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Figure 2: Examples of spectra for the model of water reflectances used in Polymer. It is based on
two parameters: the chlorophyll concentration (chl) and the backscattering
coefficient of suspended matter (
). On Fig. (a),
is set to zero, and
thus corresponds between 350 and 700 nm to the model by (Morel & Maritorena,
2001) (solid curve). It is extended from 700 to 900 nm using the similarity
spectrum for turbid waters (Ruddick, Cauver, & Park, 2006) (dashed curves). Fig.
(b) shows how the spectrum varies with the parameter
, for two chlorophyll
concentrations.
21
Figure 3: plot of the values of
(
) measured during the BIOSOPE campaign. The solid
black line represents the empirical relation proposed by (Morel & Maritorena,
2001). Figure from (Morel A. , et al., 2007). The solid blue line is added to the
figure, and corresponds to the fit of the measurements.
22
Figure 4: Impact of the adjustment of the water reflectance model on the spectral shape of the
reflectances, for different chlorophyll concentrations. The solid lines are without
the model adjustment, and the dashed lines include the model adjustment.
23
Figure 5: Seasonal evolution of the mean reflectance at 560 nm over the South Pacific Gyre –
without a constraint on the backscattering coefficient (a) and with a constraint (b)
26
Figure 6: Workflow for the spectral matching process

27

Figure 7: Plots for the comparison between the simulated parameters (synthetic dataset, indicated
by subscript "sim"), and the parameters retrieved by POLYMER (indicated by
subscript "ret"). In these figures, noise has been added to TOA reflectances
according to typical Sentinel-3 SNR. Each row corresponds to the following
parameters: chlorophyll concentration, water reflectance at 443 nm and 560 nm.
The first column (Figs. (a), (d) and (g)) shows the regression between the
synthetic and retrieved parameters, for the "mixed" case. The second column
(Figs. (b), (e) and (h)) show the relative percent difference, between the retrieved
and synthetic values (ret − simsim), as a function of the sun glint reflectance;
emphasis is put on the sun glint correction by using the case "no aerosol". The
difference between
(
) and
(
) is multiplied by ( ) to
convert to relative percent difference of the chlorophyll concentration (
≈
( )). The third column (Figs. (c), (f) and (i)) shows the relative
percent difference, between the retrieved and synthetic values, as a function of
the aerosol optical thickness at 865 nm; emphasis is put on the aerosol correction
by using the case "no glint".
29
Figure 8: Summary of the relative precision (a) and accuracy (b) of the comparison between
synthetic and retrieved water reflectances at each wavelength, for the "mixed"
case, with and without noise added to TOA reflectances. GCOS recommends an
accuracy of 5% on water reflectance in the blue and green bands.
30
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INTRODUCTION

This document describes the atmospheric and sun glint correction algorithm called
“Polymer” (POLYnomial based algorithm applied to MERIS). It is based on the paper
“Atmospheric correction in presence of sun glint: application to MERIS” (Steinmetz F.,
2011). It extends the algorithm description on several topics, such as the cloud mask,
implementation consideration and recent modifications to the algorithm.
Polymer was originally developed to process MERIS data, but is being extended to
process multiple sensors; currently MODIS is also supported.
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2.

DECOMPOSITION OF THE TOA SIGNAL

2.1

TOA reflectance
The radiance

TOA

measured at wavelength

solar zenith angle
solar irradiance

D2.3

at the top of the atmosphere (TOA) with a

, is converted to reflectances

by normalization to extraterrestrial

:

TOA ( ) 

  LTOA ( )
cos( s )  F0 ( )

This reflectance can be decomposed as follows:
TOA (

)=

( )⋅

( )⋅[

mol (

)+ ( )

gli

+

aer (

)+

coupl (

)+ ( )

( )]

( ) is the transmittance of the ozone,

In this decomposition,

transmittance of the nitrogen dioxide,

mol (

( ) is the

) is the Rayleigh scattering,

gli

is the (non-

spectral) sun glint reflectance transmitted by the direct transmission factor ( ),
the reflectance of the aerosols (which are considered non-absorbing),

coupl (

aer (

) is

) accounts

for the various coupling terms between the sun glint, the molecules and the aerosols, ( )
is the total (direct and diffuse) transmission for atmospheric scattering and

( ) is the

water reflectance above the water-air interface.

2.2

Gaseous absorption
The transmittances

( ) and

( ) are estimated using the ozone and NO2 columns

provided as ancillary data. For MERIS, the total ozone concentration is obtained from
ECMWF data (European Centre for Medium-Range Weather Forecasts). For MODIS, it is
obtained from NCEP data. The total NO2 is derived from climatology data, following the
correction used in MODIS processing (Ahmad, et al., 2007).

2.3

Rayleigh scattering and initial sun glint correction
Pure Rayleigh scattering can be accurately predicted, and corrected; it depends on the
observation geometry and atmospheric pressure at sea level

. Also, an initial correction

for the sun glint is performed: it is estimated from the wind speed meteorological data
using the sea surface roughness model by (Cox & Munk, 1954) without including wind
direction. The term associated with this initial correction is given by

mol+gli (

,

wind ),

which

includes Rayleigh scattering, the sun glint and the coupling between Rayleigh scattering
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and sun glint. This term is interpolated in a look-up table, which is described in section
2.4.
Thus, the initial correction is written as:

TOA (

( )=

)

( )⋅

( )

−

mol+gli (

,

wind )

In this initial correction, the wind speed at each pixel is not known accurately;
consequently, there can be a large difference (several percents) between the simulated
and actual sun glint. Therefore, a mis-estimation of the wind speed will lead to a misestimation of

( ), and can possibly lead to negative values of

( ). This is not a

problem since only the spectral shape of this term is important in the present atmospheric
correction process, rather than its absolute values. The choice of still doing a rough initial
correction for the sun-glint is made to remove a significant portion of the sun glint, thus
reducing the amplitude of the remaining signal to be corrected for. To account for the
inaccuracy of this initial correction, a residue Δ

gli (

) of sun glint and its coupling with

Rayleigh scattering is introduced:
mol (

Thus,

)+ ( )

=

,

wind )

+Δ

gli (

)

( ) can be written as:
′( )=

where

mol+gli (

ag (

ag (

)+ ( )

( )

) represents the residue of sun-glint, the aerosol scattering and the coupling

terms:
ag (

Like

mol+gli ,

)=Δ

gli (

)+

( )+

coupl (

)

the term ( ) is pre-calculated with the SOS code and stored in look-up

tables (see section 2.4). In this case, the assumption is that the transmission of the
aerosols is negligible, which is valid in most cases - when the aerosols are not absorbing.
Thus, it is approximated as the transmission factor of an atmosphere containing only
molecules, and is calculated under the same conditions as

mo+gli .

It depends on the

following parameters: the sun and sensor zenith angles, the surface pressure and the
wind speed.
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( ) into the ocean water scattering

The objective of the algorithm will be to decompose

( ) and the signal scattered by the atmosphere and the residual sun glint

ag (

).

This decomposition is based on the models described in section 4.

2.4

Look-up tables description
Three look-up tables are used to take into account the Rayleigh scattering in Polymer:


LUT_MOL_GLI_R: The first one contains

mol+gli ,

the reflectance of a simulated

atmosphere including only the Rayleigh scattering, the sun glint (wavy sea
surface) and their couplings.

Table 1: Parameters for the look-up table “LUT_MOL_GLI_R”
Description

Dimension

cosine of the solar zenith angle

25

relative azimuth angle

37

cosine of the viewing zenith angle

25

spectral band

MERIS: 15

Parameter

MODIS: 10
wind speed

16

WS
Rem:

mol+gli

is also corrected for the variation of atmospheric pressure. The

correction factor is

/ , where

from meteorological data and



is the atmospheric pressure obtained

is the standard atmospheric pressure 1013 hPa.

LUT_MOL_GLI_T: The second one contains the corresponding atmospheric
transmission ( )

Table 2: Parameters for the look-up table “LUT_MOL_GLI_T”
Description

Dimension

cosine of the solar zenith angle

25

Parameter

12
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MERIS: 15
MODIS: 10

wind speed

16

WS

An adjustment for the atmospheric pressure is also performed.


LUT_MOL_R: The third one contains

mol

at 865 nm, the reflectance of a

simulated atmosphere including only the Rayleigh scattering, without sun glint. It
is used for correcting the TOA reflectance for the Rayleigh scattering at 865 nm,
for use in the cloud mask calculation (see section 3.1)

Table 3: Parameters for the look-up table “LUT_MOL_R”
Description

Dimension

cosine of the solar zenith angle

25

relative azimuth angle

37

cosine of the viewing zenith angle

25

spectral band

MERIS: 15

Parameter

MODIS: 10

These tables are calculated with the Successive Order of Scattering radiative transfer
code (SOS, (Lenoble, Herman, Deuze, Lafrance, Santer, & Tanre, 2007)). All these
simulations are performed without aerosols, and by assuming a black surface.

2.5

Workflow
The workflow for the initial corrections described in the previous sections is presented on
Figure 1.
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CLOUD MASKING
Several flags are proposed for cloud masking. These flags have been developed for
MERIS and are currently not used for MODIS processing. Three different cloud masks
are implemented:


when the basic cloud mask is raised, the pixel is not processed



the other cloud masks are designed to detect weaker cloud contamination, but
the corresponding pixels are processed anyway (quality indicator)

The cloud mask that will be used in OC-CCI is a tool called IdePix, developed by
Brockmann Consult. It is a more advanced tool based on machine learning of human
classified cases, and is expected to be better – this cloud mask embraces the methods
described hereafter.

3.1

Basic cloud mask
(865), the TOA reflectance at 865

The basic cloud mask used in Polymer is based on

nm, only corrected for the Rayleigh scattering. This correction does not include an initial
sun glint correction.
(865) =
where

mol (865)

TOA (865) −

mol (865)

is interpolated in the look-up table described in section 2.4.

A pixel (i,j) is flagged out when any of the following two criteria is met:



(865) >
std

cloud

where

(865) >

cloud

cloud

= 0.2

where

cloud

= 0.04 and std

is the standard deviation

over a block of 3 by 3 pixels
The value of

3.2

cloud

is purposely chosen high, to avoid masking the sun glint.

Advanced cloud mask
This second cloud mask is designed to filter out thin clouds with a reflectance lower than
cloud .

It is based on the reflectance at 865 nm from which the sun glint estimated from the

wind speed is subtracted:
cloud

=

(865) −

gli ( wind )
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is the sun glint intensity estimated from the ECMWF wind

speed using Cox and Munk model (Cox & Munk, 1954). The following thresholds on

cloud

are used to obtain two flags:


cloud

> 0.03



cloud

> 0.05

Note that in the sun-glint area, non-cloudy pixels may be flagged out if
estimated; on the contrary, cloudy pixels may not be flagged out if

gli ( wind )
gli ( wind )

is underis over-

estimated. Therefore, these flags should be considered as complementary to other flags.

3.3

Cloud mask based on O2 pressure
Cloud top pressure can be retrieved using MERIS O2 absorption bands (Fisher & Grassl,
1991); this parameter is highly sensitive to the presence of cirrus, and its use as a cloud
mask is summarized in this section.
The O2 pressure

can be estimated using a ratio between MERIS bands 761 and 753

nm:

10

=

where

∗

is the “air mass”

(

)

+

(

∗

)

and P is calculated from the following

polynomial:

=

In this expression,

⋅

is the ratio between the reflectances at bands 761 and 753:

=

and the polynomial coefficients

TOA (761)
TOA (753)

are interpolated in a look-up table according to the

actual central wavelength of the 761 band

(which varies cross-track).
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, and a fine-tuning is necessary

to avoid large cross-track effects, especially at camera transitions. The following
correction factor for the ratio

is proposed:
) for camera 4 (detector index between 555 and 739)
) otherwise
= 0.645 ⋅ atan(65 ⋅

= 0.643 ⋅ atan(75 ⋅

The determination of this correction factor is described in (Ramon, Cazier, & Santer,
2003).

However, this correction is not perfect, and residual inter-camera transitions remain. To
avoid these inter-camera transitions, the cloud mask at each pixel is based on the
difference between

and the “clear-sky PO2 value”. This clear-sky PO2 value is
th

estimated by calculating the 95 percentile of the

over a block of 15x25 pixels around

the considered pixel. Finally, the cloud mask is obtained by a threshold on this difference:
Δ

=

−

clear-sky

< −50 hPa

Since Polymer shows a good robustness to the presence of cirrus, this cloud mask is
used as a quality flag in Polymer rather than a rejection criterion. This parameter could
also be used as a proxy to estimate the cloud top height, and the contamination by cloud
shadows.
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SPECTRAL MATCHING

4.1

Atmosphere and sun glint model

D2.3

If we assume that the water reflectance spectrum is known, the reflectance of the residual
sun glint, aerosols and couplings

( ) is numerically given by ′( ) − ( )

( ). The

basic principle of the POLYMER algorithm is to model this atmosphere contribution and
the residual sun glint as a polynomial with three terms:
( )≈

( )

+

+

By introducing this model, we do not try to model each individual component among the
glitter, the aerosols and the couplings. Instead, we choose to model the various terms of
( ), as described in section 2.3 as a whole, by the previous polynomial. The
coefficients

,

and

are estimated by least square fitting of the observation ; the

method will be detailed in section 4.

( ) to contain the following

The motivation for this model is that we expect the signal
spectral components:


spectrally flat components: the residual sun glint, but also the cloud reflectance
and the large particle scattering (aerosol coarse mode: maritime aerosols, cloud
droplets, dust). A transmission factor

( ) is applied to this term, and accounts

for the beam attenuation due to Rayleigh scattering (the transmission by aerosols
is neglected). In presence of sun glint (a specular target), this transmission is the
direct transmission, which is given by:
dir (

In this expression,

and

) = exp[ −

( )× (

1

+

1

)]

are the cosines of the solar and view zenith angles,

and the Rayleigh optical thickness

( ) ≈ 0.00877

.

, with

in nm. In

presence of a lambertian target (cloud droplets, maritime aerosols), the diffuse
transmission can be approximated by:
dif (

) = exp[ −

( )
1
1
× ( + )]
2
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The predicted reflectance of the sun glint (using wind data from ECMWF) is used
to switch between the direct (in the sun glint, where
and diffuse (outside sun glint, where
tot (



gli

<

gli,

>

gli,

, with

gli,

= 2%)

) transmission factors:

1
( ) × 1 − exp (−
2

) = exp −

gli

gli

) × (

1

+

1

)

gli,

the aerosol signal, with a spectral dependency (Angstrom coefficient) in the order
of -1 (aerosol fine mode),



the couplings between flat components and the Rayleigh scattering, with a
spectral dependency in the order of -4.

The actual spectral dependencies of these various components can vary, for example the
aerosols Angstrom coefficient can vary from less than $0.2$ to more than $1.5$. Also, a
transmission factor applies to the spectrally flat sun glint, and, to a lesser extent, to the
scattering of semi-transparent clouds. These variations of spectral dependency will be
automatically taken into account in the polynomial fitting process, leading to a balance
between the three terms

,

and

.

It is worthwhile to note that in this model, the wavelength

is the central wavelength for

the considered band; for MERIS, this wavelength is known to vary cross-track (this is
often referred to as the "smile effect"). This variation is larger than 1 nm at all bands, and
leads to large errors in the retrieval of ocean color parameters, if not taken into account.
This effect is generally corrected at level 1 by a linear interpolation technique (D'Alba &
Colagrande, 2005). Instead, we chose in POLYMER to keep the level 1 raw reflectances
(not corrected for the smile effect), and to use for each pixel the exact central wavelength
in the atmospheric correction process.

4.2

Water reflectance model

4.2.1 Description
The bio-optical water reflectance model used in the atmospheric correction process uses
two parameters: the chlorophyll concentration and the backscattering coefficient of
noncovarying particles
(chl,

( ); it is taken just above the surface and will be noted

, ). The spectrum has been modeled according to Morel (1988), including

the updates from Morel & Maritorena (2001). Following Morel et al (2007), the scattering
coefficient of pure water

( ) is taken from Buiteveld, Hakvoort, & Donze (1994), and

multiplied by a factor 1.3 to account for the increase of scattering due to the presence of
salts in the ocean water.
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The expression of the water bidirectional reflectance above the surface, between 300 and
700 nm, is given by:
(1 − )(1 − ̅ )

( )=

where

is the bidirectional water reflectance factor given in (Morel & Gentili, 1993) and

depends on the chlorophyll concentration, the wavelength and the observation geometry;
is the surface reflectance for upward radiance,
downward irradiance,
coefficient and

̅ is the surface reflectance for

is the refractive index of seawater,

is the total backscattering

the absorption coefficient.
( ) has been added to the

The backscattering coefficient of noncovarying particles

total backscattering coefficient. The spectral dependency for this term has been chosen to
be

: the total backscattering coefficient becomes:

( )=

1
2

( )+

( )+

( )

There are several reasons for adding this variable backscattering coefficient:
1. even in case 1 waters, there is a large variability of the total backscattering
coefficient around the mean

-to-chl relationship (Loisel & Morel, 1998).

Notably, if this variability is not taken into account, the retrieved reflectances at
510 nm are almost constant, which is anomalous, and has been verified on in-situ
data (but not detailed in this paper for brevity). More generally, we have verified
that there is a better fit between the reflectances estimated by POLYMER and insitu data when this variable parameter is introduced.
2. Even though the algorithm is not primarily targeted at case 2 waters, the
presence of the variable backscattering coefficient makes it possible to behave
correctly in coastal waters. Without this coefficient, anomalous reflectances are
retrieved, with values decreasing toward the coast at all bands. This term being
introduced, the iterative scheme described by Morel & Maritorena (2001) is
followed to generate the modified spectrum.

This model has also been extended from 700 nm to 900 nm, by using the similarity
spectrum for turbid waters (Ruddick, Cauver, & Park, 2006): the similarity spectrum is
normalized at 700 nm to ensure continuity at this wavelength:
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([chl],

, )=

ρ

(λ)ρ

ρ
([chl], b , λ)
([chl], b , 700nm)/ρ

VEGA
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(700nm)

[λ < 700nm]
[λ ≥ 700nm]

The resulting spectra are presented on Figs. Figure 2(a) and Figure 2(b). Fig. Figure 2(a)
shows the spectrum of case 1 waters, and its extension up to 900 nm using the similarity
spectrum (the two spectra overlap between 650 and 700 nm). In the range 700 to 900
nm, a very similar spectrum is obtained when using the reciprocal of the pure water
absorption coefficient (1/

( )), as demonstrated in Ruddick et al (2006). Fig. Figure 2(b)

shows the modeled spectra for two chlorophyll concentrations and three values of

:

the latter parameter introduces an offset on the spectrum, but does not change
significantly its shape.

(a)

(b)

Figure 2: Examples of spectra for the model of water reflectances used in Polymer.
It is based on two parameters: the chlorophyll concentration (chl) and the
backscattering coefficient of suspended matter (
). On Fig. (a),
is set to
zero, and thus corresponds between 350 and 700 nm to the model by (Morel &
Maritorena, 2001) (solid curve). It is extended from 700 to 900 nm using the
similarity spectrum for turbid waters (Ruddick, Cauver, & Park, 2006) (dashed
curves). Fig. (b) shows how the spectrum varies with the parameter
, for two
chlorophyll concentrations.

4.2.2 Adjustment of the absorption coefficient for oligotrophic waters
A modification was introduced to the water reflectance model, to better represent
oligotrophic waters. This modification follows (Morel A. , et al., 2007), which noticed
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during the campaign BIOSOPE the underestimation of the reflectances of very
oligotrophic waters in the blue,

Figure 3: plot of the values of
(
) measured during the BIOSOPE campaign.
The solid black line represents the empirical relation proposed by (Morel &
Maritorena, 2001). Figure from (Morel A. , et al., 2007). The solid blue line is added
to the figure, and corresponds to the fit of the measurements.
The values of

(

)

is associated to the presence of non-algal particles and dissolved

material, so we choose to add the following (negative) term, with a spectral shape
= 0.011 (Bricaud A., 1998):
(chl, ) = − exp(−7.55 ⋅ chl0.08 ) ⋅ exp(−

⋅ ( − 420))

The first factor in this expression corresponds to the blue curve on Figure 3, and the
second term is the spectral dependency term. This term

is added to the absorption

coefficient as described previously.
The impact of this modification is shown on Figure 4. We can see the increase of the
reflectances in the blue, in the case of clear waters.
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Figure 4: Impact of the adjustment of the water reflectance model on the spectral
shape of the reflectances, for different chlorophyll concentrations. The solid lines
are without the model adjustment, and the dashed lines include the model
adjustment.

4.3

Optimization method
The goal of the POLYMER algorithm is to use the two models previously described, to
separate the signal

( ), from the signal scattered by the sea water. The whole range

of available spectral bands can be used for this process. This technique of spectral
matching consists in optimizing the parameters of the atmospheric model ( ,
and the parameters of the ocean water reflectance model ([chl] and

and

)

), in order to

obtain the best spectral fit of ′( ). In this scheme, a subset of N bands ( , … ,

) in all

available spectral bands is used. It is theoretically possible to use any subset of the
available bands, with a minimum of N=5 bands corresponding to the number of
parameters.
MERIS instrument has 15 bands, and we have discarded 5 of them: 681 (chlorophyll
fluorescence peak), 709 (imprecise correction for water vapour absorption), 760 (oxygen
absorption band), 885 and 900 nm (reduced signal-to-noise). Therefore the following
N=10 remaining bands are used: 412, 443, 490, 510, 560, 620, 665, 754, 779 and 865
nm.
For MODIS processing, the following N=10 bands are used: 412, 443, 488, 531, 555,
667, 678, 748, 869 and 1240 nm.
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The 10-based logarithm of the chlorophyll concentration will be noted logC. The scheme
is the following:


Consider the following cost function
: (log ,

,

)→

:

1. For the current values of

and

,

, and for each wavelength

among the N selected bands, calculate the water reflectance spectrum
mod ([

ℎ],

,

, ) from the model described in section 4.2

2. Calculate the values of
bands

..

,

and

obtained by the polynomial fit for all

:

( )

+

≈ ′( ) − ( )

+

([ ℎ ] ,

,

, )

In matrix notation:
( )

′( )
−
⋮
′( )

( )
⋮

(

)

( )
⋮
( )

=
(

)

⋮

⋮

Using the “pseudo-inverse” of matrix Λ, the coefficients
= (Λ Λ) Λ′

( )− ( )
⋮
( )− ( )

are given by:

( )
(

)

where Λ′ is the transpose of matrix Λ.
Practically, the matrix (Λ Λ) Λ′ is calculated once for each pixel,
( ) (which varies with the air mass) and with

because Λ varies with

(which also varies from detector to detector for MERIS; for MODIS,

.
is

fixed). This matrix does not need to be re-calculated after each iteration,
( ) varies after each iteration. Thus, the calculation of

because only
the coefficients

reduces to a matrix product.

3. Calculate the chi-square value of the previous fit:
1
=

−

1

−

[ ℎ],

max (

:(

,

[ ℎ],

−
,

,

,

,

,

)

= 0.005 is applied at the denominator.

Where a threshold
This function

−

,

)→

: represents the mean square error between

the atmosphere and residual sun glint reflectances and its polynomial fit. The
objective is then to minimize

with respect to the parameters
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are obtained by a n-dimensional iterative

minimization technique of the cost function , using a simplex method known as
AMOEBA (Nelder & Mead, 1965). This technique consists in constructing
successive polygons with n+1 vertices, called simplexes, by replacing at each
iteration the vertex with the highest value, in order to converge toward a local
minimum of the function . In our case, n=2 and the simplexes are triangles. The
= 0 and

first iteration simplex is defined by initial values
initial steps Δ

= 0.05 and Δ

,

,

= 0, and

= 5 × 10 . The stopping criterion of this

scheme is a threshold on the size of the simplex: this size is defined as the
average distance between the center of the simplex and its vertices. The value of
this threshold has been set to 0.005.
When the stopping criterion is achieved, we obtain the final values of the parameters
and

, chl and

reflectances

. With the final values of the coefficients

,

, the spectrum of water

( ) is given by the following relationship:

( )=

′( ) − ( ( )

+
( )

+

)

These values represent the bidirectional reflectances, for the observation geometry
( ,

, ) considered at the time of the measurement; they will be normalized for

bidirectional effects using f/Q table (Morel & Gentili, 1993), by assuming that the sun and
sensor are positioned at nadir.
They are then normalized with respect to the sun at nadir and the sensor at nadir, using
f/Q coefficients (Morel & Gentili, 1993):
(
,norm (

= 0,

= 0,chl,λ)

)=

( )
( ,

, ,chl,λ)

Constraint on the backscattering coefficient
An analysis of the seasonal evolution of the mean water reflectances over the south
pacific region has shown an anomalous evolution (Figure 5.a). The temporal evolution of
the reflectance at 560 nm is expected to be flat, as is the case for MERIS and MODIS
data processed by SeaDAS. The South Pacific Gyre corresponds to very clear
(oligotrophic) waters, with extremely low chlorophyll concentrations. The same analysis
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has been carried out for the north Atlantic region where a similar anomaly was not
evidenced.

(a)

(b)

Figure 5: Seasonal evolution of the mean reflectance at 560 nm over the South
Pacific Gyre – without a constraint on the backscattering coefficient (a) and with a
constraint (b)

The investigation of this problem has shown that there was in this case instability of the
algorithm, probably due to an inaccuracy of the water model for clear waters. This
instability manifests itself by anomalously high values of the retrieved backscattering
coefficient

. To overcome this problem, a constraint on the backscattering coefficient

is introduced: the backscattering coefficient is constrained to be close to zero, but only for
very clear waters; this constraint is relaxed progressively with increasing chlorophyll
concentrations. This is done by adding a supplementary term to the cost function
defined previously. For a given chlorophyll concentration, the constraint is defined by a
“width” defined as follows:

(chl) =

exp (ln

log (chl))

Where log represents the logarithm to base 10 and ln the natural logarithm. This function
increases exponentially with respect to log (chl), taking the values
chl = 0.01, and

= 0.0001 at

= 0.005 at chl = 0.1. This function takes very large values at higher

chlorophyll concentrations, so that almost no constraint will be applied in this chlorophyll
concentration range.
Finally, the term

constraint

Gaussian the direction of

added to

depends on

:

26
ESA unclassified, for official use

and chl, and takes the form of a

ESA / ESRIN
AO-1/6207/09/I-LG

Ocean Colour Climate Change Initiative (OC_CCI) Phase One

constraint

where

4.4

= 0.001,
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,chl) =

= 1 ∙ 10 ,

∗ (1 − exp (−

2 ⋅ (chl)
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))

= 5 ⋅ 10 , and (chl) is defined previously.

Workflow
The workflow for the spectral matching process is presented on Figure 6:

Figure 6: Workflow for the spectral matching process
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SENSITIVITY STUDY

To estimate the theoretical accuracy and the characteristics of this algorithm, we have
applied it to a synthetic dataset. This dataset has been generated by the SOS radiative
transfer code, with ocean reflectances obtained by the model previously described. Only
= 0), and the chlorophyll concentrations range

case 1 waters have been simulated (

is 0.03 to 10 mg/m3 (12 values equally spaced in logarithmic scale). For each chlorophyll
concentration, a combination of various atmospheric conditions has been simulated:


Various observation geometries, including various sun glint conditions: 9 values
of equally spaced relative azimuth angle ranging from 0 to 180°, two sun zenith
angles (17.6° and 36.2°), and two view zenith angles (6.5° and 25.0°)



Various aerosol optical thicknesses at 865 nm: 0., 0.01, 0.02, 0.05, 0.1, 0.2 and
0.4



12 aerosol models by Shettle and Fenn (Shettle & Fenn, 1979): M98, M95, M90,
M80, C90, C80, C70, T99, T98, T90, T80, T70

The wind speed is set to 5 m/s, which determines the sun glint intensity from the Cox and
Munk model.
For these conditions, three cases are considered: (1) a "mixed" case:
"no aerosol" case:

= 0, no limit on

and (3) a "no glint" case:

< 10%, (2) a
< 1%.

Then, noise has been optionally added to the synthetic values of TOA reflectances, with
signal to noise ratios (SNR) typical of future Sentinel-3 instrument. The SNR values are
wavelength dependent and also depend on the TOA radiances: the order of magnitude of
SNR is about 700 in blue bands to about 400 in the NIR.
The resulting sets of TOA reflectances have been processed with POLYMER, and the
simulated values are compared to the retrieved values. In a few particular conditions, the
algorithm is unstable: this condition is the lowest chlorophyll concentration (0.03 mg/m3)
and moderate to high glint condition (125 items out of 31248 in the "mixed" case). The
algorithm then retrieves high chlorophyll concentration and negative values of

, which

is not physically; these cases are flagged out. However, such instabilities have not been
observed in realistic images, and these cases are removed from the comparison.
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In this processing, the wind speed used for the initial molecular and sun glint correction is
7 m/s: this value is purposely set to be different from the value of 5 m/s used in the
simulation, because the wind speed should not be considered to be known exactly. We
have verified that if we use a wind speed of 5 m/s for this initial correction, and in absence
of aerosol and additional noise, the simulation conditions are retrieved very well.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 7: Plots for the comparison between the simulated parameters (synthetic
dataset, indicated by subscript "sim"), and the parameters retrieved by POLYMER
(indicated by subscript "ret"). In these figures, noise has been added to TOA
reflectances according to typical Sentinel-3 SNR. Each row corresponds to the
following parameters: chlorophyll concentration, water reflectance at 443 nm and
560 nm. The first column (Figs. (a), (d) and (g)) shows the regression between the
synthetic and retrieved parameters, for the "mixed" case. The second column
(Figs. (b), (e) and (h)) show the relative percent difference, between the retrieved
ret sim
and synthetic values (
), as a function of the sun glint reflectance; emphasis is
sim
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put on the sun glint correction by using the case "no aerosol". The difference
between
(
) and
(
) is multiplied by ( ) to convert to relative
percent difference of the chlorophyll concentration (
≈ ( )
(
)). The
third column (Figs. (c), (f) and (i)) shows the relative percent difference, between
the retrieved and synthetic values, as a function of the aerosol optical thickness at
865 nm; emphasis is put on the aerosol correction by using the case "no glint".

(a)

(b)

Figure 8: Summary of the relative precision (a) and accuracy (b) of the comparison
between synthetic and retrieved water reflectances at each wavelength, for the
"mixed" case, with and without noise added to TOA reflectances. GCOS
recommends an accuracy of 5% on water reflectance in the blue and green bands.

The comparison between synthetic and retrieved data is presented on Figure 7. These
figures include noise addition. For the "mixed" case (first column), we can see that the
chlorophyll concentration is very well retrieved (

= 0.995). The water reflectances at

443 and 560 nm are slightly biased low, but are still very well correlated with the
simulations. The figures in the second column show the dependency between the error
on each parameter and the sun glint intensity ("no aerosol" dataset). We can see that the
retrieval of all parameters is almost independent of the sun glint intensity; the scatter
increases only slightly with

and no significant bias is observed. In particular, the water

reflectances are retrieved with a bias lower than 1% and a RMSE lower than 5%, even in
presence of a sun glint reflectance as high as 14%. The figures on the third column show
the dependency between the error on each parameter and the aerosol optical thickness
("no glint" dataset). In this case, we can see larger errors and a negative bias on the
water reflectances, which increase with the aerosol load: large aerosol plumes with
optical thicknesses at 865 nm in the order or greater than 0.4 may be degraded.
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However, the error on the chlorophyll concentration is lower than the error on the
reflectances. More generally, the retrieval of chlorophyll concentration is more robust than
the retrieval of water reflectances, which is also the case for traditional atmospheric
correction methods.

Figure 8 (a) and (b) summarize the relative bias and RMSE of the comparisons between
synthetic and retrieved reflectances at each wavelength. We can see that the retrieved
values are slightly low biased (between 2 and 4\% bias on the water reflectances). The
effect of the noise on the bias is negligible. We also notice that the RMSE increase with
the added noise is very moderate: the RMSE increases by less than 2% at all bands
except 670 nm (where the reflectances are very small), which is in complete agreement
with typical requirements on ocean color products. The RMSE of the water reflectances
due to the method is in the order of 6-8% for the "mixed" case. It is noteworthy that the
selected dataset ("mixed" case) is not intended to be representative of real data, and
does certainly exaggerate the frequency of "difficult cases" (especially, the presence of
aerosols).

This application to synthetic data has permitted to quantify the residue of atmospheric
correction, by focusing on the major unknown signals: the sun glint and the aerosol
scattering. It has shown that the instrumental noise propagates very moderately from
TOA to oceanic reflectances through the atmospheric correction process. Moreover,
residual errors are observed even in absence of additional noise, which suggests some
residual differences between the polynomial atmospheric model and the actual spectral
signal. These residual errors appear to be more correlated with the presence of aerosols
than with the sun glint contamination - the errors on the water reflectances are indeed
very weakly correlated with intensity of the sun glint in absence of aerosols.
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Language, system and libraries

D2.3

The Polymer algorithm is implemented in C++ under linux. 32 bits and 64 bits
architectures are supported. It uses the following libraries:
Table 4: libraries used by Polymer
Library

Description

Usage

epr_api

Envisat Product Reader API

Read Envisat Products

Developped

by

Brockmann

Consult,

available

at

https://github.com/bcdev/eprapi
gsl

GNU Scientific Library

AMOEBA Simplex minimization method
Matrix product and inversion

hdf4

Hierarchical

data

format,

Write HDF4 level2 (optional)

version 4
Read MODIS level 1
Read NO2 climatology files
netCDF

6.2

Network Common Data Form

Write NetCDF level 2 (optional)

Computation time
The typical level 1 to level 2 processing time is about 25 min for a full MERIS orbit
(15000x1121 pixels) on a single CPU (AMD Phenom II X4 940).

6.3

Input data
Polymer supports multiple sensors and input formats. The following input files are
currently supported:
Table 5: List of Polymer input formats
Input file

Format

Ancillary data
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ENVISAT

Meteo and ozone data provided in level 1 files

format

(ECMWF). No other ancillary data needed.

HDF

NCEP meteorological ancillary data; EPTOMS ozone
data (following SeaDAS:
http://seadas.gsfc.nasa.gov/doc/toplevel/anc_info.html)

Text files

ASCII

Meteo and ozone data provided in the text files

Remark: Polymer supports input data provided in text files. This is useful for validation:
level 1 data is extracted to ascii data for level 1 pixels co-located with validation data,
which makes it possible to re-process a validation dataset very fast.

Output data
The level 2 products are written in a single hdf4 or netcdf4 file. It contains the following
datasets:
Table 6: List of Polymer output datasets
Dataset

Data type

latitude

float32

longitude

float32

logChl

float32

Remarks

Chlorophyll

concentration

(mg/m3,

in

10-based

logarithm)
main parameters

6.4

bbNC

float32

backscattering coefficient of non-covarying particles

Rw412

float32

Water reflectance above the surface, at 412 nm,
normalized for

⋮
Rw865

⋮
float32

uint16

=0
⋮

Water reflectance above the surface, at 865 nm,
normalized for

bitmask

= 0 and

quality flags
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C0

float32

C1

float32

C2

float32

Rgli

uint16

D2.3

Reflectance of the sun glint predicted from ECMWF
wind speed

R’865

uint16

TOA reflectance at 865 nm corrected for Rayleigh
scattering

The parameters which have been used during the processing are stored in the level2
attributes. This includes, for example, the processor version, date of processing and
processing parameters such as the spectral bands used.
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