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1 Introduction

Clouds have a strong modulating influence on the global energy budget. There is a general agreement
that the annual global mean effect of clouds is to cool the climate system, but there is a significant
disagreement on the magnitude, which exceeds 10 W/m* (Arking, 1990). To improve such estimates, the
cloud cover fraction, cloud type and the cloud top height have to be known more accurately.

The most important cloud parameter for energy budget studies is the cloud albedo. Even small changes in
the cloud albedo affect significantly the earth climate. In general, variations in cloud cover may cause
both, cooling or heating effects, because the shortwave as well as the infrared flux is affected. In contrast,
the enhancement of albedo alone does not affect the infrared radiation but the reflection of more solar
radiation leads to cooling effects. The cloud albedo depends on the cloud optical thickness and this varies
with the liquid water content and size distribution of the cloud droplets. An increase in the number of
cloud droplets, e.g. due to an increase in aerosol concentration, results in a decreased mean droplet size,
for constant liquid water content. This increases the cloud albedo and may reduce the greenhouse effect
of the trace gases. There are considerable uncertainties in the understanding of the process leading from
artificial and natural emission of SO, to cloud optical properties, which may compensate the warming
effect of CO, and other trace gases (Charlson et al., 1987). These effects can be responsible for an
increase of 10% in reflected radiation, if clean maritime air is replaced by continental like aerosol
characteristics in general circulation models (Twomey, 1977).

The cloud optical thickness is also an important parameter for the surface and atmospheric energy
budget. The variation of cloud optical thickness alters the amount of reflected radiation and hence the
energy that reaches the surface. Investigations based on general circulation models show, that an increase
in optical thickness and water/ice content of clouds may results in a negative temperature feedback. This
opposes the positive feedback due to cloud cover changes (Roeckner, 1987).

Satellite observations are the most effective method to observe clouds on a large scale and to estimate
their impact on the earth’s climate. Therefore longterm satellite observations are necessary to enable the
retrieval of variations in cloud optical properties. For example, the International Satellite Cloud
Climatology Project (ISCCP) collects and analyses satellite radiance measurements to infer the global
distribution of cloud radiative properties and their diurnal and seasonal variations (Rossow, 1989). The
cloud optical thickness can be determined directly from reflectance data, if the particle size is known.
Rossow and Lacis (1988) assumed for ISCCP analysis, that all clouds can be interpreted as having an
effective radius of re=10um. A more accurate estimation of optical thickness can be made if the particle
size and phase are included in the algorithm development.

Twomey and Seton (1980) described in a theoretical study the potential of simultaneous measurements
of the optical thickness and mean radius if using near infrared radiances. Nakajima and King (1990)
showed that measurements of reflectances at 0.75um and 2.16pum can be used to estimate for optical
thickness and effective radius. As there is no infrared channel for the MERIS instrument the radiance at
0=753.75nm (channel 10) with a spectral width of 7.5nm is related to the optical thickness and cloud
albedo by considering the observation geometry. The measurements in this channel are free of a
considerable influence of atmospheric absorption due to gases or liquid water.

This document provides a description of the MERIS algorithms for the retrieval of cloud optical
thickness and cloud albedo. The principle approach is the use of a large dataset of radiative transfer
simulations covering the whole range of possible observation conditions (viewing- and sun zenith angles)
as well as radiative and geometric properties of clouds and aerosols. A polynomial regression has been
used for the inversion of the dataset in order to derive the desired cloud parameter from MERIS radiance
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measurements.

For a validation of the global retrieval of cloud optical thickness and albedo, aircraft measurements with
multispectral radiometers and cloud microphysical instruments build a basis of evaluating the
performance and accuracy of the proposed algorithms.

2 Algorithm Overview

The cloud albedo o, and cloud optical thickness §, will be estimated from measurements of the MERIS
channel centred at A=753.75nm. An adequate algorithm is established to transform the radiance
measurements into hemispherical quantities by integration over viewing angles, since clouds do not
reflect the sunlight isotropic. The algorithm accounts for the angular distribution of reflected solar
radiation by means of radiative transfer simulations. The radiative transfer model MOMO (Matrix
Operator Model) is used to solve the forward problem and simulates the satellite sensor signals
(radiances), considering the relevant radiative transfer processes in the atmosphere. MOMO calculates
the spectral albedo at the atmospheric model layer boundaries.

Inferring the optical properties from measured satellite radiances is called the inverse problem. This
problem will be tackled by a polynomial approach where the cloud albedo and optical thickness are
related to a polynomial function of the radiance to be measured. In order to improve the algorithm, the
selection of the coefficients for polynomials depends on parameters that are specified a priori, either
from external data or empirically derived from climatological data sets. The surface albedo as the most
important parameter is taken from the MERIS AlbedoMap data set, a global, temporally resolved data
base of surface albedo (Muller et al., 2006). It provides global 16-day averages of surface reflectance in
the MERIS window channels on a rectangular longitude-latitude grid at a spatial resolution of 0.05°.
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3 Algorithm Description
3.1  Theoretical Description
3.1.1 Physics of the Problem

3.1.1.1 Cloud Albedo

Satellite instruments usually measure directional intensity quantities, which have to be
converted into fluxes for an albedo retrieval. The radiation field above a cloud layer is non-
isotropic (see Figure 1), because of the strong angular dependency of a single-scattering process,
expressed by the scattering phase function of cloud particles. The inference from radiance
measurements to albedo requires the knowledge of the solar zenith angle and the viewing
geometry.

The spectral albedo of a surface (in our case: cloud top level) is defined as the ratio of radiant

flux @', which is directed to the upper hemisphere to the incident radiant flux ®* :
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Figure 1: Non-isotropic radiance field as simulated with the radiative transfer code
MOMO. Polar-plot of upward directed radiances at the top of the atmosphere. The sun
zenith angle is 35 degrees. Cloud parameters: optical thickness 6,=30, cloud geometrical
thickness: 2km, cloud top height: z,,,=2.5km, effective radius: r,=17um. Calculations for
MERIS channel 10 (A=753.75nm).
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Figure 2: Left: Cloud albedo (at top of atmosphere TOA) as a function of cloud optical
thickness (MOMO simulations) for all cloud droplet size distributions used for the inversion
process. (sun zenith angle 35°) Right: Cloud albedo as a function of surface albedo
(MOMO simulations). The influence of surface reflection is shown for clouds with various
optical thicknesses.
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The hemispherical fluxes are derived with the simulated radiance values by integration over the
hemisphere:

©,(9,)= [ L,(9,.9,.0)0,do. 2)

The downward flux at cloud top level depends on the amount of solar irradiation F, and is a function of
the sun zenith angle . The modification of the downward flux due to aerosols and absorption by
atmospheric gases is usually small at A=753.75nm and can be neglected. The upwelling flux above
clouds depends on the droplet size and liquid water content of the cloud. Usually these parameters have a
distinct vertical profile within the cloud.

In Figure 2, the cloud albedo is shown as a function of optical thickness (left). For optically thin clouds, a
small increase in cloud optical thickness leads to a strong enhancement of cloud reflectivity, in contrast
to optically thick clouds, where cloud albedo modification due to changes in optical thickness is rather
small, but might be important with respect to the impact on climate. This relation between cloud albedo
and optical thickness is slightly affected by different droplet sizes as shown in the left graph of Figure 2.

Most of the broadband measurements of existing satellite instruments are affected by water vapour
and/or the absorption by the liquid water in the cloud droplet itself. In contrast, the narrow-band MERIS
channel 10 used for the estimation of the cloud albedo, is not affected by absorption. Therefore, the
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spectrally integrated broadband albedo derived from broadband measurements is expected to be lower
than cloud albedo derived from narrow-band measurements in window channels.

Since the surface reflection affects the up-welling radiation even under thick clouds, the surface albedo
has to be considered for the evaluation scheme. The influence of surface albedo and cloud albedo is
shown in Figure 2 (right).

3.1.1.2 Cloud optical thickness

In addition to the effective radius, the optical thickness of a cloud is the most important parameter to
describe cloud shortwave radiative properties. A formal definition uses the extinction efficiency factor

Qe
5. =
0

The extinction efficiency depends on droplet radius r, wavelength A and refractive index of water or ice
m and is defined as the ratio of the extinction to the cross-sectional areas of droplets. Under the
assumption of spherical particles, it can be derived by Mie theory. The size spectrum of the cloud
particles is denoted with n(r) and z is the vertical coordinate. Q, tends to become a constant value of 2, if
the ratio of particle radius to wavelength is large (i.e. for solar radiation in the visible and near infrared as
well as for typical cloud droplet size distributions). In that case, . is a function of droplet size
distribution and total number of cloud droplets (right hand side of Equation 3). The effective radius of a
size distribution is defined by (Hansen and Travis, 1974):

j;wr3n(r )dl"

r=— (4)

’ f:rzn(r)dr '

The values for the effective radius vary usually between r. = 4ym and r. = 30gm. A simple relation
between the effective radius, the liquid water path (LWP) and the optical thickness is given by Stephens
(1978):

0%8
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The lack of information about the effective radius limits the accuracy of cloud optical thickness retrieval.
Additionally, the increase of radiance with optical thickness has a tendency for saturation at higher
values (Figure 2), thus, the determination of high values of cloud optical thickness is very sensitive to
uncertainties in the measurement and in the retrieval algorithm (Figure 10).

The reflection of the underlying surface affects the upwelling radiation even under a thick cloud.
Therefore, surface albedo is introduced into the evaluation scheme for both parameters.
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3.1.2 Mathematical Description of the Algorithm

3.1.2.1 Radiative Transfer Calculations

Radiative transfer simulations have been performed to create a data set as a basis for the inversion
process. They should cover the whole range of possible conditions and account for all parameters and
processes, affecting the retrieval.

The radiative transfer model MOMO (Fischer and GraBl, 1991; Fell and Fischer, 1995) uses optical
properties of a cloud droplet ensemble as calculated from a Mie-program (Wiscombe, 1980). For a given
droplet size distribution and optical constants of water and ice (complex refractive indices from Hale and
Querry (1973), Palmer and Williams (1975) and Irvine and Pollack (1968)) the Mie-code returns
extinction and scattering coefficients and the scattering phase function, which describes the angular
distribution of scattered light in a single scattering event. The droplet size distribution is approximated by
an analytical function (modified gamma distribution):

Table 1: Cloud types used in the radiative transfer simulations with the ranges of the properties.

No. | cloud type fgi;(;icliv(epm) extinction (km™) :ll:;rl?ne(;ls)tlcal
1 stratus | 17 15-20 2-8

2 |stratus II 10 15-20 2-8

3 | stratocumulus I 17 16-24 2-14

4 | stratocumulus II 10 16-24 2-14

5 | nimbostratus 17 20-30 100-250

6 | altostratus 8 15-20 8-22

7 | cumulus 25 15-20 8-22

8 | cumulonimbus 33 25-35 150-350

9 |altocumulus 8 16-24 8-22

10 |stratus + altostratus I - 16-24 20-100

11 |stratus + altostratus II - 15-20 20-100

1-3, -r
n(r)=r " -e"", (6)

which is determined by two parameters: the effective radius r, and a dispersion r, about the effective
radius.

The scattering coefficient for A=753.75nm is an input parameter of the radiative transfer model MOMO.
In contrast, the scattering phase function has to be expanded into a Fourier series in order to calculate
azimuthally resolved radiances. Since MOMO calculations include the full information on the angular
dependencies of scattering due to cloud particles, radiance measurements can be simulated for any
illumination and observation geometry as well as for any atmospheric conditions. Several viewing
conditions have to be simulated for each cloud case. Due to the Matrix-Operator-assumption of MOMO,
the discrete zenith angles are not equidistant. The discrete azimuth angles are equidistant; 17 values has
been selected between 0° and 180°. Since the simulated radiation field is symmetric to the sun-pixel-
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sensor-plane, only the angles in this interval have to be considered. For the determination of MERIS
signals in the 753.75nm band (7.5nm bandwidth) the band averaged values are used.

Cloud optical thickness varies between 1 and 350 in the calculations. Figure 3 shows the number
distribution of considered optical thicknesses (see Table 1).

The range of the used surface albedos contains values from 0% to 80% in steps of 10%. Due to the multi-
scattering processes within cloud layers and a more or less isotropic irradiation at the earth surface, the
assumption of an isotropic reflection at the earth’s surface is sufficient for the algorithm development.

1C'::||::|_I T T T T

00

E00

400

number of cazes

200

L T s o [0 L o e e e E ) W L L
0 50 100 150 200 250
optical thickness
Figure 3: Statistical distribution of the cloud optical thickness values considered in the
radiative transfer simulations.

Since the cloud top height slightly affects the radiance at top of atmosphere, four different cloud top
heights are used. For cloud optical thicknesses dc > 10 the influence of the aerosol scattering is almost

negligible for its retrieval. For optically thin clouds aerosols modify the intensity and anisotropy of the
backscattered radiation. Therefore two standard aerosol models, maritime and continental, with an
optical thickness of 8,,,=0.125 at A=550nm according to Toon and Pollack (1973) are applied in all
simulations.

Since it is not possible to perform radiative transfer calculations for all permutations of input parameters,
a limit of 2000 radiative transfer simulations were performed, which might represent typical variations of
cloud type (= effective radius), optical thickness, acrosol type and surface albedo. The cloud types used
in the radiative transfer simulations as well as their range of optical properties are listed in Table 1.

In case of volcanic eruptions stratospheric aerosols should be introduced in the model atmosphere.
Sulphuric acid particles are then placed in the model layer between 20km and 30km (WCP-report No.
112, 1986). The influence of volcanic ashes does not seem to be important for our purposes, because they
tend to modify the signals in the region of the eruption only.
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Figure 4: Simulation results (circles) and regression functions (solid lines) for the cloud

albedo retrieval (left) and the cloud optical thickness retrieval (right). Solar zenith angle

9=35°, viewing zenith angle 9,=0° and azimuth difference A¢p=0°. A surface albedo of

40% was assumed for this example. Regression coefficients: r=0.9991, x*=0.007 (cloud
albedo) and r=0.997, 5°=0.101 (logarithm of cloud optical thickness).

3.1.2.2 Polynomial Approach

The impact of the cloud properties on the radiance measurements can be described by a polynomial
expression. Here the cloud albedo and the cloud optical thickness are related to the radiance value in the
MERIS channel 10 at A=753.75nm (AA=7.5nm), whereby the coefficients are determined from radiative
transfer calculations.

A second order polynomial fits the functional dependence between cloud albedo and radiance with an
acceptable accuracy:
a,=a,+a,-L+a, L. (7

cl

For the cloud optical thickness, the following relation has been used to approximate the simulated data:

S =exp(b, +b, -L+b,-L* +b,-L*) (8)
c 0 1 2 3

Two types of parameters have to be distinguished: parameters known or estimated a priori (solar and
viewing geometry, surface albedo, aerosol type according to land/sea pixel identification,
thermodynamic phase) and unknown parameters, which have to be regarded as sources of noise such as
effective radius.

The polynomial coefficients have to be specified for all observation and sun geometry- and observation
parameters that are known a priori. For each specific case, determined by the set of a priori known
parameters, a multi-linear regression method has been applied to find the appropriate coefficients. The
resulting regression coefficient » can be used for an error estimation.
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3.1.2.3 Inversion

Figure 5 describes the inversion process. The radiance is processed with the coefficients in a polynomial
evaluation. Additional data such as surface albedo will be used for a pre-selection to find the appropriate
coefficients. The coefficients are related to the discrete MOMO angles and have to be interpolated to the
actual observation and solar geometry as well as to the surface albedo of the pixel.

A stratospheric aerosol flag is set, if volcanic eruptions with emissions in the stratosphere are reported. In
such cases the algorithm selects the coefficients (or matrices) derived with the simulations containing

sulphuric acid particles in the upper atmosphere.

MERIS
radiance
at 753.75nm

additional
Levell
products

cloud
albedo

A

4

A

A

extraction of
polynomial
coefficients

polynomial

database of
evaluation

regression
coefficients

cloud
optical
thickness

database of
surface albedo

Figure 5: Flowchart diagram of the inversion process of the cloud albedo and cloud optical
thickness retrieval.

3.2 Practical Considerations

3.2.1 Numerical computation considerations

The size of the coefficient database for a polynomial approach could be estimated from the number of
different surface albedo values and angular resolution of MOMO. Coefficients sets should be available

for each surface albedo and stratospheric aerosol flag status.
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3.2.2 Calibration and Validation

For a calibration and validation of the cloud optical thickness and cloud albedo retrieval, field campaigns
including aircraft observations as well as further radiative transfer calculations are requested.
Simultaneous measurements of the size distribution of cloud droplets, their vertical profile within clouds
and radiance measurements above clouds as performed, e.g. during the CLOUDYCOLUMN campaign
as a part of the second Aerosol Characterisation Experiment ACE 2 (Raes, 1997), provide more insight
in cloud-radiation-processes and validation opportunities.

Figure 6 shows the cloud optical thickness retrieved from measurements of the upward directed radiance
at 753.75nm with the airborne spectrometer OVID (Schiiller and Fischer, 1997). The MERIS algorithm
as described in this documents has been applied to the measurements and the results agree well with the
cloud optical thicknesses, calculated from the vertical distribution of droplet concentration, droplet size
and liquid water content measured with in situ instruments (Brenguier et al., 1999).

A validation of the radiative transfer MOMO has been carried out with measurements (Fischer et al.,
1991) as well as with other radiative transfer simulations for which good agreements are found
(Heinemann and Gentili, 1995; Fell and Fischer, 1995; Santer et al, 2005).

25

20

15

10

optical thickness

D 1 1 1
29.0 23.2 29.4 29.6 29.8
latitude []

Figure 6: Comparison of the remotely sensed optical thickness with OVID data (solid lines)
with the estimations from in-situ measurements (thick segments) for one leg ACE 2 mission
at 26th July 1997 (Brenguier et al., 1999).
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3.2.3 Quality Control and Diagnostics

A diagnostic and a quality control of the estimated cloud albedo are difficult to achieve. The variability,
minima and maxima in relation to the observed clouds could be applied. Comparison to cloud properties
derived from other satellite instruments might also be used.

3.2.4 Exception Handling

The algorithm will be applied only for pixels that are indicated as cloudy by the cloud-screening
algorithm. Pixels for which the quality test (previous section) failed will pass the algorithm without a
result. If the algorithm retrieves parameters, which lie outside realistic values, a quality flag will be
raised, indicating, which parameter is outside the considered limit. For that specific pixel, no cloud
parameter will be estimated.

3.2.5 Output Product

The output of the algorithm are
* cloud albedo
* cloud optical thickness
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3.3 Estimates of accuracy and sensitivity

The influence of the regression on the accuracy of the retrieved product is shown in Figure 7 for cloud
optical thickness and for cloud albedo as a function of solar zenith angle and viewing zenith angle. Both
graphs show that the retrieval of cloud optical thickness as well as the retrieval of cloud albedo is more
difficult for larger solar zenith angles. The Figure shows clearly the higher sensitivity of the cloud optical
thickness retrieval on solar zenith angle compared to the cloud albedo retrieval.
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Figure 7: Relative error in percent in retrieved cloud optical thickness (upper graph) and
cloud albedo (lower graph) due to regression errors as a function of viewing zenith angle 9,
and solar zenith angle 9 (azimuthal difference Ag = 90°, surface albedo a, = 0%,).

This study is focused on a sensitivity analysis, which considers the influence of the observation geometry
within a representative MERIS swath, the instrumental noise as well as other atmospheric and surface
properties on the accuracy of the retrieved cloud product. Since a complete sensitivity study would
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require a systematic and independent variation of all these parameters, which is quite difficult to achieve,
we reduced the number of combinations by limiting the range of parameters to values as they occur
during the overpass of a representative MERIS swath.

Two steps are performed to access the quality of the algorithm. Firstly, the radiance values for each pixel
of the swath have been computed as a function of the parameter under investigation, by using radiative
transfer simulations of MERIS Channel 10 and 11. In a second step, we applied the MERIS cloud
albedo, cloud optical thickness and cloud top pressure algorithms to these pseudo MERIS images. Beside
the images, swath averages of retrieved values, deviations and relative errors are produced in order to
quantify the overall effect of these parameters. Projections of the swath images to a map should help to
identify geographic regions, where the retrieval is critical (e. g. high solar zenith angles at high latitudes).

3.3.1 Simulation of MERIS images

The properties of the considered MERIS swath simulation are listed in Table 2. This particular swath has
been selected, because it covers areas over ocean (70% of all pixels) and land surfaces of different
reflectivity (30 % of all pixels), which is quite representative for the land-ocean coverage fraction of the
whole earth. The orbital parameter of ENVISAT and the viewing geometry of the MERIS sensor have
been used to calculate longitude and latitude as well as the solar and viewing zenith angle and the
azimuth difference of each pixel.

The land surface albedo is taken from the data-set of the International Satellite Land Surface
Climatology Project ISLSCP (Sellers et al. 1995). The surface albedo is an integrated value over the
entire solar spectrum, thus no wavelength dependencies are considered. Because of the very large solar
zenith angles in the northern and southern part of the swath where an estimate of cloud top pressure,
cloud optical thickness and cloud albedo is not possible, we restricted our analysis to the range between
70° N and 55° S latitude.

Table 2: Properties of the considered MERIS swath.

Day of the year 80
Measuring time 1100 sec
Satellite inclination 1.72°
Satellite altitude 799 km
Equator crossing time 10:00
Latitude range 70°N —55°S
Longitude range 15°E - 29°W
Solar zenith angle range 26°-171°
Viewing zenith angle range 0° - 40°
Azimuth difference range 0°-180°
Surface albedo range 0% - 40%
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Figure 8: Simulated MERIS swath for radiances at channel 10 (753.75nm) calculated with
a cloud optical thickness of 6. = 10 (left) and 6. = 50 (right).

3.3.2 Cloud optical thickness

3.3.2.1 Sensitivity to geometry

Retrieved cloud optical thickness along a MERIS swath is shown in Figure 9. The optical thickness,
assumed for the radiative transfer simulations, is constant for the entire swath. Even for §. = 10 (left) the
surface structure nearly disappears. The algorithm seems to under-estimates the optical thickness for
observation geometries, which are closer to the edge of the swath.

6 averaae:8.05 10 29 'averaoe:47.54

N

Figure 9: Retrieved cloud optical thickness from simulated MERIS measurements
calculated with a cloud optical thickness of 6. = 10 (left) and 6. = 50 (right).
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At higher latitudes the op
average) = 8.05 (left) and

tical thickness is overestimated. For this MERIS swath averages of d.(swath-
d.(swath-average) = 47.54 (right) have been retrieved.

3.3.2.2 Sensitivity to cloud optical thickness and cloud top height

The sensitivity to cloud optical thickness and cloud top height variations has been analysed with the
general finding, that the RMSE (root mean square error) increases with optical thickness. For typical

values of 8.=50 a RMSE=

9 has been estimated. The influence of the cloud top height is obvious with a

general tendency to higher RMSE values for higher cloud top heights. The root mean square error RMSE
(upper graph) and BIAS (lower graph) is shown in Figure 10. The BIAS drastically increases with cloud
top heights. Optically thick and low clouds are underestimated with respect to the optical thickness.
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Figure 10: Sensitivity of the cloud optical thickness retrieval to cloud optical thickness and
cloud top height. Root mean square error RMSE (upper graph) and BIAS (lower graph).




FUB-ATBD MERIS Cloud Albedo
& and Cloud Optical Thickness

Freie Universitat {(k Issue: 3.1

Date: 30/06/2010

3.3.2.3 Sensitivity of cloud optical thickness retrieval to surface albedo

The sensitivity of the cloud optical thickness retrieval to the surface albedo is shown in Figure 11. The
root mean square error RMSE (upper graph) is lower at high and low surface albedo values when the
optical thickness is smaller than 50. The largest errors occur at surface albedos of 50% and high optical
thickness. These results have to be interpreted with respect to the algorithm development, which is driven
by the minimisation of the overall errors.

The lower graph of Figure 11 is showing the BIAS of the retrieved optical thickness. The lowest values
for the BIAS are found for optical thicknesses of 8.~50.
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Figure 11: Sensitivity of the cloud optical thickness retrieval to cloud optical thickness
and surface albedo. Root mean square error RMSE (upper graph) and BIAS (lower

graph).
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3.3.2.4 Sensitivity to cloud optical thickness and instrumental noise

Figure 12 shows the sensitivity of the cloud optical thickness retrieval to cloud optical thickness and
instrumental noise. The sensitivity of cloud optical thickness to instrumental noise is low compared to
the sensitivity to other parameters. Within the considered range RMSE values between 0.03 and 0.07 %
are found. The BIAS is more important and reaches values up to 8.~-12.
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Figure 12: Sensitivity of the cloud optical thickness retrieval to cloud optical thickness
and instrumental noise. Root mean square error RMSE (upper graph) and BIAS (lower

graph).
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3.3.3 Cloud albedo

3.3.3.1 Sensitivity to cloud optical thickness and cloud top height

The sensitivity of the cloud albedo retrieval to cloud optical thickness and cloud top height is shown in
Figure 13. For higher optical thickness and cloud top height the RMSE of the cloud albedo retrieval
decreases. In most of the cases the RMSE is below 0.04%. The BIAS is in the same range.
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Figure 13: Sensitivity of the cloud albedo retrieval to cloud optical thickness and cloud top
height. Root mean square error RMSE (upper graph) and BIAS (lower graph).
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3.3.3.2 Sensitivity to cloud optical thickness and surface albedo

The sensitivity of the cloud albedo retrieval to cloud optical thickness and surface albedo is shown in
Figure 14. The root mean square error (upper graph) is lowest for high cloud optical thickness and mean
surface albedo values between 20 and 60 %. For most of the measuring conditions the RMSE is below
0.03 %. The BIAS (lower graph) is between —0.01 and 0.01%.
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Figure 14: Sensitivity of the cloud albedo retrieval to cloud optical thickness and surface
albedo. Root mean square error RMSE (upper graph) and BIAS (lower graph).
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3.3.3.3 Sensitivity to cloud optical thickness and instrumental noise

The sensitivity of the cloud albedo retrieval to cloud optical thickness and instrumental noise is shown in
Figure 15. The root mean square error is in most of the considered cases below is 0.04% (upper graph).

The negative BIAS is below 0.03% (lower graph).
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Figure 15: Sensitivity of the cloud albedo retrieval to cloud optical thickness and
instrumental noise. Root mean square error RMSE (upper graph) and BIAS (lower

graph).
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4 Assumptions and Limitations

The algorithm is based on radiative transfer calculations for which a plan parallel atmosphere is assumed.
For low sun elevations and high observation angles, the assumption of a plan parallel atmosphere is less
fulfilled. Except for the Monte-Carlo method, there are no 3-dim radiative transfer codes available,
which could describe the shape of the clouds more realistically. Nevertheless such radiative transfer
codes have also significant limitations to describe 3-dim clouds adequately.

Effects from non-horizontal homogenous clouds cannot be treated with the MOMO model, but the
influence of vertical distribution of cloud appearance are described. The environment effects of
neighbouring pixels cannot be treated with the MOMO model.
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