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ABSTRACT

Retrieval of water constituents, or its optical properties,
requires inversion of the water leaving reflectance
spectrum, measured at top of atmosphere by ocean
colour satellites. The Case 2 Regional processor,
originally developed by Doerffer and Schiller [6], uses a
large database of radiative transfer simulations inverted
by neural networks as basic technology. Through the
CoastColour project major improvements were
introduced. It has been amended by a set of additional
neural networks performing specific tasks and special
neural networks have been trained to cover extreme
ranges of scattering and absorption. The processor has
been renamed into C2RCC (Case 2 Regional
CoastColour) and is applicable to all past and current
ocean colour sensors as well as Sentinel 2. It has been
validated in various studies and is available through
ESA’s Sentinel toolbox SNAP. It is also used in the
Sentinel 3 OLCI ground segment processor of ESA for
the generation of the Case 2 water products, as well as
in the processor for the upcoming MERIS 4%
reprocessing.

1. INTRODUCTION

While in the open ocean the light field emerging from
the water surface and measured by a satellite is
determined by the concentration of the phytoplankton
pigment chlorophyll-a, in coastal waters, estuaries,
rivers and inland waters, other substances contribute to
the optical signature of the water body, i.e. the reflected
light spectrum. Conventionally, the manifold of
constituents is reduced to three components [8]:
phytoplankton  pigments,  inorganic  suspended
sediments, and yellow substances. Retrieval of
concentrations of these constituents requires a bio-
optical model, which includes the inherent optical
properties (absorption and scattering coefficients) of
these components as well as the concentration ranges
and co-variations and a procedure for the inversion of
the of the water leaving reflectance spectrum. Satellites
measure the light field emerging at top-of-atmosphere,
and thus an atmospheric correction needs to be
performed as part of the processing of ocean colour
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data. Due to the generally low reflectances at water
surface, the signal measured at the satellite is
determined to more than 90% by the atmospheric path
radiance. Consequently, the requirements for the
atmospheric correction is very demanding.

The Case 2 Regional processor, originally developed by
Doerffer and Schiller [6], [7] uses a large database of
radiative transfer simulations of water leaving radiances
(“water signal”) as well as top-of-atmosphere radiances
(“satellite signal”). The inversion of the satellite signal
as well as the water signal is performed by neural
networks as basic technology. This concept was first
introduced in the late 1990’s in the MERIS ground
segment, and then further developed and made publicly
available as open source processor in the BEAM EO
data processing Toolbox (Case 2 Regional Processor).
Using dedicated bio-optical models for inland waters,
special versions for lakes were also made available
(MERIS Lakes processors). Thanks to the open source
distribution these processors were used by many other
scientists [12], [1], [13], [11]. These helped to
understand the strengths and weaknesses of the method,
to characterise its scope and limitations and to
constantly improve it. The Case 2 Regional algorithm
was then used in the MERIS 3" Reprocessing which is
the current version of ESA’s distributed products [3]. A
major upgrade of the algorithm was developed in the
ESA DUE CoastColour project [5] when a 5-component
bio-optical model and a coastal aerosol model [15], [2]
were introduced. This processor version is available
through the CoastColour processing on-demand service.
The current version, called C2RCC (Case 2 Regional
CoastColour) version is further developed and is
described in the following sections. It is made available
through ESA’s Sentinel Toolbox SNAP, and it is used
to generate the Case 2 water products in Sentinel 3
OLCI standard ESA products as well as in the
upcoming MERIS 4™ Reprocessing.

2. PROCESSOR OVERVIEW

The C2RCC processor relies on a large database of
simulated water leaving reflectances, and related top-of-
atmosphere radiances. Neural networks are trained in



order to perform the inversion of spectrum for the
atmospheric correction, i.e. the determination of the
water leaving radiance from the top of atmosphere
radiances, as well as the retrieval of inherent optical
properties of the water body. A schematic overview is
given in Figure 1.
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Figure 1. Schematic of the C2RCC development process

A careful characterisation of optically complex waters
through its inherent optical properties (IOP) as well as
of coastal atmospheres is used to parameterise radiative
transfer models for the water body and the atmosphere.
Covariances between the water constituents are taken
into account and a large database of reflectances at the
water surface is calculated. These reflectances are
further used as lower boundary condition for the
radiative transfer calculation in the atmosphere and
finally a database of ~5 million cases is generated. This
is the basis for training neural nets. For example, the
top-of-atmosphere full spectrum is input to a neural net,
and the water leaving reflectance in the VIS and NIR
bands is the output. The training can be understood as a
nonlinear multiple regression, as described in [6]. The
different neural nets will be described in detail later in
this paper. These nets are combined in a certain logic
which eventually comprises the C2RCC processor. This
processor is used in various instances: In the SNAP
toolbox it is fully accessible with all possible outputs
available to the user. In the MERIS 4" reprocessing and
the ESA OLCI ground segment the Case 2 water
constituents are derived with the C2RCC neural nets.

3. RADIATIVE TRANSFER MODELLING

The in-water modelling is performed using the
Hydrolight model [10]. The bio-optical model used to
parameterise the model uses 5 components for
scattering and absorption:

The total absorption is composed of pigment absorption
(apig) and two components for detritus (agr) and
gelbstoff (agew). These two components differ by their
spectral slopes. The total scattering is composed of two
components, namely a white scatterer (bwhir) and a
typical sediment scatterer (bwsm). The white scatterer
represents calcareous sediments. These are larger
particles which is reflected in a corresponding phase
function. All IOPs are defined at 443nm wavelengths.
These 5 components are an abstraction of the large
variety of IOPs in natural waters. From a user

perspective, 10Ps are a proxy for concentration of the
three optically active constituents mentioned before, and
Figure 2 shows the relationship between these. The
conversion from IOPs to concentration is done using
scaling factors. These can be regionally variable, and
thus the main output of the C2RCC processor are the 5
10Ps.

s B—
E B—
€y —1 f >
s
sEm—
zem—
(A1
sEmg—
ae
i —
PeE——
i Ll
2 n
2 g—
o
o— = |
8 —
te bw
fEO— L]
IOP components conversion in-water
I0Ps of of bio-optical model

water constituents all at 443 nm factors products

Figure 2: Bio-optical model

The 10Ps found in the NOMAD database [14] and
complemented by the CoastColour data set to extend the
range for coastal waters including extreme cases, were
analysed in order to create a realistic bio-optical model.
In particular the correlation between the scattering and
absorbing components was modelled using a probability
approach and thus to allow for a partial correlation as
found in the NOMAD database.

The value ranges of the concentrations was also
determined from the NOMAD database. The neural nets
trained with these ranges are called the “normal nets”
and used as defaults in the SNAP version of the
processors, as well as in the ESA OLCI and MERIS 4th
processing. A special set of nets for extreme ranges of
absorption and scattering have also been trained. This is
only available through the SNAP version of the
processor. The ranges are summarized in table 1.

Table 1: Training ranges of the neural nets

IOP N(_)rmal Normal extreme  extreme
min max min max

apig -~0 5.3 ~0 51

adet ~0 5.9 ~0 60

agelb ~0 1.0 ~0 60

b part ~0 60 ~0 590

b_wit ~0 60 ~0 590

The atmospheric radiative transfer is based on the SOS
model [4], [9] with aerosol optical properties derived
from analysis of Aeronet measurements. For
computational efficiency the full model has been
approximated by several look-up tables.



4. QUALITY CHECKS

Two types of quality checks are performed: out of range
checks compare the top-of-atmosphere radiances, as
well as the water leaving reflectances, at each
wavelength individually, and the derived 10Ps with the
ranges used in the radiative transfer calculations and the
training of the neural nets. If any input value is outside
the training range, the method is out of its definition
range and a warning flag is raised.

However, this out-of-range is not sufficient for the
spectral quantities. Even if the reflectance at each
spectral wavelength is within the limits of the training, a
spectrum of a shape that did not occur during training is
outside the definition range of the algorithm. Thus, a
second type of test compares the spectrum as a whole
against the training range in order to verify that such a
spectrum is “known” to the algorithm. We call this the
out-of-scope test (OOS)

The OOS test on the top-of-atmosphere spectrum is
performed by auto-associative neural net technique
(aaNN). With only 7 bottle-neck neurons the aaNN can
only reproduce such spectra which are contained in the
training dataset. Unknown spectra cannot be reproduced
and a difference between the input spectrum and the
aaNN result will be large.

The OOS test on the water leaving spectrum is
performed by testing optical closure. The derived 10Ps
are fed into a forward neural net, trained on the same
database of radiative transfer simulations as the inverse
model. If the input spectrum was within the training
range, and the optical characteristics of the measured
water body can be model with the bio-optical model
used for the simulations, the forward neural net will
produce a water leaving reflectance spectrum very
similar to the input spectrum. Large deviations indicate
either a spectrum not within the training database, or
different optical conditions in the water body, i.e. the
spectrum is out-of-scope of the algorithm definition.

5. UNCERTAINTIES

The uncertainty of determination of the IOPs has always
to take into account all IOPs, i.e. the uncertainty of
pigment absorption depends on the pigment absorption
itself but also on the value of the other absorbing and
scattering components. This is also known as the
masking effect. For example, low chlorophyll
concentrations (low apig) are determined with a large
error if the TSM concentration (brsm) is high but less
error under low TSM conditions. Using the database of
radiative transfer simulations as “truth”, and the trained
IOP inversion net as estimator for all IOP components,
it is possible to construct a table with “truth” and
“estimates” for all combination of the IOP components.
This table is used to train neural nets that output the
uncertainty per IOP (difference between “truth” and
“estimate”) with the estimated 10P as input. Thus these

nets model the masking effect properly.

6. C2RCC PROCESSOR LOGIC

The C2RCC processor breaks down into two major
parts: the atmospheric correction part, and the in-water
part. Figure 3 presents the architecture of the C2RCC
processor.
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Figure 3: C2RCC processor architecture. Neural nets
are shown as green boxes, and quality tests as blue
boxes

The main input to the atmospheric part are the top-of-
atmosphere radiances/reflectances of the sensor.
Currently these instruments are supported as input:
MERIS, OLCI, MODIS, VIIRS, SeaWiFS and Sentinel
2 MSI. The input spectra are corrected for gaseous
absorption (white box Rtosa in Figure 3). Air pressure,
and thus a proper altitude correction, is inherent part of
the neural network processing. The main output of the
atmosphere part are directional water leaving
reflectances produced by the atmospheric correction
neural net (green box Rw_NN). The atmosphere part
contains out-of-range tests (blue box check OOR) and
out-of-scope tests (green box “aaNN” and blue box
“check R tosa”) of the TOA reflectances, resulting in
corresponding quality flags. Optionally the output of the
auto-associative neural net used of the out-of-scope test
can be written to the output file in the SNAP version of
the processor. The output from the transmittance NN is
also used to raise a cloud-risk flag.

The in-water part gets as input the directional water
leaving reflectances from the atmosphere part.
Alternatively, it will be also possible to use water
leaving reflectance from external input so that the in-
water part can work with alternative atmospheric
correction, too. However, this is currently not



implemented in the SNAP processor. After checking for
out-of-range values in the spectrum (blue box “check
OOR”) the inversion of the spectrum into IOPs is
performed (green box “IOP_NN”). These IOPs are then
passed to the forward model to calculate back the
spectrum (green box “IOP_Rw for NN”) and perform
the out-of-scope test on the comparison of the input
water leaving reflectance and the estimated spectra
(blue box “compare Rw”). The result is the OOS flag.
An optionally calculation on the input water leaving
reflectances derives the diffuse attenuation coefficient
by a dedicated neural net from the spectrum (green box
“kd NN”).

Using the derived IOPs as inputs the uncertainties per
IOP are calculated by the uncertainty nets (green box
“uncNN”) for the 5 components, as well as for the
combined 3 components (green box “uncNN_comb”).
Finally, the IOPs are converted into chlorophyll-a and
TSM concentration using arithmetic conversion factors
(not shown in the figure). The conversion coefficients
can be modified in the SNAP user interface. The default
values of the SNAP processor are used in ESA standard
processing for OLCI and MERIS.

The family of processors for the different instruments,
and for BEAM and SNAP is shown in Figure 4.

Figure 4: C2RCC processor family tree

7. VALIDATION

The C2RCC processor for MERIS, MODIS and
SeaWiFS has been included in the Ocean Colour CCI
round robin intercomparison of atmospheric corrections
in 2015. This included analysis of match-ups against a
large database of in-situ measurements. C2RCC
performs very well in Case 2 waters for MERIS, good
for MODIS but less good for SeaWiFS. As an example,
the match-ups over AAOT are shown in Figure 5.

In the framework of the EU Highroc project the TSM
concentration derived from MODIS using C2RCC was
compared against the Cefas Smartbuoy data (turbidity
measurements concerted into TSM concentration). This
is shown in Figure 6.

During commissioning of Sentinel 3 a first application
to OLCI was performed and compared with AAOT
data. Only 1 match-up was available so far which shows
quite good agreement. However, it should be noted that
OLCI data were only preliminary calibrated, and also

the Aeronet OC data were Level 1.5 quality only. These
results can only be taken as a first indication without
allowing any conclusion. Finally, a match-up of C2RCC
for Sentinel 2 at AAOT is shown in Figure 8. In that
figure also the result of the land atmospheric correction,
sen2cor, is shown for comparison.
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Figure 5: Match-up analysis of C2RCC for MERIS over
Aqua Alta Ocean Tower. Rwa_i indicates the MERIS
band number.
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Figure 6: Comparison of TSM concentration at the
Cefas Smartbuoy in the North Sea (C2RCC applied to
MODIS).
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Figure 7: Match-up of C2RCC OLCI at AAOT platform
in the Northern Adriatic Sea on 15.04.2016. The three
AAOT spectra are from three different times during the
day. The 4 OLCI spectra are from 4 full resolution
pixels around the AAOT platform. Note: preliminary
calibrated OLCI data during commissioning phase and
Level 1.5 quality of AAOT only; results should be taken
as a preliminary indication of quality.
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Figure 8: Comparison of C2RCC Sentinel 2 MSI with
in-situ measurement at AAOT on 19.02.2016. The
different in-situ spectra are taken during the day, and
the C2RCC spectra are taken at 6 different pixels
around the platform. For comparison the result of the
atmospheric correction with sen2cor land atmospheric
correction is shown, too.

8. SUMMARY

The Case 2 Regional CoastColour (C2RCC) processor
is a multi-mission ocean colour processor, applicable to
MERIS, OLCI, MODIS, SeaWiFS and Sentinel 2 MSI.
It relies on a large database of radiative transfer
simulations, inverted by neural networks. The core is a
5 component 10P model which was derived from
NOMAD in-situ measurements. Special neural nets
have been trained for extreme I0P ranges. C2RCC has
been validated for the different sensors, with good
results for Case 2 waters. C2RCC will be used in ESA
ground processor for Sentinel 3 OLCI as well as in
MERIS 4" Reprocessing to calculate the chlorophyll
and TSM concentrations, as well as yellow substance
pigment absorption, in Case 2 waters.

The processor with several configuration options and
optional outputs such as kd is available as open source
software in the ESA SNAP Sentinel Toolbox. With this
it is even possible to include user supplied neural
networks.
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