtracted fromy ®¥nd \; can be estimated
prior to the use of information ofdMor particle type discrimination in the research prodRet
lation between ¥, Vi and Vairsis given by equation (6),

+V.

Vd = V air (6)

tz

When large VY and large Zare observed, the bin of interest can be considered to be precipitation.
In such case, the effect of vertical air motion might be sm#dkn the Vtz and the discrimina-

tion of Vtz and vertical air motion might not always have to be performed prior to the type clas-
sification. The combination of Ze and Vd can be used to infer the phase of precipitation.
Correction of the vertical aimotion to Vg is needed prior to the algorithm for cloud particle type.
Separation of vertical air motion and terminal velocity inwWill be described in the description
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of algorithms for the research cloud microphysical products.

In order to evaluate the algorithm for the type discrimination of large size, lidar with polarization function
can be used and synergy analysis ef Ka- and Wband radar can be used to discriminate particle type
[Okamoto et al., 2009, Okamoto 2013]. Tdheal wavelength ratio (DWR) and the Doppler velocity between
the two different wavelengths contain information of cloud microphysics when the particle size exceeds
100um and are used to derive empirical formula to determine particleyypeRronly.

3.1.4.3 Precipitation Microphysics, Terminal Velocity and vertical air-motion

3.14.1.1 Algorithm

In order to make Yuseful, correctiorior the effect ofhorizontalinhomogeneous cloud proper-

ties (nonruniform beam filling)on the \4 is required It is recognized that the effect becomes
important in case of spad®rne Doppler measurements [Schutgen 2008]. The effect can be
evaluated by the Doppler simutat to developthe correction method foraue to the effect.

In addition, & notedin previous sction, we need to estimate-&eighted velocity () that
corresponds to Doppler velocity without the effect of air moginar to usng V4 in the retrieval
algorithms or cloud and precipitation microphysics.

The dependence ofiMon the temperaturend pressure is also taken into account to relate Vtz
and cloud microphysics [Heymsfield et al., 2002].

The LUT of Vy is tabulated as a function of particle radius, habits and temperature and pressure
[Sato et al., 2009]. We develop algorithosing vertcal profile of Z without using \4 to pro-

duce rain amount and snow amount. We also develop algsnikimg the vertical profile of £

and g to produce rain amount and snow amount. Snow model is taken to be similar to ice model
such as fractal aggregatsepherical, column, plates, buHeisset and the scattering properties of
these particles are estimated by the DDA and are tabulated as look up tables for CPR. The whole
profile of the vertical distribution ofZand W4 and seasurface return signal aresed to retrieve
microphysics with the look up tables. For the validation of the formula used in the algorithms,
we use the mukwavelength and mulparameter radar data already taken during several field
campaigns [Okamoto et al., 2009].

The normalizedsurfacebackscattering cross section of the sea sudae@lanned to be used
additional input parameter to estimate rain/snow amount and rain/snow rate as tried by Haynes et
al., [2008]for sea surfaceWhen the rain (or snow) rate exceeds certaiestiold such as &

mm/h, multiple scattering effect becomes significant. To model the multiple scattering effect on
Ze and W due to precipitating particles at 94GHz, wetend thephysical model (PM]Sato et

al., 2018] for multiple scattering (detail described in sectiomdgre scattering properties of
water is calculated by the Mikeoryor T-matrix methods and ice properties single scattering
properties are calculated by the DDA.

When cloud prodcts are retrieved, the sedimentation velocity of the particles and the vertical air
motion are also simultaneously retrieved. Levenidagquardt algorithm is applied to retrieve
cloud microphysics as well as vertical air motion and sedimentation veMditg simulated by
theretrievedeffective radius and particle type by CloudSat and CALIPSO asalys
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3.14.1.2 Evaluation of algorithms that use vd
Full oneto-one validation of the retrieveda¥was performed, for the first time, by collocated
VHF Doppler radar measurement (Equatorial Atmospheric Radar) every 3 min for a cloud ob-
served on 14 November 2005, at Kototabang, West Sumatra, Indonesia. The spatial structure of
the retrieved ugdownward \4ir in cloud agreed closely with direct measuremeAtfarge im-
provement in the microphysical retrieval was achieved due to the accurate estimation of the
Ze-weighted particle fall velocity ¥ from Vp (Sato et al., 2009). Using the synergy data sets
from EarthCARE CPR with Doppler capability and ATLIDwitll be possible to derive global
distribution of vertical air motion and terminal velocity of cloud particles in addition to the cloud
microphysics.It is expected that these information will help to understand the link between
cloud formation process, atmospheric dynamics, cloud microphysics and atmospheric radiations.
The clouds detected by at least one of GIPRTLID can be analyzed by the algdmih de-
veloped by Sato and Okamoto [2011].

For the evaluation of the algorithms, we use the results from the field campaigns conducted in
Niigata and Kouchi regions for winter and summer seasons, respectively. There were three
wavelengths radar observatgoim winter and Doppler cloud radar data and lidar data in summer
[Okamoto et al., 2015 in press]. The ice and water microphysics were retrieved by using these
instruments and #situ data were also colledcted by aircraft.
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3.2ATLID
3.2.1 Standard Product
3.2.1.1 Introduction

Aerosols substantially affect the radiation budget of the -edniosphere system in both direct and
indirect ways. The direct effect is directly related to scattering and absorption of solar radiaérndm}
particles [Charlson et al. 1992; Kiehl and Briegleb 1993]. The indirect effect is seen in the way aerosols
influence optical properties and the lifetime of clouds through cloud formation processes [Twomey 1977;
Albrecht 1989]. Further, it has beeecently pointed out that absorbing aerosols (such as black carbon)
reduce cloud formation by absorbing sunlight, thereby cooling the surface and heating the atmosphere
[Koren et al. 2004] and also affect the laggale circulation and hydrologic cycle bitering regional
atmospheric stability and vertical motions [Menon et al. 2002]. The International Panel on Climate
Change (IPCC) Forth Assessment Report (AR4) [Solomon, 2007] point out that there are still not negligi-
ble uncertainties in the estimatiofthe direct and indirect radiative forcing. Thus, it is important to re-
veal the global distributions of the microphysical and optical properties of aerosols and clouds and the
chemical and physical processes regarding to aerosols and clouds.

Lidar is apowerful tool for capturing vertical distributions and temporal variations in aerosols and clouds.
The vertical distributions of aerosols and clouds are a key parameter for assessing their effects on radia-
tive impacts on the climate system: for exampl&yds reported that the signs of direct radiative forcing
simulated by numerical models were negative/positive when absorbing aerosol layers were below/above
cloud layers [Haywood and Ramaswamy 1998; Takemura et al. 2002]. -Adsliiering lidar (MSL) is

the most frequently used active instrument for studying aerosol and cloud optical properties (e.g., CALI-
OP/NASA [Winker et al., 2009]). Extinction and backscatter coefficients for aerosols and cirrus clouds
are derived from MSL data by assuming an extinethackscatter ratio (lidar ratio). Improved aerosol
observation has recently been conducted using the lidar technology with High Spectral Resolution Lidar
(HSRL) [e.g., Liu et al. 1999] and Raman lidar [e.g., Ansmann et al. 1992]. HSRL and Ramarelidar ar
more useful than Miscattering lidar as they can provide extinction and backscatter coefficients for total
aerosols without assuming a lidar ratio. The HSRL technique at the wavelength of 355nm is used in AT-
LID (the ATmospheric LIDar) and enables usdbtain the extinction and backscatter coefficients at
355nm without the lidar ratio assumption.

The optical and microphysical properties of aerosols and clouds are essential parameters for assessing the
effects of aerosols on the radiative impacts. Mbhhnel lidar data such as extinction and backscatter
coefficients and depolarization ratios for several wavelengths allow us to simultaneously capture the ver-
tical distributions of several aerosol and cloud properties. Several aerosol retrieval algositmgnthe
multichannel lidar data have been developed. For example, the algorithms that use multichannel Raman
lidar data have been developed [Miller et al. 1999; Béckmann 2001; Veselovskii et al. 2002]. Their algo-
rithms retrieve the size distribution andmplex refractive index of total aerosols. The algorithms using
multichannel Miescattering lidar data have been also developed [e.g., Sugimoto et al. 2003; Nishizawa et
al. 2007]; their algorithms classify aerosol components and estimate their ertowtificients.

Satelliteborne passive remote sensor (e.g., AVHRR, MODIS, and SeaWIFS) is an also powerful tool to
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provide information on sizes of aerosols (e.g., angstrom exponent) and aerosol types (e.g., soil dust, car-
bonaceous) in globe, partly ugithe feature that the spectral property of the measured radiance data is
sensitive to particle size [e.g., Higurashi and Nakajima, 1999, 2002; Kaufman et al., 2003]. The combined
use of active and passive sensor data enables us to estimate varioupuarses simultaneously and

to reduce the potential uncertainty of estimates.

On the basis of the background abovementioned, we intend to develop an ATLID L2 andM¥BLI?
algorithms to derive information on global distributions for aerosols andiglm the atmosphere from

the ATLID L1B and MSI L1B data and to reveal the occurrence for aerosol components and cloud types
and their vertical distribution.

The parameters retrieved by the developed algorithms are summarized in Table 2.1. The dtgdtithm

ATLID data (hereafter, ATLID algorithm) provides the following products: (1) flags representing mole-
cul es, aerosol s, or clouds in each sl ab | ayer (€
cates mainly aerosols); extinction faments @), backscatter coefficient®), and depolarization ratio

(d) of aerosols (2) and clouds (3); (4) planetary boundary layer (PBL) height; (5) flags representing cloud
type (watetcloud or icecloud) and aerosol type (e.g., maritime aerosols).

Table 3.2.1.1.1 ATLID L2A and ATLIEMSI L2B product lis®

Status | Algorithm | Product name Primary parametery Resolution
Horizontal | Vertical
(km) (km)

S A Feature mask product| Feature mask 1'/1/0.2 0.1

S A Target mask product | Target Mask 1/1 0.1

S A Aerosol Product a,b,d S 1 0.1

S A Cloud Products a,b,d S 171 0.1

S A Boundary layer height| PBL height 171 Ya

R A Aerosol component | a (Watersoluble) | 1° 0.1

R A a (Dust) 1 0.1

R A a (Sea salt) 1 0.1

R A a (Black Carbon) | 1" 0.1

R A-M Aerosol component | a (Watersoluble) | 1° 0.1

R A-M a (Dust) 1 0.1

R A-M a (Sea salt) 1 0.1

R A-M a (Black Carbon) | 1" 0.1

R A-M Rm (Watersoluble) | 1° 0.1

R A-M Rm (Dust) 1 0.1

“"The fAStatuso indicates a standard product (S) c

ATLID algorithm (A) or the ATLID-MSI algorithm (AM). Rm is a mode radius (see equation 28)s a
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particle extinction coefficient) is a particle bekscatter coefficient] is a particle depolarization ratio; S
is a particle lidar ratio. The teri indicates 1km horizontal resolution runniageraged in 10km hori-
zontal range

Figure 3.2.1.1.1 depicts the analysis flow of the algorittaveloped to provide the products. The prod-

ucts are produced in each procedur e: fiscene cl a
(POP) retrieval o for products (2) and (3),a- iPBL
tiond for product (5), and fAaerosol component r e

these procedures are provided in the following sections. This section describes the algorithm flow. The
algorithm produces the L2a ATLID productsdal2b ATLID-MSI products using the L1B ATLID data of
threechannel attenuated backscatter coefficients for particle Mipotar Omiec9, Molecule Rayleigh
co-polar Pray,cq, and total crospolar Omie+ray,c) COMponents at 355nm and L1b MSI dataved-thannel
radiances in the visible band (670nm) and the-mdeared band (865nm). The algorithm first applies
wavelet analysis to the ATLID L1b data to reduce signal random noises and averages thednoes

data vertically and horizontally to obtaihe needed resolution data. The noise reduction scheme using
wavelet analysis is described in section 3.2.1.2. Next, the algorithm checks data quality and sequentially
conducts each procedure (e.g., particle optical property (POP) retrieval and aargsmheat retrieval).

The ATLID algorithm is developed to use all the thobannel data of the L1B data (3ch method) as well

as use only two(2ch method) or onrehannel (1ch method) data of the L1B data (Fig. 3.2.1.1.2), antici-
pating that some of the L1BTAID data will be insufficient or blank. We design these methods (3ch, 2ch,
and 1ch methods) to produce similar products; however, it should be noted that the 3ch method produces
the most products with the best quality (i.e., 3ch > 2ch > 1ch).
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