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Abstract. EarthCARE, a candidate Earth Explorer Core mis- sion (ESA) and on the joint preparation of the Report for As-
sion of ESA (European Space Agency), aims to improvesessment for the User Consultation Meeting held in Granada
our knowledge of the impact of clouds and aerosols on thein 2001. At the end of the Assessment cycle, EarthCARE
Earth’s radiative budget. If the mission is selected, the satelwas one of the three missions selected for Phase A level
lite will carry two nadir sounding active instruments: a Cloud study.

Profiling Radar (CPR) and a backscatter lidar. In addi- EarthCARE has been specifically defined with the scien-
tion, a multispectral cloud-imager and a broadband radiometific objectives of determining, for the first time, in a radia-
ter complement the payload. The objective of the presentively consistent manner, the global distribution of vertical
study was to optimise the parameters of the CPR for rejprofiles of cloud and aerosol field characteristics to provide
trieving accurate radiative profiles for highly layered cloud basic essential input data for numerical modelling and global
structures. Realistic three-dimensional cloud scenarios takestudies of the divergence of radiative energy, the aerosol-
from ground-based experiments have been used for simulatloud-radiation interaction, the vertical distribution of water
ing the spaceborne radar response to cloud layers. A radand ice and their transport by clouds, and the vertical cloud
simulator was developed initially for one-dimensional sim- field overlap and cloud-precipitation interactions.

ulation of the radar echoes and then improved to a three- Reflecting the above requirements on EarthCARE, the fol-
dimensional simulation. The cloud microphysical propertiesiowing payload elements are required to fulfil the mission
were retrieved using a model as a function of the reflectiv-objectives:

ity factor and ice crystals size distribution, based on statistic

studies from in-situ measurements. An extensive paramet- — a backscatter lidar to determine vertical profiles of
ric analysis was performed for various vertical resolutions aerosol physical parameters;

and sensitivities that have direct impacts on the radar design - ]

and necessary resources on-board the satellite. The analy-— @ 9|0Ud Profiling Radgr (CPR) for the retrieval of' the
sis demonstrated that the proposed radar characteristics will ~ Micro- and macroscopic properties of clouds, precipita-
meet the top-of-the-atmosphere radiative flux density estima-  ion and their convective motions;

tion accuracy of 10 W/fas recommended by WCRP. . . o .
— a multi-spectral imager to provide information of the

horizontal structure of cloud fields in support of the ver-
tical profiles measured by the active instruments;

1 EarthCARE Candidate Earth Explorer Mission

— a broadband radiometer to measure short-wave (SW)
The Earth Clouds, Aerosol and Radiation Explorer (Earth- and long-wave (LW) fluxes at the top of the atmosphere
CARE) is a mission jointly proposed by European and (TOA) as a constraint on the radiative flux derived from
Japanese scientists in the frame of the Earth Explorer Core  the vertical profiles of atmospheric properties and in
missions (SP-1257(1), 2001). EarthCARE is based upon  particular the cloud-aerosol profiles measured by the ac-
more than two years of scientific exchanges between Japan tive instruments and other passive instruments on board.
and Europe, on the work previously carried on ATMOS-B1

(99P0A1-D011, 1999) (JAXA) and the Earth Radiation Mis- N Synergy, the backscatter lidar, the CPR and the multi-
spectral imager can retrieve vertical profiles of cloud physical

Correspondence taC. Tinel parameters, and the broadband radiometer will validate the
(Claire.Tinel@esa.int) TOA flux derived through the retrieved physical parameters.
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2 CPR Characteristics the apparent reflectivity, the extinction coefficient and the ice
water content.

As a part of the cooperative agreement between ESA, JAXA _0.418
and NICT (National Institute of Information and Com- No =5'5'108*Zmeas @)
munication Technology), the CPR will be developed by _
NICT/JAXA as a payload contribution to EarthCARE. A W€ = 0.45835« No P12 g 1122
unique feature of this instrument is the emission of mi-
crowave pulses that penetrate deep into lower cloud Iay—IW C— N* % 10[0.0036x4+o.1505.<x3+2.3403x2+16.695x+3a48]
ers, which can not be viewed by passive optical sensors or -0
reached by the lidar. It is designed to attain a high sensitivityith x — logy, (mes‘) ©)
for detecting a large majority of so-called ‘radiatively signifi- Ng
cant clouds’ and has a Doppler capability to measure vertical
cloud motions and light precipitations. ) > ) e

The latest design of the CPR can be found in KumagaiIng No, l.WC and« in order to perform radiative transfer
(2002). Table 1 summarises the instrument design and ex(_:omputanns.
pected pen_‘ormance, Which reﬂect the result of the optimisa-; 5 1 diative transfer (RT) model
tion analysis presented in this paper.

@)

Thusiitis simple to derive from reflectivity the correspond-

The RT model is extracted from the physical package of the

LMD (French laboratory, CNRS) atmospheric general circu-
3 CPR System Simulator lation model and can be run in a single-column mode (one-

dimensional). The short-wave radiation model was designed
Details concerning equivalent reflectivity profile calcula- Py Fouquart and Bonnel (1980), and the long-wave radia-
tions, detectability and radiometric accuracy requirement ardion model was designed by Morcrette (1991), which use a
explained in a preliminary study (Tinel et al., 2002). Us- plane-parallel geometry approximation applied on each ver-
ing 3D scenarios implies the introduction of horizontal dis- tical measurement profile.
tance integration and to take into account the beam filing The input data necessary to run the radiative transfer code
effect. A simplified inverse model has been used in order toare the temperature and specific humidity profiles. The
reduce time of calculations. The radar simulator is explainedozone is prescribed as long-term mean climatological val-
in Sect. 3.1, and Sect. 3.2 and 3.3 respectively present thees. Cloud-related parameters are the cloud fraction, cloud

simplified inverse model and radiative transfert model. overlap, cloud emissivity and optical thickness. They are
retrieved from radar observation. The cloud emissivity is

3.1 3D Simulator calculated through the cloud liquid (or ice) water path W
(g/m?):

The radar simulator is composed of four modules allowingto, _ 1 _ «w 4)

retrieve the reflectivity profiles “measured” by the radar from

the “true” reflectivity profiles. where k is the absorption coefficient {fg) with the values

The input to the simulator is the so-called “True” cloud of 1.33 for warm clouds and 0.09 for cold clouds.
profile Z,,.(h) derived from actually measured cloud struc-  The cloud optical thicknessis calculated as a function of
tures. The Attenuation Module accounts for the signal at-the cloud liquid (or ice) water path W (ghnand the effec-
tenuation through the atmosphere and cloud layers in thdive radius of cloud droplets in pm):
satellite geometry, i.e. measured from the top. The Beam 3w
Filling Effect Module takes into account the spatial integra- t = = — (5)
tion. The Noise Module simulates the effects of the speckle 27
and thermal noise. Finally, the Convolution Module gener- Given a cloud scenario, the RT model is run to derive the four
ates the “Measured” cloud profile,Z,s(h) by simulating the  “reference” radiative fluxes (upward solar, upward IR, down-
radar transfer functions (PTR and IR). The noise characterward solar, downward IR), associated with the “true” radar
istics is appropriately scaled in order to account for the over-reflectivity profile introduced as input of the space borne
sampling of the signal by the radar (100 m sampling), henceCPR simulation. The “measured” reflectivity profile by the

the samples are correlated. CPR is then inverted and itself introduced as input of the RT
model to derive four “retrieved” radiative fluxes.
3.2 Microphysical inverse model The optimisation criteria are based on the comparison of

the “reference” and “retrieved” radiative fluxes. Two criteria
In order to reduce calculation time, a realistic inverse modelare considered:
built from in-situ microphysical data has been used. Thisin- The first one is based on the estimate of the RMS (root
verse model relates the normalisation parametgr(iWhich mean square) difference between any of the four retrieved
characterizes paricle size distribution) (Testud et al., 2000) tdlux profile and the corresponding reference one. This RMS
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Table 1. Design parameters and expected performance of the CPR (*TOA = top of the atmosphere).

Orbit altitude 410-420km

Mission duration >2 years

Frequency 94.05GHz

Polarisation Linear or circular

Beam pointing Fixed vertical (nadir)

Antenna aperture size <2.5m diameter

Transmitter peak power =1800W

Pulse length 3.3s (unmodulated)

Pulse repetition frequency 5.3 to 6 kHz (orbit position dependent)
Altitude range —0.5t0 20km

Vertical sampling interval 100m

Vertical resolution (half-power width) <400m

Antenna beam footprint size-@ dB contour) <700m

Along-track integration (on-board) 1km

Dynamic range of radar reflectivity factor ~ <—38dBZ to>+30dBZ (for 10 km integration at TOA¥)
Doppler measurement accuracy <1m/sinthe range-10 m/s

Radiometric resolution <1.44dB

difference is representative of how well the profile of the var-
ious fluxes are retrieved, and thus of how well the vertical
distribution of heat associated with the cloud radiation pro-
cess is captured by the CPR.

The second one is more traditional: it considers the com-
parison of the reference and retrieved TOA (Top Of Atmo- Zpnin(dBZ) 183 -21.3 -243
sphere) fluxes (upward Solar and IR). Zrpr (dBZ) —285 315 -345

The assumption on the cloud overlap and cloud fraction  Znin(dBZ) —123 153 —183
also influences the radiative transfer calculations. Follow- Reduceddesign ;" a7y 555 255 _285
ing the latest trend in the use of general circulation models,
all simulations are performed using the random-maximum
overlap assumption. A cloud fraction of 0.9 is used.

Table 2. Pairs oft andz,,;,, used for the simulations.

Pulse length 2.3ks 3.3us 4.62us
Vertical resolution 270m 385m 539m

Baseline design

— associated humidity profiles from radio-sounding or

. model;
4 Cloud scenarios

. ) — cloud base heights from ceilometer.
Representative cloud scenarios have been selected from three

cloud data bases: 4.1 Radar performances

— the South Great Plains (SGP) and the Surface HEain order to test the radar performances, three pulse lengthes
Budget of the Arctic ocean experiment (SHEBA) de- corresponding to three different vertical resolutions have
ployed in the framework of ARM (Atmospheric Radia- heen tested (Table 2). Each of them was tested with two ra-
tion Measurements program); diometric sensitivityZ,,;, (EarthCARE baseline design and

one reduced design with a 6 dBZ degradation) and with ap-

— the Cloud Lidar And Radar Experiment-1998 plication of corresponding thresholding,Z

(CLARE9S),

_ the CLOUDNET data base. 4.2 Cloud scenario presentation

We choose here to present the results of one of the scenarios
g‘oceanic" mid-latitude case) from CLOUDNET data base
using the RASTA (CETP) french 95 GHz radar. Radar data
were recorded on the 15 November 2003 on the SIRTA site
— ground-based radar reflectivity profiles; (Site Instrumental de Recherche par Teledetection Active —

Remote Sensing Instrumental Site). The reflectivity is mea-
— associated temperature profiles from radiosounding omsured with the 94 GHz ground-based zenith-pointing RASTA

model if radiosounding is not available; radar (Fig. 1).

The choice of each scenario is guided first by the multi-
layered character of the cloud structure, and second by th
availability of;
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Fig. 1. lllustration of apparent reflectivity of RASTA radar on the e
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15 November 2003 on SIRTA site (Courtesy of SIRTA). time (UTC)
7. 0dB=—18.3 UBZ Thres——_08.5 dBZ Fig. 3. lllustration of simulated reflectivity from the CPR simulator

for the case of the 15 November 2003 on SIRTA site. EarthCARE
baseline design, 529 m vertical resoluties84.5 dBZ thresholding
applied (top), without thresholding (bottom).

—~ 12E

altitude (km

Z-.0dB=—18.3 dB8Z WNo threshold

o5 not removed, will contribute to the flux estimates as ghost-
14E E| . . .
= 128 35 clouds, hence possibly introducing further errors. Thus for
= *g 43 each simulation, the flux calculations were performed in two
I | Zom [dE2] different ways:

— a thresholding was applied at the sensitivity limj};£
below which all values were set to zero;

10 13
time {UTC)

Fig. 2. lllustration of simulated reflectivity from the CPR simulator
for the case of the 15 November 2003 on SIRTA site. Reduced sen- no thresholdin lied. i.e.th molete orofile includ-
sitivity design, 529 m vertical resolution;28.5 dBZ thresholding — hothresholding applied, 1.. th€ complete profiie Inclu

applied (top), without thresholding (bottom). ing noise is used for flux calculations.

Figures 2 (reduced design) and 3 (EarthCARE baseline de-
— a single cloud layer extends from 4km altitude up to sign) represent simulated reflectivities with thresholding ap-
6 km altitude from 0000 to 03:00 UTC, then from 3km plication and without for 529 m vertical resolution. Some
altitude up to 5km altitude from 03:00 to 09:00 UTC.  information on clouds is lost when thresholding is applied,
) whereas ghost clouds appear without thresholding. The mean
— asecond layer occurs from 7km altitude up to 8km al- hyise |evels are lower for the baseline desigh% dBZ) than
titude from 04:00 to 11:00 UTC, for the Reduced design-@5 dBZ).

— asingle layer extends from 3km altitude up to 6km al-  Figure 4 presents the results concerning the upward So-
titude from 12:00 to 24:00 UTC, with a cloud base alti- lar and IR TOA flux errors for 529 m vertical resolution and
tude decreasing to the ground level from 19:00 until the for thresholding of-34.5dBZ and-28.5dBZ respectively
end of the day. applied on EarthCARE (plain) and reduced (dotted) designs.

Solar fluxes are only present during the day hence from 07:00
Radar measurements have been performed from 00:00 urt® 16:00 UTC. Mean values TOA errors for solar fluxes are
til 24:00 UTC with a pulse-burst cycle of 30s. Thermody- from 0 up to 4 W/n? for the baseline design as they reach
namical profiles are given by Meteo France (Trappes site lo8 W/n? for the reduced design. Mean values TOA errors for
cated at 20km from the SIRTA site) at 23:14 UCT on the 14 IR fluxes are from 0 up to 8 W/n? for both designs and dif-
November 2003, and at 11:17 UTC and 23:17 UTC on the 15er from less than 1 W/ffrom a design to another. Without

November 2003. thresholding (Fig. 5), solar fluxes TOA erros increase due
to the presence of ghost clouds and reach 34%\on the
4.3 Simulation results baseline design and 37 W#nfor the reduced design. This

proves the importance of the application of a thresholding if
A further experiment was carried out to analyse the effecttaking the recommendation of the WCRP for the TOA flux
of applying a threshold on the ‘measured” Z profiles. As adensity estimation accuracy of 10 WinTraking into account
matter of fact, all “measured” profiles are noisy in the areaa thresholding or not does not affect so much IR flux TOA er-
of low reflectivity or in absence of clouds. Such noise, if rors because of the presence of ghost clouds in low altitudes.
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Fig. 4. Retrieved IR (grey lines)/Solar (black lines) upward fluxes Fig. 5. Retrieved IR (grey lines)/Solar (black lines) upward fluxes
TOA errors from the CPR simulated data (4.62 pulse length). PlainTOA errors from the CPR simulated data (4.62 pulse length). Plain
lines and dotted lines respectively represent results from the Basélines and dotted lines respectively represent results from the Base-
line and Reduced designs. Thresholding applied. line and Reduced designs. No thresholding applied.
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