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[11 The Earth Clouds, Aerosols and Radiation Explorer (EarthCARE) mission developed
by the European Space Agency and the Japan Aerospace Exploration Agency addresses
the need to improve the understanding of the interactions between cloud, aerosol,

and radiation processes. The broadband radiometer (BBR) instrument on board the
EarthCARE spacecraft provides measurements of broadband reflected solar and emitted
thermal radiances at the top of atmosphere (TOA) over the along-track satellite path at
three fixed viewing zenith angles. The multiangular information provided by the BBR,
combined with the spectral information from the EarthCARE’s multispectral imager (MSI)
can be exploited to construct accurate thermal radiance-to-flux conversion algorithms
on the basis of radiative transfer modeling. In this study, the methodology to derive
longwave (LW) fluxes from BBR and MSI data is described, and the performance of the
LW BBR angular models is compared with the Clouds and the Earth’s Radiant Energy
System (CERES) Terra flux retrievals in order to evaluate the reliability of the BBR
synthetic models when applied to satellite-based radiances. For this purpose, the BBR
methodology proposed in this work is adapted to the CERES and the Moderate Resolution
Imaging Spectroradiometer (MODIS) instrument specifications, and new LW angular
models for CERES are developed. According to plane-parallel simulations, the BBR LW
flux uncertainty caused by flux inversion could be reduced up to 0.4 W m 2. The
intercomparison between CERES BBR-like adapted and CERES original angular models
is performed over a BBR-like database of CERES true along track, and the averaged

instantaneous retrievals agree to within 2 W m 2.

Citation: Domenech, C., T. Wehr, and J. Fischer (2011), Toward an Earth Clouds, Aerosols and Radiation Explore (EarthCARE)
thermal flux determination: Evaluation using Clouds and the Earth’s Radiant Energy System (CERES) true along-track data,
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1. Introduction

[2] The Earth Clouds, Aerosols and Radiation Explorer
(EarthCARE) mission [European Space Agency, 2004] is a
joint European-Japanese scientific collaboration addressing
the need for a better understanding of the interactions
between cloud, radiative and aerosol processes that play a
critical role in climate regulation and the radiative balance of
the Earth. The mission scientific goals will be achieved with
two active and two passive instruments on board the same
spacecraft. In particular, the atmospheric lidar (ATLID) and
the cloud profiling radar (CPR) will retrieve vertical profiles
of aerosols and clouds and the broadband radiometer (BBR)
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and the multispectral imager (MSI) will measure broadband
(BB) and narrowband (NB) radiances at the top of atmo-
sphere (TOA). The EarthCARE payload and the instrument
observation geometry are shown in Figure 1. The BBR will
measure the TOA radiance along track (AT) with a sampling
along the satellite’s flight direction in three fixed directional
views (nadir and forward/backward at 50°) over the same
footprint of 10 x 10 km to derive radiative fluxes, F(W m?),
from reflected shortwave (SW) and emitted longwave (LW)
radiation, L (W m™ 2 sr '), emerging from the same atmo-
spheric region where the active sensors also acquire mea-
surements of cloud and aerosol profiles. With this approach,
the BB measurements provide the boundary condition for the
flux calculations under consideration of the cloud/aerosol
coverage and profiles measured by the other elements of the
EarthCARE mission [EarthCARE Mission Advisory Group,
2006].

[3] TOA flux determination requires information on the
anisotropy of the radiance field emerging from the Earth-
atmosphere system. If an algorithm can accurately model the
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Figure 1. The EarthCARE satellite will carry a payload of four instruments: an atmospheric lidar
(ATLID), a cloud profiling radar (CPR), a multispectral imager (MSI), and a broadband radiometer

(BBR).

anisotropic distribution of the radiation field, then it could be
employed to retrieve fluxes from single radiance measure-
ments [see, e.g., Suttles et al., 1988, 1989]. Flux retrieval
algorithms employed in Earth radiation budget (ERB)
missions such as the Earth Radiation Budget Scanning
Radiometer (ScaRab) [Kandel et al., 1998], the Clouds and
the Earth’s Radiant Energy System (CERES) [Wielicki et al.,
1996] and the Geostationary Earth Radiation Budget (GERB)
[Harries et al., 2005] use the spectral information retrieved
from the target to derive TOA fluxes. The spectral informa-
tion can be directly used in the flux derivation scheme as is the
case with the LW GERB angular models [Clerbaux et al.,
2003] and the SW ScaRab-3 ADMs [Viollier et al., 2009],
or alternatively it can be used to describe the observed scene
in the sorting into angular bins (SAB) methods employed by
CERES [Loeb et al., 2003, 2005]. Another possibility is to
combine multiangle radiance measurements coming from
the target and use theoretical or empirical bidirectional
reflectance models to estimate fluxes. This approach is used
with NB multiangle instruments such as Polarization and
Directionality of the Earth’s Reflectances (POLDER) and
multiangle imaging spectroradiometer (MISR), and it was
studied by Bodas-Salcedo et al. [2003] for a BB multi-
angular instrument.

[4] This study describes the angular distribution models
(ADMs) employed to obtain instantaneous longwave radi-
ative fluxes from radiance measurements of the EarthCARE

Mission. The flux retrieval algorithms developed in this
work rely on a database of spectral radiance fields at TOA
obtained using radiative transfer (RT) computations. The
theoretical approach permits to construct conversion algo-
rithms specifically designed for the EarthCARE instruments
being able, for instance, to exploit the multidirectional and
multispectral information of the BBR and MSI, or even the
synergy between active and passive sensors [Domenech et al.,
2007]. However, the definition of theoretical angular models
carries the intrinsic difficulty associated to addressing
unlimited existing atmospheric conditions. In order to fairly
represent the atmospheric variability, the synthetic database
has been constructed on the basis of robust climatological
studies and the angular models developed for the BBR
measurements have been evaluated via the intercomparison
against the longwave ADMs used by the CERES instrument
[Loeb et al., 2005, 2007] on board the Terra NASA satellite.

2. Methodology

[5] The radiative flux leaving the Earth-atmosphere
system, F(6y), is defined as the hemispherical integration of
the radiance field at TOA, L(6o, 0, ¢), according to

/2 27
F(6o) :/0 /0 L(6o,0,¢)cosd sinfdbfdo (1)
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Table 1. Channel Specification of the MSI

Wavelength Region Center Wavelength (pm)

Channel 1 VIS 0.670 + 0.01
Channel 2 NIR 0.865 = 0.01
Channel 3 SWIR 1 1.650 + 0.015
Channel 4 SWIR 2 2.210 £ 0.015
Channel 5 TIR 1 8.8 +£0.05
Channel 6 TIR 2 10.8 + 0.05
Channel 7 TIR 3 12.0 + 0.05

where 6, is the solar zenith angle, 6 the satellite viewing
angle, and ¢ the relative azimuth angle between the satellite
and the Sun.

[6] In ERB missions, the upwelling radiance from a target
on Earth at any given time is commonly measured in spe-
cific outgoing directions by narrow field of view (FOV)
radiometers on board satellites; hence, the radiative flux
cannot be obtained from instantaneous radiance measure-
ments. Thus, a radiance-to-flux conversion procedure needs
to be employed to estimate the exiting flux. The flux esti-
mation can be based on an ADM model that takes the mean
behavior of the anisotropy of the radiance field into account,
in order to allow the flux retrieval from an observation
acquired from a single viewing angle. An ADM can be
defined as a lookup table of anisotropic factors, R, which are
obtained as the ratio of the equivalent Lambertian flux to the
actual flux:

R(80.0,6) = "0 @)

[7] In this study the anisotropic factors are retrieved as a
function of the BB and NB thermal radiances, R(6,{Lgzr},
{Lysi}). The proposed methodology combines the opera-
tional procedure used in the LW GERB flux estimation
[Clerbaux et al., 2003] and previous multiangular broad-
band instruments studies [Bodas-Salcedo et al., 2003;
Domenech et al., 2011]. The study is based on two main
assumptions: (1) the combination of the off-nadir and nadir
BBR measurements into an artificial radiance improves the
flux inversion accuracy and (2) the correlation between the
broadband radiances and the spectral signature of the radi-
ation field, measured by the MSI, can be exploited to reduce
the thermal flux retrieval error (see MSI spectral channels in
Table 1).

2.1. BBR-RT Database Construction

[8] The radiative transfer computations have been per-
formed with the LibRadtran [Mayer and Kylling, 2005]
software. The BBR theoretical radiance database (BBR-RT)
has been built using a molecular gas absorption parameter-
ized with the LOWTRAN band model [Pierluissi and Peng,
1985], as adopted from the SBDART [Ricchiazzi et al.,
1998] code. Radiances and fluxes have been computed
using the discrete ordinate solver DISORT [Stammnes et al.,
1988] with 16 streams for clear-sky scenes and 48 streams
for cloud covers. The spectral resolution is set to 5 cm™ ' for
the thermal region from 4 to 50 pm.

[s] A total of 9789 radiance fields have been computed
for the thermal region of the solar spectrum for the three
BBR viewing angles simulating realistic conditions of the
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Earth-atmosphere system. The study assumes that the
dependence of the LW anisotropy on ¢ is negligible in most
conditions [Loeb et al., 2003, 2005]. Although this
assumption should be revised in further studies, in particular
for clear regions consisting of rough terrain where the LW
anisotropy is shown to depend systematically on the azimuth
angle [Minnis and Khaiyer, 2000].

[10] The model inputs have been randomly selected in
the variation intervals in order to avoid, as far as possible,
the introduction of biases in the database. Depending on the
parameter under consideration, two sampling methods have
been employed: pseudorandom numbers for which different
seeds lead to unique computation; and quasi-random
numbers, which appear more uniform, avoiding clumping.
2.1.1. Clear-SKky Scenes

[11] For each scene in the synthetic database, the para-
meters to consider in clear sky are the following.
2.1.1.1. Atmospheric Conditions

[12] The aerosol model and loading in the boundary layer
are set randomly and with equal probability within rural,
maritime, urban and tropospheric types [Berk et al., 1998].
Background aerosols are selected above 2 km. The aerosol
profile (spring-summer or fall-winter) is specified according
to the atmospheric profile date. These climatological profiles
are obtained from the Thermodynamic Initial Guess
Retrieval (TIGR) databases [Chevallier et al., 1998, 2000].
The profiles in the TIGR2000 v1.1 have been extended up
to the TOA level according to the corresponding standard
atmospheres [Anderson et al., 1986] and extra gas species
(air density, O,, CO, and NO,) were added. An uniform
random permutation is performed over the 2300 TIGR
profiles to include the radiosonde information in the model
inputs. The atmospheric profile selected provides the geo-
graphic location of the input to be employed in the clouds
statistics.
2.1.1.2. Surface Emissivity and Temperature

[13] The emissivity is dependent on the wavelength and is
selected from the International Geosphere and Biosphere
Program (IGBP) albedo library [Wilber et al., 1999] that
corresponds to the radiosounding location selected by the
input. The skin temperature is randomly chosen close to the
lowest atmospheric profile level according to the illumina-
tion conditions (daytime/nighttime).

2.1.2. Cloudy Scenes

[14] The clouds have the highest influence in the anisot-
ropy of the radiance field. Therefore, it is of paramount
importance to include realistic statistics in the cloud mod-
eling. A climatological analysis based on Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) and CERES Terra data has been performed to
obtain a probability density function (PDF) of cloud phase,
cloud altitude and cloud fraction parameters for the different
latitudinal bands.

[15] A number of 50 orbits of CALIPSO vertical feature
mask product (v2.01) corresponding to January 2007
(randomly chosen with no distinction for day/night orbits)
have been processed in the analysis. Figure 2 shows the
cloud statistics of ice and water clouds for the latitudinal
intervals defined by the standard atmospheres. Considering
these results, ice/water clouds are classified by their cloud
top height (CTH) as low, middle or high clouds. The
number of levels and their altitude range are defined as a
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Figure 2. Statistics of cloud parameters sorted by the latitudinal bands obtained from 1 month of

CALIPSO vertical feature mask product.

function of the latitude for both ice and water clouds. The
PDF of the cloud altitude intervals for each latitudinal region
provides the likelihood to find water or ice phase clouds in
the radiance database. Thus, the cloud statistics obtained
from CALIPSOd data are fitted to the generalized extreme
value (GEV) distribution function, so that the cloud altitude
and thickness parameters to be included in the simulations
can be randomly chosen. Figure 3 shows the probability
density functions employed in the ice and water clouds
between the tropics and the polar regions.

[16] The multilayer probability used in the input creation
(60% single layer, 30% double layer, 10% as three or more
layers) is based on that of Wang et al. [2000]. However,
only single and double cloud layers are considered in this
paper. Cloud optical thickness (COT) is selected within the
limits used in the CERES Terra ADMs according to the
cloud thickness and the CTH. The cloud cover is chosen on
the basis of the statistics obtained from 8 days of CERES
along-track data (see section 3.1 for more details). The
results are shown in the Figure 4. The ice water content and
effective particle radius are translated to optical properties

with parametrizations similar to Key et al. [2002], and the
water properties are obtained using precalculated Mie tables.
The microphysical properties for ice clouds are randomly
selected among five ice crystal habits [Yang et al., 2000]
available in the RT code.
2.1.3. Verification

[17] The modeled radiance fields have been compared to
NB advanced very high resolution radiometer (AVHRR)
and BB CERES radiances in order to assess the goodness of
the RT simulations. The AVHRR and CERES instruments
were selected because they present similar characteristics to
the proposed EarthCARE analogous sensors. However, the
MSI channel 8.8 pm is not available in AVHRR. Five
AVHRR MetOp-A orbits have been employed in the study.
The modeled NB radiances were convolved with the
AVHRR spectral response function (SRF) and compared
with the actual data. Figure 5 (top) shows the scatterplot of
the radiances at 10.8 against 12.0 ym for the modeled data
and one orbit of AVHRR observations. Although the plot
shows a good correlation, the ratio between TIR 12.0 and TIR
10.8 is slightly higher in simulation than in observations. In
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Figure 3. Example of the GEV fitting obtained for midlatitude clouds. Grey bars correspond to the
scaled histograms of Figure 2. The overlaid black lines are the PDFs for the fitted GEV models.
The histograms are scaled so that the bar heights times their width sum to 1 to make them comparable

to the PDF.

particular, for warm and hot scenes. The remaining four
orbits analyzed show a similar pattern. The frequency dis-
tribution of AVHRR/libRadtran 10.8 and 12.0 um radiances
is shown in Figures 5 (middle) and 5 (bottom), respectively.
Figure 5 (middle and bottom) points out the coherence of the
results; however, it seems to be an underestimation of hot
surfaces in the radiance database.

[18] The CERES AT database employed to evaluate the
BBR ADMs (see section 3.1) is used here to verify the
correct distribution of the modeled BB thermal radiances.
The CERES/modelled radiance ratio is computed following
the approach shown by Clerbaux et al. [2009]. The
CERES and model radiances are binned independently
according to the viewing angle and cloud conditions in bins
of 10 W m 2 sr . Then the radiances are averaged and the
ratio performed. Figure 6 does not show significant differ-
ences for nadir and off-nadir views. The distribution of
modeled radiances agrees quite well with the CERES data
set, except for cold clear-sky scenes where the simulations
slightly overestimate the radiances.

2.2. LW BBR-ADMs Development

[19] The BBR-RT database is used to both develop and
assess the BBR angular models. While one half (randomly
selected) of the database is used to fit the models on the
data, the second half is employed in the error analysis. In the
methods discussed in sections 2.2.1-2.2.5, the model is
fitted on the BBR-RT database to invert the anisotropic
coefficient from the theoretical radiances, L(), and flux, F,
according to equation (2). Since the viewing geometry of the
BBR fixes the observations at nadir and 50 degrees, only
those angles are considered to build the models. Once the
anisotropic factors are retrieved, the estimated BBR LW
fluxes are computed for the evaluation of the theoretical
models. In this step, the root mean square errors (RMSE)
between modeled and derived fluxes are calculated.

[20] Table 2 lists the angular models developed for the
BBR and the measurements needed to successfully apply
the radiance-to-flux conversion algorithms. The theoretical
accuracy obtained for every model and analyzed in sections
2.2.1-2.2.5 is also summarized in Table 2.
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Figure 4. Cloud cover distribution for 8 days of true along-
track CERES data.

2.2.1. Single-View Nonspectral ADM Model

[21] The simplest algorithm to evaluate fluxes from
radiances corresponds to the single-view and nonspectral
models. Considering that the inversion error inferred from
these models will be a priori the highest, these results will be
used as reference for the evaluation of the following dis-
cussed models. In these ADMs, the anisotropic factor is
expressed by

R(0,L) = co(0) + c1(0)L(0) 3)

where cq(6) and ¢;() are the corresponding linear regression
coefficients for each observation angle (0° and 50°).

[22] Figure 7 shows the performance when this approach
is employed for the BBR views. The theoretical R is com-
pared to the R predicted by the angular model for every
scene. The results do not show large differences in the TOA
flux retrievals because of the smooth anisotropic nature of
LW radiance field. The lowest error is associated with the
observation at 50° because of the low dependence on the
scene type and the reduced anisotropic effect around this
angle [Bodas-Salcedo et al., 2003; Otterman et al., 1997].
On the other hand, as expected the worst inversion is ob-
tained for the nadir view. On average, R increases linearly
with the radiance [Bodas-Salcedo et al., 2003; Clerbaux
et al., 2003], and hence the anisotropy could be roughly
characterized by a linear model. However, this model does
not account for the strong anisotropy of cirrus clouds cor-
responding to the scattered points of Figure 7 (bottom).
2.2.2. Multiangular Nonspectral ADM Model

[23] The along-track views of the EarthCARE BBR enable
to measure three radiances coming from the same source at
almost the same time. This configuration provides an
angular information on the radiance field anisotropy that can
be employed to improve the single-view based ADMs. The
ADM definition can be extended to use the three views in
the flux estimation. By defining a new magnitude, an
effective radiance, equation (2) takes the form

_nl

F

R 4)
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where [ is the so-called effective radiance. The effective
radiance can be expressed in different ways [Bodas-Salcedo
et al., 2003]. In this study, the effective radiance is obtained
from the line integral limb to limb over 6:

T

1= / L(0)|sin 6] cos 6 d6 (s)

2

where L(6) is the second degree polynomial fit of the three
along-track radiances {Lpp} as a function of 6:

2
LO) =) an(0)0" = ag + a10 + ar0 (6)

n=0

with a,, being the fitting parameters and 6 the independent
variable.

[24] If the anisotropic factor is simply estimated from
R(I) = ¢y + ¢;1I (Figure 8), the radiance-to-flux conversion
error is reduced by 88% and 14% compared to the results
obtained with the nadir and off-nadir single-view non-
spectral methods, respectively.

2.2.3. Single-View Multispectral ADM Model

[25] This section estimates the flux inversion improve-
ment when the spectral signature, L(}), of the scene is
available. The thermal bands of the MSI instrument, {Lyz},
namely at 8.8, 10.8 and 12.0 um, together with the individual
BB radiances, Lgp(6), are used to calculate the anisotropic
coefficients. Following the approach of Clerbaux et al.
[2003], R(0) is estimated as a third-order regression on the
BBR BB radiance and MSI NB radiances without particular
physical meaning for the regression coefficients. A direct
use of the three thermal MSI measurements in high-order
regressions produces lot of coefficients (35 coefficients for
second order, 70 coefficients for third order, etc.), thus a
principal component analysis (PCA) is recommended to
limit the number of parameters. (It is commonplace for the
sum of the variances of the first few PCs to exceed 80% of
the total variance of the original data.) The spectral infor-
mation is projected on the principal component axis (linear
transformation) and the angular models are constructed on a
restricted set of the principal components.

[26] Figure 9 shows how the model using the nadir or the
oblique BBR view reproduces the anisotropic behavior of
the modeled radiance fields. The use of the MSI spectral
data allows to reduce the conversion error by about 41% in
the worst case (nadir). According to Clerbaux et al. [2003]
results, the exploitation of the spectral signature from mul-
tichannel imagers like the Moderate Resolution Imaging
Spectroradiometer (MODIS) allows a reduction of the
radiance-to-flux conversion error of about 45%. The better
performance of this model when it is adapted to the MODIS
configuration is due to the higher number of available
channels in the thermal part of the spectrum.

2.2.4. Single-View Monospectral ADM Model

[27] The radiance-to-flux conversion using information
from a single NB radiance is of interest since the daytime
data employed in the model evaluation have only one NB
thermal MODIS channel (MODIS channel 31 = 11.03 um)
with coincident BB CERES observations.

[28] This angular model is a simplified version of the
former single-view multispectral model. In particular, this
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