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In a companion paper [Fuentes-Yaco et al., Indian J. Mar. Sci., 34(2005),.341-355], it was demonstrated that the
SeaWiFS OC4 agorithm, applied to the Northwest Atlantic, resulted in a systematic bias in the retrieved chlorophyll-a
concentration. Their comparison of satellite-derived chlorophyll-a values with matching in situ observations showed that the
OC4 dgorithm as implemented in the NASA SeaDAS software package, overestimated chlorophyll-a in waters with low
pigment concentrations, and underestimated chlorophyll-a for high pigment concentrations. In this paper, we seek an
explanation for the observed bias, using a semi-analytic model of ocean colour [Sathyendranath et al., Int. J. Remote Sens,
22(2001), 249-273] modified to account for seasonal and regiona variations in the spectral absorption properties of
phytoplankton, dissolved matter (yellow substances) and detritus. The model is also extended into the near infrared region to
evaluate the possible impact on the atmospheric correction algorithm. The results indicate that much of the bias can be
explained by local variations in the inherent optical properties of particulate and dissolved matter present in the region. The
algorithm based on the semi-analytical model eliminates practically all the bias (inaccuracy) in the retrieved chlorophyll-a

concentrations, but does not improve the precision of retrieval.

[Key words. Ocean colour, SeaWiFS, remote-sensing, reflectance, chlorophyll a, Northwest Atlantic Ocean, algorithm]

[IPC Code: Int.Cl.” GO1D 21/00, GO6K 7/10]

1. Introduction

The mapping of phytoplankton concentrations in
the oceans at large scales requires the use of satellites.
The ocean can be observed on a daily basis with a
high spatial resolution using ocean-colour sensors
mounted on satellites. Applications of ocean-colour
data are numerous, and include primary production,
fisheries and coastal management. The interpretation
and application of ocean-colour data have improved
greatly in the last 25 years, since the launch of the
Coastal Zone Colour Scanner (CZCYS). Currently, the
Sea-viewing Wide Field-of-View Sensor (SeaWiFS)
data provided by the National Aeronautic and Space
Administration (NASA, USA) find wide usage in the
oceanographic community. NASA also provides a
software package, the SeaWiFS Data Analysis System
(SeaDAS) to process the raw data to retrieve
geophysical variables such as chlorophyll-a con-
centration and spectral radiances and to display the
results asimages.

The accuracy of the retrieval of the chlorophyll-a
concentration from space depends mainly on the
ability of the agorithm i) to correct the Top of
Atmosphere (TOA) signa collected by the satellite
sensor for the effect of atmospheric components
(gases and aerosols) for retrieval of the water-leaving
radiances and ii) to relate the water-leaving radiances
to the chlorophyll-a concentration. The goal of NASA
is to reach an accuracy of +35% for chlorophyll-a
concentrations in the range between 0.05 and 30 mg m”.
Recent validation attempts' indicate that this goal is
reached for chlorophyll-a concentrations between 0.3
and 3 mg m*, but that a clear overestimation occurs at
chlorophyll-a concentrations less than 0.3 mg m®.
The atmospheric correction procedure for SeaWiFS
data®® uses the reflectance ratio in the near infrared to
assess the contribution of aerosol particles, which is
then extrapolated to the visible domain. The NASA
chlorophyll-a algorithms are based on a large dataset
(SeaWiFS Bio-optica Mini-Workshop, SeaBAM?)
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built on the contributions from users with in situ
measurements from the world oceans. The data
consist of reflectances and chlorophyll-a concentra-
tions. The in situ chlorophyll-a concentrations are
plotted against ratios of reflectances at selected
wavelengths and a polynomial fit is applied to the
data. Two empirical agorithms, referred to as Ocean
Chlorophyll (OC) 2 and 4, have emerged from these
analyses’. Reflectance ratios are then related to ratios
of water-leaving radiances in the SeaWiFS
algorithms. These algorithms are designed for
application at the global scale. However, many
authors have emphasised the need for local algorithms
to improve the measurements of chlorophyll-a
concentration from space, especially in coastal waters
and in waters where the magjor phytoplankton species
are known to have optical properties that differ from
what is taken to be the norm®®. Furthermore, it is
desirable to base algorithms on a sound theoretical
basis, rather than on a purely empirical approach.

In this paper, a theoretical reflectance model®™ is
implemented with inherent optical properties (I0P)
measured locally. The model is used to compute the
chlorophyll-a concentration in the Northwest Atlantic
Ocean. This model is then extended to the near
infrared to refine the atmospheric correction, as
suggested by FuentesYaco et al.””. The new
algorithm is evaluated by comparison of retrieved
chlorophyll-a concentrations with in situ measure-
ments. As in Fuentes-Yaco et al.”?, the analysis was
carried out for three seasons (Spring, Summer and
Autumn) to account for the seasonal variation in the
OPs (absorption by phytoplankton and detritus).

2. Bio-optical model of ocean colour

The agorithm proposed here is based on a
theoretical ocean-colour model®***, and uses inherent
optical properties (absorption and scattering) of the
water to compute reflectances at SeaWiFS
wavelengths.

2.1. Ocean-colour model in the visible

Intrinsic ocean colour was determined by spectral
variations in reflectance at the sea surface.
Reflectance is defined as the ratio of upwelling
irradiance (radiant flux per unit area) to downwelling
irradiance at the same depth:

E,(4.2)

R(A,2) = E.(12)’

. ()

where R(1,2) is the reflectance at wavelength 1 and
depth z, E,(4,2) the upwelling irradiance (W m?) and
Eq(1,2) the corresponding downwelling irradiance at
the same wavelength and depth. In the model used
here, the reflectance at sea surface has two
components: one (RF) due to elastic scattering (where
the scattered photon has the same wavelength as the
incident photon) and the other (RF) due to Raman
scattering™™® (an inelastic process which implies a
change in the wavelength in the scattered photon).

Using the inherent optical properties of the
seawater, the elastic reflectance, R, at the sea surface
z=0 can be expressed as’,
RWA,O)H&, . (2
a(4) +hb, (1)
where a(1) and by(1) are respectively the absorption
and backscattering coefficients of seawater and r isa
proportionality factor™ that depends on the zenith and
viewing angles, the sea state and the wavelength®%,
Reflectance due to Raman scattering was computed as
in Sathyendranath & Platt™.

In the context of remote sensing, it is common to
deal with remote-sensing reflectance, Rgs, which is
closely related to the sea-surface reflectance R, but
makes use of upwelling radiance (L) (flux per unit
area and per unit solid angle, W m? sr™), rather than
irradiance, and is defined as:

L, (6.¢,4.,0)

Rrs(4,0) = E.(1.0)
4 A,

-3

The arguments & (zenith angle) and ¢ (azimuth
angle) on the radiance indicate that the water-leaving
radiance can vary with the viewing angle.

2.2. Inherent optical properties of the Northwest
Atlantic Zone

The reflectance model used to compute the
chlorophyll-a concentration was designed for Case |
waters”, that is to say, those waters in which
phytoplankton and covarying substances may be
assumed to be the principal agents responsible for
variations in the optical properties of the water
(backscattering and absorption).

In situ measurements were used here to determine
the absorption coefficients of chlorophyll-a, dissolved
organic matter (also referred to as yellow substance)
and detritus. All the samples were collected in the
Northwest Atlantic Zone (NWAZ, between 39° and
62.5° North and between 42° and 71°West, Fig. 1)
during various cruises from 1996 to 2001. A total of
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Fig. 1 0 Location of the sampling stations.

847 phytoplankton samples were available, of which
455 were collected in the Spring (March, April and
May), 167 in the Summer (June, July and August) and
225 in the Autumn (September, October and
November). The chlorophyll-a concentration was
estimated using a Turner Design fluorometer.

The spectral values of phytoplankton absorption
coefficients were determined using the filter
technique of Yentsch®, as modified by Mitchell &
Kiefer®®” and the correction for path-length
amplification was applied®?® with the modification
introduced by Kyewalyanga et al.®. The phyto-
plankton absorption coefficient was estimated as the
difference between the absorption coefficient of total
particulate matter retained on the filter and the
absorption coefficient of detritus measured after
pigment extraction. Absorption by the detrital
component was estimated according to Kishino et
al.®, with some minor modifications®™, Spectral

absorption coefficients of yellow substances were also
measured within two hours of sample collection
during a cruise in the Autumn (26 October-07
November, 2001). Seawater was filtered using a
0.2 um nucleopore filter and the absorption of the
sample was measured using a DU®- 64
spectrophotometer with a spectral resolution of
0.5 nm from 250 to 750 nm.

The phytoplankton absorption coefficients were
parameterised as in Sathyendranath et al.’. The
parameterisation assumes two chlorophyll concentra-
tions C; and C, such that the total concentration
C=C,+C,. Furthermore, it is assumed that C; has a
finite attainable maximum value, C,;"™, such that C=
C,™{1-exp(-SC)] where C,™ and S are both
unknown parameters. Since the  absorption
coefficients are additive, it follows that
a(N)=a,* (1) Cy+as* (1)C,, where a* (1) and a* (1) are
respectively the specific absorption coefficients
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(absorption coefficient normalised to the chlorophyll-
a concentration) of the two populations. The tota
absorption coefficient of the whole population can
then be expressed as:

a, (1) =U[1- exp(-sC)] + a5 (A)C, .. (4)

where (A)=C,"™(a;*(A)-ax*(1)). This eguation has
three free parameters that depend on A: U, Sand ay*.
To estimate the parameters, we used the in situ data
base of phytoplankton absorption spectra and
chlorophyll-a concentration. Equation (4) was fitted
to the data for all the SeaWiFS visible wavelengths
and their corresponding Raman source wavelengths.
The parameter values obtained are listed in Table 1
for the three seasons.

The absorption spectrum of yellow substance
follows an exponential law™,

a, () =a, (Ay) exp (- s(A - Ap)), )

where a (1) is the combined absorption coefficient of
yellow substance and detritus a a reference
wavelength 4o, and s is the slope of the exponential.
We have taken 440 nm as the reference wavelength
here. For Case | waters, various authors have reported
ay(440) values that range between 20 and 50% of
a,(440) and an average of 0.014 for the lope s, with a
range® between 0.011 and 0.020. Equation (5) was
fitted to the in situ database of absorption spectra of
detritus and yellow substance mentioned previously.
The absorption by yellow substance at 440 nm ranges
between 2.4% and 30% of the phytoplankton
absorption for the Autumn season with an average of
12.5%. This value is low compared to the values

found in the literature and cannot be extended to the
Spring and Summer seasons. Therefore, the
absorption by yellow substance was treated as a
parameter to adjust the reflectance model for the
NWAZ. Based on a sensitivity analysis, the
proportion of absorption by yellow substance at 440
nm to that by phytoplankton for the Spring, Summer
and Autumn seasons are taken to be 20%, 10% and
30% respectively, which is consistent with values
found in literature.

Values of s and the ratio of ay4(440) (detritus
absorption) to a(440) were estimated for al the in
situ data. The average of s and the ratios were
computed for each season. The results are presented
in Table 2. These values were used in the seasonal
model. The same value of s was used for absorption
by yellow substances and detritus. One observes a
large variability in the ay(440)/a,(440) ratio with
seasons. The Spring and the Autumn data exhibit the
highest values (up to 25%). The Summer season
shows a lower value (17%) perhaps as a result of
photodegradation of the material. The slope, s, of the
exponential is close to the average values found in the
literature. The relative absorption of yellow substances
and detritus were then added to compute the total
absorption by the non-living matter. The relative
combined absorption by yellow substances and
detrital material at 440 nm to that by phytoplankton
was found to be 44%, 27% and 55% respectively for
the Spring, Summer and Autumn seasons.

Absorption by pure seawater was estimated
according to Pope & Fry®*. The total absorption
coefficient is then expressed as the sum of each
component:

Table1 O The parameters U (m™), a,*(1) (m? (mg Chl-a)™) and S (m3(mg Chl-a)™) of Eq. (4) for Spring, Summer and Autumn dataset of
the Northwest Atlantic area at SeaWiFS visible wavelengths and the corresponding Raman excitation wavel engths

A (nm) Spring Summer Autumn
u ay*(A) S u ay* (1) S u ay* (1) S
386 0.0302 0.0112 0.9103 0.1205 0.0036 0.3034 0.0949 0.0050 0.3565
443 0.0363 0.0108 1.0555 0.0858 0.0088 0.7858 0.1585 0.0000 0.4170
421 0.0351 0.0118 0.9109 0.0968 0.0071 0.5641 0.1606 0.0000 0.3568
490 0.0270 0.0044 1.0401 0.0496 0.0049 1.0105 0.0925 0.0000 0.4788
435 0.0368 0.0118 1.0461 0.0926 0.0085 0.7288 0.1662 0.0000 0.4033
510 0.0178 0.0036 0.9039 0.0315 0.0039 0.9074 0.0696 0.0000 0.3997
468 0.0366 0.0063 0.9764 0.0642 0.0079 0.9888 0.1256 0.0000 0.4620
555 0.0067 0.0021 0.5819 0.0078 0.0028 0.8659 0.0367 0.0000 0.3051
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Table2 0 Fraction of detritus absorption to chlorophyll-a
absorption at 440 nm for three seasons in the Northwest Atlantic
Zone. The dlope s of the exponentia decrease of the detritus
absorption with the wavelength is also indicated with the standard
error.

Spring Summer Autumn
a4(440)/a.(440) (%) 24 17 25
s 0.013+£0.003 0.012+0.003 0.009+0.003
a(A1) =aw(/l)+ac(/l)+ay(/1)+ad (1), ... (6)

where the subscript w stands for pure water, ¢ for
chlorophyll-a, y for yellow substances and d for
detritus. Similar to the absorption coefficient, the
backscattering coefficient is expressed as a sum of its
components:

b, (1) = by, (4) + By, (1), - (7)

where by, bpy and by represent the total
backscattering coefficient, the pure seawater and
phytoplankton backscattering coefficients respectively
a the wavelength A. Backscattering by water was
computed according to More &  Gordon®.
Backscattering by particles was evaluated as
described in Sathyendranath et al .°.

3. Selection of reflectanceratio

The model of Sathyendranath et al.® adapted to the
NWAZ was used to compute chlorophyll-a
concentrations using SeaWiFS normalised water-
leaving radiances. These satellite-derived chlorophyll-
a concentrations were compared with in situ data. The
in situ dataset (see Fuentes-Yaco et al.”?, for more
details) was divided into three seasons to account for
the variations in the bio-optical properties. The dates
and geographic coordinates of in situ phytoplankton
concentration collected in the NWAZ between 1996
and 2001 were used to match in situ and satellite data.
They form a set of 453 data points for the Spring,
Summer and Autumn seasons (Fig. 1). The winter
dataset of seven observations was too small to provide
relevant statistics, and was not examined in this paper.
The SeaWiFS images that correspond to the dates of
sampl e collections were selected. For each image, the
normalised water-leaving radiances at 443, 490, 510
and 555 nm were extracted from the pixels that
matched the coordinates of the in situ measurements.
The average of a 3x3 matrix centred on the selected
pixel was computed. The matrices were sorted

according to the criteria defined by NASA* and
Fuentes-Yaco et al."? and all the matrixes presenting
anomalies were removed (e.g., cloud, negative
chlorophyll-a values). Pixels that passed the following
criteriawere used for the match-up:

1. Viewing angle selection: pixels that have a
viewing angle lower than 56°;

2. Minimum number of valid pixels: the matrix has
five or more pixels with positive chlorophyll-a
concentration values;

3. Cloud albedo selection: pixels with a cloud
albedo lower than 0.6+2¢ (where o is the standard
deviation of the remaining pixels after the step 1 and
2);

4. Large coefficient of variation elimination: the
pixels with chlorophyll-a concentration greater (or
less) than the matrix average chlorophyll-a
concentration plus (or minus) two times the
coefficient of variation were eliminated from the
analysis.

The relevance of the selection criteria is discussed
in detail in Fuentes-Yaco et al.". From an initial set
of 194 data points for the Spring season, only 110
satisfied these additional selection criteria (42 out of
86 for the Summer and 33 out of 173 for the Fall).
The satellite-derived chlorophyll-a concentration was
estimated using the theoretical model and SeaWiFS
water-leaving radiances. Several water-leaving
radiances ratios were tested: [L.(443)]/[Lw(555)],,
[Lu(490)]/[Lw(555)]n  and  [Lu(510)]w/[Lu(555)]n,
where [Ly(1)], refers to the normalised SeaWiFS
water-leaving radiance at the wavelength 4. The
satellite-derived chlorophyll-a concentrations are
plotted against the in situ data in Fig. 2 for the three
water-leaving radiance ratios for the Spring season. A
Weighted Deming Regression (WDR) analysis™*
was performed on the data (see Appendix for details)
to compute the slope, a, and the intercept, b, of a
linear fit on the data,

C.=aC,, +b, .. (8)

where C, and C,, are respectively the satellite-derived
and in situ chlorophyll-a concentrations. The
parameters a and b that correspond respectively to the
intercept with the ordinate axis and the slope of the fit
are summarised in the Table 3.

The WDR analysis was applied on raw data (not
log-transformed), which is more relevant for the
analysis of the performance of the model. A curvature
of the fit close to the origin in the plot can be
observed in Fig. 2 due to a logarithmic scale chosen
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Table3 0 Results of the comparison of satellite-derived
chlorophyll-a versus the in situ chlorophyll-a concentration. The
satellite-derived concentration is computed using the theoretical
reflectance moded and the SeaWiFS water-leaving radiances
ratios. 443:555, 490:555, 510:555. The coefficients of the fit
CsaC+b where C; and C,,, are respectively the satellite-derived
and in situ chlorophyll-a concentrations are shown. The standard

deviation, g, and the weighted correlation coefficient, rwz, are
also indicated.

Reflectance ratio 443:555 490:555 510:555
a 2.242 1.602 1.160
b -0.823 -0.319 -0.204
s(mgm?®) 0.305 0.279 0.254
M 0.438 0.636 0.653

for more clarity in the presentation. At 443 nm, the
satellite-derived data clearly overestimated the
chlorophyll-a concentration, especialy at low
chlorophyll-a  concentrations.  Failure of the
atmospheric correction algorithm is a potential source
for the bias. This possibility is further explained in
section 4.1.

The [L,(490)]/[Lw(555)], ratio gives better results
than the [L.(443)]/[Lw(555)]. ratio with a higher
correlation coefficient, 0.636 compared to 0.438.
Although the bias is reduced, an overestimation of the
chlorophyll-a  concentration is «ill  observed
(a=1.602). The [L(510)]/[Lw(555)], ratio yields the
best results. The linear fit is close to the 1:1 line,
a=1.160, with a low intercept (b=-0.204) and high
correlation coefficient, r’=0.653. The phytoplankton
concentration computed using the
[LW(670)]/[Lw(555)], ratio globally underestimates
the measured concentration (a=0.806) except at low
chlorophyll-a concentration (results not shown here).

The [Li(510)]/[Lw(555)], ratio yields the best
comparison with the in stu daa The
[Lw(490)]/[Lw(555)], ratio gives promising results as
well but with a systematic bias in the estimated
chlorophyll-a concentration. Atmospheric correction
is a critical step when estimating chlorophyll-a
concentrations: a potential overestimation of the
aerosol signal can lead to an underestimation of the
water-leaving radiances at short wavelengths, which
can then result in an overestimation of chlorophyll-a
concentration. In the next section, we address the
atmospheric correction problem and particularly the
estimation of the phytoplankton contribution to the
total signal in the near infrared, which in turn is used
to compute the atmospheric radiances in the visible.
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Fig. 20 Comparison between satellite-derived chlorophyll-a and
the in situ chlorophyll-a for the Spring season. The satellite-
derived chlorophyll-a was computed using the SeaWiFS water-
leaving radiance ratios 443, 490 and 510 nm to 555 nm and the
theoretical reflectance model. The solid line corresponds to the
1:1 line and the dashed line corresponds to the fit C=aC,+b
where C; and C,, are the satellite-derived and in situ chlorophyll-a
concentration respectively, and the coefficients a and b are
summarised in the Table 3.

4. Application of NIR model to SeaWiFS data.

4.11. Extension of the model to the near infrared

Besides the computation of the marine reflectances
in the visible spectrum, the theoretical reflectance
model was used to assess the marine contribution to
the total signal at the top-of-atmosphere (TOA) in the
near-infrared (NIR) for atmospheric correction
purposes. The absorption by yellow substances,
detritus and chlorophyll-a is null in the NIR such that
only the absorption and backscattering by pure
seawater and the backscattering by phytoplankton
affect the signal reaching the satellite. The scattering



362 INDIAN J. MAR. SCI., VOL. 34, NO. 4, DECEMBER 2005

by phytoplankton in the NIR was computed using the
bio-optical model described in the previous section
extrapolated into the NIR. The NASA reflectance
model® in the NIR was replaced by this model when
processing the raw SeaWiFS data (Level 1) to get the
geophysical data (Level 2).

The contribution of the Raman scattering by
phytoplankton to the total signal in the near infrared
was computed according to Sathyendranath & Platt™.
However, the inclusion of Raman scattering did not
improve the results (not shown here) in agreement
with the works of other authors® >,

To apply the atmospheric correction algorithm, itis
necessary to compute the remote sensing reflectance
as described in Eq. (3). As shown by More &
Gentili®?, the upwelling irradiance is related to the
water-leaving radiance according to,

E,(0)=QxL, (0.6, ), )
S0 that,

Rgs(0,8',®) = R(0,8',9)/Q, ... (10)
where 8 and @ are respectively the zenith and
azimuthal angles of propagation of the radiance. The
coefficient Q is known to vary from 3 to more than 5
according to the sun zenith angle, the direction of
propagation of the water-leaving radiances, the
seawater composition and the sea surface state. The
dependence of Q on the solar zenith angle was
modelled according to Aas & Hgjerdev® and the
dependence on chlorophyll-a concentration was taken
from Morel & Gentili®®. This parameterisation of Q
gives a minimal value of 3.3 at low chlorophyll-a
concentration and for a sun at zenith, and a maximal
value of more than 6.5 at high solar zenith angle and
high chlorophyll-a concentration (Fig. 3). The model
for Q extrapolated to the NIR was coupled with the
theoretical reflectance model to compute the remote-
sensing reflectance in the NIR. As described in Siegel
et al.®, the marine signal in the NIR is computed using
an iterative procedure with an initial chlorophyll-a
concentration of 0.2 mg m?. Thus, the reflectance
model used to estimate the chlorophyll-a concentra-
tion is also involved in the atmospheric correction
procedure. In these computations, the NASA/SeaDAS
OC4 model was replaced by the semi-analytica
reflectance model. The maximum chlorophyll-a
concentration was set to 40 mg m* instead of the
threshold value of 64 mg min SeaDAS.

4.2. Results for the spring season

The satellite-derived chlorophyll-a concentrations
were recomputed using the 510:555 water-leaving
radiances ratio and the modified atmospheric
correction procedure as described in the previous
paragraph. The results for the Spring season are
plotted in Fig. 4. A linear fit according to Eq. (8) was
performed. The parameters of the fit are summarised
in Table 4. The intercept and the slope of the fit for
the Spring season are substantially improved
compared with the case without the modified
atmospheric correction (slope of 0.999 and intercept
of 0.0296). We aso examined the values of negative

7

Fig. 30 Variation of the Q factor with the solar zenith angle™
and the chlorophyll-a concentration®,

Reflectance ratio: 510/555
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Fig. 40 Comparison of the satellite-derived chlorophyll-a
concentration computed using the theoreticall model and the
modified atmospheric correction versus the in situ chlorophyll-a
concentration for the Spring season. The dashed line corresponds
to alinear fit and the solid line corresponds to the 1:1 line.
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Table4 O Coefficients of the fit C=aC,+b where C; and C,, are
respectively the satellite-derived and in situ chlorophyll-a
concentration computed using the theoretical reflectance model
and the NASA OC4 algorithm (in brackets). The standard
deviation and the weighted correlation coefficient are aso
indicated.

Spring (OC4) Summer (OC4) Fall (OC4)

Number of data 110 42 33
a 0.999 (0.50) 0.825 (0.673) 0.661 (0.632)
b 0.0296 (0.2814) 0.039 (0.140) 0.330(0.4942)
s(mgm®)  3.303(2.188) 0.368(0.347) 0.975 (0.715)
Fo? 0.736 (0.706) 0.696 (0.723) 0.855 (0.823)

water-leaving radiances at 443, 490, 510, 555 and 670
nm that result from the failure of the atmospheric
corrections procedure. The results are summarised in
Table 5 for both the NASA procedure and for the
modified version for a SeaWiFS image of April 19"
1998 for the Northwest Atlantic Zone. The number of
negative pixels (%) decreases at short wavelengths.
These results support the idea of a non-negligible
contribution of the marine signal to the TOA signal in
the near infrared, even a low chlorophyll-a
concentrations, that influences the atmospheric
correction scheme. The 443 nm band corresponds to
the chlorophyll-a absorption peak such that the water-
leaving radiances at this wavelength are very low.
Then, a dlight decrease of the atmospheric signal leads
to an increase in the water-leaving radiances and a
decrease in the number of negative values. At the
same time, the average chlorophyll-a concentration
for the whole image increased by almost a factor two
(2.6 mg Chl m® using OC4 versus 4.6 mg Chl m?
using the theoretical model and the modified
atmospheric correction procedure). This increase
results from the use of the theoretical reflectance
model to retrieve the chlorophyll-a concentration.
Both the NASA and the theoretical algorithms
were applied to SeaWiFS raw data (L1A level) to
compute the chlorophyll-a concentration (Fig. 5). The
image of April 19" 1998 was used as in the work of
Fuentes-Yaco et al.*? to facilitate the comparison. In
Fig. 5B (chlorophyll-a concentrations computed using
the regional reflectance model), spring bloom can be
seen at the bottom centre of the picture (also labelled
as Bloom in Fig 5B), with values of chlorophyll-a
concentration up to 25 mg m*>, whereas Fig. 5A
(chlorophyll-a concentration computed using OC4)
shows lower chlorophyll-a concentrations close to 5
mg m>. At this time of the year (April) in this area,
high chlorophyll-a concentrations are found when the

Table5 0 Number of pixels with negative normalised water-
leaving radiance values computed using the NASA procedure
and the theoreticd model with the modified atmospheric
correction scheme, the fourth column corresponds to the
decrease of negative values (%), the last row corresponds to the
mean chlorophyll-a concentration for the whole image on 19
April 1998. Cgqgry Stands for chlorophyll-a concentration
computed using the Semi-Analytical Reflectance Model.

| (nm) [LuJn,NASA [Lw] Decreasein
[mw mit um—l n,SARI\_/Il number 'of
s [MW m negative pixels
Hm? s (%)
412 386747 312972 53.0
443 61610 28954 41.6
490 5997 4303 -11
510 4263 2915 -1.0
555 2463 1559 0.0
670 115787 115108 0.6
Chasa (Mg m®) Csaru (Mg M)
2.6 4.6

Fig. 50 Chlorophyll concentration on April 19" 1998 in the
Northwest Atlantic region computed with the OC4 algorithm (A)
and the theoretical model (B).
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day length is long and nutrients are available for the
growth of phytoplankton. Although no measurements
inside the bloom area are available, concentrations
close to 20 mg m* are more likely than the low
concentrations given by the NASA model. We notice
the failure of the theoretical model close to the shore
(white pixels), south of Anticosti Island (mouth of the
Saint-Laurent River) and Northumberland Strait,
probably caused by the Case Il type of watersin these
regions with the presence of minera particles and
other substances that were not taken into account in
the theoretical model.

4.3. Summer and Autumn seasons

The same method that was used for the Spring
season was applied to the Summer and Autumn
seasons (Fig. 6). The dope and intercept of
comparisons between computations and observations
are summarised in Table 4 for both OC4 and the
theoretical model. The loca algorithm exhibits a
higher slope and a lower intercept than the NASA
algorithm (0.825 versus 0.673 and 0.039 versus 0.140
respectively) for the Summer season. The results are
dightly improved for the Autumn season but with
similar slopes (0.661 and 0.632 respectively for the
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theoretical model and OC4) but the intercept is closer
to zero for the theoretical model.

5. Discussion

Fuentes-Yaco et al.”> demonstrated some of the
limitations of the NASA/SeaDAS OC2 and OC4
algorithms when applied to the Northwest Atlantic
Zone. The solutions they proposed were the division
of the year into periods to account for the change in
the inherent optical properties, the use of areflectance
model based on the radiative transfer theory and the
improvement of the atmospheric correction
procedure. These issues are addressed in this paper
and computations are compared with in situ data.
Three distinct seasons are considered: Spring,
Summer and Autumn, with different parameterisa-
tions of the optical contributions of phytoplankton and
other organic material. The model, tested on the
Spring data, showed that the use of the 510:555
reflectance ratio yielded the best results compared
with other band ratios. Even though the theoretical
model gave better results than the NASA OC2 and
OC4 agorithms for the Spring season, it also
underlined some limitations of the atmospheric
correction procedure.
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Fig. 6 0 Satellite-derived Chl computed with the OC4 algorithm (A and C) and with the theoretical reflectance model (Fig. B and D) for
the Summer (top) and Fall (bottom) seasons versus thein situ Chl data. The legend is the same as for Fig. 2.
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The results were further improved with a modified
algorithm to compute the contribution of water to the
signal at the top of atmosphere in the near infrared.
This modification to the atmospheric correction
procedure resulted in a substantial decrease in the
number of negative normalised water-leaving
radiances. Moreover, the chlorophyll-a concentration
computed using this approach for all seasons
compared well with in situ measurements.

This work emphasises the need for local models of
ocean colour that take into account the regional
optical properties. The divison of the optica
properties of phytoplankton and other organic
material according to the season appears to improve
the results further. The variability in the ratio of the
detrital absorption coefficient to the chlorophyll-a
absorption coefficient remains a problem even in the
open ocean where high concentrations of detrital
material were found. These issues merit further
attention.

Improved chlorophyll-a retrieval will lead to better
estimations of other products such as primary
production at large temporal and spatial scales. The
model used here for the Northwest Atlantic region can
be easily adapted to other oceans provided that the
inherent optical properties for the region are well
known.

Appendix
A. Weighted Deming Regression analysis

The statistica method used here to compare the
chlorophyll-a concentration data is borrowed from
medical biochemistry. It is designed for use when it is
necessary to compare different instruments, which
measure the same quantities with different methods.
In this method, it is recognised that different
uncertainties exist for the different instruments and
methods. The Weighted Deming Regression analysis
(WDR) is briefly described here™. The computations
were performed using the CBstat software developed
by K. Linnet [available at http://www.cbstat.com]

The WDR analysis is based on the minimisation of
the distance between a data par (X)Y) and the
regression line according to an angle determined by
the squared error ratio, unlike the usual linear least-
square regression which results in a bias of the
regression line toward the x-axis. Moreover, the WDR
analysis optimises the regression in the case of a hon-
constant error of the instrument. Such errors are
frequent in satellite measurements, for instance, due

to the atmospheric correction procedure or changesin
phytoplankton species. The WDR method applies a
weighting that prevents a strong influence by the high
values, which often result in a regression line away
from (0,0). An estimation of the standard error of the
dope and intercept is computed using the jackknife
procedure”™*. The weight, the slope and the intercept
are computed as follows:

w, =1/o.5(X, +Y,)?], .. (11)

where X; and Y; correspond to the two measurements
of a quantity by two different methods (the
chlorophyll-a concentration in our case). The weight,
w;, isintroduced as the sum of sgquared deviations and
cross-products. As the X and Y; are unknown true
values, aweighted estimate is obtained according to:

W, =1/[0.5(X o + Y J1+ A), .. (12)
where A =0’ /0’, 07 and g’ are respectively the

analytical standard deviation of the X; and Y; dataset.
The weighted averages are then computed as

Xum =D WX, /> w, .. (13)
and
Yom = 2 WY, /> w, - (14)

and the weighted square deviation and cross-products
are summed:

uW =Z\Ni(xi _anv)Z’ (15)
G = D WY = Vi) .. (16)
and

Pw = Z(XI _anv)(yi - ymvv) - (17)
The slope estimateis:

a=|a, ~u, + U, ~a,)? + 4402 | 22p, ..(19)
and the intercept is equal to:

b=y, ... (19)

The weighted product-moment of correlation (r,?) is
computed as:

fw = Pu/(Uy G)%°. - (20)
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