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Task objective (from DoW)

Provision of a harmonized atmospheric correction processor for both S2 and S3. The system
shall be capable to process automatically S2 and S3 level 1b data, perform atmospheric
correction including adjacency correction and internal coupling of aerosol-retrieval with in-
water properties. Output is subsurface reflectance.

Activities:
1 investigating different AC algorithms and tools with respect to their suitability for
GLaSS application;
1 application of different ACs to images and spectra;
1 comparison of the results of different AC algorithms.

Scope of this document

In order to retrieve an overview of existing methods for atmospheric correction of satellite
imagery over water the consortium collected information about eight different methods,
covering both commercial and open source methods.

A detailed ranking and decision scheme for those methods has been created; it considers
several topics, such as accessibility, license or physical implementation. The topics were
ranked by each partner according to the individual importance levels. With this, a modular
decision making scheme is elaborated which serves as a guidance for partners to select the
most feasible AC methods for their purpose.

As part of the decision scheme for selected algorithms a validation exercise with existing in
situ match ups for different lakes has been conducted. The analysis results including
statistics are presented.

Recent developments focusing on enhanced atmospheric correction (adjacency, cloud
shadow etc.) and adaption to S2 and S3, have been made within the consortium. Analysis
conducted in other projects dealing with inland water and atmospheric correction are
described as well.

The document reflects the current state of developments, which will change until the start of
S2 and S3.
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List of abbreviations

Abbreviation |Description

AOT Aerosol Optical Thickness

BOA Bottom Of Atmosphere

BRDF Bidirectional Reflectance Distribution Function
CcC Coast Colour Neural Net

Ccwv Columnar Water Vapour

C2R Case 2 Regional

LUT Lookup table

MIP Modular Inversion and Processing System
MOMO Matrix-Operator Model

NN Neural Net

RL Radiance Reflectance

RS Remote Sensing

SCAPE-M Self_Contained Atmospheric Parameters Estimation from MERIS data

SRF Spectral Response Function

TOA Top Of Atmosphere

TOSA Top Of Standard Atmosphere

6S* Second Simulation of a Satellite Signal in the Solar Spectrum

* it means 6SV1 (Second Simulation of a Satellite Signal in the Solar
Spectrum, Vector, version 1). In the document we refer to 6S for sake of

brevity.
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1 Introduction

The transformation from sensor radiance to surface reflectance is usually called atmospheric
correction. In particular, for water body such a transformation means to retrieve the
subsurface reflectance or the remote sensing reflectance. Atmospheric impacts needs to be
estimated and removed, as the light is penetrating twice the atmosphere, from sun into the
water and back to the sensor. Processes such as adjacent scattering from land into the light
path can also be considered as part of atmospheric correction, or correction for water surface
impacts to retrieve the pure reflectance of the water bulk. As a minimum, bidirectional effects
of scattering and absorption in atmosphere under varying aerosol optical depth are usually
accounted for. Some atmospheric correction methods apply constant aerosol optical
properties over the scene, while others reflect the atmospheric heterogeneity and retrieve
and actual aerosol properties per pixel. While the first approach is often subject to large
uncertainties and is applicable only for small areal extend, the second method is required for
processing of large data quantities or large areas in an operational environment. However,
this requires a certain spectral resolution and radiometric quality of the sensor.

2 Existing methods for atmospheric correction over water

For the assessment of existing atmospheric correction methods, the consortium investigated
different methods they have already experience in or even are owned by one partner. The
selected methods cover both commercial (MIP, ATCOR) and open source available
algorithms, which are implemented e.g. in BEAM like FUB or C2R. Moreover, some of the
methods (e.g., C2R and MIP) were specifically developed to correct the atmospheric effect
for water body, while others are general purpose atmospheric correction methods (e.g.,
ATCOR and SCAPE-M) for EO data over Earth surfaces. The first class of methods usually
estimate the water leaving radiance reflectance or remote sensing reflectance or similar
guaintest which are properly defined for water body only. Moreover, these methods are
usually coupled with retrieval of water constituents. Instead, the not water oriented
atmospheric processor methods provide a dimensionless surface reflectance value whose
transformation into water leaving radiance reflectance (or remote sensing reflectance) require
further computation such as the air/water interface correction, the assumption of the light field
shape (e.g. Q factor) or further corrections for the specularly reflected sun and sky radiance.
Each method is described in the following chapters, covering the most important information
like owner/origin, a short explanation of the methodology with references to literature and the
adaption possibilities to S2 and S3.

2.1 ATCOR

The ATCOR software was developed by DLR (German Aerospace Center) and is licensed to
ReSe Applications Schlapfer for commercial marketing.

ATCOR performs the atmospheric correction, which is the elimination of atmospheric and
illumination effects to retrieve the surface spectral reflectance. The code uses look up tables
(LUT) calculated with the MODTRAN-5 radiative transfer code (Berk et al. 1998; 2003) for
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the inversion of the top-of-atmosphere radiance. MODTRAN is a scalar Radiative Transfer
(RT) code developed by the Air Force Research Laboratory in collaboration with Spectral
Sciences, Inc. The code calculates atmospheric transmittance and radiance, and efficiently
simulates molecular and aerosol properties (absorption and scattering) in a multi-layer
atmosphere. It assumes a stratified atmosphere and a spherical earth surface. Different
atmospheric characteristics, such as temperature, pressure and atmospheric species
concentrations need to be specified at the boundaries of each layer. The DISORT (DISORT
8-stream option for multiple scattering) code is used as a subroutine in MODTRAN to enable
the azimuth dependence of multiple scattering. The latest publicly released version of the
code is MOD5.3 (MODTRAN 5 Version 3), which is available from its authors by request.

The MODTRAN-generated atmospheric database within ATCOR covers a wide range of
weather conditions and sun angles:

9 atmospheres with different vertical profiles of pressure, air temperature, humidity,
ozone content (water vapor columns from 0.4 to 4.0 [g/cm?] sea- level-to-
space)
various aerosol types (rural, urban, maritime, desert)
visibilities (surface meteorological range) 5 - 120 km (hazy to very clear)
ground elevations 0 - 2.5 km, extrapolated up to 4 km
solar zenith angles 0 - 70 degree

= =4 =4 =4

The atmospheric correction requires the specification of input data such as the solar and
view geometry, ground elevation, day of acquisition, and the aerosol concentration and
origin. Image processing with constant atmospheric conditions or spatially varying aerosol
conditions (the latter is retrieved from image if near- or short wave infrared bands are
available) can be also performed. Moreover, there is the possibility to determine atmospheric
parameters (aerosol type, visibility, water vapor) if the required spectral bands exist. ATCOR
also performs a correction for adjacency effects.

Within GLaSS, ATCOR was run with two different aerosol models (i.e., rural and maritime),
setting the | akeods -tagét-geonmetryd €he wsibitity wah estimated! by r
ATCOR employing the to 6dark dense veoguhteti on (I
assumption of a Lambertian surface and without correcting for the adjacency effects.

Adaptation to S2 and S3:

ATCOR can be applied routinely to a list of standard sensors (e.g. Landsat, MERIS).
Moreover, a simple interface is available to specify the information for a new sensor (hnumber
of channels, field-of-view, and channel spectral response curves). Therefore, it is easy to
include new sensors such as S2 and S3 if the response curves are available. This
information is subsequently used to calculate the sensor-specific atmospheric LUTs from the
monochromatic atmospheric database supplied with the add-on module of ATCOR.

2.2 Coast Colour Neural Network (CC NN)

The CC NN algorithm was developed by Dr. Roland Doerffer in the framework of the
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CoastColour project focused on coastal complex waters. The algorithm is included in the
BEAM software.

The atmospheric correction produces the so-called L2R products which include the water
leaving reflectances, normalised water leaving reflectances and different information about
atmospheric properties. The procedure is based on the Case2Regional Processor and the
Glint correction processors (implemented in BEAM, too). The AC correction procedure is
based on radiative transfer simulations using a Monte Carlo model and the Hydrolight model.
The simulated radiances are used to train a neural network, which, in turn, is used for the
parameterisation of the relationships between TOA radiances reflectances (RL_toa) and the
water leaving radiance reflectances (RLw). Furthermore, it computes the atmospheric path
radiances (RL_path), the downwelling irradiance at water level (Ed), the aerosol optical
thickness (AOT) at 550 nm and three other wavelengths, and the angstrom exponents of the
AOT.

The model atmosphere comprises three parts:

(1) a standard atmosphere, which includes layers with variable concentrations of different
aerosols, cirrus cloud particles and a rough, wind dependent sea surface with specular
reflectance, but with a constant air pressure- and ozone profile,

(2) a layer on top of the standard atmosphere, which contains only the difference between
the standard and real atmosphere concerning air molecules and ozone,

and (3) a module to compute the water leaving radiance reflectance.

Of importance is the correction of the sun glint, which is included in the atmospheric
correction. It allows using the full swath of a MERIS scene, even for high glint conditions.

Three interfaces are defined: top of the actual atmosphere (TOA), top of standard
atmosphere (TOSA) and bottom of atmosphere (BOA).

The atmospheric correction comprises three steps:

1. Calculation of the path radiances and transmittances of the variable "Rayleigh 1
ozone layer" by using actual values of sea surface pressure and total ozone content
from the ancillary data of MERIS, and subtracting them from the standard values.
Thus, the path radiance might become negative or the transmittance might become >
1 in cases where the air pressure and ozone content differences are negative. The
path radiance and transmittances of this 'correction layer' are used to calculate the
downwelling solar irradiance and the upward directed radiance at the top of standard
atmosphere (TOSA). The actual pressure regards also the altitude of a lake by
including the altitude-pressure formula into the procedure. Furthermore, the
correction of a band shift along the cameras is performed in this module. This band
shift is due to small misalignments of the 5 cameras. This has in particular an effect
on the actual solar irradiance and the Rayleigh scattering. Both effects are corrected
within this module. Output of this procedure is the radiance reflectance at top of
standard atmosphere, RL_tosa.

8 of 65



e
Gglass
Global Lakes Sentinel Services (313256) S

2. Calculation of the water leaving radiance reflectance, Rlw, by using a forward artificial
neural network fwNN. The training of this network is based on the same training data
set T computed with Hydrolight radiative transfer model -, which is used to train the
backward NN for retrieving the inherent optical properties of water.

3. Calculation of the water leaving radiance reflectance, path radiances reflectance at
TOSA, and the downwelling irradiance at bottom of atmosphere (BOA). This
calculation is done with the neural network, which is trained with simulated radiances.
It includes effects of different aerosols, cirrus clouds, specular reflected sun and sky
radiance, and the coupling between all these components and the air molecules.

Input to the neural network are the TOSA radiance reflectances of 12 MERIS bands (412,
443, 490, 520, 560, 620, 665, 681, 708, 756, 778, 865 nm) as well as the solar zenith angle,
the viewing zenith angles and the difference between viewing and sun azimuth angle.

Output of the NN are the water leaving radiance reflectances, the path radiance reflectance
and the transmittance / downwelling irradiance, all of thel2 MERIS bands, and the aerosol
optical thickness at 443, 550, 778, 865 nm from which the angstrom coefficient is computed.
Further outputs for test purposes, which are not used to generate products, are the total
scattering and absorption coefficients of water and the sun glint ratio. The NN coefficients are
determined from a large set of simulated atmospheric and water conditions for the input
variables and corresponding output variables. The coefficients of the NN are computed by
using a feed forward back-propagation optimisation (“training") technique. The data set for
training and testing is produced by radiative transfer simulations using an ocean-atmosphere
Monte Carlo photon tracing model, which has been developed at GKSS. Another model,
which has been used recently for computing the training data set, is a modified 6SV code,
which is based on the successive order of scattering technique (SOS) and which also
includes polarisation. An alternative atmospheric correction scheme tested uses an extension
of the ICOL processor.

The neural nets of the CC algorithm will be trained and adapted to S2 and S3.

2.3 Case2Regional (C2R)

The Case 2 Regional algorithm was developed by Dr. Roland Doerffer and Dr. Schiller on
coastal complex waters. The algorithm is included in the BEAM software.

A numerical radiative transfer model is used to simulate a large number of TOA radiance
spectra, where both the water leaving spectrum as well as the atmospheric parameters are
varied. The radiative transfer is a non-linear process, and hence a non-linear inversion
method is required for correcting for the atmospheric effect and retrieving the water leaving
signal. This non-linear inversion is performed mathematically by a neural network.

The modelled atmosphere consists of three parts:
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1. A module to compute the water leaving radiance reflectance (RLw) at bottom of
atmosphere (BOA)

2. A standard atmosphere, which includes 50 layers with variable concentrations of
different aerosols, cirrus cloud particles and a rough, wind dependent water surface
with specular reflectance, but with a constant air pressure- and ozone profile up to the
top of standard atmosphere (TOSA)

3. A layer on top of the standard atmosphere, which contains only the difference
between the standard and real atmosphere concerning air molecules and ozone,
completing to top of atmosphere (TOA)

The determination of spectral water l eaving r a
radi ance refl ect amnby adjudting il pbeasure- anil ozene eoncentration to

a standard atmosphere of 1013.2 hPa and 350 DU, respectively, using metadata provided

with MERIS L1 imagery. In this way, the number of variables of the subsequent inversion

step could be reduced.

The atmospheric correction neural network has a structure of several hidden layers with a
large number of fully connected neurons. The NN uses TOSA radiance reflectance in 12
MERIS bands (412, 443, 490, 520, 560, 620, 665, 681, 708, 756, 778, 865 nm), and
illumination and viewing geometry as input. It thereof retrieves the water leaving reflectance
(RLw) in all bands, along with atmospheric optical thickness in 4 bands and the
corresponding Angstrom coefficient (alpha), and path radiance and transmittance.
Absorption, scattering and surface reflection by the water body are also retrieved, but not
written to the output product.

The Monte Carlo model used for modelling the optical properties of the atmosphere is based
on publications by Gordon (1997), Mobley (1994), Morel and Gentili (1991).

Adaptation to S2 and S3 will not be done, because the methodology used in this algorithm
has been taken over by the Coast Colour NN explained in section 2.3.

2.4 FLAASH

Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) as one
atmospheric correction module in ENVI, is based on MODTRAN4 radiation transfer code,
including also adjacency effect correction. It can be applied to both, hyper-and multispectral
sensors. For the validation exercise in this report, FLAASH is not processed. For further
information, see the atmospheric correction Module user guide for ENVI (ITT, 2009).

2.5 FUB

The core of the AC method is based on two databases generated with the MOMO (Matrix
Operator Method) code (Fischer and Grassl 1984, Fell and Fischer 2001). The US standard
atmosphere (pressure, temperature, water vapor, trace gases) is used with two wind speeds
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and two pressure levels. The inversion uses the neural network (NN) approach. The code is
intended for Case 2 waters. Output products are water leaving remote sensing reflectance for
8 Meris bands, AOT at 440, 550, 670, 870 nm, and water quality parameters.

The FUB-WeW algorithm was developed by Dr. Thomas Schroeder and Dr. Michael Schaale
from the Institute for Space Science, Freie Univertat Berlin (FUB). It is included as a plug in in
the BEAM software since 2005.

This plug-in makes use of MERIS Level-1b TOA radiances in the bands 1-7, 9-10 and 12-14
to retrieve case 2 water properties and atmospheric properties above those waters:

- chlorophyll-a concentration (log scale, mg/m”3)

- yellow substance absorption @ 443 nm (log scale, 1/m)
- total suspended matter concentration (log scale, g/m”3)
- aerosol optical depth @ 440 nm

- aerosol optical depth @ 550 nm

- aerosol optical depth @ 670 nm

- aerosol optical depth @ 870 nm

- water-leaving RS reflectance @ 412 nm (1/sr)

- water-leaving RS reflectance @ 442 nm (1/sr)

- water-leaving RS reflectance @ 490 nm (1/sr)

- water-leaving RS reflectance @ 510 nm (1/sr)

- water-leaving RS reflectance @ 560 nm (1/sr)

- water-leaving RS reflectance @ 620 nm (1/sr)

- water-leaving RS reflectance @ 665 nm (1/sr)

- water-leaving RS reflectance @ 708 nm (1/sr)

The retrieval is based on four separate artificial neural networks, which were trained on the
basis of the results of extensive radiative transfer simulations with the MOMO code by taking
varying atmospheric and oceanic conditions into account. All networks were validated against
in-situ measurements. During the plug-in processing the MERIS Level-1b data are masked
prior to the retrieval by applying the following combination of masks:

GLINT_RISK | LAND_OCEAN | BRIGHT | COASTLINE | INVALID

The masked pixel's values are set to +5.0. Non-masked pixels are then normalized for an
atmosphere's ozone contents of 344 Dobson units by calculating transmission correction
factors. AOT wavelengths 440, 670 and 870 nm correspond to the AERONET data
wavelengths for a convenient direct comparison with in situ data. Each pixel is checked
against the input and output values margin of the trained networks. Additional flags are set in
case of a neural network failure for input and output separately.

The algorithm is applicable over case 2 water only, thus it is likely to fail over the open ocean
by producing negative remote sensing (RS) water-leaving reflectances.
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Adaptation to S2, S3 requires new MOMO runs, and training of the NN. This update is
foreseen in the framework of the Sentinel 3 Toolbox development, but not under the umbrella
of GLaSS.

2.6 MEGS

MEGS stands for AMERIS Ground Se g méher tMEGSat a Pr
processor is part of the ODESA tool (Optical Data processor of the European Space Agency).

The water leaving reflectance spectra stored in the standard ESA Level 2 product are
retrieval by the Antoine & Morel approach for case-1 waters, extended with the Moore Bright
Pixel AC to account for scattering Case 2 waters. The principle of the clear water
atmospheric correction is to identify aerosol models which, together with a tabulated model of
the molecular scattering and assumptions on the surface reflectance, fit the observed glint-
corrected reflectance in the infra-red part of the spectrum (bands 775, 865nm) and in a
visible band (510nm). The assumptions for Case 1 waters are that reflectance is null at all
wavelengths beyond 700nm, and that reflectance at 510nm is nearly constant. The algorithm
provides one or two aerosol models and their properties in the visible and NIR wavelength
domain, which allow to perform a correction of the atmosphere contribution and compute
water-leaving reflectances (MERIS Level 2 Detailed Processing Model, 2011).

The 3™ reprocessing of MERIS data (MEGS 8.1) has introduced a special atmospheric
correction procedure for case 2 water which are then used as input to the in-water Case 2
processing (but which are not written into the standard ESA Level 2 product) This Case 2 AC
has been developed in the C2R and sun glint correction projects of ESA. For accessing
the internal Case 2 water AC reflectances, the ODESA software should be used and indicate
specifically which type of output is expected in the optional netcdf files.

The Case 2 water AC procedure is based on a NN, which is trained with simulated
reflectances. The basic idea is to associate water leaving reflectances and path reflectances
with top of atmosphere reflectances for a large number of different cases of solar and
viewing angles, concentrations of different aerosols, concentrations of optical components
in water and wind speeds for simulated sky and sun glint. These associations are manifested
in the NN where 12 of the 15 MERIS bands are used: 412, 443, 490, 560, 620, 670, 681, 708
and 865 nm. For simulating the radiative transfer in the atmosphere and the Fresnel
reflectance at the water surface, the Monte Carlo photon tracing program of HZG was used
and for the later leaving radiance simulations, Hydrolight. Based on these simulations, a
forward neural network was trained, which was then combined with the results of the
Monte Carlo simulations. A further aspect of the atmospheric correction procedure was to
retrieve also water leaving radiances over sun glint contaminated areas. This function is
implicitly included in the procedure since the sun glint is part of the simulation for the
training data set (MERIS 3rd data reprocessing, 2011).

Adaptation to S2, S3: The S3 OLCI processor is the adaption of megs to OLCI. It has been
completed and will be used in the operational ground segment. It will be made available to
users as an update of ODESA (timing not known).
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2.7 MIP

The core of the Modular Inversion and Processing System MIP (Heege 2014, Heege and
Fischer 2004, Heege et al. 2003, Heege 2000) was originally developed at DLR and
continued since 2006 by EOMAP GmbH & Co.KG. This software integrates various sensor-
independent physics-based algorithms for optical deep, shallow water and land. Relevant
modules here are the operational processors for atmospheric- and adjacency correction over
water. Atmospheric correction over water as presented here includes coupled retrieval of
atmospheric aerosol optical depth and in-water scattering and absorption properties, in order
to retrieve the subsurface irradiance reflectance.

The MIP architecture systematically manages the independent properties of sensor
parameters and specific optical properties, as well as the radiative transfer relationships (at

1 nm spectral resolution) in the main database, and furthermore manages the uptake of the
individual algorithm modules. This allows for an automatic adaptation of the retrieval modules
to the specific sensor properties and optical conditions of the target area. Hence, the retrieval
modules deliver standardized, inter-comparable results for various satellite sensors, to the
extent that the radiometric calibration of these sensors is physically correct (and in
agreement with the underlying physical models of the MIP), sufficiently stable, and
appropriately sensitive. However, it should be noted that each sensor has different spectral
and radiometric resolutions, and these limit the number of resolvable parameters on a case-
by-case basis. The type and number of parameters to be resolved are therefore defined in
the configuration file of the central retrieval module. Specifications for the sensors used here
are described below. Radiative transfer calculations, connecting the top-of-atmosphere
radiances with the optical properties of water media, are performed using a finite element
model (FEM) (Kisselev, Roberti, and Perona 1995; Bulgarelli, Kisselev, and Roberti 1999),
encompassing the full bidirectional properties of the atmosphere, the air i water interface,
and the waterbody itself. These are stored in the sensor-independent, so-called main
database with several sub-d at abases: The 6 L 6 database
of-atmosphere radiances and the subsurface reflectance as a function of various
atmospheric aerosol types, aerosol concentrations, and geometric characteristics such as
view and Sun polar angl es and azi mut hs. The 06 d&gtiordal
relations between downward flux and upwelling radiance, and a third database comprises the
diffuse radiance at the sensor level for land-reflected radiance, which is used by the
adjacency correction module. From these databases, sensor-specific, global databases are
created for each satellite sensor. These data are integrated over the appropriate spectral
band for the relevant sensor, while all other variables are retained. For connecting the optical
properties of water media with the concentrations of water species, we furthermore assume
that optical properties of the water constituents are the products of corresponding specific
optical properties (normalized to unit concentration) and concentrations, and use an
analytical approximation from Albert and Mobley (2003) to calculate the subsurface
irradiance reflectance as a function of absorption and scattering properties of the water body.
The retrieval modules load the sensor databases into the core memory and access further
sensor definitions and target optical properties. The atmosphere is characterized by the
surface-layer aerosol type and optical thickness and season. For higher levels, standard
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distributions of aerosol and molecular species concentrations are used. For the water model,
the scattering, backscattering, and absorption coefficients of water are expressed as a linear
combination of location-dependent specific optical properties of water constituents, where the
concentrations of each constituent are weighting factors of the linear combination. Normally
up to three water species, namely suspended matter, phytoplankton, and dissolved organic
material (yellow substance), are used. The appropriate specific optical properties are
selected based on expert estimates, from in situ measurements if available, or automatically
as a function of retrieved water constituent properties.

Within the water-quality processing chain (Figure 1), several modules are applied
successively, covering surface-type detection (land 1 water i cloud detection); adjacency and
sunglint correction; iterative retrieval of atmospheric properties; transformation to under-
water reflectance; and at the same time estimation of the water constituentsd6 s catt er i ng
absorption properties.

satellite

radianceimage )

L i
e ¢ . _
Land-water-cloud -~

] detection € Radiative transfer
R [ = database

Atmosphere N Adjacency & e ————
vertical profiles of COl'll'eClﬂOn - —
picaproperies N Sunglitter L lobal and regional
correction land-water database

‘\ — == 1 I
Sensor Atmospheric
sensor parameters correction »
T — coupled with retrieval of

water ?on,sltituents

e e subsurface
Optical models reflectance
specific opt. properties R

water constituents:

Suspended matter S
Phytoplankton (CHL-a) P
Yellow Substances Y

of water, sea floor, land
Water column ‘

—> inversion <
coupledretrieval l

Water depth z
Sea floor albedo

Figure 1. Water quality processing chain MIP/EOMAP

Surface-type detection is based on the differences of spectral trends of land, water, and
cloud reflectivities. To begin with, top-of-atmosphere radiances are transformed to surface
reflectivities using the L database with fixed atmospheric aerosol optical thickness (the value
is 0.1). Pixels with high reflectivities in the blue region of the spectra (the threshold value
depends on the channel wavelength of the sensor) are classified as cloud pixels. The

14 of 65



Global Lakes Sentinel Services (313256)

discrimination between land and water pixels is made using two criteria: water pixels must
have low reflectance in the near infrared region and show no increase of reflectance with
wavelength in the &éred edged r egi avater pixels aver
water to the cloud flag, the module also considers an external global land-water database:
the Shuttle Radar Topography Mission (SRTM) Water Body Data (SWBD 2005).

In MIP, an adjacency correction is applied as standard module, based on the use of point
spread function which allows calculating the contribution of reflections from nearby pixels to
the apparent radiance of the target (Kiselev et al. 2014, submitted to RSE). The adjacency
correction module cycles through target water pixels. For each target pixel it calculates the
sum of the contribution of the radiances reflected by neighbouring pixels and subtracts the
resulting sum from the measured total radiance of the target pixel. The neighbouring pixel
contributions are estimated using the analytical solution of the three-dimensional
radiativetransfer equation for a ground-level point source (the point spread function in the
primary scattering approximation) and upward fluxes near the surface. Upward fluxes are
estimated using the database storing the dependence of the top-of-atmosphere radiances on
the land reflectivity, assuming 0.1 as the standard value of atmospheric aerosol optical
thickness. To increase the processing speed for satellite sensors with spatial resolutions finer
than 100 m, the adjacency radiance is only calculated for every tenth pixel and then spatially
interpolated for pixels in between. When using high-resolution imagery in particular, it can be
necessary to account for the adjacency impact of land pixels outside the image borders. For
this, a mean land albedo is calculated using the satellite scenes and a global land T water
database.

The central algorithm is based on a coupled retrieval of atmospheric and aquatic properties
that provide the best fit (1) between measured and modelled radiances varying atmospheric
aerosol optical thickness, and (2) for each optical thickness between retrieved underwater
reflectances and those modelled as a function of the linear combination of specific optical
properties and species concentrations.

As a standard part of the processing, an accuracy or uncertainty indicator is calculated for
each retrieved parameter and for each pixel in the image data. This measure comprises a
comprehensive range of factors that can impact the derived product quality, which include the
geometry between sun, target, and sensor; the estimated sun glint probability; the retrieved
aerosol optical depth; residuals of the measured and modelled sensor radiances and
subsurface reflectances; and the comparison of retrieved water species concentrations to
extreme values as defined in the configuration files. The total uncertainty indicator is
normalized to a value between 0 and 1 and can also be used during the generation of third-
level products. When averaging or integrating parameter values through space and/or time,
the uncertainty measure can be used to weight the contribution of each pixel to the new
aggregated product. To deploy MIP operationally, the EOMAP Workflow System (EWS) is
used.

The MIP architecture systematically handles the independent properties of sensor
parameters and specific optical properties, as well as the radiative transfer relationships (at
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1nm spectral resolution) in the main data base, and furthermore manages the uptake of the
individual algorithm modules. This allows for an automatic adaptation of the retrieval modules
to the specific sensor properties and optical conditions of the target area. For S2 and S3 the
sensor databases have been created using the SRF provided by ESA.

2.8 C-Wombat-C
The code was developed by CSIRO (Australia).

The code c-WOMBAT-c (coastal Waters and Ocean MODTRAN-4 Based ATmospheric
correction) was implemented to retrieve both surface (hence it can be considered a not water
oriented atmospheric processor) and subsurface remote-sensing reflectance (Brando and
Dekker, 2003, Phinn et al. 2005).No specific problems are expected with the air/water
interface correction, apart from the so-called Q-factor, which accounts for bi-directional
effects of the water body. The value of Q is not accurately known, and it is left to user to
supply its value. c-WOMBAT-c applies a full MODTRAN-4 (Berk et al. 1998) and therefore
requires similar input as those requested by ATCOR. The atmosphere parameterization
might be based on different source of data, such as AERONET for AOT and/or Visibility,
radiosonde data.C-WOMBAT-c also implements a correction for the adjacency effects. It is
based by using an averaged surface radiance for the surrounding region which is generated
with a low-pass convolution filter, whose size needs to be a priori established.

Adaptation to S2, S3 is made by running the code using the SRF provided by ESA.

2.9 Scape-M

The SCAPE-M (Self_Contained Atmospheric Parameters Estimation from MERIS data)
algorithm was developed by Dr. Luis Guanter, Department of Earth Physics and
Thermodynamics of the University of Valencia. The algorithm is included in the BEAM
software. Scape-M is initially designed for land atmospheric correction, but is processing also
land adjacent water surfaces by extrapolating the atmospheric properties form the land to the
water surfaces.

The code is based on MODTRAN-4 look-up tables (Guanter et al. 2007, IJRS). The
atmospheric parameters (AOT = aerosol optical thickness, and water vapor column) are
derived by inverting a multi-dimensional LUT. Elevation is included from a DEM. The aerosol
type is fixed as rural. The aerosol retrieval is averaged over cells of 30 km x 30 km. The
water vapor column is calculated by inverting the ratio of the TOA radiance of band 15 and
14 and assuming a linear surface reflectance behavior in the 860 i 900 nm region. The
adjacency effect is corrected for by averaging the reflectance over 1 km x 1 km, and
weighting the difference of the pixel reflectance and average reflectance with the ratio of the
diffuse to direct transmittance, which determines the strength of the adjacency effect.

The AC is divided into two separated phases: 1) the estimation of the atmospheric
parameters needed to quantify the atmospheric influence on the measured radiation (over
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land); 2) the decoupling surface and atmosphere radiative transfer effects. Surface
reflectance images are obtained as final output.

The SCAPE-M atmospheric correction algorithm for MERIS data is a full atmospheric
correction processor, able to convert from radiometrically corrected TOA radiance images to
georegistered surface reflectance images. All the steps needed in this conversion are
covered in an automatic manner, without making use of ancillary inputs. For this purpose,
modules for cloud masking, AOT and CWV retrieval have been designed to work
sequentially. The information retrieved by them is in turn applied to the derivation of final
reflectance images, where the correction of topographic and adjacency effects is also
addressed.

The integrated ozone column content provided by the European Center for Mediumi Range
Weather Forecasting (ECMWF) [European Centre for Medium-Range Weather Forecasts,
2006] is attached to MERIS images, and can be used in those cases where a refinement of
the default values are necessary. For aerosols and water vapour, the situation is different, as
they vary strongly in small spatial and temporal scales. Coincidence of this atmospheric
information with the image to be processed is needed. The most efficient way to achieve this
coincidence is the retrieval of the atmospheric parameters from the image itself. Since the
radiative transfer effects of aerosols and water vapour are spectrally decoupled, two
separate strategies are designed for the retrievals. The resulting AOT and CWV maps are
put together to produce the final surface image. For this purpose, accurate modelling of the
atmospheric radiative transfer is needed. The MODTRAN4 code was selected, as it provides
precise calculation of the atmospheric scattering and absorption processes. The optimized
version of MODTRAN4 is used for the generation of a Look-Up Table (LUT) that provides the
atmospheric parameters from interpolation. The use of a LUT allows to speed up the
calculation of the atmospheric parameters, as linear interpolations substitute running a RTC.

The topographic correction is inserted inside the AC (GETASSE30 DEM). This was done
because this algorithm is primarily design for land surfaces. Even though SCAPE-M is
intended to work over land surfaces, water pixels located close to land surfaces are also
processed. In particular, inland water bodies up to 400 km2 and coastal pixels separated up
to 10 km from the coast line are also processed, as the atmospheric parameters derived from
land pixels can be extended to those areas A simple model correction for adjacency effects in
the target reflectance is implemented as well. It is applied to MERIS full spatial resolution
(FR) images (pixel size about 300 m) while adjacency is considered negligible at reduced
spatial resolution (RR) images (pixel size about 1.2 km). The adjacency correction performs
a first-order removal of the environment influence on the calculated surface reflectance.

Adaptation to S2, S3 required calculation of new LUTSs.

2.10 6S

The 6S (Second Simulation of a Satellite Signal in the Solar Spectrum) code is a basic RT
code which enables accurate simulations of satellite and plane observation, accounting for
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elevated targets, use of anisotropic and Lambertian surfaces and calculation of gaseous
absorption. The code is based on the method of successive orders of scatterings
approximations and its first vector version (6SV1), capable of accounting for radiation
polarization. It was publicly released in May, 2005 (Kotchenova et al., 2006; Kotchenova &
Vermote, 2007).

The 6S performs the simulation, in the solar spectrum, of the satellite sensor which measure
the radiance reflected by the atmosphere-Earth surface system illuminated by the sun. This
signal depends on the surface reflectance, but it is also perturbed by two atmospheric
processes, the gaseous absorption and the scattering by molecules and aerosols. Only a
fraction of the photons coming from the target reaches the satellite sensor, typically 80% at
0.85 e€m and 50% at O0.45 &m, so that the t
are lost through two processes: absorption and scattering.

The 6S code is a basic RT code used for calculation of LUT in the MODIS (Moderate
Resolution Imaging Spectroradiometer) atmospheric correction algorithm (Vermote et al.,
1997; Vermote et al., 2002). The correction is achieved by means of a LUT which provides
the transmittances and path radiances for a variety of sun-sensor geometry's and aerosol
loadings. The LUTs are defined in order to correct for the effects of gaseous and aerosol
scattering and absorption as well as adjacency effects caused by variation of land cover,
Bidirectional Reflectance Distribution Function (BRDF) and atmosphere coupling effects, and
contamination by thin cirrus. In particular, the ocean BRDF model adopted in 6SV1 assumes
that the directional reflectance of an ocean surface is composed of three components:
reflection of foam (or whitecaps), specular reflection, and reflection attributable to underlight
(the scattering of radiation by water molecules and suspended material in the water). The
current 6SV1 ocean model requires the input of four independent parameters: the wind
speed, the direction of the wind, salt concentration (Csal), and pigment concentration
(Chlorophyll-a, Phaeopigments). Performances of the 6S correction of MODIS data of
oceanic waters is given in Figure 2 (Kotchenova et al., 2006).
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Fig. 9. Corrected MODIS Aqua water-leaving reflectances versus
the MOBY-measured water-leaving reflectances for A = {412; 443;
490; 530; 550} nm. MOBY data were collected off the coast of Lanai
Island, Hawaii, during 2003.

Figure 2. Example of MODIS-Aqua data corrected with 6S taken from Kotchenova et al.
(2006)

Differently from the LUT approach, the 6S code allows activating atmospheric correction
mode that, starting from the top-of-atmosphere radiance (or reflectance) allow to derive the
atmospherically corrected reflectance. In this case, the ground is considered to be
Lambertian, and as the atmospheric conditions are known, the code retrieves the
atmospherically corrected reflectance value. In order to produce reliable atmospherically
corrected reflectance the code needs a series of inputs (e.g., aerosol concentration and
composition) which describe the status of the atmosphere at the time of the sensor overpass.
For the aerosols, the optical scattering parameters can be computed using pre-defined
models; e.g.. background desert, stratospheric, biomass burning smoke, continental,
maritime, urban, user's model (based on a mixture of 4 basic components: dust-like, oceanic,
water-soluble and soot). There is also the possibility of making up an own aerosol model.
Adaptation to S2, S3 is made by running the code using the SRF provided by ESA

Within GLaSS, the 6S code was run according to this second method. In particular, 6S was
run according to two different aerosol models (i.e., continental and maritime), setting the
| akebds al t it ud-+argetagaothetryt fihe visbdity avas derived from AOT
measurements gathered in the AERONET stations more close to the lake. 6S was run with
the assumption of Lambertian surface and without correcting for the adjacency effects.
Similar to ATCOR, it was used as a general purpose atmospheric correction method, without
making any assumption on water body spectra.
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2.11 Summary AC methods

In order to gain an overview of the described methods, we generated a first summary table
(Table 1):

Table 1 Summary existing AC methods.

Adaption to S2/S3
: GlaSS tests
Method RT solver ready/implementable i)
within GLASS project y
ATCOR MODTRAN based LUTs Yes / Yes yes
CC NN Hydrolight & Monte Carlo Yes yes
C2R Hydrolight & Monte Carlo No* yes
C-Wombat-C MODTRAN Not planned no
FLAASH MODTRAN Yes/ not planned no
No under GLaSS
(adaptation to S3 will take
FUB MOMO + NN . es
place in S3Toolbox y
project)
Antoine & Morel + BPACfor | No  (yes for OLCI
MEGS standard L2 products, HL+ | processor ODESA, | yes
Monte Carlo schedule unknown)
MIP Finite Element Method Yes / Yes yes
Scape-M MODTRAN + LUTs Under discussion yes
6S 6SV1 Yes/Yes yes
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3 Decision scheme for GlaSS partners

An evaluation of the selected methods is developed which gives guidance to GLaSS partners
for selecting suitable methods.

The different AC methods are assessed in seven selected important topics and related sub

items (parameters) by the experienced partners respectively. This modular approach helps to

select the most favorable method according to user specific requirements.

For each topic the results of the single parameters are displayed as well as the overall

ranking of the method in the topic. For calculation of the overall results, every partner has

weighted their level of importance of each parameter and the topic itself (see Appendix 1 for

the detailed results of the ranking) from high to low importance.

3.1 Topic Access and Licence

An important topic is the access and licence conditions of the different methods.

Following parametersof t he topic fAiAccess and: |l icensed have
T Open source (full code)

Licence costs ( 2=free, O=free for project, -2=expensive)

Ensured maintainance (beyond project lifetime)

Documentation/Literature

= = 4 =2

No other (commercial) software required
1 Implemented in BEAM

Figure 3 displays the outcome of the single parameter assessment for the Topic Access and
License.
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Single parameters assessment of topic "Access & Licence"

C2R FUB CCNN

23456 123456

|

12 3456

MIP

123456 123456 123456 123456

C-Wombat-C

6S Scape-M

Atcor

123456

MEGS  FLAASH

23

1. Open source (full code)
2. Licence costs*

3. Ensured maintainance (beyond project lifetime)

Assessment for following parameters for all methods displayed in six columns with:

4. Documentation/Literature

5. No other (commercial) software required

6. Implemented in BEAM

Figure 3. Single parameter assessment of topic Access and Licence

56 12345

Assessmentvalues:
Yes/ very feasible= 2
feasible=1

neutral=0
unsuitable=-1

No/ very unsitable= -2

For the calculation of the overall assessment of the topic, we added the results for each
parameter and multiplied it with the ranking of the partners, see the calculation example

explained in Table 2:

Table 2: Calculation C2R results

Assessment by Mean weight Assessment * Summary result

Topic partner partners Weighting value mean from
a b C = (a+2) * (4-b)** ¢ * (4-bropic)

Topic Access and licence 1,5
Open source (full code) 2 15 10
Licence costs* 2 1,25 11
Ensured maintainance 2 175 0 20,10417
(beyond project lifetime) '
Documentation/Literature 1 1,25 8,25
Implemented in BEAM 2 1,875 8,5

* *

i + 2 éfareaapptied i drder not retrieve negative values/level of importances

After this calculation, following summary ranking for the topic Access and Licence in terms of
mean values has been calculated (Figured):
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Topic "Access and License":
Combination of assessment and GLaSS user ranking

I | |
I I I |

m C2R
FUB

HCCNN
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B C-Wombat-C
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M Scape-M

W Atcor
MEGS
FLAASH

Figure 4. Summarized overview of assessment and ranking values for each method for topic
Access and License

3.2 Topic Implementation

For the topic implementation we selected following parameters. This topic handles the
guestion if single parameters are covered in a flexible way in the implemented in the
respective software tools:

Figure 5 displays the outcome of the singl

1
1
1
1
1
1
1

1

AOT range

AOT types/origins (rural, maritime etc.)
Atmospheric models/ranges

SIOP

bands (centre wave length/FWHM)
bands weightings

global geometries

Different (Lake) altitude, e.g. through DEM

Implementation for each analysed AC method:

e parameter assessment for the Topic
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@

a)

Single parameters assessment of topic "Implementation”

C2R FUB CCNN MIP

12345678 12345678 12345678 12345678 12345678 1234

C-Wombat-C  6S Scape-M Atcor MEGS

FLAASH

| m—

5678 12345678 12345678 123456 78 12345678

| |feasible=1
| neutral=0
[ unsuitable=-1

-

‘ Assessmentvalues:
| | Yes/very feasible= 2

| No/ very unsitable= -2

. -2

1. AOT range

2. AOT types/origins (rural, maritime etc.)
3. Atmospheric models/ranges

4. SIOP

Assessment for following parameters for all methods displayed in six columns with:

5. bands (centre wave length/FWHM)

6. bands weightings

7. global geometries

8. Different (Lake) altitude, e.g through DEM

Figure 5. Single parameter assessment of topic Implementation

After additions of the results for each parameter and multiplying with the ranking of the
partners, following summary ranking for the topic Implementation in terms of mean values

has been calculated (Figure6):

Topic "Implementation":

Combination of assessment and GLaSS user ranking

30

25 T

20 ||
=
15 pa—
10 |’
s |

mC2R
FUB

mCCNN

m MIP

B C-Wombat-C
6S

MW Scape-M

m Atcor
MEGS
FLAASH

Figure 6. Summarized overview of assessment and ranking values for each method for topic

Implementation
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3.3 Topic Physical Implementation

The topic Physical Implementation following main characteristics have been investigated:

= =4 4 -4 -2

)l

Adjacency correction implementable
Bidirectional water surface implemented
Physical range of implemented RT model
Coupled AC procedure (with in-water conditions)
Pixelwise aerosol retrieval

No atmospheric parameters as input required

Figure 7 displays the outcome of the single parameter assessment for the Topic Physical
Implementation for each analysed AC method:

C2R

Single parameters assessment of topic "Physical Implementation"

FUB CCNN MIP  C-Wombat-C 65 Scape-M Atcor MEGS  FLAASH

123456 123456 123456 123456 123456 123456 123456 123456 123 456 1 23456

\\

Assessmentvalues:
Yes/ very feasible= 2
feasible=1

neutral=0

- 1 1|unsuitable=-1

No/ very unsitable= -2

N

Assessment for following parameters for all methods displayed in six columns with:

1. Adjacency correction implementable 4. Coupled AC procedure (with in-water conditions)
2. Bidirectional water surface implemented 5. Pixelwise aerosol retrieval
3. Physical range of implemented RT model 6. No atmospheric parameters as input required

Figure 7. Single parameter assessment of topic Physical Implementation

After additions of the results for each parameter and multiplying with the ranking of the
partners, following summary ranking for the topic Implementation in terms of mean values
has been calculated (Figure8):
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Topic "Physical Implementation":
Combination of assessment and GLaSS user ranking
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Figure 8. Summarized overview of assessment and ranking values for each method for topic

Physical Implementation

3.4 Topic Configuration

The assessment of topic Configuration involves following parameters, derived from topic

implementation:
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Figure 9 displays
Configuration for each analysed AC method:
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Single parameters assessment of topic "Configuration"

C2R FUB CCNN MIP  C-Wombat-C  6S Scape-M Atcor MEGS  FLAASH

12345678910 12345678910 12345678910 12345678910 12345678910 12345678910 12345678910 12345678910 12345678910 12345678910

‘ | 1 ‘| Assessment values:
| Yes/ very feasible= 2
feasible=1
neutral=0
+ 1| unsuitable=-1
| ’ | No/ very unsitable= -2
| |
|
! - ! | o
‘1 J
1
L J 2
Assessment for following parameters for all methods displayed in six columns with:
1. Configurable ... 6. Configurable ... SIOP selectable
2.Configurable ... AOT range selectable 7. Configurable ... bands (centre wave length/FWHM) selectable
3. Configurable ... AOT types/origins (rural, maritime etc.) 8. Configurable ... bands weightings
4. Configurable ... Atmospheric models/ranges selectable 9. Configurable ... global geometries
5. Configurable ... coupled with water 10. Configurable ... lake altitude...

Figure 9. Single parameter assessment of topic Configuration

After additions of the results for each parameter and multiplying with the ranking of the

partners, following summary ranking for the topic Implementation in terms of mean values
has been calculated (Figure 10):

Figure 10. Summarized overview of assessment and ranking values for each method for
topic Configuration

The methods that have the retrieval of the atmospheric parameters included, do not need
the configuration of the atmosphere parameters and therefore have an advantage for
automaticprocessingin this first version, it is not differentiatedf a method is configurable
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