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Abstract:  The sun glint is a major issue for the observation of ocean
color from space. For sensors without a tilting capacity, the observations at
sub-tropical latitudes are contaminated by the bright pattern of the specular
reflexion of the sun by the wavy sea surface. Common atmospheric correc-
tion algorithms are not designed to work in these observation conditions,
reducing the spatial coverage at such latitudes by nearly a half. We describe
an original atmospheric correction algorithm, named POLYMER, designed
to recover ocean color parameters in the whole sun glint pattern. It has been
applied to MERIS data, and validated against in-situ data from SIMBADA.
The increase of useful coverage of MERIS measurements for ocean color
is major, and the accuracy of the retrieved parameters is not significantly
reduced in the presence of high sunglint, while, outside the sunglint area, it
remains about the same as by using the standard algorithm.
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OCIS codes: (010.0010) Atmospheric and oceanic optics; (280.4788) Optical sensing and sen-
sors; (010.1285) Atmospheric correction.
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1. Introduction

It is common to affirm that atmospheric correction is paramount for the estimate of ocean
color, the spectrum of marine reflectance, from space. The large atmospheric scattering dom-
inates the weak contribution from the ocean scattering, by typically ten times. Atmospheric
correction methods have been studied and have evolved from the early times of the Coastal
Zone Color Scanner (CZCS) experiment [1, 2] to the so-called Earth Observing System (EOS)
era [3]. The more recent experiments, Sea-viewing Wide Field-of-view Sensor (SeaWiFS) [4],
the Moderate Resolution Imaging Spectroradiometer (MODIS), the Medium Resolution Imag-
ing Spectrometer Instrument (MERIS) [5], POLDER (POLarization and Directionality of the
Earth’s Reflectances), all have spectral bands in the near infrared (NIR) that allow to accurately
determine the aerosol scattering properties for atmospheric correction, assuming a black ocean
at these wavelengths. Based on common basis of the use of NIR bands, many atmospheric
correction algorithms have been developed and successfully tested to derive ocean parameters,
namely marine reflectance and chlorophyll concentration.

The early experiments from CZCS, to SeaWiFS, and to POLDER, had a tilting capacity to
avoid observation in the sun glint pattern, direct solar radiation reflected by the wavy sea sur-



face. More recently MODIS or MERIS have a fixed field of view pointing at nadir for practical
reasons, with the downside of observing a large and intense glitter pattern at subtropical lati-
tudes. Traditional atmospheric correction methods then fail to retrieve the marine parameters,
at the expense of degrading the spatial coverage of the useful ocean color product.

The challenge to correct for both atmospheric scattering and glitter is formidable due to
the difficulty to determine their parameters from a few NIR spectral bands. In the sunglint
area, one has to determine three parameters to make the atmospheric correction, the aerosol
optical thickness and its spectral behaviour, and also the wind speed at the sea surface for glitter
prediction. Previous attempts have been made to correct for a small glint contamination in
SeaWiFsS data [6], using wind speed predictions. The use of additional bands in the short wave
infrared has also been investigated [7]. Some alternative approaches have been proposed, based
on the use of a wider range of spectral bands into spectral optimization methods: some of these
approaches are targeted on absorbing aerosols [8, 9, 10], and case 2 waters [11, 12]. Doerffer et
al. [13] have also proposed a method based on neural networks, and have applied this method
both on case 2 waters and sun-glint contaminated observations. All these methods share the
common point that the atmospheric and oceanic parameters are retrieved simultaneously.

In the present study we have investigated an other alternative candidate algorithm named
POLYMER (POLYnomial based algorithm applied to MERIS). This algorithm is also based on
spectral optimization, but with a different approach. It is applicable in the whole glitter pattern,
and makes use of the whole spectral range, from blue to NIR bands. Emphasis will be put to
make the application of the POLYMER algorithm to the processing of MERIS data.

2. Description of the algorithm

In the atmospheric correction algorithms currently used to process MERIS and MODIS data
from Level 1 to Level 2 to obtain the ocean products [4, 5], the variable signal of the aerosols
is estimated at near infrared bands and extrapolated in the green and blue bands. While weak
sun glint contaminations can be estimated and corrected for, up to reflectances in the order of
0.5% [6], this method does not work when the observation is dominated by the sun glint. In this
case, the spectral contamination of the sun glint can not be estimated with sufficient accuracy
by using only near infrared bands, because of the high variability of the sun glint, but also
its couplings with the aerosol and Rayleigh scatterings. Therefore, it seems necessary to use a
wider range of spectral bands to estimate the atmospheric and sun glint correction.

The principle of the POLYMER algorithm is a spectral matching method: it is based on (1) a
polynomial used to model the spectral reflectance of the atmosphere and sun glint, (2) a water
reflectance model and (3) the use of all available spectral bands in the visible. In this part, we
describe the models and the method used in the POLYMER atmospheric correction scheme.

2.1. Decomposition of the top of atmosphere signal

The radiance Ltoa measured at wavelength A at the top of the atmosphere (TOA) with a so-
lar zenith angle 6y, is converted to reflectances proa by normalization to extraterrestrial solar

irradiance Fy:

_ wLroa(A)
proa(A) = c0s(6,)Fo(A) (D

This reflectance can be decomposed as follows:

pTOA()L) = toz(l) : [pmol(k) + T(l)pgli + paer(l) + pcoupl(l) + t(/l)pv-v‘r (l)] (2)

In this decomposition, fo;(2) is the transmittance of the ozone, pyol (A ) is the Rayleigh scat-
tering, pgj; is the (non-spectral) sun glint reflectance transmitted by the direct transmission



factor T (1), paer(2) is the reflectance of the aerosols (which are considered non-absorbing),
pcoup1(7t) accounts for the various coupling terms between the sun glint, the molecules and
the aerosols, #(A) is the total (direct and diffuse) transmission for atmospheric scattering and
p.F (M) is the water reflectance above the water-air interface.

The first step is to correct the measured signal for the effects that can be accurately predicted:
the ozone transmission #,,(A,U,;), depending on the total ozone concentration Uy, obtained
from ECMWF data (European Centre for Medium-Range Weather Forecasts), and the Rayleigh
scattering, depending on the observation geometry and atmospheric pressure at sea level Py.
Also, an initial correction for the sun glint is performed: it is estimated from the wind speed
ECMWEF data using the sea surface roughness model by Cox and Munk [14], without including
wind direction. The term associated with this initial correction is given by Pmol+eli (4, Vivind)-
which includes Rayleigh scattering, the sun glint and the coupling between Rayleigh scattering
and sun glint. It is calculated with the Successive Order of Scattering radiative transfer code
(SOS, [15]) and stored in look-up to save computation time. This term at wavelength A depends
on the following parameters: the sun and sensor zenith angles, the relative azimuth angle, the
surface pressure (these parameters are omitted for clarity) and the wind speed. Thus, the initial
correction writes:

p/(l) = M - pmol+gli(7Lvaind) (3
tor(A)

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 misestimation of the wind speed will lead to a misestimation of p’(A), and can
possibly lead to negative values of p’(A). 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 Apgi(4) of sun
glint and its coupling with Rayleigh scattering is introduced:

pmol(l) + T(l)pgli = pmol+gli(la Vwind) + Apgli(l) (4)

Thus, p’(A) can be written as:
P'(R) = Pag(A) +1(R)py; (2) 5)

where p,g(A) represents the residue of sun-glint, the aerosol scattering and the coupling
terms:

Pag()&) = Apgli(l) + Paer(l) + pcoupl()') (6)

Like pmol+gli> the term #(4 ) is pre-calculated with the SOS code and stored in look-up tables.
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 Pmol4gli- It depends on the following parameters: the sun and sensor zenith
angles, the surface pressure and the wind speed.

The objective of the algorithm will be to decompose p’(A) into the ocean water scattering
p,f (A) and the signal scattered by the atmosphere and the residual sun glint p,g(A4). This de-
composition is based on the models described herein.



2.2.  Atmospheric model

If we assume that the water reflectance spectrum is known, the reflectance of the residual sun
glint, aerosols and couplings pae(2) is numerically given by p’(A) —1(4)p,}(1). The basic
principle of the POLYMER algorithm is to model this atmosphere contribution and the residual
sun glint as a polynomial with three terms:

pag(l)%To(/'\,)COJrCl)L_1+Cz)L_4 @)

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 p,e(A),
as described in Eq. 6, as a whole, by the previous polynomial. The coefficients ¢y, ¢ and ¢; are
estimated by least square fitting of the observation ; the method will be detailed in part 2.4.

The motivation for this model is that we expect the signal p,g(A) to contain the following
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 Tp(A) 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:

; 1 1
79 (L) = ex {Tml X +]
0 (A) =exp | =Tu(A) x ( m uv)
In this expression, L, and u, are the cosines of the solar and view zenith angles, and

the Rayleigh optical thickness 7, (A1) ~ 0.008774~*+% with A in nm. In presence of
a lambertian target (cloud droplets, maritime aerosols), the diffuse transmission can be

approximated by:
; T (A 1 1
1) —exp |- )

The predicted reflectance of the sun glint (using wind data from ECMWF) is used to
switch between the direct (in the sun glint, where pgj; > Pgii0, With pgio = 2%) and
diffuse (outside sun glint, where pgj; < pgli,0) transmission factors:

1 Pgli 11
To(A) =ex |:—‘L' A) x (1—=exp(——22)) x +}
(1) =exp | () x (1= g exp(— ) (b )
* 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 de-
pendency 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 trans-
mission 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 by automatically taken
into account in the polynomial fitting process, leading to a balance between the three terms c,
C1 and c.

It is worthwhile to note that in this model, the wavelength A 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 [16]. 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.

2.3.  Ocean reflectance model

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 byyc(A); it is taken just above the surface and will be noted pwtm 4([chl], bpye, ).
The spectrum has been modelled according to Morel [17], including the updates from Morel
and Maritorena [18]. Following Morel et al. [19], the scattering coefficient of pure water b,,(1)
is taken from Buiteveld et al. [20], and multiplied by a factor 1.3 to account for the increase
of scattering due to the presence of salts in the ocean water. The output of this model is the
spectrum of water irradiance reflectance just beneath the surface, between 350 and 700 nm, and
noted R ,,,,(A) . The conversion to reflectance above the surface is done by assuming that the
radiance in-water is lambertian. This is a rough assumption, because angular variations in the
order of 20 to 50% are expected, depending on the viewing geometry [21]. This assumption
has been made to simplify the model, and it is likely that taking the bidirectional effects of
water reflectance into account, will lead to a better accuracy of the retrieved parameters. The
following mean transmission factor is used to convert the irradiance reflectance beneath the
surface into reflectances above the surface: p,f,,,, (1) = 0.544R, /(7).

The backscattering coefficient of noncovarying particles b,yc(A) has been added to the total
backscattering coefficient. The spectral dependency for this term has been chosen to be A~ !:
the backscattering coefficient of phytoplankton and its covarying particles, becomes:

1
RoumA) = f 2bw(2) +b21’(%) +bpnc(A) N

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
byp-to-chl relationship [22]. 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 in-situ 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 [18] 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 [23]: the similarity spectrum is normalized at 700 nm to ensure continuity at
this wavelength:

p ([chl],bpne, A) = p,5 ([ehl], by, A) [A < 700 nm|
et o P.rs(A)p, ans (Lehl], by, 700nm) /p.f(700nm)  [A > 700 nm]
)

The resulting spectra are presented on Figs. 1a and 1b. Fig. 1a 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/a,, (1)), as demonstrated in [23].
Fig. 1b shows the modeled spectra for two chlorophyll concentrations and three values of byyc:
the latter parameter introduces an offset on the spectrum, but does not change significantly its
shape.
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Fig. 1. Examples of spectra for the model of water reflectances used in this study. It is based
on two parameters: the chlorophyll concentration (chl) and the backscattering coefficient
of suspended matter (byyc). On Fig. 1a, byy is set to zero, and thus corresponds between
350 and 700 nm to the model by [18] (solid curve). It is extended from 700 to 900 nm
using the similarity spectrum for turbid waters [23] (dashed curves). Fig. 1b shows how the
spectrum varies with the parameter byyc, for two chlorophyll concentration.

2.4.  Spectral matching

The goal of the POLYMER algorithm is to use the two models previously described, to separate
the signal p4e(A), 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 (cp, ¢; and c;) and the parameters of the
ocean water reflectance model ([chl] and byyc), in order to obtain the best spectral fit of p’(1).
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 N = 10
remaining bands previously mentioned in part 2.2 are used.

The 10-based logarithm of the chlorophyll concentration will be noted as logC. The scheme
is the following:

* Consider the following cost function f : (logC;,bpnc,i) — &

1. For the current values of logC; and byyc;, and for each wavelength 4 among the
N selected bands, calculate the water reflectance spectrum p;mod([chl],-,bchy,-,),)
from the model described in section 2.3

2. Calculate the values of ¢y, c; and ¢, obtained by the polynomial fit for all wave-
lengths A:

To(A)co+c1d ™ +ead ™~ p'(A) —t(A)p, . ,([chll;, bonc.i, 1)



3. Calculate the mean square error & of the previous fit:

1

2
&= N )LZ {To(l)C() +C]2,j71 + Czﬂji4 — [p/(lj) — t(}’j)p;‘fmod([Chl]iathC,i; ),J)] }
J

This function f : (logC;,bpnc;) — & represents the mean square error between the at-
mosphere and residual sun glint reflectances and its polynomial fit. The objective is then
to minimize f with respect to the parameters logC and byyc.

¢ The final values of logC and by are obtained by a n-dimensional iterative minimization
technique of the cost function f, using a simplex method [24]. 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 f. In our case, n=2 and the simplexes are triangles. The first
iteration simplex is defined by initial values logC, = 0 and bpyco = 0, and initial steps
AlogCy = 0.05 and Abpyco = 5 % 10~4. The stopping criterion of this scheme is a thresh-
old 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 co,
c1 and ¢, [chl] and byyc. With the final values of the coefficients ¢;, the spectrum of water
reflectances p,! (1) is given by the following relationship:

pra) =)= (TO(“C;O(I)C%I +ed) (10)

2.5. Application to synthetic data

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 case 1 waters have
been simulated (bpyc = 0), and the chlorophyll concentrations range is 0.03 to 10 mg/m3 (12
values equally spaced in logarithmic scale). For each chlorophyll concentration, a combination
of various atmospheric conditions have been simulated:

e 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 [25]: 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: pg;; < 10%, (2) a
’no aerosol” case: Taer = 0, no limit on pg); and (3) a "no glint” case: pgy; < 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 wave-
length 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 few particular condition, 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 bpnc, Which is not physical; these cases are flagged out. However, such instabilities
have not been observed in real images, and these cases are removed from the comparison.

In this processing, the wind speed used for the initial molecular and sun glint correction is 7
m/s: this value is purposely 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.

The comparison between synthetic and retrieved data is presented on Fig. 2. These figures
include noise addition. For the “mixed” case (first column), we can see that the chlorophyll
concentration is very well retrieved (R? = 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 inde-
pendent of the sun glint intensity; the scatter increases only slightly with py); 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 opti-
cal thicknesses at 865 nm in the order or greater than 0.4 may be degraded. 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.

Figs. 3a and 3b 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 cor-
rection, 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 re-
flectances 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.

3. Application to MERIS data

3.1. Level 2 products

POLYMER level 2 chlorophyll concentration parameters are presented together with MERIS
MEGS 7.4 “algal 1” parameters. Figs. 4a to 4d present the results on a sun-glint contaminated
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Fig. 2. Plots for the comparison between the simulated parameters (synthetic dataset, indi-
cated by subscript ’sim”), and the parameters retrieved by POLYMER (indicated by sub-
script ’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 concen-
tration, water reflectance at 443 nm and 560 nm. The first columns (Figs. (a), (d) and (g))
shows the regression between the synthetic and retrieved parameters, for the “mixed” case.
The second columns (Figs. (b), (¢) and (h)) shows the relative percent difference, between
the retrieved and synthetic values (%), as a function of the sun glint reflectance; empha-
sis is put on the sun glint correction by using the case "no aerosol”. The difference between
log ;o (chlret) and log ;o (chlgiy, ) is multiplied by In(10) to convert to relative percent differ-
ence of the chlorophyll concentration (ACC—}H] ~In(10)Alog;((chl)). The third columns (Figs.
(c), (f) and (1)) 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”.
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Fig. 3. Summary of the relative biases (a) and RMSE (b) of the comparison between syn-
thetic and retrieved water reflectances at each wavelength, for the "mixed”case, with and
without noise added to TOA reflectances.

MERIS scene in Mediterranean Sea. The sun glint reflectance is in the order of 10%. Figures
4a and 4b show the chlorophyll concentration parameter obtained by MEGS 7.4 processor (the
pixels flagged by "PCD_15" MERIS flag are removed, which is commonly done to remove in-
valid chlorophyll concentration results) and by the POLYMER algorithm. We can see that the
two chlorophyll parameters are slightly biased in the low chlorophyll concentration range, but
otherwise in good agreement; the chlorophyll field is consistently retrieved by POLYMER, but
the standard algorithm retrieves invalid values over the sun glint pattern. The same observa-
tions applies to the p,; (560) parameter (Figs. 4c and 4d, where pixels flagged by "PCD_1_13”
MERIS flag are removed (which is commonly done to remove invalid reflectance values); for
this parameter we notice that invalid values are also retrieved in coastal areas, as can be seen
for example around Majorca. As for the chlorophyll concentration, POLYMER also retrieves
slightly lower water reflectances at 560 nm than the standard algorithm.

On Figs. 5a to 5f, we can see a MERIS scene over Sea of Japan / East Sea. This scene is not
contaminated by sun glint, but by a large aerosol plume, with an optical thickness greater than
0.5 (Figs. S5a and 5d). We can see that the standard atmospheric correction algorithm fails in
this aerosol plume (Fig. 5b) but the POLYMER algorithm succeeds in recovering a consistent
chlorophyll concentration field (Fig. 5¢). The figures Se and 5f show the retrieved values of the
atmospheric parameters c¢g and c¢;. We can see that the parameter ¢, which corresponds to flat
spectral components, increases over semi-transparent clouds, but not over the aerosol plume.
The parameter c; increases over the aerosol plume, where the spectral dependency is closer to
A~1. Thus, the effects of the clouds and aerosols are clearly distinguished.

3.2.  Level 3 products

With the possibility to retrieve ocean color products in the sun glint, a period of 3 days (the
period required for MERIS to achieve a global coverage of the earth) is sufficient to obtain
overlapping swaths at mid-tropical latitudes. A longer period is required to achieve satisfactory
coverage with the standard atmospheric correction algorithms where the sun glint observations
are not available. This is illustrated on Figs. 6 (global composite) and 7 (detail over the Arabian
Sea), where composites of chlorophyll concentration over 3 days, for the MEGS product (Figs.
6a and 7a) and the POLYMER product (Figs. 6b and 7b). No obvious discontinuity between
overlapping swaths, nor bias in the sun glint area can be seen in the POLYMER products.



Fig. 4. MERIS image from Mediterranean Sea, May 7, 2005. This image is contaminated
by high sun glint on the right side of the image (pg}; & 10%). (2) Chlorophyll concentration
for MEGS (”algal 1”7 parameter, black area is "PCD_15"), and (b) POLYMER algorithm.
The color scale represents log;o(chl). (c) Water reflectance at 560 nm, for MEGS (black
area is "PCD_1_13"), and (b) POLYMER algorithm.

The filter applied to the level 2 products for the generation of these composites is of great im-
portance regarding their quality and spatial coverage. For the MERIS/POLYMER composites,
only a basic cloud mask (designed to avoid masking out the sun glint) has been used to filter out
pixels ; for the MERIS/MEGS composite, the pixels classified as high glint, absorbing aerosols
and "PCD_1_13” are removed to obtain sufficient quality. The flag "PCD_1_13" (processing
MEGS 7.4) is raised when at least one water reflectance is negative, which happens frequently
in presence of semi-transparent clouds, resulting in degraded estimation [26].

The increase of global spatial coverage is detailed in table 1. This table gives the percentage
of all the non-cloudy pixels from the 43 orbits used in the global 3 days composite of Figs. 6
and 7, for the three different sun glint flags ("no glint”, medium glint” and “high glint”). The
three columns represent respectively all the (non-cloudy ocean) pixels, the pixels where the
quality flag "PCD_1_13" is not raised, and the valid POLYMER pixels. We can see that about
half of the pixels are not contaminated by sun glint, and about a third are highly contaminated;
for nearly all the pixels, the POLYMER processing is valid (the output values are within a range
considered as "valid”: chlorophyll concentration between 0.01 and 100, and byyc (550) between
—5x 1073 and 0.1). If we decide to flag out the pixels "HIGH GLINT” and "PCD_1_13” in the
MEGS product, which seems reasonable regarding the quality of the MEGS products for these
flags, we can see that this leaves 31% of the pixels; thus, the increase of spatial coverage by
using the POLYMER algorithm is roughly a factor 3.



Fig. 5. MERIS image from Sea of Japan / East Sea, 2004-03-13. (a) An aerosol event
can be seen on the parameter pggs and (d) the aerosol optical thickness at 865 nm from
MEGS processing. (b) and (c) show the chlorophyll concentration estimated respectively
by the MEGS and POLYMER algorithms. (e) and (f) show the parameters c( (flat spectral
dependency) and ¢; (spectral dependency in A1) estimated by POLYMER.

The details of the distribution of the flags at level 2 is presented on table 1; however the
increase of coverage on global composites is significantly smaller, because of the overlap be-
tween adjacent POLYMER swaths. Such overlaps will lead to areas observed several times over
the considered period of 3 days, without increasing the coverage of the composite. Thus, the
surface of the oceans covered by the composites of Figs. 6a and 6b, for a period of 3 days, is
respectively 30.1% (MERIS/MEGS 7.4) and 53.7% (MERIS/POLYMER).

4. Validation with SIMBADA in situ data

This part presents a validation of POLYMER level 2 water reflectances against in situ data from
the optical radiometer SIMBADA (Satellite Intercomparison for Marine Biology and Aerosol
Determination - Advanced version) [27]. The MERMALID database [28] has been used to obtain
the SIMBADA in situ data together with the MERIS level 1 and level 2 match-ups.

4.1. Data and method

The SIMBADA radiometer provides estimations of water reflectance at the following MERIS
bands: 412, 443, 490, 510, 560 and 620 nm. At these wavelengths, we consider the following
parameters: the water reflectance from POLYMER algorithm pvj poLYMER- the water reflectance



Fig. 6. Global 3 days composites of the chlorophyll concentration parameter, June
3 to 5, 2003: (a) from MERIS/MEGS 7.4 products (where the flags “high glint”,
”PCD_-1_13" and “absorbing aerosols” have been applied to filter the pixels) and (b) from
MERIS/POLYMER products.

0z 1 32 [ 1 3z
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Fig. 7. Detail of Figs. 6a and 6b over the Arabian Sea: (a) MERIS/MEGS 7.4 and (b)
MERIS/POLYMER.



, Pixels  poryMER
All pixels without P,
valid pixels

“"PCD_1_13”
NO GLINT 52.7% 22.4% 52.3%
MEDIUM GLINT 19.0% 8.6% 18.9%
HIGH GLINT 28.3% 0.0% 28.3%
Total 100.0% 31.0% 99.5%

Table 1. Distribution of all the “non-cloudy” level 2 pixels between the MERIS level 2
sun glint flags, for the 43 orbits used to generate the global 3 days composite presented
on Fig. 6. The three columns represent respectively the total number of pixels, the pixels
not flagged by "PCD_1_13", and the valid POLYMER pixels. The use of the "PCD_1_13"
flag to invalid some of the data from standard processing, has been shown to improve the
accuracy of the remaining ones.

from official MERIS level 2 processor (MEGS 7.4) p;n.MEGS, the water reflectance from SIM-
BADA p; nsiru- The parameters p)f e and pf vy are normalized for ocean water

bidirectional reflectance distribution function, as described in [28], but not p;vf POLYMER: 1hE
chlorophyll concentration is also analysed: it is estimated from the water reflectances by the
same bio-optical algorithm OC4Me [29].

In the comparison between the satellite water reflectance estimation and the correspond-
ing in situ estimation, the matchups are split in two disjoint datasets, based on MERIS Level
2 quality flags. In all cases, "CLOUD” and "CASE2” matchups are rejected. The set 1 ex-
cludes the matchups "HIGH_GLINT” and "PCD_1_13"; it is used to validate both pJnMEGS

and pvj poLyMeR- Lhe set 2 includes only matchups flagged as "THIGH_GLINT” or "PCD_1_13".
This set is used to validate only p,' oor ymER-

4.2.  Results

Figs. 8a to 8c illustrate the comparison between the water reflectance at 560 nm, from SIM-
BADA and the corresponding estimation using MERIS data. Only the central pixel of MERIS
match-up is used in the comparison: macro-pixels are not used. Three sets of match-ups are
considered: Figs. 8a and 8b show the results for set 1, respectively for MEGS and POLYMER,
and Fig. 8c shows the result of POLYMER, for set 2, including HIGH_GLINT and PCD_1_13
points. The following statistical parameters are used: the number of points N, the slope, the cor-
relation coefficient RZ, the accuracy (bias), and precision (root mean square error, RMSE). The
reduced major axis regression line is plotted in solid. This type of regression is used because
errors are known to exist also in in-situ data, but also to take into account the spatial and tem-
poral discrepancies between in-sifu and satellite measurements. On Fig. 8d, the relative percent
difference between the POLYMER estimations of water reflectance at 560 nm and the corre-
sponding SIMBADA in-situ measurement is plotted as a function of the sun glint reflectance
Pgli-
gThese comparisons are repeated at other wavelengths, and also for the chlorophyll concen-
tration. As in section 2.5, the relative percent difference in the case of chlorophyll concentration
is obtained by multiplying the difference of log;,(chl) by In(10). These results are summarized
in table 2. Finally, the precision and accuracy for each dataset are shown as a function of the
wavelength, on tables 9a and 9b.
The correlation between the water reflectance and the sun glint appears to be relatively weak,
with a correlation coefficient R? lower than 8% in all cases except at 670 nm (fig. 8d and table
2). This weak residual correlation might be due to simultaneous presence of aerosols and sun



glint (the analysis of section 2.5, demonstrated the absence of correlation with the sun glint
intensity, but in the absence of aerosols). The slope of the regression indicates that the water
reflectance vary by about 5% at 443 nm and 21% at 560 nm, when the sun glint increases by
10% — this corresponds to a residue of 1% of the total sun glint amplitude. However, this
residual correlation has to be taken with caution because of the weak correlation coefficients,
and has not a major effect effect on the final precision, as can be seen on fig. 9b: between the
validation without and with sun glint, the accuracy decreases by about only 15% in the blue
bands.

Fig. 9b shows that the MEGS retrieval is slightly biased low in the blue, when compared to
SIMBADA (about 1.5-1073), which has already been shown by [27]. The water reflectances
retrieved by POLYMER are lower than those retrieved by MEGS in the blue, again by about
1.5- 1073, resulting in a low bias of around 3 - 1072 in the blue. However, a validation using
other in situ data will be useful in order to achieve a better consistency with previous studies:
in particular, [30] shows an over-estimation of water reflectances by MERIS standard product
in the blue.

The precision of the chlorophyll concentration parameter is better in all cases (without and
with sun glint, resp. with a RMSE of 0.129 and 0.158, which correspond to relative precisions
of resp. 29.7% and 36.4%) than the standard algorithm (where the RMSE is 0.207, relative pre-
cision of 47.6%). The slopes of the regressions are also significantly different between MEGS
(0.78) and POLYMER (1.06 outside sun glint, 1.10 inside). This explains the visual bias be-
tween the chlorophyll concentration images shown on Figs. 4a and 4b, where the chlorophyll
concentrations retrieved by POLYMER are lower than those retrieved by MEGS in the lower
chlorophyll concentration range. It is worthwhile to note that set 2 includes more points than
set 1; this increase in spatial coverage of a factor greater than two, is in agreement with the
values given previously.

5. Conclusion

We have developed an algorithm called POLYMER to perform atmospheric correction in the
sun-glint and retrieve the ocean color parameters and the spectrum of water reflectance. It is
based on the idea that a flexible atmospheric model may fit the sun glint signal — even if
this signal is extremely dominating and unpredictable. This algorithm uses a spectral matching
method relying on two models: a simple polynomial atmospheric model representing the scat-
tering of the atmosphere and sun-glint, and a bio-optical ocean water reflectance model. The
parameters of these models are tuned in an iterative process to give the best fit of the measure-
ments.

This algorithm has been successfully applied to MERIS imagery: the water parameters are
consistently retrieved in the whole sun-glint pattern, where the specular reflection can be as
bright as 20%. The comparison of the parameters retrieved by the standard algorithm MEGS 7.4
and those retrieved by POLYMER, with in-situ SIMBADA measurements, show a comparable
accuracy of the two algorithms in absence of sun glint, and a reduction of the accuracy by
about 15% in presence of sun glint. An analysis of the sources of error on the water reflectances
was performed using validation with SIMBADA measurements and by applying the algorithm
to simulated data. This analysis shows residual effects of the aerosol load and the sun glint
intensity on the water reflectances; the decoupling between ocean and atmosphere could be
improved by refining the atmospheric model. Also, this model might be extended to absorbing
aerosols by adding a free absorption parameter to the atmospheric transmission factor; however
in this case, it might be inevitable to compensate this additional parameter by a constraint on
the other free parameters, such as neglecting the variations of the backscattering coefficient of
noncovarying particles.



— ——— ————
0016 | MEGS, et 1. LT 0.016 |-. POLYMER, Set 1. .. ool
. . ’ : s
0.014 |- 0.014 |- B it
~ e
&% 0.012 B oozl O G
&) E : : s
& 0.010 | % 0.010 - R Al A
= g IR
< 0.008 |- B 0.008 |t TR Lo
< : 2 Ty :
s . . . B o) 3 d H L
< 0.006 L N=47 (38/9/0) 3z O "~ ST N=a7 G800\
y i slope=0.748162 | 0.004 L e B slope=0.854684
0.001 I R2=0.456709 i * R0,
0.002 .....bias=-0.000233.... | 0.002 |- : . ..bias=-0.000812..._ ]
G I : RMSE=0:002031 S  RMSE=0.001704
OO' U 1 1 L L L 1 1 L 00 0 L L L L L 1 1 Il
0000 0,002 0,002 0.006 0.008 0.010 0.012 0.014.0.016 000 0.002 0.004 0.006 0008 0,010 0.012 0.014 0.016
pu(560, SIMBADA) pu(560, SIMBADA)
(@) (b)
‘ ! ‘ > 100 B e e e ——
0.030 | POLYMER,'E Set 2 ] 80 L slope=—210.063263 | |
H : o —  R?=0.072206
2 0025 4 o I
= S 40t g
& o020 1 3
3 =
U
‘; 0.015 | | =
v [}
20010 |- IN=58 (13/7/38) ... =
< f slope=1.115664
. : : ‘ 220.891017
0.005 - @ ® T Bias= 0.001060 ]
R RMSE=0.001751
0.000 ; ; ; ; i . _g o
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.00 0.02 0.02 0.06 0.08 0.10 0.2 0.014 0.16 0.18
pu(560, SIMBADA) Pgii
© (d)

Fig. 8. Comparison between the in situ water reflectance from SIMBADA radiometer and
the water reflectance estimated from MERIS data by the MEGS (Fig. (a)) and POLY-
MER (Fig. (b) for ”set 17 and Fig. (c) for ”set 2”) algorithms, at 560 nm. In set 17,
HIGH_GLINT, PCD_1_13, cloudy and case 2 match-ups are rejected. In “’set 2”, only
HIGH_GLINT or PCD_1_13 match-ups are included (cloudy and case 2 match-ups are
still rejected). On these figures, the symbols ”+”, ”-” and ”e” represent respectively the
flags "no glint”, medium glint” and "high glint”, and the number of points N is differenti-
ated in parentheses between these three classes. For “’set 27, the relative percent difference
between P, po; yaer (490nm) and pf winsiTu (490nm) is plotted against the reflectance
of the sun glint pyy; (d). The relative percent difference between x| and x; if defined by

DDiff = 1722
5 (x1+x2)



Comparison with SIMBADA

Correlation with pg;

Parameter Processor Set N slope R? bias RMSE slope R?

MEGS 1 39 079 0.863  -0.001521 0.005202

p,l(412) POLYMER 1 39 077 0.842  -0.003696  0.005571 -26.1 0.0004
POLYMER 2 47 0.67 0.680  -0.001246  0.006499
MEGS 1 57  0.84 0.795  -0.001795  0.004685

P, (443) POLYMER 1 57  0.80 0.861 -0.003168  0.004062 -52.1 0.004
POLYMER 2 67 074 0.782  -0.002282  0.004787
MEGS 1 56 086 0.575  -0.001833  0.003120

p,f(490) POLYMER 1 56 086 0.697  -0.003162  0.002601 -82.6 0.015
POLYMER 2 56 0.84 0.625  -0.003655  0.003031
MEGS 1 58  0.89 0.137  -0.000125  0.002386

p,5(510) POLYMER 1 58  0.89 0319  -0.001751 0.001989  -162.0 0.057
POLYMER 2 67 1.05 0.703  -0.002114  0.002418
MEGS 1 47 075 0.457  -0.000233  0.002031

P, (560) POLYMER 1 47  0.85 0.618  -0.000812  0.001704  -210.1 0.072
POLYMER 2 58 1.12 0.891 -0.001060  0.001751
MEGS 1 58 1.08 0232 0.000202 0.000787

p.5(620) POLYMER 1 58 1.04 0.641 -0.000067  0.000477  -742.0 0.142
POLYMER 2 67 1.25 0.810  -0.000221 0.000695
Chlorophyll MEGS 1 44 078 0.825  0.050391 0.207509

concentration ~ POLYMER 1 44 1.06 0.934  0.050193 0.129277  -182.6 0.026
(log,g) POLYMER 2 48 1.10 0.939  -0.063813  0.158026

itu)

1ns:

bias (sat

Table 2. The comparison between SIMBADA and MERIS processed with MEGS and
POLYMER, done at 560 nm on Figs. 8a to 8c, is repeated for other wavelengths, and
chlorophyll concentration. This table summarizes the corresponding statistical parameters
(number of points, slope and correlation coefficient of the regression, accuracy and pre-
cision). The two last columns give the slope and correlation coefficient for the regression
of the relative percent difference of POLYMER parameters (set 1 + set 2) against the re-
flectance of the sun glint, as by Fig. 8d
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Fig. 9. Plots of the accuracy (bias, Fig. 9a) and precision (RMSE, Fig. 9b) from the com-
parison between SIMBADA data and the water reflectances estimated from MERIS data
using MEGS and POLYMER processors (see table 2), as a function of the wavelength.
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The global gain in coverage makes it possible to obtain a very good monitoring of the ocean
color parameters in composites of only 3 days. The robustness of POLYMER to the effects of
the sun glint and semi-transparent clouds leads to a very large gain of spatial coverage — a
factor greater than 2 compared to the standard MEGS product when the quality flag PCD_1_13
is discarded. This is a remarkable opportunity to monitor dynamic geophysical phenomenon
over a shorter time period and increase the repetitiveness of the observations.
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