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[1] This paper presents a comparison of the atmospheric
correction accuracy between the standard sea-viewing wide
field-of-view sensor (SeaWiFS) algorithm and the
NeuroVaria algorithm for the ocean off the Indian coast in
March 1999. NeuroVaria is a general method developed to
retrieve aerosol optical properties and water-leaving
reflectances for all types of aerosols, including absorbing
ones. It has been applied to SeaWiFS images of March
1999, during an episode of transport of absorbing aerosols
coming from pollutant sources in India. Water-leaving
reflectances and aerosol optical thickness estimated by the
two methods were extracted along a transect across the
aerosol plume for three days. The comparison showed that
NeuroVaria allows the retrieval of oceanic properties in the
presence of absorbing aerosols with a better spatial and
temporal stability than the standard SeaWiFS algorithm.
NeuroVaria was then applied to the available SeaWiFS
images over a two-week period. NeuroVaria algorithm
retrieves ocean products for a larger number of pixels than the
standard one and eliminates most of the discontinuities and
artifacts associated with the standard algorithm in presence of
absorbing aerosols. Citation: Brajard,J., C. Moulin, and S. Thiria
(2008), Atmospheric correction of SeaWiFS ocean color imagery
in the presence of absorbing aerosols off the Indian coast using a
neuro-variational method, Geophys. Res. Lett., 35, 120604,
doi:10.1029/2008 GL035179.

1. Introduction

[2] Ocean color space borne sensors measure the reflec-
tance of the ocean-atmosphere system. Inverting the reflec-
tance allows the retrieval of information from the topmost
water layer, for example the concentration of chlorophyll-a
(chl-a) which is the predominant pigment in phytoplankton
cells. The signal measured by the radiometer, corrected for
Rayleigh scattering and gaseous absorption can be
expressed as [Gordon, 1997]:

Peor(A) = p4(A) +1(X) x p,,(A) (1)
where py()\) is the atmospheric reflectance, #(\) is the
atmospheric diffuse transmittance, p,(\) is the water-
leaving reflectance and )\ specifies the wavelength of
observation.
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[3] Standard algorithms process ocean color images in
three steps: The first step aims at determining the aerosol
optical properties from p,, in the red and near infrared
bands where p,, is negligible. The second step, which is
called the atmospheric correction, relies on the such deter-
mined aerosol optical properties to estimate p, and ¢ in the
blue-green bands and to compute p,, in these bands using
equation (1). The third and final step uses a bio-optical
model to retrieve the chlorophyll-a concentration from
Pw [O Reilly et al., 1998].

[4] Such standard algorithms [Gordon, 1997] give accu-
rate estimates in most cases, but they fail in some specific
situations, for example in presence of absorbing aerosols.
This is because the effect of acrosol absorption on measured
reflectances is stronger in the visible than in the near-
infrared, as a result of a stronger coupling between molec-
ular (Rayleigh) and aerosol scattering. Since the SeaWiFS
standard algorithm [Gordon and Wang, 1994] relies only on
near-infrared bands to derive the aerosol properties over the
whole spectrum, it does not allow detecting aerosol absorp-
tion, so that only purely scattering aerosols are considered
in most standard algorithms. This limitation induces an
overestimation of p, in the blue-green bands for absorbing
aerosols and consequently an underestimation of p,,, which
yields to an overestimation of the chl-a concentration
[Gordon, 1997].

[s] Two methods, based on the same principle, were
previously developed to address this issue: the Spectral
Matching Algorithm or SMA [Gordon et al., 1997], and
the Spectral Optimization Algorithm or SOA [Chomko and
Gordon, 2001]. SMA was validated for mineral dust off the
African coast [Moulin et al., 2001] and SOA for weakly
absorbing pollutant aerosols off the East Coast of the USA
[Chomko and Gordon, 1998] and for absorbing aecrosols
during the monsoon bloom of summer-fall 2000 in the
Arabic Sea [Banzon et al., 2004]. The main drawback of
these two methods is that they are time-consuming and
cannot be used for systematic processings of ocean color
imagery. A new inversion method, called NeuroVaria, was
developed to perform faster and more efficient atmospheric
correction in the presence of both absorbing and non-
absorbing aerosols [Jamet et al., 2005; Brajard et al.,
2006a]. This algorithm combines neural network techniques
based on multi-layer perceptrons (MLP) with a variational
approach.

[6] The principle of NeuroVaria is fundamentally similar
to that used in SMA and SOA [Gordon et al., 1997,
Chomko and Gordon, 2001], i.e., a global optimization of
the whole spectrum of p., () is attempted by minimizing
the difference between measured and simulated reflectances
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Figure 1. Daily maps (2, 7 and 13 March 1999) of aerosol
optical thickness 7, single scattering albedo wy, the water-
leaving reflectance p,,(443) computed by NeuroVaria and
p(443) computed by the SeaDAS standard algorithm.
White pixels are those where the algorithms failed. For
2 March 1999, absorbing aerosols were associated with a
large optical thickness plume (18°N, 72.5°E). The solid
black line in the first row represents the transect shown in

Figure 3.

at all wavelengths. In addition, NeuroVaria relies on the
same set of theoretical radiative transfer computations
[Chomko and Gordon, 1998] than the two previous methods.
This set of simulations uses a Junge model of the aerosol size
distribution and a spectrally constant value of the imaginary
part of the refractive index which is the parameter that
controls the absorption efficiency.

[7] The major originality of NeuroVaria as compared to
the SOA is that it uses a variational method to perform this
inversion [Talagrand and Courtier, 1987] which uses a
conjugate gradient algorithm to minimize the difference
between the measured and the simulated reflectance spectra.
This procedure avoids time-consuming searches and inter-
polations in the large database of simulated reflectance
spectra. A second originality of NeuroVaria is that the
simulated reflectance spectrum is computed with an MLP
trained with the set of radiative transfer simulations de-
scribed above. Consequently, the simulation is a differen-
tiable function that allows to perform a conjuguate gradient
minimizing algorithm. During the successive iterations, the
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method adjusts the control parameters of the direct model,
such as the aerosol optical thickness 7, which represents the
amount of aerosols, the aerosol Angstrom exponent «,
which is related to the aerosol size, the aerosol single-
scattering albedo wgp, which characterizes the absorption
efficiency of aerosols, and the pigment concentration that
determines the water leaving reflectance spectrum.

[s] A first validation of the NeuroVaria approach was
conducted for non-absorbing aerosols only using in-situ
measurements [Brajard et al., 2006b]. The objective of this
paper is to present an additional validation of the method in
the presence of absorbing aerosols.

2. Data and Methods

[o] The Indian peninsula is an important source of
anthropogenic aerosols due to human activity [Pelon et
al., 2002]. During the winter Indian Ocean monsoon, the
atmospheric circulation transports these aerosols over large
distances (600—700km) to the ocean. In February—March
1999, results of the INDian Ocean Experiment (INDOEX)
[Ramanathan et al., 2001] showed high absorption levels,
with typical values of wp between 0.88 and 0.93 [Léon et
al., 2002].

[10] NeuroVaria was applied to SeaWiFS images of the
Indian Ocean during this period of intense transport of
pollutant aerosol from India and results were compared
with those obtained with the SeaWiFS standard algorithm.
This comparison focuses on 7 and p,(\) which is a good
indicator of the quality of the atmospheric correction.

[11] NeuroVaria was integrated into the version 4.7 of
SeaDAS (http://oceancolor.gsfc.nasa.gov/seadas/). It was ap-
plied to SeaWiFS images off India from 1 to 15 March 1999
between 55°E and 95°E and 0°N and 30°N. Figure 1 shows
the NeuroVaria retrievals for 7, wy, p,(443) and this for
pw(443) by the standard algorithm for 2, 7 and 13 March 19.

[12] Maps of the aerosol optical thickness presented in
Figure 1 show that the atmospheric situation has evolved
rapidly over the 12 days. On 2 March, there was a very
dense absorbing aerosol plume between 15°N and 20°N for
which the SeaWiFS algorithm failed to compute the atmo-
spheric correction. On 7 March, the aerosol optical thick-
ness was lower in this region (between 0.2 and 0.35) and the
two algorithms allow estimating p,. Finally, on 13 March,
the plume shifted southward and very few aerosols
remained in the atmosphere in the zone of interest, except
along the Indian coast.

[13] Maps of wy in Figure 1 show that NeuroVaria
detected mostly absorbing aerosols (wy between 0.95 and
0.98), so we could expect the standard algorithm to fail for
most pixels. Because the three scenes were taken within a
few days, we postulate that oceanic constituents were
relatively constant in the open ocean during this period,
compared to the atmospheric parameters variability.

3. Improvement in Atmospheric Correction

[14] Maps of p,,(443) in Figure 1 are quite similar in areas
where there is no absorbing aerosols, i.e., where wy ~ 1,
even if standard retrievals are slightly lower. This under-
estimation dramatically increases in regions where Neuro-
Varia detects some absorption. In addition, NeuroVaria
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Figure 2. Histograms of the difference A between the
NeuroVaria retrieval and the standard SeaDas retrieval for
pw(443) for the first week of March 1999. The upper
histogram has been computed for pixels for which
NeuroVaria detected absorbing aerosols (wy < 0.98) and
the lower for wy > 0.9. (top) The mean of the first histogram
is significatively different from zero (the confidence interval
at 5% is [0.0034; 0.0035]) and indicates a systematic under-
estimation by the standard algorithm. (bottom) The mean of
the second histogram is 0.002 which means that the
underestimation is smaller where the aerosols are detected

to be non-absorbing.

retrievals for the three days are comparable whereas
standard retrievals are very different from one day to
another which could indicate a failure in the atmospheric
correction process for the standard algorithm. These results
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confirm the assumption that the standard algorithm over-
estimates the aerosol reflectance in the blue and green in
presence of absorbing aerosols. Histograms presented in
Figure 2 compare the difference between NeuroVaria and
the standard algorithm in case of absorbing aerosols (wy <
0.98) and in case of very low absorbing aerosols (wy >
0.99). These histograms show that the difference between
standard and NeuroVaria reflectances are gaussian, with a
bias of about 0.0025 for scattering aerosols, whereas it is
strongly asymmetric toward low standard values for absorb-
ing aerosols.

[15] Geophysical parameters retrieved by both the Neuro-
Varia and the SeaWiFS algorithms were extracted along a
transect (20°N; 60°E)—(18°N; 73°E), as shown in Figure 1.
One hundred pixels were extracted along this transect and
for each pixel we computed the mean quantities on a 5 x
5 pixels neighborhood window. In Figure 3, we present the
optical thickness and the water-leaving reflectance at
443 and 510 nm, which are respectively the most and the
least sensitive bands to phytoplankton concentration, re-
trieved by both NeuroVaria and SeaWiFS algorithms for the
2,7 and 13 March 1999.

[16] p,.(443) obtained by both methods show a good spatial
and temporal stability for the days when there was little or no
absorbing aerosols along the transect (7 and 13 March). On the
contrary, the two algorithms perform differently on 2 March,
NeuroVaria providing stable reflectances, similar to that of
7 and 13 March, whereas the standard algorithm produces very
low reflectances as the optical thickness increases. Note that
for the three days, the decrease in p,,(443) near the coast
corresponds to an increase in water absorption due to an
increasing phytoplankton concentration. The same conclusion
holds for p,(510) (Figure 3), with a decrease of the standard
algorithm reflectances on 2 March where the aerosol optical
thickness increases.

2th March 99 7th March 99 13th March 99
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e 02 02 'ﬂ 02
0.1 0.1 0.1
68 70 72 68 70 72 68 70 72
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Figure 3. Optical thickness 7, water-leaving reflectance p,, at 443 nm and at 510 nm along the transect indicated in
Figure 1. The results of the NeuroVaria processing are in blue and those of the standard processing in red.
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Figure 4. Mean values computed for the two first weeks of March 1999 (left) by NeuroVaria, (middle) by the standard
algorithm and (right) the difference between Neurovaria and the standard algorithm. (top) The concentration of chlorophyll-
a (mg.m*3) and (bottom) the number of pixels used to compute the means.

[17] Figure 3 thus shows that for 2 March, the accuracy
of the standard algorithm decreases strongly. This algorithm
fails to provide estimation of p,, in presence of absorbing
aerosols where 7 > 0.25. This phenomenon is clearly
demonstrated for the channels at 443nm and 510nm but
also occurs at other wavelengths (not shown). It confirms
the conclusions drawn from Figure 1: the strong decrease of
Py was not visible for the other days which suggests that it
did not correspond to any physical reality. On the contrary,
no such decrease was observed in the NeuroVaria retrieval
of p,,.

4. Impact on Ocean Color Products

[18] Mean chlorophyll-a maps were computed on the
9 km x 9 km grid used for SeaWiFS Level-3 GAC products.
Retrieved chlorophyll-a values were calculated from the
Py spectrum with the OC4V4 algorithm [O Reilly et al.,
1998]. Pixels detected as “Bright”, “Land” or “Cloud” are
excluded. The two algorithms were applied to images of the
first two weeks of March 1999 to compute the maps of mean
chl-a as well as the map of the difference between the two
results, as shown in Figure 4.

[19] The two algorithms produce significantly different
spatial patterns of chl-a, particularly in the oligotrophic
region South of 10°N. In this area, NeuroVaria yields lower
(~0.15mg.m ) and more homogeneous values than the
standard algorithm (x0.25 mg.m ), which seems to be
highly perturbated by the large plume of absorbing aerosols
shown in Figure 1. In addition, the map obtained with
NeuroVaria appears less noisy and displays greater details
associated with oceanic mesoscale structures. This is partly
due to the fact that NeuroVaria yields more stable water-
leaving reflectances, but comes also from the fact that this
algorithm retrieves a larger number of pixels than the
standard algorithm, so that the mean values are statistically
more representative and allow a more realistic monitoring of

the 2-week period. Except for the North, Figure 4 shows
that there is almost a factor of 2 between the number of
pixels retrieved by Neurovaria and by the standard algo-
rithm. In the northern part of the images, chl-a values
obtained with both algorithms appear very comparable.
This is likely due to the fact that the aerosol plume stayed
for a shorter period of time in this region, so that the number
of pixels used to compute these two maps are closer in the
North than in the South. Note that chl-a values in coastal
waters (20°N, 72°E) are systematically higher with the
standard algorithm because NeuroVaria in its present form
does not allow retrieving chlorophyll-a larger than 1mg.m >
[Brajard et al., 2006b].

5. Conclusion

[20] NeuroVaria has been designed to perform accurate
atmospheric corrections under very contrasted conditions,
including absorbing aerosols, and consequently to improve
the retrieval of water constituents in regions where standard
algorithms for atmospheric correction fail most of the time.
This improved algorithm was applied to SeaWiFS images of
the ocean near India during an episode of transport of
absorbing aerosols in March 1999. These results were
compared with those obtained with the SeaWiFS standard
atmospheric correction algorithm. We showed that Neuro-
Varia removes most of the weaknesses of the standard daily
products in the presence of absorbing aerosols and allows to
perform accurate atmospheric corrections for optical thick-
nesses larger than 0.3. These improved performances also
allow to process more pixels, which turns out to be very
important in such a region where aerosol plumes are
frequent and cover large areas. The analysis of maps of
mean chlorophyll-a over the 2-week period considered here
clearly demonstrates the usefulness of NeuroVaria in such
specific oceanic regions.
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