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1 INTRODUCTION

1.1 Purpose

This Algorithm Theoretical Basis Document (ATBD) describes the algorithm used to retrieve surface
albedo over terrestrial surfaces from the visible channel of the MVIRI instrument onboard Meteosat
First Generation (MFQG) satellites. The algorithm is applied to all MFG mission data archived at
EUMETSAT.

1.2 Scope

This ATBD defines the physical principles and mathematical background supporting the proposed
approach. It gives a detailed description of the algorithm to be implemented and presents the
assumptions and limitations of the approach. This document also identifies the sources of input data,
including the auxiliary data, and the products generated during processing.

1.3 Document Structure

Section Contents

Section 1 Contains the document purpose and scope, as well as references to all foundation
documents and references.

Section 2 Contains an overview of the science, definitions used in the document, a
description of the instrument used and the strategy employed.

Section 3 Describes the algorithm and goes into detail about each module that is involved in
the process.

Section 4 A broad listing of the assumptions and limitations involved in this theoretical
basis document.

Appendix A Product List
Appendix B A description of the Computed RAdiative transfer Functions (CRAF) database.

Appendix C Explains all the integrals mentioned in the ATBD and includes a numerical
solution using a Gaussian quadrature method.

Appendix D Contains a table of the scalable parameters.

Appendix E Tables in this section illustrate each mathematical symbol and shorthand
representation used in the document.
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1.5 Abbreviations and Acronyms used in this document

Acronym
AGFI
Al
ASSF
ASI
ASM
ATBD
BHR
BHR-iso
BRF
BRDF
BSI
BSRF
CLMA
CM
CRAF
DATF
DBHR
DCP
DCPf
DDHR
DHR
DIM
DQI
DSM
IDFT
LUT
MFG
MPEF
MRPV
MSA
MVIRI
NESC
NREM
NSLOT
OGTF

Meaning
Absorbing Gas Fields
Atmosphere Identifier

Average Surface Shape Factor

surface Anisotropy Shape Indicator
Atmospheric Scattering Module
Algorithm Theoretical Basis Document
Bi-Hemispherical Reflectance
Bi-Hemispherical Reflectance isotropic conditions
Bidirectional Reflectance Factor
Bidirectional Reflectance Distribution Function
TOA BRFs Structure Indicator
Black Surface Reflectance Factor
CLoud Mask
Cloud Mask
pre-Computed Radiation transfer Functions
Direct Attenuation Transmission Factor
Daily Averaged Bi-hemispherical Reflectance
Data Consistency Procedure
Data Consistency Procedure flag
Daily Averaged Hemispherical Reflectance
Directional Hemispherical Reflectance
Data Interpretation Model
Data Quality Indicator
Data Selection Module
Incoming Diffuse Transmission Factor
Look Up Table
Meteosat First Generation
Meteorological Products Extraction Facility
Modified Rahman-Pinty-Verstraete model
Meteosat Surface Albedo
Meteosat Visible and Infra Red Imager
Number of remaining slots after the DCP
Number of slots removed by the DCP
Minimum number of slots required for the inversion

Other Gases Transmission Factor
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Acronym Meaning

OLAM Ocean-Land Mask Dataset

OTF Ozone Transmission Factor dataset

RCF Retrieved Configuration File

RPV Rahman-Pinty-Verstraete model

SVAT Soil-Vegetation-Atmosphere-Transfer
STF Scattering Transmission Factor dataset
TOA Top Of Atmosphere

TOFI Topographic Fields dataset

TOMS Total Ozone Mapping System

TOPO TOPOgraphic flag

WVTF Water Vapour Transmission Factor dataset
6S Second Simulation of the Satellite Signal in the Solar Spectrum
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2 SCIENTIFIC OVERVIEW

The bulk of the solar radiation available to the Earth system is absorbed at or near the oceanic and
continental surface, and then ultimately released to the atmosphere through the fluxes of infrared
radiation, as well as sensible and latent heat. The fraction of solar energy absorbed at the surface of
the planet is controlled by its surface albedo, which is highly variable in space and time over
terrestrial surfaces. To ensure adequate representation of land-surface processes and their interactions
with the atmosphere, it is therefore necessary to estimate accurately land surface albedo values at the
appropriate time and space scales (see for instance, Dickinson 1983 [RD 3], and Avissar and
Verstraete 1990 [RD 1]. In the early 1980s, it was suggested that an absolute accuracy of 0.05 for
spatial and temporal scales compatible with climate studies was desirable (see Henderson-Sellers and
Wilson 1983 [RD 11]). Despite the recognized importance of the objective, the scientific community
has not yet succeeded in this endeavour to the extent that, for instance, surface albedo maps are not
routinely provided by meteorological centres—or by any other national or international entity for that
matter. Paradoxically, the off-line modelling of land-surface processes, for instance in Soil-
Vegetation-Atmosphere-Transfer schemes (SVATS), has been significantly improved, and these
surface representations are beginning to be integrated in meteorological and climate forecast models.
A strong demand for reliable and accurate information on many land surface properties and surface
albedo in particular thus remains.

Satellite-borne instruments constitute a priori a unique tool for monitoring surface albedo values at
the global scale and at spatial and temporal resolutions adequate for meteorological and climate
studies. However, the above assertion implies that the problems hindering the accurate estimation of
surface albedo values are correctly addressed. The radiative contributions to the measured radiances
due to the atmospheric layers and the variations due to the anisotropic reflectance of all terrestrial
surfaces are of primary concern in this context (Pinty and Ramond 1987 [RD 22]). In principle, the
surface albedo could be estimated rather accurately if the radiative properties of the atmosphere were
known at the same time and location as an extensive multi-angular and multispectral sampling of the
radiance fields emerging from the Top of the Atmosphere (TOA) were gathered in space. Although
some of the atmospheric radiative properties (for instance the total ozone and water vapour contents)
are known with sufficient accuracy, others, such as the aerosol load and properties, are not yet
measured routinely.

Fundamentally, the spectral radiance derived from a satellite measurement is controlled by all the
radiative processes with which the solar radiation has interacted through the various parts of the
atmosphere and the underlying surface during its travel. In fact, satellite measurements correspond to
one of the four boundary conditions of the atmospheric radiative problem: the first one is the radiation
from the sun which acts as the source of energy and is assumed to be known, the second is the
downward radiance field reaching the surface, and the third one is the upward radiance field at the
bottom of the atmosphere. Estimating the land surface albedo from satellite measurements thus
implies the estimation of the two unknown boundary conditions at the surface. The crux of the
problem is to interpret the measured upward radiance field at the surface so that the contribution from
the surface scattering properties is accurately de-convolved from that of the atmosphere. Since the
atmospheric aerosol properties strongly impact radiation transfer processes at solar wavelengths and
they are not independently available as an operational product, one possible approach can aim at
retrieving both surface and atmospheric (aerosol) properties simultaneously from the remote sensing
data by inverting coupled surface-atmosphere radiation transfer models against these data. As is
usually the case when solving an inverse problem, it is necessary to ensure that sufficient input data
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are available and that a minimum set of critical variables are estimated to guarantee an accurate and
reliable assessment of the retrieved properties.

Surface albedo can be defined spectrally or for spectral bands of finite width with broadband albedo
generally referring to the entire 0.3 — 3.0 um range or the two broadband ranges 0.3—0.7 um and
0.7-3.0 um. The algorithm presented in this Algorithm Theoretical Base Document (ATBD) focuses on
the retrieval using measurements taken with the Meteosat Visible and Infra Red Imager (MVIRI)
Visible band (see Figure 1), on board Meteosat First Generation (MFG) satellites. Such a spectral
surface albedo can be converted into a broadband value following Loew and Govaerts (2010) [RD 17].

Two simple definitions for the surface albedo, corresponding to extreme conditions, have been
defined in Schaaf et al. 2002 [RD 29]:

e Black sky albedo, technically known as the directional hemispherical reflectance factor
(DHR), is the reflectance of a surface when the illumination comes from a single direction.
Black sky albedo is the albedo in the absence of any atmosphere. It depends on the angular
position of the source of light and on surface properties;

e White sky albedo, technically known as bi-hemispherical reflectance factor under isotropic
illumination (BHR;s), is the reflectance of a surface when the irradiance is isotropic. The
surface albedo under an overcast homogeneous cloud deck would be a good approximation of
white sky albedo. This value depends only on surface properties.

In practice, the actual instantaneous albedo of a land surface is often approximated from a linear
combination of the black and white sky albedo, where the weighting factors are the relative
proportions of direct and isotropic diffuse radiation. Such a combination is sometimes referred to as
the blue sky albedo. It depends on the angular position of the main source of illumination for direct
radiation, the atmospheric condition, and on surface properties. The retrieval scheme described in this
ATBD is only generating Black and White Sky albedo (the only parameters one can retrieve from
satellite observations). The blue sky albedo can be obtained as explained in Pinty et al. 2005 [RD 25].

Variable/ Horizontal | Vertical Temporal Accuracy’! Stability?

Parameter Resolution  Resolution Resolution

Black-sky albedo 1km N/A Daily to max (5%; 0.0025) max (1%; 0.0001)
weekly

White-sky albedo  1km N/A Daily to max (5%; 0.0025) max (1%; 0.0001)
weekly

Table 1: GCOS target requirements from GCOS (2011)

Table 1 provides requirements from GCOS (2011) that represent the target for the construction of a
Climate Data Record from observations coming from many instruments over time. Complete
requirements can be found on the GCOS website http://www.wmo.int/pages/prog/gcos/index.php.

The GCOS rationale behind the numbers in Table 1 is to detect the change in radiative forcing that is
equivalent to 20 per cent of the expected total change in radiative forcing per decade due to
greenhouse gases and other forcing, for example, ~0.1 Wm per decade which is a definition
originating from Ohring (2005) [RD 21]. These requirements need to be understood in order to build a
global surface albedo product that combines different observing systems into a Climate Data Record.

! Accuracy: degree of closeness of measurements of a quantity to that quantity's actual (true) value.

2 Stability: estimation of measurement consistency over time.
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Surface albedo retrieval schemes applied to individual observing systems such as Meteosat First
Generation are not expected to fulfil these requirements but deliver useful data for many climate
applications, for example those applications associated with climate modelling where the data can be
used as boundary condition.

The design of the MVIRI does not yield an adequate spectral and directional sampling of the radiance
fields scattered by the Earth. However, thanks to its geostationary orbit, this sensor is able to sample
the TOA emerging radiance field every thirty minutes during the course of the day, i.e., for different
solar illumination conditions. In other words, if the geophysical system under investigation does not
change drastically during the daily period of solar illumination, Meteosat data provide a useful
angular sampling of the radiance fields scattered by the Earth system. Whenever and wherever this
assumption is valid, the Meteosat temporal sampling of the radiance field for a given location can thus
be interpreted as an angular sampling: this approach constitutes the corner stone of the strategy for the
estimation of surface albedo values. The objectives of the Meteosat Surface Albedo (MSA) retrievals
are as follows:

e to estimate daily surface albedo values over most of the terrestrial surfaces sampled by
Meteosat;

o to characterize the surface brightness and anisotropy using a set of three ad hoc parameters
(defined in Section 3.6.2);

e to provide a simultaneous daily estimation of probable aerosol load radiatively compatible with
the corresponding surface products;

e to provide an estimation of the uncertainly for the surface albedo and aerosol load along with
the retrieval.
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Figure 1: Meteosat First Generation MVIRI Visible channel Sensor Spectral Response (SSR)

2.1 Instrument characteristics

The technical characteristics of the Meteosat series of instruments and their orbital positions can be
found in the Meteosat First Generation User Handbook [RD 19]. For the purpose of this document, it
will be enough to recall that Meteosat is sampling the radiation field emitted by Earth every thirty
minutes in three spectral channels distributed over the visible solar range, the thermal infrared and the
water vapour channels, respectively. The present project only uses geographically rectified data (Ievel
1.5) acquired by one Meteosat visible channel, calibrated with the information provided by
EUMETSAT. The Meteosat visible channel scans the Earth disk into a matrix of 5000 x 5000 pixels,
corresponding to a spatial resolution of 2.5 km at the sub-satellite point, in about 30 minutes. The
pixel becomes larger in relation to its distance from the SSP, this enlargement means that the pixel
will cover surfaces with different reflectance characteristic. This is not considered in the retrieval
strategy. The visible channel is sensitive to radiation scattered from about 400—1100 nm and exhibits
a maximum response between 700 nm —800 nm. These latter values as well as the shape of the sensor
response are slightly different between the various Meteosat instruments. See Figure 1 and Govaerts
at al., 2004 [RD 8]. The data acquired by this series of instruments are therefore sensitive to the
amount of absorbing gases exhibiting absorption bands in this spectral region, in particular to ozone
and water vapour.
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2.2 Retrieval Strategy

The Meteosat Surface Albedo (MSA) algorithm relies on an approach proposed by Pinty et al. 2000a,
2000b [RD 23] and [RD 24]. The algorithm accumulates during the course of the day geostationary
cloud free observations acquired in the visible part of the electromagnetic spectrum at different
illumination conditions to retrieve the surface anisotropy and the atmospheric acrosol load through the
inversion of a Radiative Transfer Model (RTM) as shown in Figure 2. This retrieval scheme relies on
the applicability of the reciprocity principle at a spatial scale of several km (Lattanzio et al., 2006
[RD 10]). Assuming that the geophysical properties controlling the radiance field emerging from a
given pixel do not evolve much over a day, the acquisition of radiance data over such a period of time
corresponds to an angular sampling of the same radiance field for various solar geometries. Such a
strategy had already been explored by Pinty and Ramond (1987) [RD 22] to study the seasonal
variation of surface albedo over the Sahelian regions. However, this assumption is not sufficient to
guarantee that an accurate retrieval of surface parameters can be achieved on the basis of Meteosat
data alone, because the number of unknown geophysical variables of the problem, both within the
atmosphere and at the surface, remains too high. It is therefore necessary to further constrain the
surface retrievals by taking advantage of other currently available knowledge on the coupled surface-
atmosphere system. The proposed algorithm will use ozone and water vapour contents from other
sources as input data to reduce the radiation transfer problem to a surface-aerosol scattering problem.
The most critical variables of such a system are then the aerosol optical depth and the surface
brightness. Indeed, it will be assumed that actual atmospheric situations will match one of the limited
numbers of standard atmospheric models which can be prescribed a priori, and that the only free
atmospheric property to be estimated in the retrieval process is the aerosol load. The surface
brightness will similarly be estimated during the same retrieval process from a set of predefined
solutions which describe the anisotropic properties of typical surfaces. The approach that is followed
in solving this surface-aerosol scattering problem is an extension of the MISR algorithm for retrieving
aerosol optical depth values over dark surfaces (Diner et al. 1997 [RD 18]).

A 10-day composite of the daily surface albedo maps is performed to minimise the impact of cloud
coverage, particularly in the tropical regions. The algorithm also estimates retrieval errors and
provides a probability for the retrieval (Govaerts and Lattanzio, 2007 [RD 10]) defined according to
the quality of the fit and the actual number of available observations.
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Figure 2: MSA Retrieval scheme. The observations accumulated during the day are used as an angular
sampling of the surface.
2.3 Delivered products

For each 10-day compositing periods, the following quantities are produced:

o the Directional Hemispherical Reflectance (DHR) considering a Sun zenith angle of 30°;

the isotropic Bi-Hemispherical Reflectance BHRiso,
e average Aerosol Optical Thickness (AOT), and

retrieval uncertainty.

Page 16 of 70



@& EUMETSAT o S UMOPSISPE 215067

Meteosat Surface Albedo Retrieval: Algorithm Theoretical Basis Document

3 ALGORITHM DESCRIPTION

3.1 Processing Outline

The complete surface albedo algorithm process includes two main processing steps: the daily
accumulation of the required input data (the box in the upper left of Figure 3) and the retrieval of the
data (the larger DPM panel in Figure 3. The figures that follow will break this figure into its
components.

The first step in the process takes place in the Data Accumulation Module (DAM). The daily Top of
Atmosphere measurements for each pixel are stored in files called DAM files together with any other
dynamical or static ancillary information needed for the retrieval. Dynamic and static input files are
described in 0 and 3.2.1.
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Figure 3: MSA Complete algorithm processing steps.
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The first step in the process takes place in the Data Accumulation Module (DAM). The daily Top of
Atmosphere measurements for each pixel are stored in files called DAM files together with any other
dynamical or static ancillary information needed for the retrieval. Dynamic and static input files are
described in 0 and 3.2.1.

Ancillary datasets:
LATITUDE/LONGITUDE

Radiance

Ancillary datasets:
NWP Data (TCWV, O,)

Figure 4: Daily Accumulation Model (DAM): functionalities and interface
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In step two of the process, the retrieval is done in the Data Processing Module (DPM). To speed up
the retrieval, the field of solutions for the RTM is discretised and all the necessary integrals for of the
radiative transfer equations are stored in Look-up Tables. Once a solution (if any) for each pixel is
determined, the retrieval information is stored in the Space Averaging Module (SAM) files. Finally,
among all the solutions retrieved for the 10-day period, one is selected and stored in the final product.

DPM

Read DAM

LOOE O Pixels

P Diays com positing
Write
\ Final Prod.
s /

Figure 5: Data Processing Model layout

This retrieval approach described in details in Pinty et al., 2000a and 2000b [RD 23] is implemented
in the following four steps in the DPM:

e Data Consistency Procedure (DCP): This module is responsible for screening out the
cloudy pixels and it must be executed before entering the Atmospheric Scattering Module. This
procedure runs for every pixel. If a cloud mask is available (Optional input), it is applied prior
to the DCP process;

o Atmospheric Scattering Module (ASM): In this module, the gas absorption contribution to
the TOA reflectance is removed and the inversion of the RTM representing the scattering layer
and surface reflectance for all the possible values of the parameterised fields (see Govaerts and
Lattanzio, 2007 [RD 10]) is performed;

o Data Interpretation Module (DIM): In this module, the most likely solution among all the
possible ones estimated in the previous step for each pixel is chosen;

e Space-Time Averaging Module (TAM): Steps 1 to 3 are applied after the daily accumulation
and the solutions stored in the SAM temporary files for the subsequent 10-day temporal
compositing. In this latter module, the best solution for the 10-day period is selected.
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3.2 Algorithm information input

The MSA input can be divided in dynamic and static ancillary input files. The dynamic input files are
listed in Dynamic Input Files

File Meaning Units
Radiance R.afliance at pixel resolution retrieved in the instrument Wm? sl

visible band

Cloud mask at pixel level.
Cloud Mask If not present, the algorithm assumes all pixels are

cloud-free.

0: Cloud free, 1: Cloudy

Total Column Ozone (TCO3) TCO3: (cm atm)
NWP Model

. Total Column Water Vapour (TCWV). If not present, See Note below.
Reanalysis
Data default values are used :
. -2
TCO3: 0.3cm atm, TCWV: 2.0 gem™ TCWV: gom

Note: 1 DU (Dobson Unit) = 0.001 cm atm: 0.3cm atm = 300 DU
Table 2: GSA dynamic input files

The NWP data, the Total Column Ozone (TCO3) and Total Column Water Vapour (TCWYV) are used
in one of the Look-Up Tables (LUT) in order to invert the Radiative Transfer Model (RTM). Several
ozone and water vapour bands are located within the Meteosat visible spectral response and the
effects of these gases on radiation transfer processes must be considered. The sensitivity of the

proposed retrieval schemes with respect to those atmospheric parameters has been analysed by Pinty
et al. (2000b) [RD 24].

3.2.1 Static Input Files

The Ancillary static input files are listed in Table 3. The Latitude and Longitude input files are generated
according to the MVIRI-rectified image definition. The content of the LUTs is specified in Section 3.9.
File Meaning

Binary files. The LUTs contain pre-computed functions and
Look Up Table (LUT) parameters needed for the inversion of the radiative transfer
model (see section Appendix A)

Latitude MVIRI rectified image coordinates
Longitude MVIRI rectified image coordinates

Table 3: GSA Ancillary static input files

3.3 Atmospheric and surface radiative transfer functions

Radiative transfer calculations have been performed for various surface and atmospheric conditions in
order to obtain the pre-computed functions required to solve the inverse problem. Detailed
information about the theoretical background justifying the use of these radiation transfer functions is
provided in Section 3.6 . The values of these functions are given for discrete values of aerosol optical
depth and for discrete values of the two parameters (k and ©) characterizing the shape of the surface
Bi-directional Reflectance Factor (BRF).
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Given the specification of the Meteosat visible channel and the operational constraints in terms of
memory and storage capacity, the radiation transfer problem has been segmented into two major parts:
the absorption effect and scattering effect. The atmosphere is idealized as a multi-layer horizontally
homogeneous system for which plane-parallel scattering theory is applicable. The organization of the
layers follows the approach used in the 6S code (Vermote et al., 1997 [RD 32]). The gaseous
absorption is assumed to take place on top of a scattering layer. All vertical profiles of the various
atmospheric com-pounds correspond to those implemented in the 6S code. The Meteosat Surface
Albedo algorithm uses the US-62 [RD 31] atmosphere specification as a default option. US-62 is the
U.S. Standard atmospheric profile 1962.

The function values stored in the pre-Computed Radiation transfer Functions (CRAF) database are
required to simulate the Meteosat BRF values for various aerosol optical depths and surface
anisotropy conditions. These functions allow a simulation of the Meteosat signal using an approach
where the contribution due to the coupled surface-aerosol scattering effects is calculated during the
retrieval process. All the function values are weighted with the Meteosat spectral response.

The contribution to the Meteosat BRF values which is due to ozone and water vapour absorption
effects is treated as a separate problem from scattering. This contribution is technically accounted for
in the scattering module (ASM) via a simple division of the measured BRF values by the appropriate
transmission factors due to the absorbing gases.

3.4 Description of the Data Accumulation Module (DAM)

To constrain the inverse radiation transfer problem and to limit the number of acceptable solutions
that can account for the Meteosat data, we propose to exploit the high temporal sampling of the TOA
BREF fields over a period of one day as if it were an instantaneous angular sampling with respect to the
solar zenith angle. This is valid only assuming that the surface-atmosphere geophysical system does
not change significantly during the period of data accumulation. A daily accumulation period
corresponding to a number of images (NSLOT). A value of 25 is chosen as the default option for the
module. For Meteosat, this encloses a period of 12 hours. The DAM stores, for all land pixels, a time
series of ToA BRF with the following constraints:

e Pixel Sun zenith angle < 70°;

e Pixel ToA BRF between 0.05° and 0.6°
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3.5 Description of the Data Consistency Procedure (DCP)

The Data Consistency Procedure (DCP) is applied for all pixels of the TOA BRF time series that has
satisfied the previous DAM series of screening tests. In order to be interpreted by the physical
modules at a later stage, the DCP checks the consistency of the retained BRF values by attempting to
fit the data series against a general parametric BRF model, namely a modified version of the Rahman-
Pinty-Verstraete (RPV) model, named MRPV (Engelsen et al. 1996 [RD 5)):

H.-‘”EH[;. 9 . H{}. 'bfu’- 'E'-,’Lf}' = Rl,}-'”,l’[ﬁg. H‘ Iﬁ-l“] F.-U {,[_? b,’.-!:'H[m. Gl Equation 1

The Minnaert function is defined:

cos™~1 g, coskrv—19

Mr (60,0, kar) = (cos By + cos @)1 Fu

Equation 2

The Henyey-Greenstein function is defined as:
Fu [g Do )= E}L[Jl: —bys cos l‘_',I'J Equation 3

The Hot-spot function is defined as:

J = R.‘uf&at

H(Ratoats G) = 1+ —

Equation 4

The phase angle g is defined as:

cos g = costlcosfy +sin#sinby cos@  Eyuarion 5
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And the geometric factor G as follows:

2 2 A c 4 0

Ruse, 18 the average of the available measured reflectance factors, and where 8 and 6 ¢ are the
observation and illumination zenith angles respectively. The relative azimuth angle, @, is zero when
the source of illumination is behind the satellite.

Optimal model parameter values can then be found by application of a fast linear scheme since the
hotspot factor H(Rwmsa, G) (Equation 4) acts like a constant term in the model. See Engelsen et al. 1996
[RD 5]).

The optimization scheme is indeed applied to an expression of the type:

Ry

H [ R:‘--f.-m 'F}

In = In Ry + (kps — 1) In[cos 6 cos (cos by + cosB)] — bpscos g Eguation 7

And the root mean square of the fit is estimated. The optimal coefficient values, namely Ry, by and
ku, are found by the application of a Cramer's Rule for solving of linear equations using determinants.

The DCP then compares the values of the standard deviation of the fit, against a pre-defined threshold
value, which represents the maximum value of the standard deviation of the fit that is considered
acceptable for successful interpretability. When the value of the fit below the threshold value, then the
process escapes from the DSM and enters the ASM; otherwise, the observed BRF value exhibiting the
largest absolute departure with respect to the model prediction is eliminated and the series of observed
BREF values is screened again. This iteration procedure is pursued until an acceptable fit is obtained or
when the remaining number of BRF data points in the time series becomes too low. In practice, the
DCP estimates the following x3.p function:

T ¥ Y r . : 112
Z; |R.1f.suf [_::mh ' R.-'n' | Zsat.: L, Rﬂf ]L__ﬁf, E).-'lf.-lj

> opepli)

2 Ec . 2 -
Xnop\Zsat: H{)- L-M- !J.-".I} — Equation 8

where Russar(Zsar, i) 18 the TOA BRF value measured at level Z,,,by Meteosat at the current slot

i, Rud(Zsar 15 Ro, kas, bur) is the TOA BRF value simulated with the MRPV model for the same slot i using
the optimal parameter values retrieved as indicated above, and opcp(i) is the maximum acceptable
standard deviation value to guarantee an appro-priate smoothness and angular consistency between the
reflectance in the various slots of the same day. This smoothness condition is ensured when x3.p < 1.

The default option of the DCP uses a threshold value of six for the number of required BRF data
points. Given the computational constraints, it is not envisaged to implement more complicated
schemes as would be required to ensure that an optimal angular sampling is available.

The default opcp(i) value is equal to 10 % of the average value of the measured TOA BRFs,
Russa(Zsar, ) for a given Meteosat pixel. A value of 1.0 for the smoothness indicator namely x3p is
assumed appropriate to ensure an adequate data smoothness.
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The largest (lowest) values allowed for the parameters ki and byrare set at 1.2 (0.0) and 1.2 (—1.2),
respectively, by default in the DCP. A flag value will be issued by the DCP to document the output
according to the following events:

e Number of remaining BRF data points are less than six;

e More than six BRF data points are left but the values of the ki and by model parameters falls
outside the range of allowed values, and

o A successful pass of this fine-screening procedure.

The optimized values of the MRPV, Ry, kir and by, will be archived for all terrestrial pixels, together
with the squared value of the g, value, the value of x3.p, the number of retained slots (NESC): and
the number of slots removed by the DCP (NREM). All these products are generated daily for all
processed pixels.

3.6 Description of the Atmospheric Scattering Module (ASM)

The albedo of a land surface is the non-dimensional ratio of the radiation flux reflected by a (typically
horizontal) surface in all directions and the incoming irradiance, which is the radiation flux from the
upper hemisphere. According to the inclusion or removal of the atmospheric scattering signal the
radiation fluxes produce Bi-Hemispherical Reflectance (BHR) or Directional Hemispherical
Reflectance (DHR), respectively (Pinty et al. 2005 [RD 25]). If the radiation impacting the surface
can be assumed isotropic the BHR becomes BHRis, a quantity independent of ambient conditions.
The BHR is commonly called blue sky albedo, while the DHR and BHR;,, are respectively called
white and black sky albedo (Schaaf et al. 2002 [RD 29]). The relation between the BHR, DHR and
BHRis, can be expressed as follows: See Pinty et al. 2005 [RD 25]:

BHR*(20, o 7 pote) = DHR (20, 165 pst)f (200 pro; 7)
Equation 9

+ BHRim{?z{}: P:;fl:.}.lf— tl’di"(z{]l-- Hos T, P‘s[c)-

The fractions of diffuse and direct radiation are defined as:

j.:L{Iiﬂ'{»Zﬂ‘ 1ol T, pﬁrc} =1 - j_:,l,dil'{'zﬂ‘ o 7)
_ 11.|::fri-_=;.1:..{ <0e }-'-'[}: ’T} + Tmﬁ{ Z0s }-"-'{}: T. p:;fc}] Equation 10

Jtot, . 3 d
" (20s o Ts Pstc)

The BHR;s, is defined as:

Equation 11
BHR;5o = poQo

The ad hoc parameter ao is defined in Equation 46 (see Section 3.6.2) and po is the amplitude of the
Bidirectional Reflectance Factor (BRF) field. The DHR is defined in Equation 16 in Section 3.6.1).
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3.6.1 Physics of the Problem

This section describes the core of the Surface Albedo algorithm and presents the physical and
mathematical aspects of the atmospheric absorption and scattering problems when using Meteosat
BRF data. Note that all physical variables appearing within a spectral integral are monochromatic
quantities.

The equations required to solve the inverse problem and retrieve simultaneously the surface BRF field
and the aerosol optical depth are described in the next section. The retrieval of surface quantities such
as albedo values requires addressing the complex issue of specifying the lower boundary conditions of
an atmospheric radiation transfer problem. Although many different related concepts can be used, the
albedo, as a generic quantity, is required in applications dealing with land surface energy budget. The
various definitions that can be used express different levels of assumptions made on the calculation of
the surface quantities with respect to the angular integration of the incoming solar radiation. See
Nicodemus et al. 1977 [RD 20].

Fundamentally, the basic physical quantity required by any kind of surface application is the
Bidirectional Reflectance Factor (BRF). Indeed, this quantity expresses the probability for radiation
coming from one specific direction, ', to be scattered into another specific direction, €2, normalized
by the same reflectance due to a Lambertian target. Accordingly, the upwelling radiance field at the
surface level zo in the direction Q, I' (zo, , Qo) can be expressed as follows:

1

—
i

I'(20,Q Q) = = | pagel20, ¥ = Q) I(20, 2, Q) 4 dY  Bquation 12

o 27

where:

psre(z0, Q' — Q)  represents the Bi-directional Reflectance Factor of the surface

I(zo, Q', Q) is the downwelling radiance in the direction Q ' at the bottom of the
atmosphere which is generated when the Sun is illuminating from the
direction Qo

All physical quantities intervening in Equation 12 are monochromatic spectral quantities. Since
radiant exitance quantities, rather than radiances, are desirable for most applications involving a
surface energy budget equation, it is necessary to compute the integral of I(zo, Q, Qo) over all exiting
directions Q in the upward-looking hemisphere:

E f:g- Lg) = /d I ' 20, QQ, f?ﬁ ) [z df2 Equation 13

¥

where o is the cosine of the solar zenith angle.
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Figure 6: Schematic diagram showing angles used in the definition of BRF and albedo (0: zenith angle; ®:
azimuth angle; i: incident; r: reflected; w: solid angle). Note: Graphic is based from a picture taken in the

Global Albedo Project webpage: See http://www-cd.ucsd.edu/gap/

Similarly, the non-isotropic downwelling radiance field can be integrated over all incoming directions
in the downward looking hemisphere, to estimate the surface irradiance as follows:

E*(zo, tio) = j I*(z0, . Q) ' dY' Fanaion 14

and the BiHemispherical Reflectance (BHR) is obtained by forming the ratio of the radiant exitance to
surface irradiance, namely the ratio of Equation 13 to Equation 14:

ET(ZoiHO)

BHR(zo, ko) = EY(Zo; tho)
0 Ho

Equation 15

BHR values are controlled jointly by surface and atmospheric properties. Depending on accuracy
requirements and the context of the application, other quantities can easily be derived from

Equation 10 and Equation 11. For instance, the Directional-Hemispherical Reflectance (DHR) can be
obtained by separating the direct and diffuse components of the downwelling radiance field. When
considering direct radiation only, the DHR can then be written as follows:

1
DHR(zy, up) = ;f Psrc(Z0, 2 > Qu'd Q' Equation 16

21

Since the direct solar illumination is depending only on €, it is equal to zero for all Q' directions
except the particular Qo direction. Analogous albedo values could be derived with respect to the
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atmospherically diffuse component, with or without the assumptions of isotropic downwelling sky
radiance fields. The geometry of the retrieval is represented in Figure 6.

3.6.2 Mathematical Implementation of the Algorithm

The radiance measured by Meteosat is controlled by all radiative processes which represent how the
solar radiation has interacted with the coupled surface-atmosphere system. Accordingly, Meteosat
radiances depend on a large number of state variables characterizing both atmospheric and surface
absorbing and scattering properties.

The radiance measured by the satellite can be decomposed as a sum of terms, one of which constitutes
the contribution specifically due to surface scattering effects, which will be used to derive the surface
albedo products:

e )""? " C .
J.r.'ll-_f_._”I..:l {;ﬁui‘u Q-! Q: _:' — .I.r'{]-lm [_250." ] Qr ﬂ[:ll Sf (l\_ll flfr}ll
A1

i Equation 17
4 f' I (Zeat,s S2, S20) S(A) d)

where Ifsae (Zsar, Q, Qo) denotes the radiance measured at the altitude of the satellite (z.) by the
Meteosat sensor, observing in direction €2, integrated between the lower and upper limits

(M and A, respectively) of the Meteosat spectral response denoted S(A). The above expression is
appropriate for isolating the contribution due to the radiation that has not interacted with the surface

but only with the atmosphere, I];,,, (zsa, Q, Qo).

The surface spectral radiance contribution, including absorption and scattering effects,

1 Sﬂfc (Zsar, Q, ), is related to the surface scattering properties as follows:

Hleut 000 = = [ [ [ [ puplan, @ = 0) (20, 2, )
. Equation 18
}{ 2 ”.--}n __;'I ” d(}i’ i 1(}”’

where 77 (Q", Q) represents the total spectral atmospheric transmission factor in direction Q of the
surface upwelling radiance field in the direction Q. The latter is generated by the scattering in
direction Q of the downwelling radiance field at the surface level zo. In Equation 18,

psre(zo, Q" — Q) corresponds to the BRF of the surface which is the basic quantity required to
estimate the surface albedo.

The retrieval of surface albedo values therefore consists in developing an inverse procedure allowing
the separation between the radiative properties of the atmosphere and the surface. Appropriate models
exist for evaluating the radiation regime in a coupled surface-atmosphere system and then deduce the
relevant scattering functions and associated radiance fields. It is then feasible to pre-compute and
store in Look-Up Tables (LUTs) a large number of such functions and radiance fields generated in a
forward mode for an extensive set of pre-defined geophysical situations. Obviously, such a set must
cover a large range of geophysical situations and it would request a calculation power hardly
reachable in a standard operational reprocessing system. The two easiest ways to reduce the
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computational load consist of limiting the number of retrieved parameters and introducing a few ad
hoc physical and mathematical simplifications on the problem to be solved.

The Surface Albedo algorithm takes advantage of the routine availability of data on atmospheric
fields of ozone and water vapor content to reduce the inverse problem to a scattering problem only. It
further assumes that only a finite set of pre-defined types of atmospheres can be considered and that
atmospheric functions and radiance fields can be pre-computed for discrete values of the aerosol
optical depth and black surface conditions. To limit the number of entries of the LUTSs and the size of
the CRAF database, the algorithm implements a simplified atmospheric model where the gas
absorbing layers are located on top of the scattering layers; this scheme is similar to the one adopted
in the 6S code (Vermote et al. 1997 [RD 32]).

The radiance measured by the Meteosat sensor Equation 17 can then be rewritten as follows:
A
(1L.0) = T (0, £l

Msat\Zsat, 35, 380) = [ L7438 ))
S Xy

rAz N .
+ j T9%5(2, Q) 17, (2500, 2 o) S(A) dA
Al *

) 1]

atm l\" S

JT 0 f’}I.I.S‘ j

Equation 19

where:

I (Zsoas 2, Qo) represents spectral radiance values due to scattering
effects only, —emerging from the top of a Scattering-
Only-Atmosphere identified by the level zyq,

IST e (Zsoas Q, Qo) represents spectral radiance values due to scattering
effects only, —emerging from the top of a Scattering-
Only-Atmosphere identified by the level zsq,

3% (Q, Qo) denotes the spectral transmission factor due to gaseous
absorption effects, primarily controlled by ozone and
water vapour.

Equation 19 shows that the radiance ficlds due to the atmosphere and the surface must be computed as
a function of the actual amounts of absorbing gases. To fully separate the absorption and scattering
effects, Equation 19 was modified as follows:

{+ f o - .ﬁ'g\ 3 T of. "
I‘L!.ﬁﬂrl-"’ﬁ-flu ‘"'"@] ‘.nr-'”;(i [ H0: " 0 0 ] [ 'N["w:! ﬂ EUaI T Ia‘fr"ﬁ'.‘oﬂ' rl”‘“ Equation 20
Tiear (Uos, Urz0, Q, Qo) denotes the transmission factor due to gaseous absorption (ozone Uo; and

UH20 water vapour), weighted by the spectral response of the Meteosat sensor and it is defined:

Irh']: Eof ﬁ}]"‘.ﬁ?f-i&.fg (U].S-l}.idx\'n

T (Uos. Unyo. 2, o)
trsat Uos. Ut o) 3 Eo(d0) SO d

Equation 21

where Eo (6o) is the spectral extra-terrestrial solar irradiance.
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For the sake of consistency, the scattered radiance fields emerging at the top of the Scattering-Only-
Atmosphere and weighted by the Meteosat spectral response are then approximated as follows:

Jr, ’ﬂlmmd 0. {‘-2.]] .j} JE-WHQ.W] T.ﬁ'(r,g 0 '[;'u\' Jr.;'; rr\(‘-w.l 0, L-D :‘l/\J d}'f 3 }LJ ) Equation
122 Ey(8y) To*+ (2, ) S(A) dX » 2
and,
1 (2e0as 2, Do) = I EB,%TTJ‘“'@ Q) Lol 2s00, % D) SQA) dA /A: ann
s u _,E':,:_} Enl:g(]:- :_.uu,.s (QQGJSIJU Cl’.f‘". \ 3 23

In the current implementation, the integral in the denominators of Equation 22 and Equation 23 are
approximated using fixed values for the ozone (Uo,) and water vapour amount (Us»o), so that the
computation is done once and yields a constant value. See the error values on the computation of the
exact transmission factor over the Meteosat channel which is associated with this latter approximation
remain less than 3 %, even when considering extreme angular conditions and gas amounts.

All dimensionless factors related to BRF and transmission quantities which are required to represent
the scattering regime between the surface and the atmosphere over the Meteosat spectral band will be
approximated by the following generic formulation:

¢ 132 Eo(00) T9% (Uo,. Untyo, 2, Qa) Y S(A) dA o
= 3 e e uation
22 Eo(60) T%* (Tos, U0, 2 o) S(A) dA !

where Y represents any one of the spectral atmospheric scattering functions or parameters controlling
the radiation transfer processes between the Sun, the surface and the satellite.

The above physical assumptions and mathematical approximations allow a major step forward in the
interpretation of Meteosat BRF data to retrieve surface albedo quantities. Indeed, the problem now
reduces to the correct representation and modelling of a surface atmosphere scattering situation.
Furthermore, the surface-atmosphere scattering problem can then be addressed spectrally since
Equation 24 permits only to approximate the values of scattering functions and parameters, weighted
by the Meteosat spectral response, from their monochromatic values.

Since all atmospheric properties and functions can be derived and pre-computed off-line, the only
remaining issue concerns the use of an appropriate model to represent the surface BRF field,

Psse (2o, Q" — Q). This model must have enough flexibility to be applicable over a wide range of
surface types, conditions and wavelengths, but it must also be as simple as possible to limit the
computational cost involved in estimating Equation 17.

The RPV model published by Rahman et al. (1993) [RD 28], developed with similar requirements and
extensively tested (see Privette et al. 1997 [RD 27], Cabot and Dedieu 1997 [RD 2], and Engelsen et
al. 1996 [RD 5]) has been selected here for this purpose:

Pstelz0. 0 = 4 po, P, ©. k) = po Pspe(20, o = Q; p., ©, k)

Equation 25
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where:

po and Py (20, Qo — Q; pe, O, k) describes the amplitude and the
angular field of the surface BRF

This latter quantity is expressed by the following equation:

Psselz0, o — 2; pe, ©, k) = Mr(0o, @ k) Fuc(g: One) H(pei G)  Equation 26

Each parameter only appears in one single factor as defined in the following three equations:

cos* ! @ cos*1 @

- - Equation 27
(cos By + cos@)1—Fk

;1.1;{3.;1. a; .Irfj' =

1 - O%g
Frole: Pmals :1 + 209G cos g+ B:_.zt,rf?ja":z Fauation 25
] o Pe

H(p.:G) =1+ e

Equation 29

One major advantage of the RPV model is that the parameter which mainly controls the estimation of
surface albedo values, namely the amplitude of the BRF, appears as a factor in a product of three
decoupled angular functions (M, F, and H). A graphical interpretation of the parameters controlling
the three angular functions is given in Figure 7: RPV model parameters
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Figure 7: RPV model parameters

Since the calculation of the surface radiance contribution (see Equation 18) requires the estimation of
a set of integrals over angular coordinates, it is appropriate to factor out this first parameter in the
expression describing the surface spectral radiance contribution due to scattering effects only:

i fo [! o ' .
__f?.”[]_l = f / [ / _/Jr p-‘f"-'-z[-"ﬂi - f!'.:.ﬂl"'e‘. k)
40 J27 JD 27

I (20, 2, 20)TT(Q", Q) i dQ' y" dQ”

Equation 30

where I Sl e (20, ', Qo) corresponds to the downwelling spectral radiance reaching the surface and
TN(Q", Q) represents the spectral atmospheric transmission factor in direction Q of the upwelling
radiance field scattered by the surface in direction Q.

In the following, the functions and factors applied to characterize the origin and direction of the
radiation are identified by negative (positive) values of the cosine of the zenith angles (u) for upward
(downward) travelling directions. To limit the computational cost of the algorithm, additional
developments follow the strategy proposed by Diner et al. (1997) [RD 4] and Martonchik et al. (1998)
[RD 5], both sides of Equation 30 are multiplied by the factor w/ Eouo to transform all upwelling
radiance quantities into BRFs and downwelling radiance quantities into transmittance factors:

t /. -
Jr-._r-g |~ 508 1 ﬂ- Jg—‘fl:',E fl

i T ﬂLi — ) = Equation 31
4 E “ q
0 L
and
) I¥ (2, SY.Sdg) 7
jl {EE" ilﬂl = 2% ' Equation 32
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The p. value controlling the hot spot function in . (zo, Q" — Q; p., One, k) is fixed at a value equal
to 0.15. The functions 7% (', Qo) and 7'( Q”, Q) in Equation 30 are expanded to separate the direct
and diffuse contributions to the total signal for both upward and downward fields:

i (:0- 0, H'C'J = Cxp':_Tffﬁj'D:' d:ﬁif} - .u') fi{ﬂl"u e E’:' + T{#C‘- My Op — @fl Equation 33
for the downward solar radiation, and

T7(20, 2, Q) = exp(—7/|u]) 0(|pa| = [&']) 0(& — &) + T(—pt. =", ¢ = &) | Bguation 34

for the upward solar radiation.

The scattering functions and the diffuse transmittance factors which depend on the difference between
two azimuth angles, T(uo, u, @o— @), T(—u, — ', @ — @) and Po(z0, Q" — Q; pc, Ong, k) are expanded
as cosine Fourier series with respect to the relative azimuth angle. The reciprocity principle applies to
both upward and downward diffuse transmittance factors, T(u, u', ¢ — ¢") = T(—', —u, ' — ¢).

With the Fourier expansion, the transmission factors for diffuse radiation become:

T(po. p, @0 — @) = To(po, ) + T1(po, i) cos(dp — @) Equation 35
for the downward radiation, and

T(—p,—p' 0 — ") =To(—p, =) +Th(—=p,—1') cos(d — &) | Equation 36

for the upward radiation. Similarly, the Jy(z0, Q" — Q; pc, Ong, k) function is approximated by (with
omission of the dependent variables, p., On¢ and k):

v . ! £y f F I O LR
PsfclZ0, o — U . @g — @ ) = Toltp, — 14 ) +1ilpo, —p') cos(Po — &) Equation 37

when the diffuse transmission in the upward direction of the direct solar radiation scattered by the
surface is considered, and:

Pspe(zo. ', —p, @' — @) = ro(p', —pt) +r1(p’, —p) cos(@' — @) Equation 38

when the scattering by the surface of downward diffuse solar radiation is considered. In Equation 35
to Equation 38, the coefficients noted with an index 0 and 1 represent the first two Fourier
coefficients, that is:

Vip.—p. 0 —e)=Yolu', —p) + Y1(p'. —u) cos(o’ — o) Equation 39
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with:
i : 1 W s . . ,
Yolp', —p) = o= r Yip,—u,é —9)do ezt A0
a1l o L)
and
-~ I ]' Eﬁ Fiff f I ;  if L
g, =p) = - fD Yip,—p, o — @) cos(¢p" — o) do Equation 41

Using Equation 29, Equation 28 can be reformulated as follows:

ps‘rcf:ﬂ_—,a. — Lk, [k, @ — G'n;' = Mo ,ﬁ.x_r'ﬁ{,z.if.lﬂ* —H. Hp, @ — GEI-) Equation 42

where Py (Zsoas —1, Ho, @ — Qo) represents the angular field of the spectral bidirectional reflectance
factor at the top of the scattering-only atmosphere. By separating the direct and diffuse contributions
to the transmission factors for upward and downward radiation, this latter factor can be expressed as
follows:

ﬁsfc(zsoa =H, o, @ — GD]
exp(=7/uo) exp(—=7/|p|) Bsse(20, o = ; pe. One. k)
.—exp(—Tflp'}fU '/U T (po, tt', @0 — 0') Psgelz0. p'. —p1. &' — 0) ' dp' do'

, &= rl g g ; Equation 43
+expl—7/ ) / ] T(—p,—p's 0 —9') psgelza, poy =1y 00 — &) ' dp' d’

In s
+f ./ f f Tl.#[] # (Dg i )pi,fflfzﬂg,u -ﬂﬂ-.ﬂjr_(b“]

XT (g, —", 6 = 6") ' dy do " " dg"

Since the Fourier expansion is used only when diffuse transmission factors for upward and downward
radiation are considered, the following generic equation can be derived to express the angular field of
the spectral bidirectional reflectance factor at the top of the scattering-only atmosphere:

I

PspelZsoa, =Ly oy @ — Gp) exp(—7/ o) exp(—7/|pl) Psse(20, S0 = Q; pe, Ong. k)

+ exp(=7/|u|) [foleo, —p) + fr{po, =) cos(¢o — 0)]

+ exp(—7/pa) [go(—p, po) + g1(—p. 1) cos(do — 0); A
+  [ho(=p, o) + ha(—p, ) cos(do — )]

+ (= )
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where:
folrto, —p)
fi(pe0. — 1)
Fol— 4, fho)
g1 — 1y o)
ho(tte. —pt)
hy (o, — 1)

1
= z?l_fo Tolpeo, 1) ro(p', p) p' dyt’

-

- / ‘ Ty (pg, p') ma (', ) ' dpt’
Jo

I
]

T f To(—p, —p) ro(pag, —p') i’ dpt’

0
-1 _ . - Equation 45
= TL Ti(—p, —p')ri (g, =) ' dp’

= 27 [ To(—p", —t1) folpo, —p") u” dpe”

il ft T (=", — ) f1(po, —p") p" dp”

The right side of Equation 44 is composed of a sum of five terms representing the following
contributions to the BRF at the top of the scattering-only-atmosphere, after multiplication by P, .
See also Equation 28:

Term 1

Term 2

Term 3

Term 4

Term 5

Direct downwelling radiation from direction € scattered by the surface using
the complete BRF model (Equation 25) and transmitted directly to the satellite in
direction Q.

Diffuse incoming radiation scattered by the surface using the azimuthally
averaged BRF model and reaching the top of the scattering-only-atmosphere
after attenuation by the transmission factor for direct radiation.

Direct incoming radiation scattered by the surface using the azimuthally
averaged BRF model and reaching the top of the scattering-only-atmosphere
after attenuation by the transmission factor for upward diffuse radiation.

Diffuse incoming radiation scattered by the surface using the azimuthally
averaged BRF model and then attenuated in the viewing direction of the satellite
by the transmission factor for upward diffuse radiation.

Total downwelling radiation scattered multiple times between the surface and the
atmosphere, using the azimuthally averaged BRF model and the spherical albedo
of the atmosphere, which reaches the top of the scattering-only-atmosphere after

attenuation by the transmission factor for total upward radiation.

The fifth term of Equation 44, noted p™ (—u, wo), corresponds to the contribution due to multiple
scattering events between the surface and the lower atmosphere. This contribution is the most difficult
one to express when bidirectional scattering properties of the two media are considered. However,
since the intrinsic reflectance of the surface and the lower atmosphere illuminated from below take
low values in the Meteosat spectral range, it is accurate enough to estimate this contribution using
angularly averaged scattering properties both for the surface and for the atmosphere. In practice, this
additional source of surface radiation can be described by an infinite sum of terms which can then be
approximated by a geometrical series (see Lenoble, 1985 [RD 16]).
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The angularly-averaged scattering property of the bottom of the atmosphere is a Bi-Hemispherical
albedo, S, estimated in atmospheric radiation transfer models. See Vermote et al., 1997 [RD 32].
For the surface, the following ad hoc parameter, oo, can be introduced:

Fl gl .
ay = 4 f / ro(p, —p) g du' pdu Equation 46

where ro(u', — u) is the first Fourier coefficient in Equation 38. Accordingly, the source term at the
surface level which is due to multiple scattering between the surface and the atmosphere can be
approximated by the following:

& S
YTTLS 3 S
ST g} = =

1 O O g Po |f’-":]]|:—'.""."'|,'_.!|-1:;l o T{f-"’”j: Equation 47
= Hg e . -

with
- 1
T(pg) = /r - Tolpo, ) pdp Equation 48

This source term can then be scattered by the surface and transmitted upward in the viewing direction
of the satellite. This latter process can be parameterized as follows:

p™ (— i, o) = S™ (po) [exp(—7/|pl) A(—p) + a(—p)]  Equation 49

with

Equation 50

Al—p) =2 / ro(—pe, o) o' dpt
0

and

Equation 51

1
a(—p) = Erf To(—p, ') A(—p")dy'
(

]

In an operational context, the costs associated with the computation of the integrals involved in
Equation 45, Equation 50 and Equation 51, and all other atmospheric functions can be significantly
reduced by pre-computing the values of these functions and storing them in LUTs. This, however,
implies that a limited number of pre-defined solutions to the inverse problem will be considered,
especially for the parameters k£ and Op¢ controlling the shape of the surface BRF, for instance in all
equations involving the gy (20, Q' = Q; p, O, k) function.

Page 36 of 70



@& EUMETSAT o S UMOPSISPE 215067

Meteosat Surface Albedo Retrieval: Algorithm Theoretical Basis Document

All the functions intervening in Equation 44 are computed on a monochromatic basis using the
successive orders of scattering method implemented in the 6S code. See Vermote, et al. 1997
[RD 32].

aerosol optical depth @ 550 nm 0.1,0.2,0.3,04,0.6,0.8,1.0

k parameter (see Equation 26) 0.4,0.5,0.6,0.7,0.8,0.9, 1.0

Ong parameter (see Equation 26) | -0.30, -0.25, -0.20, -0.15, -0.10, -0.05, 0.00

Table 4: RTM model parameter discretization

These factors are computed for a predefined set of discrete values as shown in Table 4 and then
weighted using Meteosat spectral response is estimated using Equation 24. The same procedure is
applied to the exponential functions representing the transmission factors for direct radiation required
in Equation 44, Equation 47, and Equation 49.

In summary, the following set of functions are pre-computed and stored in the CRAF database:

Function Found in
Toear (Uos, Uz, Q, Qo) Equation 20
| t,TLtm (Zsat, €2, Qo) Equation 20
Foluo, — 1) Equation 45
Filuo, — 1) Equation 45
Go(— p, pto) Equation 45
Gi(= p, o) Equation 45
ho(uo, —10) Equation 45
hi(uo, —1) Equation 45
A (—p) Equation 50
a—u) Equation 51
T (uo0) Equation 48
a’ Equation 46

Equation 47

Section 5 describes the input parameter values used to pre-compute these functions in the default
version of the Surface Albedo algorithm using the US-62 atmosphere for sea-level conditions. The
gaseous transmission functions for ozone and water vapour are pre-computed with the 6S code
(Vermote et al. 1997 [RD 32]). The diffuse transmittance factors and all other aerosol related
parameters and functions are pre-computed using the version of Successive Orders of Scattering
which is implemented in the 6S code. All these expressions are evaluated on a standard grid of aerosol
optical depths and use standard Gaussian quadrature points in x and x4’ . See Appendix Section B.2.
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As indicated above, all computations were originally made on a monochromatic basis. Once these
results are spectrally weighted (see Equation 24) to account for the particular spectral function of the
Meteosat instrument, the model parameters po, k, and Opg retrieved by the application of this
algorithm to the Meteosat data yields 'effective' parameters which will be denoted fo, k, and B¢,
respectively. In other words, these values, as well as those derived from them, depend on the specific
spectral response of the instrument. The values of the 'effective’ parameters, therefore implicitly
account for the effects due to the spectral changes of mostly all terrestrial surfaces within the
Meteosat visible channel.

The mathematical developments proposed in this section can be summarized by the following
transformation of the original Equation 20:

f : / - 7 A y gas H - \
R zsat, =14, o, @ = 007, P, K. Opg) = T,f-;_mfl_—#: po:Uoy, Unso)

- p y w b ; T 1 Equation 52
X | Patm | Zsoas —H: fo: @ — Po; T} T £0 ps_fs:;._:':.iﬂﬂ s =y foy @ = Qo Ty P04 Py 'd"': [:)HG.’

|

where:

A

I_-‘l.!:.af l_:iﬂf- i_El“'.il T

Rat(2eat, =it b0, & — 00; Uos, Unpso. 7, o, k, O ) = —2hspnsel = 21
4 i Lo ;II: Eu |.|9.'_|) qi.}\l dA

Equation 53

and,

=

L=

...ﬂﬂ m

‘ratm l.z-?r?u'.

to [} Eo(fp) S(A) dA

.If}uimiz;carr- =y Mg, @ — Wo: T) = Equation 54

In Equation 54, Pam (Zsoas —¢, o, @ — Go; T) TEpresents the contribution, due to the intrinsic reflectance
of the scattering-only-atmosphere, weighted by the Meteosat spectral response to the total BRF,

namely Ry(Zsa, —tt, 10, ® — @o; Uos, Uno, 7, Po, K, Bnc) -
This formulation summarizes the set of dependent and independent variables required to simulate the

Meteosat observations under a variety of geophysical situations. The following mathematical
manipulations have been applied:

o the decoupling between absorption and scattering processes;

e the quasi-linearization of Equation 20 with respect to the parameter describing the amplitude of
the surface BRF (po);

o the expansion of scattered radiation as a Fourier series in relative azimuth angles and;

o the explicit contribution of atmospheric functions related to the radiation transfer regime for a
black surface condition.
This strategy allows a straightforward implementation of the forward radiation transfer model since
only sums and products of functions are required during the retrieval process. The Fourier expansion
in dg values also avoids creating LUTs with an entry for this latter coordinate and, therefore,
significantly reduces the memory size requirements of the processing.
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The p values are estimated, for all the pre-defined conditions of the surface-atmosphere scattering
model based on the various values for the 7, k and 8 parameters, using the following equation:

31

xr e R | s o W L i1 T B i ¥ ) i~ [ e
E & ﬂ‘h"._'l_.l LR,"l.jr_).l_','fl"\'-'hﬂf- 1)/ T ,fc;agl.“r«' Oz { Hg(),l — Patm\Zs00: 43 7 ]

.50 == Equation 55

E; Wine {’:tl !j\;'r'[zsﬂf:' 1T, Do, Pe, K,Onc)
where the index i designates the slot number, and W;,.(i) is a weighting function equal to 1 by default.
Since the angular function pgZsea, —, o, ¢ — Qo; T, Po, Pe> K, Onc) in Equation 52 is a function of po,
an iteration procedure is applied to solve Equation 55 until the convergence criterion

itn _

it(n+1)
Po —Po
iterations or less.

<107 is satisfied. This convergence is in most of the cases achieved in three

3.6.3 Cost function definition

Finding the value of x that minimises the difference between the measurement vector Rasa (Zsar, i) and
the forward model Ryd(Zsar, —tt, 10, @ — @o. Uos, Uspo, 7, Po, K, Omc) is obtained for a y? metrics that
defines the cost function. Neglecting the angular notation, this function is written:

XZ

B Z <RMsat (zsat,i) — RM(zsat, -, 10, - 90; UO3,UH20,1,p0,k, §HG)>2 Equation 56
ay(t)

where oy (1) represents the measurement error. The number of degrees of freedom of %? is defined
as v = Ny—Nx where N, is the number of elements of the state vector x. This number is four in the
present retrieval system.

3.6.4 Measurement error: general definition

The measurement error o, includes both the instrumental uncertainty and the forward model
approximations. The radiometric error has several different contributions. The first one is, of course,
the radiometric noise of the instrument resulting from the dark current and other undesired electronics
effects. The digitalisation level is also considered a source of error. It is equal to 64 levels (6 bits data)
for Meteosat-2 observations and 256 levels (8 bits data) for Meteosat-7 observations. As daily
observations are assumed to be virtual instantaneous measurements, it is necessary to translate image
geo-location inaccuracies into equivalent radiometric error (see Section 3.6.4.3). Similarly, the actual
aerosol load is subject to change during the daily accumulation of the measurement vector. Indeed, the
longer this accumulation period, (which is the elapsed time between the first and the last clear-sky
observation), the higher the probability that the aerosol load varies. Possible daily variations of the
aerosol load are thus considered as measurement errors. An aerosol daily autocorrelation function is
introduced to convert these changes into an equivalent radiometric error. Hence, the total
measurement error o, (f) of a pixel acquired at time ¢ is dynamically estimated as the contributions of
the following:

e the detector radiometric noise or;
o the digitalisation error op;

o the rectification uncertainty og;
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e the aerosol daily autocorrelation o4, and
e the forward model error or.

Making the very strong assumption that these terms are not correlated, the total measurement error is
expressed by:

oy(t) = \/oF(t) + o (t) + oq(t) + 0% () + o (t).  Equation 57

The terms o1, op and or characterise the observation errors whereas the terms o4 and or represent the
model assumption and forward modelling errors. The uncertainty on the model parameters
(TCWYV and TCO3) are not explicitly estimated but are included in the term or. The dependence of
the surface parameter characterisation on the actual position of the angular sampling is not included in
the measurement error. A previous study has shown that errors that might result from an insufficient
angular sampling remain small compared to g, (Lattanzio et al., 2006 [RD 15].

3.6.4.1 Detector Noise 61

During the processing of a row image conversion into a rectified image (referred to as level 1.5 data),
an equalisation process takes place between the histogram of the two detectors. The process
minimises any difference in the detector sensitivity. Hence, the radiometric error of the VIS band
includes the contribution of the detector noise and their sensitivity difference, as shown in formula 6

below:
. L G;{l_5ffjj
aplt) =y i - T Syt uation
I[ ) J’m,[ JI‘L{H—!’&@[?‘J Equation 58
where:

K is the digital count value
Ko is the mean space count value

OKis the level 1.5 radiometric noise after the rectification and detector
equalisation process

For MVIRI, the radiometric noise is written:

‘ 1 ] ? o T + —T ?‘ 2
Ok15(t) = Ymlt) EZ (GF-:-["-;') + ( “al) B Lol J) Equation 59

=1 =

where ok, (c) is the mean space count standard deviation of one detector over one corner. Ko, is the
mean space value of detector n linearly averaged over the four space corners. The first term of the
right hand side accounts for individual detector noise; the second term represents the difference
between the detectors. There are only two detectors for the VIS band on the MVIRI instrument.
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3.6.4.2 Digitalisation Noise 6p

This term accounts for the digitalisation of the observed radiances in count values K on b bits. The
corresponding digitalisation uncertainty is this:

» 0.5 D,

L) =¥nlt = o uation
aplt) "}mwfﬂ!‘]—ﬁ'n[ﬂ Fetiio 6

where D= 2%/2°, 256 digitalisation levels (8 bits data) being taken as the reference.

3.6.4.3 Rectification Noise oz

As daily observations are assumed to be virtual instantaneous measurements, it is necessary to
account for image rectification inaccuracies that can occur during the course of the day. For a pixel
located at a position (p1, p2), these inaccuracies are converted into an equivalent radiometric noise:

. o \ ) o \ ;)
GRU:I-’I:PQ] :}'m(ﬂ 1 \J ((H\ U:I.JI:PQJJm['f‘]) + (Mgﬁ [f]) Equation 61

K(t,py.pa) — Kolt) I Opa

where a,1 (f) and o, (7) are the root mean square error between landmarks identified in the rectified
image and their actual earth location along the p; and p» direction respectively.

3.6.4.4 Equivalent Aerosol Optical Thickness (EAOT) Autocorrelation error ¢4

The longer the duration between the first and the last clear sky images, the higher the probability that
the aerosol load actually varies. Analysis of Aerosol Robotic NETwork (AERONET) (Holben et al.,
1998 [RD 12]) time series revealed that stable daily aerosol load typically corresponds to a temporal
autocorrelation of 0.95 between two successive Meteosat observations. These changes introduce
perturbations in the observed signal since the daily time series is assumed to have been
instantaneously acquired. Such deviation from the algorithm assumptions can be converted into an
equivalent radiometric error. Assuming that the daily aerosol load variations are represented by a first
order autoregressive model, the AOT 7 at slot ¢ + dt can be expressed as a function of AOT at slot 7.

Tt +dt) = ar(t) + 3(t) = 7(t) + (a = 7(t) + 5(¢) Equation 62

where:

o is the autocorrelation

a random noise with a mean equal to zero
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In the same way, we have:

Tt +2dt) = alar(t)+ 3(t)) + 3t + 2dt) gt b2
Tf:f + .?)fffjl — ".’1'|':i'} {t’l Tfﬂ + -j‘[f” B _)Jlfl" - Eiffﬂ + '-i'” -+ -3(“11 Equation 64
?_U. + h:l — ﬂ'h’."ll:?l:'l + i-lh_l,j{fj R j“’ + .'rEJ Equation 65

Assuming that § = 0 and neglecting the changes in the illumination direction between two successive
slots, the equivalent radiometric error at slot # + h is equal to:

w oy

H[T[f —+ h” - y[T“J + [f“ — ]-1”_“‘” Equation 66

L

or, assuming a local linear behaviour of y(z(¢)):

S Tl Tt
y(7(8)) = y(r(t) + %ﬂqqa-h “1)r(t)) Equaton 7

The change 0y(7)/0t((a"—1)z(£)) from slot ¢ to ¢ + A is thus an undesired perturbation that can be
considered as a radiometric noise of the measurement system. The corresponding relative auto
correlation radiometric error for any slot ¢, = m + & is written as follows:

o Oyl(T(t) 4, ‘
TA HJ == %ﬂ:” ([i'lh — ].].I.T'H'.i.n:l} Equation 68

where ty = (tmin + twax)/2 With t,:, the first slot and #,... the last slot not under-illuminated during the
day. Large aerosol load variations are not covered by this method.
3.6.4.5 The forward model error 6r

As seen in Section 2.1, the state variables k£, ®, 7 have been discretized at intervals Ak, A®, At to
speed up the retrieval process. This discretisation is responsible for an error:

(tx,b) AR\ dy(t:x,b) AO ’ dy(t:x,b) At
Tl ) "

i 0
afF HJ = ylt;x, 'l}J dy—_ . -— Equation 69
B ak 2 dr 2
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The discretisation steps Ak, A®, At should be small enough so that this condition and the
discretisation:

or(t) K \/O‘IZ )+ O'lz) )+ 0'122 ) Equation 70

However, this condition is not always true as it is not possible to explore a very large number of
solutions, limiting thereby the discretisation steps. It is thus necessary to account for the source of
error or. Equation 69 is estimated only once, to avoid being computed for each pixel and slot.

3.7 Description of the Data Interpretation Module (DIM)

3.7.1 Physics of the problem

This section describes the approach used to identify the acceptable solutions (one solution
corresponds to a set of values for the parameters of the RPV model, po, k, Bxc, and the associated
optical depth value for the aerosol) to the inverse radiation transfer problem, and report the results in
terms of the "likely" solution and statistics about the distribution of acceptable solutions.

When implementing the LUT approach to store the pre-computed values of the atmospheric functions
intervening in Equation 52, the number and type of solutions are selected a priori. This implies that
the accuracy of the solution depends on the discretisation of the LUTs, in particular with respect to the
state variables which control the radiation transfer regime. In other words, the discretisation of the
LUTSs must be sufficiently fine to ensure at least one successful retrieval, but it must not be so fine as
to limit the number of solutions which are radiatively equivalent—in the sense that they cannot be
distinguished on the basis of the remote sensing data.

In general, more than one solution may be found to describe jointly the surface BRF field and the
aerosol optical depth value. For example, it can be expected that the consideration of two slightly
different atmospheric profiles will result in the identification of two classes of acceptable solutions for
a given pixel. This ambiguity will increase with a finer discretisation of the LUTs, but also with a
poorer spectral and angular sampling of the TOA radiance field. In addition, there are inherent limits
to the determinability of some model parameters, independently from the approach followed for data
interpretation. This is due to radiation transfer processes: two or more geophysical situations,
represented by different sets of state variables, may very well lead to indistinguishable TOA BRF
fields. Such situations often occur around the so-called "neutral points" for which any small variation
in the aerosol optical depth value will not translate into significant changes in TOA BREF fields.

Past experience (see Kaufman and Sendra 1988 [RD 13], and King et al. 1992 [RD 14]) shows that
the retrieved aerosol optical depth values will be more reliable over spectrally-dark surfaces than over
the bright targets. The wide spectral response of the Meteosat sensor tends to dilute the spectral and
directional signatures of the aerosol and is, therefore, not optimal for retrieving the acrosol optical
depth values. The Surface Albedo algorithm will, in fact, retrieve the effective aerosol optical depth
values — the values required to interpret the radiation fields in the coupled surface-atmosphere system
using the forward modelling approach described in Section 3.6.2.

The DIM implemented in the Surface Albedo algorithm identifies all solutions acceptable to the
retrieval process using the values of the > function (Equation 56) and selects the "likely" solution
amongst this ensemble. After a screening of the y? values, DIM will set a flag to indicate one of these
cases: at least one of the ¥* values is less than 1, or none of the x* values are less than 1.
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3.7.2 Mathematical implementation

The solution of the coupled surface-aerosol scattering problem is obtained dynamically during the
retrieval based on the pre-computation of the function ps(z., Qs(?), Qu; 7, Xs) for a set of pre-defined ©,
k and 7 values listed in Table 4. For each of these pre-defined solutions x(;), the corresponding value
of po(j) is estimated first with Equation 55. The values of ¥*(x(j)) given by Equation 56 are calculated
next for each of these solutions j. As the number of degrees of freedom of ¥*(x(j)) can vary from pixel
to pixel, it is not possible to establish a unique minimum threshold value below which a value of
¥*(x(j)) constitutes an acceptable solution. Assuming a Gaussian distribution of the summation terms
of the cost function Equation 56, the distribution of y*(x) can be represented by an incomplete Gamma
function. The probability of finding an y*(x(j)) value smaller than a given threshold value le is
expressed by:

1 2

(LR - .2 _ —af 21 )
FPolx“(x(j)) < x5 v)=1- mL e Yt " da  Equation 71

where /" is the Gamma function.

From this expression, it is possible to define the probability that the model parameters fit the
observations by chance. A small probability should be interpreted as a poor agreement between the
observations and the forward model. As the number of degrees of freedom decreases, the y2 value
decreases, yielding a constant confidence in the solution.

Let us now define y* (P, V), the value of ¥ corresponding to a probability P, for v degrees of freedom
and £, the ensemble of solutions {x(/)} satisfying the condition:

Lo={Cx0) < PPy Eguation 72

Only solutions with a probability higher than a defined threshold value P, are considered as
acceptable. In this ensemble of valid solutions £,, the most likely solution % is chosen as the one with
the smallest ¥ value, except if the dispersion of acceptable solutions is too large (Pinty et al, 2000a
[RD 23]). In that case, the selection of the most likely solution is the one with the smallest 3> value
whose po value falls in the interval po € po % 6,0 where po is weighted mean value of the po(/) values in
Lq and 0,0 the weighted standard error estimated with the following:

- ELP 2 Z -‘tr f:'EI - ﬁjjg Equation 73
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where:

L, 1s the number of solutions in the ensemble £,

t P2 (La—1) is the Student coefficient for the 2-tails distribution with
L,—1 degrees of freedom

The weight x; is equal to:

kell) = (P, v) = P (x(D) |
o E{dzﬂl flg{Pa.:_rj — Igfl'f:ﬂﬂ. Equation 74

The maximum probability P, that defines the ensemble of acceptable solutions could not be selected
arbitrarily but is constrained by the measurement uncertainty. This relationship is examined in
Section 3.7.2.1.

3.7.2.1 Retrieval error estimation

The surface parameter error estimation allows the assessment of the DHR retrieval uncertainty and
therefore supports a meaningful temporal analysis of surface albedo data sets derived from different
instruments. In this analysis, systematic errors such as those resulting from calibration uncertainties
are not taken into account in the retrieval process.

A statistical approach is proposed here for the estimation of the error X of the retrieved solution X.
Due to the measurement error gy, a solution X’ close to the actual solution X could not necessarily be
considered significantly different. Following similar reasoning found in Section 2.7, the error g,
defines an ensemble of solutions £, that are not discriminable and are significantly different. This
ensemble of solutions {x(m)} can be defined by the condition:

1:.;.-9 = {\2“‘1" = -"kgfpcfy F"’:-'}- Equation 75

where Pg, is the corresponding probability, yet to be defined. Conceptually, the threshold value

v*(Pay,v) should be equal to ¥*(X + oX). The average value of y*(X + 0X) can be approximated by the
formula that follows: (Govaerts and Lattanzio 2007 [RD 10]):

o o yx 4 o) =y, 0. o
C(E+ o)) = o\ &) —Vml _ VIR + (3R Equation 76
Ty
Where (x*(X)) is the average value of y*(X) over many processed pixels (~10°).

The ensemble of solutions x(m) € La, that are not discernable with respect to the measurement error
oy 1s thus defined by the condition:

J"IZ-:-:" — {12{1’1‘(”1];‘ : -"l._zfill + f}.‘-‘ {DCTI ':\sz,ii,l"-} Equation 77

B o 2
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Let us now examine the relationship between P, and P,,. All elements in the ensemble £,, should
constitute acceptable solutions which translates into the condition £, € £,. The probability P, has
thus to be chosen to satisfy the inequality:

ffpgy. v) = ffi‘] +tp, (0) “12[”‘ < lgfpa. V). Equation 78

P, constitutes the maximum acceptable probability which, in turn, determines the minimum
acceptable y*(P,v) value as a function of the measurement error ;. To increase the spatial coverage
of the generated products, this probability is decreased when no solution satisfies Equation 77, when
Lo, is empty. Pixels processed with this decreased probability should be considered as backup
solutions and carefully interpreted. Hence, P, is used as a quality indicator of the solution reliability,
accounting for both the measurement error and the actual number of available observations.

The error ox is defined by the distribution of the ensemble of solutions x(m) € £,, with this:

; Sopy Ay 2
. dy(t;x,b) Ax
f;:l"g. = f‘pﬂli.l[,,-_;.}, — J.Jf'-"fﬁ + ( O 9 ) Equation 79

where:

Lo, is the number of solutions in £,

ol o2 is the standard deviation of x(m)

The second term of the right hand side part of Equation 79 represents the error due to the
discretisation of the x space. This term is equal to zero for the po parameter.

3.8 Description of the Space-time Averaging Module (SAM)

3.8.1 Physics of the Problem

This section describes the technique applied to generate temporal compositing quantities from the
daily products at full resolution. The objective of the temporal compositing is to maximise the number
of clear sky processed pixels during a 10-day period. This compositing relies on the selection of the
most representative solution over the accumulation period.

3.8.2 Mathematical implementation

One way is to select the solution with the best fit accounting for the actual number of degrees of
freedom. Hence, the most representative solution X within a 10-day period is the one with the highest
probability. However, as clouds tend to increase the signal received at the satellite level, selecting the
solution with the smallest po will tend to minimise the impact of undetected clouds. Thus, if two or
more solutions have the same probability, the one with the lowest D is selected.
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Surface albedo is generally not expected to undergo important changes during a 10-day period so that
the repetition of the same measurement might be assumed from day to day. Under these conditions,
the temporal stability of the solution during a compositing period should increase the user confidence

in the retrieved product. The error of the most representative solution x is as follows:

t (Np — 1)
0'? _ F,/ Eﬁ:j:r Z KT d “r —X 1,I Equation 80

Where Nr is the number of days with an acceptable solution during the compositing period. The
normalised weight K7(d) is estimated as follows:

1
h]"{(” = ar—— Equation 81

P(x(d))

Where P(X(d)) is the probability of the solution X of day d. It is thus expected that the uncertainty of
the retrieved solution decreases as the number of days increases except for those places that are
subject to drastic temporal changes in surface albedo as is in case of wildfires (Govaerts, 1999

[RD 7]) When only one likely solution has been found during the compositing period, oR is set equal
to oX.

3.8.2.1 Surface Albedo Estimation

The Directional Hemispherical Reflectance can be written as follows:

DHR(#y = 30°) = Lﬂ pel 20, g, Q3 X,)dY = Fy fiﬂ felz0, Q. Qs ke, ©)dQY Equation 82

and is calculated for a sun position fixed at 30°. Assuming that the errors on X are not correlated, the
non-systematic error on the estimation of the DHR is expressed with the following:

F#DHR 9+ ADHR 9+ DHR \° Soion'
2| | —m o= e E— uation
“DHR dpo  Fo 96 8 ok

Since the variable of integration (the solid angle) is not derived, the derivation and integration
operators can be exchanged, and Equation 84 is produced:
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Additional information on this error estimation is in Govaerts and Lattanzio (2007) [RD 10].

3.8.2.2 Conversion to broadband albedo

This relationship between the derived Meteosat VIS band DHR vis in shortwave (from 0.3 to 3.0 um)
broadband albedo DHRgg is given by a third order polynomial written:

DHRpp = a + b DHRyys + ¢(DHRyjs)* + d (DHRyjs)°

Equation 85

The empirical coefficients a, b, ¢, d for the DHR conversion take the following values according to
the Meteosat number (Loew and Govaerts, 2010 [RD 17]):

Met

N S U AW

For the conversion of the BHR;s,, the empirical coefficients are as follows:

Met

N S G AW

a
-2.95364443e-05
-2.95364443e-05
-2.95364589¢-05
-2.95364443e-05
-2.95364443¢e-05
-2.95364589¢-05

b
1.22636437e+00
1.32036722e+00
1.22655797e+00
1.25341415e+00
1.30573940e+00
1.26273489¢+00

c
-1.45464587¢+00
-1.52968502¢+00
-1.07426369¢+00
-1.09384084¢+00
-1.31526375¢+00
-1.11476350e+00

d
1.27798259¢+00
1.25365901e+00
8.96015048e-01
8.89843404e-01
1.05711114e+00
9.00940299¢-01

Table 5: Empirical coefficients a—d for the DHR conversion

a
-2.85976712e-05
-2.85976712e-05
-2.85976712e-05
-2.85976712e-05
-2.85976712e-05
-2.85976712e-05

b
9.81895685¢-01
1.09896255e+00
1.00361478e+00
1.04928327e+00
1.15992260e+00
1.03751910e+00

c

d

-8.48408699¢-01
-1.07471538e+00
-6.55005634e-01
-7.66418219¢-01
-1.13301563e+00
-6.88233614¢e-01

7.43798614e-01
9.11732554e-01
6.47315860e-01
7.47902989¢-01
9.98916626¢-01
7.00615168e-01

Table 6: Empirical coefficients a—d for the BHR conversion
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3.9 BHRis error estimation

The °BHR. error is currently not stored in the distributed product. This error can be calculated with
the following expression:

- - 2 - = 2
N 9 gk, ©) Devg( F, O) .
(’TBHR' = JE[. - T ﬂ-k e T Je Equation 86
Where oy is tabulated with the following value:
h (0] k (V1) h (0] k (V1) h (0) k oo

0.15 | —0.30 | 0.40 | 3.29568 | 0.15 | —-0.20 | 0.40 | 3.01252 | 0.15 | —0.10 | 0.40 | 2.74655
0.15 | 030 0.50 | 291138 0.15 | -0.20  0.50 | 2.64497 | 0.15 | —0.10 | 0.50 | 2.39410
0.15 | 030 H 0.60 | 2.62286 | 0.15 | -0.20 § 0.60 | 2.36857 | 0.15 | -0.10 | 0.60 | 2.12919
0.15 030 0.70 | 2.40092 0.15 | -0.20 0.70 | 2.15551 | 0.15 | -0.10 | 0.70 | 1.92501
0.15 | 030  0.80 | 222700 | 0.15 | -0.20  0.80 | 1.98812 | 0.15 | —0.10 | 0.80 | 1.76452
0.15 | 030 090 | 2.08885 0.15 |-0.20 0.90 | 1.85469 | 0.15 | —0.10 | 0.90 | 1.63641
0.15 | -0.30 1.00 | 197802 | 0.15 |-0.20  1.00 | 1.74715 | 0.15 | -0.10 | 1.00 | 1.53294
0.15 025 040 | 3.15165 0.15 | -0.15 040 | 2.87767 | 0.15 | -0.05 | 0.40 | 2.61871
0.15 | -0.25 1 0.50 | 2.77600 | 0.15 | -0.15 | 0.50 | 2.51782 | 0.15 | —0.05 | 0.50 | 2.27346
0.15 | 025 0.60 | 2.49365 0.15 | —-0.15  0.60 | 2.24720 | 0.15 | —0.05 0.60 | 2.01425
0.15 | 025  0.70 | 227618 | 0.15 | -0.15  0.70 | 2.03856 | 0.15 | —0.05  0.70 | 1.81463
0.15 | 025 0.80 | 2.10550 0.15 | -0.15 0.80 | 1.87455 | 0.15 | -0.05 | 0.80 | 1.65780
0.15 1 025 090 | 196964  0.15 | -0.15 090 | 1.74369 | 0.15 | -0.05 | 0.90 | 1.53264
0.15 025 1.00 | 1.86037  0.15 | -0.15 1.00 | 1.63808 | 0.15 | —0.05 | 1.00 | 1.43151

and:

h (0] k a0
0.15 | 0.00 0.40 2.49373
0.15 | 0.00 0.50 2.15556
0.15 | 0.00 0.60 1.90210
0.15 | 0.00 0.70 1.70718
0.15 | 0.00 0.80 1.55420
0.15 | 0.00 0.90 1.43218
0.15 | 0.00 1.00 1.33363
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4 BRF AND BRF UNCERTAINTY: SPECTRAL AND BROADBAND

4.1 Spectral BRF

The MSA product contains also the RPV model parameters (K, THETA in Table 10) used to estimate
the best solution and corresponding DHR (DHR30 in Table 9) value stored in the product. The RPV
model is described in Section 3.6.2. The model definition is repeated here for clarity.

ﬂ_q_lr([ZU. ”U ¥ ﬂ Pas Pe, ©. "!" — £ f"ﬁfc'[zﬂz EEU = Q: Pe; GI k ) Equation 87

Where:

po and Pgr (zo, Qo— Q; pe, 6, k) describes the amplitude and the
angular field of the surface BRF

This latter quantity is expressed by:

fj.-:f.::'ll.rz[h 5-2{,1 — £, Hes O, "l‘_:' — ‘I'Jr:”:r:’iﬁ:- B 'I'_} FHG’{Q; '&}HG:I Hl;,{}{:.' Gﬁ' Equation 88

Each parameter only appears in one single factor as defined in the following three equations:

k—1 k-1
) _ cos™ ™ By cos™ ' @
*1“{.!' { to. a; k;' — = -k Equation 89
(cos By + cos#)1—

(-:_:f(‘
FH(';(_Q'- ﬁHGJ = *_-[ = I'—j{-)Hf,' oS g + Glirni;j,_:'g Equation 90
; vy ] - Pe
Ht_pf: G )= 1+  + G Equation 91

Where G is defined in Equation 6, 6 is the Sun Zenith Angle and 0 is the View Zenith Angle.

The MSA product also contains the RPV model parameter uncertainties (ERR_K, ERR T in Table
10) used to estimate the DHR uncertainty (Section 3.8.2.1).

The BRF depends on the measuring geometry, i.e. on the View and Sun Angle (see Figure 6). The
View angle depends on the location on the pixel on Earth and on the position of the satellite (Sub
Satellite Point).

If we consider that the RPV model parameters are retrieved following an accumulation during a full
day to account for the intrinsic surface anisotropy, it is clear that several Sun positions (depending on
the time the input satellite measurement has been acquired) are ingested. A user could then calculate
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the BRF value for each time of the day (= Sun position) just applying the RPV BRF model using the
retrieved model parameters and changing the Sun Angle.

In this section we consider a BRF value provided as a daily one, so a unique Sun Angle must be
considered. The convention used in the MSA for the estimation of the DHR is to fix the Sun at 30°.
See Section 3.8.2.1. Another convention is to use the Sun Angle at the local (pixel) noon. The latter is
suitable if considering high latitude especially in winter when the Sun at 30° is not a typical situation.
It is anyway important to stress that this is just a convention and not a rule. The daily BRF is
calculated at the local noon. It is assumed that the surface does not change during the 10 days
(compositing period for the MSA product) and the same RPV model parameters are used to calculate
the daily BRF. The only parameter changing is the sun position at local noon.

MSA
Product
10 Days composite

For all days in the
| period

| Calculate
Sun Angle
| (local Noon)

Satellite Grid Calculate
definition > View Angle
(Nominal SSP)

Figure 8: Conceptual steps to estimate the BRF and corresponding uncertainty. The Parameters BESTDAY, K,
THETA, RO, ERR K, ERR T and ERR_RO0 are defined in Table 10.

4.2 Spectral BRF Uncertainty

The RPV model is a semi-empirical representation of how a generic surface can reflect sun light. It is
an analytical function and as such can be differentiated. The formula for the uncertainty is:

6BRF 5 6BRF 5 6BRF 5
OBRF = (5_900-90) +(ma®1.m) + ( Sk Ox) Equation 92
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Where:
6BRF
5 = M(k)Fye(Onc)H(0o)
Qo
6BRF 6Fpe(Oyg)
= ogM(k)H _— ,
50mc ooM(k)H (0¢) 50me Equation 93
6BRF 6M (k)
5k 00Fuc(Ong)H(0o) ok
The single functions derivatives are as follows:
oM (k
% = (c0s80)* 1 (cosB)* 1 (cosb, + cos8)* 1 (log(cosh, + cosh)
+ log(cosB,) + log(cosh)) Equation 94
8Fum6(Onc) _ 06 (Ong — 5) — (Byg — 3)cosg
6®HG (ZG)HGCOSQ + @HGZ + 1)5/2
And cosg is a function of the Satellite and Sun position:
cosg = cosfcosb + sinfsinfycosy Equation 95

Where ¢ represents the absolute value of the difference between the Sun and Satellite position
azimuth angle.

4.3 Broadband BRF and BRF uncertainty

The MSA retrieval is performed on the native VIS Meteosat spectral band. See Figure 1. As described
for the DHR in Section 3.8.2.2, also for the BRF a conversion to shortwave (from 0.3 pm to 3.0 um)
broadband should be applied to obtain a value that can be compared with similar retrieval performed
with other instruments.

The relation between Spectral BRF and DHR repeated here for clarity is given in Section 3.6.1 :

1
DHR(zy, o) = EJQ psfc(ZOrQ, -> Wp'd Equation 96

The Conversion to Broadband is obtained using a polynomial relation of degree 3:

DHRpp = P3*(DHRy;5) = ag + a;(DHRy;s5) + a;(DHRy;5)* + az(DHRys)? Equation 97

This approach is described in Loew and Govaerts (2010) [RD 17].
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A similar approach can be applied to the BRF conversion to Broadband using the same polynomial
relation used in Equation 96:

BFRpp = P3(BRFy;5) = ag + a;(BRFys) + a;(BRFy;5)* + az(BRFy5)* Equation 98

Due to the non-linear behavior of the Spectral to Broadband conversion in the case of MVIRI, the
application of such relation introduces a systematic error.

1
DHREE" =~ [ P2(puge(z0,0 > QYW'AQ! # DHRyg
& ; 1 , , , Equation 99
=P (E pst(Zo,-Q - Mp'dN’)
n

At the present it has been decided to use for the shortwave broadband conversion of the BRF the same
method and coefficients used for the DHR conversion. An estimate of the uncertainty due to this
approach is included in the total uncertainty estimation for this parameter. For this purpose the
variable defined in Equation 97 has been estimated for all the possible values of the RPV model
parameters (po, K, ®ng) used in the MSA retrieval scheme and for some values of the Sun Zenith
angle (SZA). The total number of cases is 2401 (7 x 7 x 7 x 7).

po 0.05, 0.1, 0.150, 0.2, 0.25, 0.3
K 0.4,0.5,0.6,0.7,0.8,0.9, 1.0
Ong -0.30,-0.25, -0.20, -0.15,-0.10, —-0.05, 0.00

SZA 10., 20., 30., 40., 50., 60., 70.

Table 7: Parameters values used for the estimation of the Broadband conversion uncertainty.
The total number of cases is 2401.

The same values of the parameters have been used to estimate the Broadband DHR from a Broadband
BREF:

1
DHREEF = ;f Pg(psfc(zo:ﬂl - W)u'dQ Equation 100
Q

In performing this calculation all BRF values higher than 1 have been cut (BRF correction). Such high
BREF values can occur in very special conditions without breaking any physical law.

The absolute relative percentage difference (oss(po,sza)) between Equation 97 and Equation 100 as a
function of the reflectance level p0 and the Sun Zenith Angle (SZA) is assumed to be an estimation of
the uncertainty due to the application of such a method for the conversion to shortwave broadband.
This quantity has been obtained averaging the values for all K and ®ng for each couple posza. The
absolute percentage uncertainty is shown in Figure 9. Similar relations have been found for all other
Meteosat First Generation satellites.
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METO7 MEAN VALUE WITH BRF CORRECTION
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Figure 9: Absolute relative percentage error as a function of the Sun Zenith Angle and the RPV Reflectance
level for METO07. A threshold to the BRF (if BRF >1 then BRF=1) before conversion to Broadband has been
applied to limit the uncertainty for very high (> 0.6) albedo values.

The total uncertainty on the shortwave Broadband BRF o£& is given by two factors:

6BRFgp
Ohkr = (WFWS OBRFy;s)° T (058 (Po, SZA))?
where:
O0BRF, .
—BB == a1 + 2a2 (BRFVIS) + 3a3 (BRFVIs)Z Equatlon 101
6BRFy g
and

|DHREE" (K, ©ng) — DHRpp (K, On() |>

oge (Po ) =( DHRgp(K, Oy¢)
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4.4 Spectral and Broadband BRF: SEVIRI

The Spinning Enhanced Visible and InfraRed Imager (SEVIRI) on board Meteosat Second
Generation is a 12-channel imager (Schmetz et al., 2002, [RD 30]).

Following the method described in Govaerts et al., 2006 [RD 9] the shortwave broadband albedo can
be derived as a linear combination of the two SEVIRI Visible channels, VIS06 and VIS0S.

DHRgp = L(DHRy, 506 , DHRy508) = a¢ + a1DHRy; 506 + a2 DHRy 508

The relation is shown in Figure 10.
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Figure 10: Relation between the VIS06 and VISO8 SEVIRI channels and the shortwave broadband DHR value
for Meteosat 8 (left panel) and Meteosat 9 (right panel).

The coefficient for the conversion to shortwave broadband are:

Met al
8 0.010178
9 0.012001

al
0.47150
0.47480

a2

0.45715
0.43217

Table 8: Empirical coefficients to convert the DHR/BRF of SEVIRI Meteosat 8 and 9 from VIS06,VIS0S to
shortwave broadband.

The Broadband DHR calculated as the integral of a linear combination of RPV BRF (for the VIS06

and VIS08 channels) is expressed in the following equation:

DHREEF = f L(BRFy1s06 , BRFyis05) d2

Q

And DHRzp = DHRERF is true if:
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Qo
0 + aBRFy;506 + a2 BRFy 508 Equation 104

Q

BRFBB =

The uncertainty on DHREEF can be analytically calculated as follows:

OBRF O0BRF,
BB __ BB BB
OBpRF = \] (m OBRFy50s)° T (m OBRFy505)°

Equation 105

= \/(alo-BRFVISOB)Z + (A208RFy5p5)°
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5

5.1

ASSUMPTIONS AND LIMITATIONS

Assumptions

The Surface Albedo algorithm described in this ATBD is based on the following assumptions:

5.2

A one-dimensional horizontally homogeneous radiation transfer model is assumed adequate to
represent the radiation transfer regime at the scale of a Meteosat pixel;

The effects of topography and slope on the scattering functions are ignored;

A "standard" type of atmosphere is considered accurate and generic enough to cover a variety
of geophysical situations that may be encountered over the geographical area of interest. The
default option is the US-62 atmosphere;

The decoupling between gaseous absorption and aerosol scattering effects does not
significantly affect the results;

The atmospheric and surface properties do not vary significantly during the 24-hour daylight
period;
The RPV model is considered adequate to accurately represent all types of surface bidirectional

reflectance factors at the scale of the Meteosat measurements;

The MRPV model is assumed to be capable of representing any non-cloudy TOA BRF fields
that will be sampled by the Meteosat instrument, with sufficient accuracy.

The same RPV model parameters retrieved for an MSA compositing period (10 days) are used
to estimate the daily BRF. It is assumed that the surface properties do not change drastically
during the 10 days.

Limitations

The following limitations apply to the Surface Albedo algorithm proposed in this ATBD:

The retrievals will be made only on the basis of data acquired when the illumination and
observation zenith angles are less than 70 °;

The cloud detection method described in Pinty et al., 2000b [RD 24] is based on the temporal

analysis of the ToA BRF, and does not perform optimally when the cloud cover remains stable
during an entire day. Consequently, some surface albedo pixels might still be contaminated by
undetected clouds;

Any significant variations, in the contents and properties of the atmospheric components
controlling the radiation transfer processes over the Meteosat spectral response, which might
occur during the daylight period, will decrease the quality and reliability of the results;

All the surface retrieved quantities are weighted by the Meteosat spectral response;

The accuracy and reliability of the results may vary with the digitization levels of the Meteosat
instruments (6 or 8 bits);

The accuracy of the results may vary with the spectral response of the various Meteosat
instruments;

The reciprocity principle is valid over terrestrial surfaces at a spatial resolution of a few
kilometres.
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e The current method for the estimation of the MVIRI Broadband BRF is affected by a
systematic error due to the non linearity of the conversion formula. This error is kept into
account in the estimation of the Broadband BRF uncertainty.

APPENDIX A

SURFACE ALBEDO PRODUCT LIST

The MSA algorithm retrieves for each processed pixel 23 parameters. They are divided in two classes:
Scientific dataset and Ancillary dataset. Members of the first group are the relevant scientific
information, while the second contains additional information useful for quality check.

A.l Scientific dataset

Name

BHRiso

DHR30

DHR30 error 10D

Probability

Description

The isotropic Bi-Hemispherical Reflectance field contains the surface albedo
in the Meteosat VIS band that would have been observed under isotropic
illumination conditions for the best solution of day

d with X (d) = X of the compositing period.

The Directional Hemispherical Reflectances field (DHR30) contains the
surface albedo value for the best solution of day d with

X (d)= % of the compositing period. It represents the spectral albedo in the
Meteosat sensor VIS band spectral interval assuming a sun zenith angle of
o= 30°. Since the angle uo is the same for all pixels throughout the year, the
DHR is appropriate for the monitoring of the spatial or temporal changes of
the surface radiative properties.

This field represents the estimated DHR error using the information on all
available retrieval during a 10-day period.

This field contains the probability of the solution X of the selected day d of the
compositing period. Pixels with a probability smaller than 80 % or 90 %
should not be considered when the MSA product is analysed.

Table 9: Scientific output dataset
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A.2 Surface Albedo Ancillary Dataset

Name

QUALITYFLAG

NUMSOL

NSLOT
NSLOTASM
K

THETA

AER OPT THICK
RO

ERR RO
NUMDAYS
BESTDAY
Chi2DCP
Chi2ASM
DHRE-rror

ERR K

ERR T

ERR_OPT
AVGOPT

ERR AVG ERR
RADIOMETRIC NOISE

Description
This flag takes the following values:

Val Meaning

OK

No valid days in the period

No valid samples in the period

No likely day

Ivalid solution index

Dubious solution , P,(X (d)) = 0.1
Weak solution, 0.1 < P,(X (d)) <0.

AN N bW = O

The number of acceptable solutions.
The value 255 is set for invalid pixels.

Number of inputs lots before cloud screening.
Number of clear sky input slots.

Parameter describing the shape of the surface BRF in the RPV model for the
best fit.

Parameter describing the asymmetry of the surface BRF in the RPV model for
the best fit.

Estimated equivalent aerosol optical thickness.
Amplitude of the surface BRF in the RPV model for best fit.
Estimated error ofﬁ).

Actual number of days available in this period.
Selected day during the compositing period.

Cost function of the cloud screening.

Cost function of the inversion.

Estimated error of the DHR for the best day d.
Estimated error of parameter K

Estimated error of parameter THETA

Estimated error of parameter AER_ OPT THICK
Average value of 7 during the compositing period.
Standard deviation of AVGOPT.

Mean daily radiometric noise of the best day d calculated with (Zny 0,(¢))/N,

Table 10: Ancillary output dataset
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APPENDIX B DESCRIPTION OF THE CRAF DATABASE

The pre-Computed RAdiative transfer Functions (CRAF) database stores the functions and parameters
required by the ASM to perform the simulations of Meteosat-like observations. The CRAF database
contains the various tables of numerical values used to compute Equation 52. The identification and
contents of each table is summarized in Table 11.

LUT Comment Entry Point Equation Source
BSRF Intrinsic atmospheric 0s, Ov, Ap, T . ~ . 6S
E t : z T
reflectance factor quation 55: O(Z,,,,5:7)
DATF Direct attenuation Os, (Bv), T T _T 6S
transmission factor for Equation 43: ¢ “* (e a )
Sun (View) angle for
direct radiation
GTF Gaseous transmission 0s, Ov, Equation 55: 6S
(H20, O3 and others) Unz0,Uo3 T (55U 1120.Uops)
IDTF Incoming diffuse 0s Equation 49 it is the first term 6S
transmission factor for T of S™(uo)
sun
SFLA Used for multiple Ov Equation 51: a(-p) 6S
scattering k,@,1
parameterization
SFUA Used for multiple Ov Equation 50: A(-p) 6S
scattering k, ®
parameterization
STF Transmission factors for s, Oy Equation 45 6S
upward and downward k,@,1 (all 6 integrals)
scattered radiation
DHR30 = Angular term of the k, ® Equation 16 and Equation 25 RPV
DHR@ 30°
DRHErr DHR Error k,® [RD 10]
k: 04,0.5,0.6,0.7,0.8,0.9,1.0 0s, Ov,: Sun angle, View angle varying from
©: -0.30,-0.25, -0.20, -0.15, -0.10, -0.05, 0.00 0° —70° with increments of 2°
t: 0.1,02,0.3,0.4,0.6,08, 1.0 Ag: difference azimuth angle varies from

0° — 180° with increments of 10°.

Table 11: List of Look-up Tables in the CRAF database
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APPENDIX C NUMERICAL COMPUTATION ASPECTS

All integrals mentioned in the ATBD are solved numerically using a Gaussian quadrature method:

b n
"r e [ f |; I:r d--T = Z f [I(J} H{\{,;I Equation 106
o

=1

where:

x(@)  are the n Gaussian points estimated between a and b

w(i)  are the associated weights

The values of these points and weights are computed using the GAULEG procedure described in
[RD 26].
C.1 Computations of the Fourier coefficients

The first two Fourier coefficients appearing in the generic Equation 40 and Equation 41 are obtained
from an integration of the appropriate angular function over the relative azimuth between 0 and 2.
The GAULEG procedure calls for a = 0 and b = 2 &, respectively, using 48 points of a Gauss
quadrature. Equation 40 and Equation 41 are then rewritten as follows:

. i M ' 1 ® g i ; ) i
}(]L_IL ! _Juj o } [.“ , — s PGa H-‘-'*'u:‘r'}J T”r:)r_';mlm f'?} Equation 107

and:

1 & 1
}-1(}11' . —ﬂ:‘ = : z } [H i "']“... OGU-H-‘;.'::(_.;E‘:'l COs .OGG'E.SS{EI]_ U'.‘:"G-fi-'-.\.:\ {” Equation 108
i =

=1
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C.2 Computations of the STF functions

The STF dataset contains the values of the 0.1, go,1 and the /o, functions. These functions

(Equation 45) correspond to integrals over cosine angles taken between 0 and 1. The Gauss method
was then applied with a = 0 and b = 1 using 24 Gaussian quadrature points. The generic formulation
used to estimate the values of the fy, go and Ao functions is as follows:

24

F ol1, H2) = 27 Z Ty |41, KGauss(l)] Po |hGauss|l), Hzl UGauss\t) Wog,,.. (1) Equation 109

where the generic functions and variables are defined as follows:

Generic variable | Fo | u1 | p2 | Po

Jo o —u | ro
Specific variable | go | —1u | @0 | 70

ho | po | -1 | fo
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APPENDIX D LIST OF THE SELECTABLE PARAMETERS

The following tables summarize the numerical values of selectable parameters required in the
retrievals of surface albedo values. The values indicated in Table 12, Table 13, Table 14 and

Table 15 correspond to the default values set in the prototype version of the Meteosat Surface Albedo
algorithm. They define a kind of standard and most common set of values for the (M)RPV model.

Parameter Identification Value
Threshold for the maximum Solar zenith angle value 70°
Maximum acceptable value for data smoothness, opcp 10% of the averaged Meteosat BRF values
Threshold value for y3.p 1.0
Threshold value for the minimum number of required slots 6
Maximum value of Ry in the MRPV model 1.0
Minimum value of Ry in the MRPV model 0.0
Maximum value of kv in the MRPV model 1.2
Minimum value of ky in the MRPV model 0.0
Maximum value of bm in the MRPV model 1.2
Minimum value of by in the MRPV model -1.2

Table 12: Numerical values of the selectable parameters in the DCP

Parameter Identification Value
Weighting functions, W;,(i), in the inverse function 1.0
D¢ value to use in the hot spot factor 0.15
Maximum value of p in the RPV model 1.0
Minimum value of p in the RPV model 0.0

Table 13: Numerical values of the selectable parameters in the ASM
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Parameter Identification Value
Maximum value of the average deviations for the retrievals | 1.0

Minimum value of the average deviations for the retrievals | 0.0

Convergence criterion for retrieving po by iteration 107
Maximum number of iteration allowed to estimate po 10

Maximum value of the “Likely” p value 1.0
Minimum value of the "Likely" g value 0.0
Maximum value of the DHR 1.0
Minimum value of the DHR 0.0
Maximum value of the BHRjs, 1.0
Minimum value of the BHRs, 0.0

Table 14: Numerical values of the selectable parameters in the DIM

Parameter Identification Value

Number of days used to estimate temporally averaged quantities 10

Table 15: Numerical values of the selectable parameters in the SAM
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APPENDIX E MATHEMATICAL SYMBOLS AND SHORTHAND

USED IN THIS DOCUMENT

E.1 Generic Notation

Symbol

£
Ay

¥

Ox
(x)
P(x)

Meaning

"Likely" value of the x parameter

Average deviation of the distribution of acceptable values for the parameter x
Arithmetic mean of the x values

Radiance travelling upward in the atmosphere

Radiance travelling downward in the atmosphere

Radiance travelling upward in the scattering-only atmosphere

Radiance travelling downward in the scattering-only atmosphere

Temporal average of the "Likely" values of the x parameter

Most representative value among the set of the ('Likely” values of the x parameter)
Spatial average of the "Likely" values of the x parameter

vector

estimation of x

error of X

average of x.

probability of x

Table 16: Generic Notion

E.2 Greek Symbols Used in Notation

Qo

2
Xpcp

Q,Qr
Qo

Po

Pe

Symbol Meaning

Spherical angular average of the surface BRF angular function

y? function for BRF data smoothness

Wavelength

Cosine of the zenith angle of observation

Cosine of the zenith angle of any arbitrary direction

Cosine of the zenith angle of Sun

Direction of observation

Any arbitrary direction of origin of the radiation

Direction of solar illumination

Parameter describing the amplitude of the surface BRF in the RPV model

Parameter describing the amplitude of the hot spot formulae in the RPV model
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Symbol
Psfc(zo, Q'—Q)
Psfc(Zo, L0—€2)
Psfc(Zsoar 0—€2)
Pste (20, &' —Q)
Pste (Zsoa, ' —Q2)
P (1, 1°)

Oqct

Opcp

Odata

T

One

0o

0y

¢

Kt

KT

p0
p0
pa

ps

op0
opl

op2

OK1.5

Ko

p0

o

Meaning

Surface BRF for illumination from direction f1'
Surface BRF for illumination from the solar direction
Surface contribution to the BRF of the scattering-only-atmosphere

Angular function of the surface BRF
Angular function of the BRF at the top of the scattering-only-atmosphere

BRr contribution due to multiple scattering effects between the atmosphere and
surface

Root mean square of the fit of the MRPV model

maximum value allowed for q (let

Standard deviation in the Meteosat data and model predicted BRF values
Spectral atmospheric optical depth

Parameter describing the asymmetry of the BRF in the RPV model
Solar zenith angle

Satellite zenith angle

Sun-Satellite relative azimuth

aerosol temporal autocorrelation

random noise

normalized weight for the estimation of p0 and 6 p0

normalized weight for the estimation of ¢ £

number of degree of freedom of the cost function

amplitude of the surface BRF

weighted mean value of p0 for all acceptable solutions.

intrinsic reflectance of the scattering layer

reflectance at the surface.

angular field of the BRF

weighted standard error p0.

root mean square error between the landmarks and their actual position on the
earth along the E-W direction

root mean square error between the landmarks and their actual position on the
earth along the N-S direction

instrument radiometric noise for level 1.5 images

mean space count standard deviation

amplitude of the surface BRF

calibration error due to the uncertainty in SSR
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E.3

Symbol Meaning
o, calibration error due to the residual random effects
o, error from the DHR spectral conversion.
ODHR random error on the estimation of the DHR
gg RH total (random+systematic) DHR error
T equivalent aerosol optical thickness.
o cost function
Xl%ly normalized cost function
Xﬁ cost function threshold value for the acceptable solutions
T Gamma function
® parameter describing the asymmetry of the
BRF in the RPV model
Qs illumination direction
s cosine of the illumination zenith angle
(OR illumination azimuth angle
Q, viewing direction
Ly cosine of the viewing zenith angle
(OX viewing azimuth angle
Q' any arbitrary direction

Table 17: Greek symbols used in notation

Upper-Case Roman Symbols Used in Notation

Symbol Meaning
A(—p) Plane angular average of the BRF angular function
BHR" Bi-hemispherical reflectance (Blue sky albedo)
BHRs0 Bi-hemispherical reflectance for isotropic illumination (White sky albedo)
DHR Directional hemispherical reflectance (Black sky albedo)
E?(zo, po) Spectral radiant exitance at the surface level
E|(zo, 1o) Spectral surface irradiance
G Geometrical parameter entering the hot spot formulae
H (Im Hot spot function in the :VIRPV model
L (zo, Q', Qo) Spectral downwelling radiance
I' (z0, Q, Qo) Spectral upwelling radiance
I 0t Goar, @, Qo) | Radiance measured by the Meteosat sensor
1 (Zsa, ©, Qo) Spectral radiance intrinsic to the atmosphere
I;ch(zsat, Q, Q) Spectral radiance due to the coupled surface-atmosphere system at the
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Symbol

I m(Zs00> @, Q)
13 (Zsoas ©, Qo)

If (20, ', Qo)

Pcry
R
SV

S™(10)

To
T

T,
™Q", Q)

T(Q", Q)
Q" Q)

Umzo

Uos

Meaning
satellite level

Spectral radiance intrinsic to the scattering-only atmosphere

Upwelling spectral radiance due to the surface-scattering-only atmosphere

Downwelling spectral radiance reaching the surface in the scattering-only
atmosphere

Mean space count for the detector n

Digital count value

Mean space count value

Ensemble of acceptable solutions
Number of solutions in La

Ensemble of solutions defined by the uncertainty of the retrieval

Number of days with an acceptable solution during the composite period
Size of measurement vector

Threshold probability for the ensemble of acceptable solutions
Threshold probability determined by measurement error

Radiometer on board the Meteosat series number n

Meteosat spectral response

Spherical albedo of the atmosphere

Source term at the surface level due to the multiple surface-atmosphere
interaction

Number of days used to estimate the temporally averaged quantities
transmission factor of the scattering-only atmosphere

Total spectral atmospheric transmission factor in direction n of the
upwelling radiance field in the direction on

Spectral transmission factor in direction of the upwelling radiance field
scattered by the surface in direction 0.

gaseous transmittance

Spectral transmission factor for the downward radiation in the scattering-
only-atmosphere

Spectral transmission factor due to the absorbing gases only

Transmission factor due to the absorbing gases only weighted by the
Meteosat spectral response

Total column water vapour concentration

Total column ozone concentration
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Table 18: Roman Symbols Upper Case

E.3 Lower-Case Roman Symbols Used in Notation

Symbol

ap

kem
bm
foa

£o,1

ro

r

20
Zsat

Zson

p1
P2

tpar2

20

Meaning

Plane angular average of the BRi angular function weighted by the incoming
atmospherically-scattered radiation

Index of the current slot

Parameter describing the bowl shape of the BRF in the RPV model
Parameter describing the bowl shape of the BRF in the MRPV model
Parameter describing the asymmetry of the BRF shape in the MRPV model

Coupled surface-atmosphere contribution due to the incoming atmospherically scat-tered
radiation transmitted directly to the satellite

Coupled surface-atmosphere contribution due to the incoming direct radiation scattered by
the surface-atmosphere system to the satellite

Phase angle between the directions of illumination and observation

Coupled surface-atmosphere contribution due to the incoming atmospherically scattered
radiation scattered by the surface-atmosphere system to the satellite

First term of the Fourier expansion in relative azimuth angle of angular function of the
surface BRF

Second term of the Fourier expansion in relative azimuth angle of angular function of the
surface BRF

Level of the surface

Level of the satellite

Level of the Scattering-Only-Atmosphere

number of digitalization bits

day number within the 10-day compositing period
parameter describing the bowl shape of the BRF in the RPV model
detector number

position of a pixel along a line

position of a pixel along a column

time of acquisition of a line of pixels

Student coefficient for the 2-tails distribution
forward model

bottom of the atmosphere

top of the gaseous absorption layer
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Symbol

Meaning

Za top of the scattering-only layer

Table 19: Roman Symbols Lower-Case used in notation

E.4 Vector Symbols Used in Notation

Symbol

b
X
Xy

Vm

»

o1

op

OR

OF

Meaning

model parameters

state vector

parameters representing surface properties of state vector
measurement vector

most representative solution for the 10-day period
total measurement error

retrieved error for the one day solution *
retrieved error for the 10-day period solution
aerosol daily correlation error

measurement radiometric error

digitalization error

rectification uncertainty

forward model error

Table 20: Vector Symbols
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