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[11 A procedure has been proposed by Ciotti and Bricaud (2006) to retrieve spectral
absorption coefficients of phytoplankton and colored detrital matter (CDM) from satellite
radiance measurements. This was also the first procedure to estimate a size factor for
phytoplankton, based on the shape of the retrieved algal absorption spectrum, and the
spectral slope of CDM absorption. Applying this method to the global ocean color data set
acquired by SeaWiFS over twelve years (1998-2009), allowed for a comparison of the
spatial variations of chlorophyll concentration ([Chl]), algal size factor (Sy), CDM
absorption coefficient (a.4n,) at 443 nm, and spectral slope of CDM absorption (Scgm)-
As expected, correlations between the derived parameters were characterized by a large
scatter at the global scale. We compared temporal variability of the spatially averaged
parameters over the twelve-year period for three oceanic areas of biogeochemical
importance: the Eastern Equatorial Pacific, the North Atlantic and the Mediterranean Sea.
In all areas, both S¢ and a.4,(443) showed large seasonal and interannual variations,
generally correlated to those of algal biomass. The CDM maxima appeared in some
occasions to last longer than those of [Chl]. The spectral slope of CDM absorption showed
very large seasonal cycles consistent with photobleaching, challenging the assumption of
a constant slope commonly used in bio-optical models. In the Equatorial Pacific, the
seasonal cycles of [Chl], Sg, a.gm(443) and S 4, as well as the relationships between these
parameters, were strongly affected by the 1997-98 El Nino/La Nifia event.

Citation: Bricaud, A., A. M. Ciotti, and B. Gentili (2012), Spatial-temporal variations in phytoplankton size and colored detrital
matter absorption at global and regional scales, as derived from twelve years of SeaWiFS data (1998-2009), Global Biogeochem.

Cycles, 26, GB1010, doi:10.1029/2010GB003952.

1. Introduction

[2] Recent studies dealing with ocean color data analysis
have been dedicated to extract complementary information
to chlorophyll a concentration (hereafter noted [Chl]), the
usual index describing algal biomass. These models or pro-
cedures are mainly split into two categories: (1) those
retrieving optical properties related to phytoplankton, such
as algal absorption coefficients or derived products, e.g.,
algal size or phytoplankton functional types (PFTs), or to
the particulate pool, such as backscattering coefficients;
(2) those retrieving information on Colored Dissolved Organic
Matter (CDOM) or Colored Detrital Matter (CDM, which
includes both CDOM and particulate detrital matter). The
derivation of these new products from space, at both global
and regional scales, can improve our understanding of the
oceanic carbon cycle. Some biogeochemical processes can
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be quantified in relation to algal size, or PFTs that categorize
phytoplankton communities in terms of their size structure,
composition and functioning. Most current biogeochemical
models thus attempt to integrate information on PFTs [e.g.,
Aumont et al., 2003; Le Quéré et al., 2005], even though their
benefit to predictive skills is still subject to discussion
[Anderson, 2005]. Cell size, although not directly related to
functional groups, has fundamental ecological implications
[Sieburth et al., 1978] and provides important information
for biogeochemical and food web modeling [see, e.g., Nair
et al., 2008, and references therein]. Finally, CDM and
CDOM play an essential role in the carbon cycle [e.g., Mopper
and Kieber, 2002], and are also controlling the penetration
of UV and blue radiation in the surface ocean layers, thus
influencing phytoplankton and bacterial productivity.

[3] Retrieval of these new bio-optical products has been
conducted using empirical or semi-analytical approaches,
most of which have been evaluated and intercompared by a
working group of the International Ocean Color Coordinat-
ing Group [Lee, 2006]. First, basic phytoplankton-related
products such as algal light absorption coefficients were
obtained, e.g. using the Quasi-Analytical Algorithm QAA
[Lee et al., 2002], the Garver-Siegel-Maritorena (GSM)
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algorithm [Maritorena et al., 2002], or other approaches [see
Lee, 2006]. Progressively, the proposed methods have
focused toward more advanced products, such as the
retrieval of phytoplankton groups [Gege, 1998; Alvain et al.,
2005; Aiken et al., 2007; Raitsos et al., 2008], phytoplankton
size classes [Uitz et al., 2006; Hirata et al., 2008] or phy-
toplankton dominant size [Ciotti and Bricaud, 2006; Devred
et al., 2006; Mouw and Yoder, 2010]. Some other methods
retrieve the particulate backscattering coefficient (by,),
which is then interpreted in terms of particle size distribution
[Loisel et al., 2006; Brown et al., 2008] or phytoplankton
size distribution [Kostadinov et al., 2009].

[4] Several methods have also been proposed to derive
CDM or CDOM spectral absorption coefficients from sat-
ellite ocean color data. Some of these methods are based on
empirical relationships between the magnitudes of absorp-
tion coefficients and remote sensing reflectances [Bélanger
et al., 2008], reflectance ratios [Kahru and Mitchell, 2001;
Johannessen et al., 2003; D’Sa and Miller, 2003; Mannino
et al., 2008; Morel and Gentili, 2009], or reflectance
“anomalies” [Brown et al., 2008]. All the above mentioned
methods (except the two latter ones) were developed and
tested for the coastal ocean, and most of them retrieve the
absorption coefficients of CDOM (the main component of
CDM). On the other hand, methods based on semi-analytical
bio-optical models are designed for retrieving simulta-
neously [Chl] and CDM absorption coefficients at one or
several wavelengths, along with other parameters such as
the particulate backscattering coefficient [Carder et al.,
1999; Lee et al., 2002; Maritorena et al., 2002]. These
bio-optical models generally combine CDOM and detrital
particles into a single component, because of their hardly
distinguishable spectral signatures. At the global scale, the
most widely used method is that of Maritorena et al
[2002], based on the GSM model, which has proved to
retrieve the CDM absorption coefficient with some scatter,
but without significant bias [Siegel et al., 2002]. Possibly,
some of the scatter originates from the assumption made
in the GSM algorithm that the spectral slope of CDM
absorption is constant. There is some evidence that this
slope is variable spatially and seasonally, both in the
coastal ocean [Blough and Del Vecchio, 2002; Babin et al.,
2003; Mannino et al., 2008], and in the open ocean, where
the spectral behavior of CDM is driven mainly by photo-
oxidation [Coble, 2007].

[5] Inthe method we proposed earlier [Ciotti and Bricaud,
2006, hereinafter CB2006], the total non-water light
absorption coefficients, as derived from satellite radiances,
are partitioned into the absorption coefficients of CDM and
phytoplankton. CB2006 also retrieves two additional para-
meters: a size factor for phytoplankton (Sy), based on the
shape of the retrieved algal absorption spectrum, and the
spectral slope for CDM absorption. It is emphasized that,
whereas several methods are now available to retrieve
information on phytoplankton size and CDM content, the
CB2006 procedure is, to our knowledge, the only method
retrieving the spectral slope of CDM absorption.

[6] Retrievals were compared to in situ data for continental
shelf waters off Brazil, where simultaneous satellite and in
situ data were available [Ciotti and Bricaud, 2006]. The
comparison was later expanded to a more diversified data
set [Lee, 2006], and CB2006 performances for retrieving
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the magnitudes of spectral absorption coefficients were
found to be similar to those of other current approaches
[Bricaud et al., 2006]. After some improvements, CB2006
was included in an extensive intercomparison exercise
evaluating various procedures against a data set of 6504 in
situ observations in the global ocean [Brewin et al., 2011].
The CB2006 method was found to detect correctly the
picoplankton and microplankton dominance for 77% and
84%, respectively, of the global data set. Proper validation
of bio-optical models remains complex and challenging,
due among other reasons to spatial and temporal differences
between ground truth and satellite-derived data.

[7] The aim of this paper is to apply the CB2006 method
to the currently available time series of SeaWiFS observa-
tions, in order to study the spatial-temporal variations of
absorption by phytoplankton, absorption by CDM (as an
index of the CDM content of waters), the phytoplankton size
factor Sy, and the spectral slope of CDM absorption over this
period. As the procedure allows for global scale views, we
will focus our discussion on meridional and seasonal trends,
but provide also analyses for three selected oceanic areas.
All studied areas are of remarkable biogeochemical impor-
tance, and present distinct temporal patterns regarding both
algal size and CDM content in the literature. The observed
seasonal and interannual trends are compared with those of
[Chl], so as to evaluate the potential additional information
provided by these products.

2. Data and Methods

2.1.

[8] The original procedure, described in detail by Ciotti
and Bricaud [2006], comprises three successive steps: (1)
remote sensing reflectances at the 5 SeaWiFS wavelengths
(412, 443, 490, 510 and 555 nm) are converted into total
absorption coefficients using the method proposed by Loisel
and Stramski [2000]; (2) for all 5 wavelengths, the total
absorption coefficients minus the contribution of pure sea-
water [Pope and Fry, 1997], are partitioned into the con-
tributions of phytoplankton and CDM, providing both the
magnitude of absorption coefficients of phytoplankton and
CDM and their spectral dependences. Two methods were
tested: an analytical decomposition (M1) and a nonlinear
optimization technique that minimizes the differences
between the observed and computed values of total non-
water absorption coefficients (M2). For both methods, the
use of the 555-nm band was found to induce a decrease in
performances and was discarded. In the present study, only
M2 was used for deriving all coefficients; (3) the algal
absorption spectrum (a,ny) s normalized at the wavelength
505 nm, and the (dimensionless) size factor Sy is derived
from the shape of the spectrum, using the spectral mixing
model proposed by Ciotti et al. [2002]. This model states
that any (normalized) absorption spectrum is a linear com-
bination of two spectra corresponding to pure picophyto-
plankton (S¢ = 1) and pure microphytoplankton (Sy = 0).
Therefore, S¢ (varying between 0 and 1) can be considered as
specifying the relative contribution of picophytoplankton to
absorption (note that the picophytoplankton vector used in
CB2006 has been modified with respect to that defined by
Ciotti et al. [2002]). It is emphasized that with this proce-
dure, Sy is only linked to the shape of the normalized algal

Reminder of the Original Procedure
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absorption spectrum, and therefore is allowed to vary inde-
pendently from [Chl].

2.2. Revised Procedure

[v] CB2006 was first applied to SeaWiFS data at the
global scale using the method of Loisel and Stramski as
revised by Loisel and Poteau [2006] (which included a
modified parameterization of the diffuse attenuation coeffi-
cient K4(\)). Even with this revised method, the retrieved
non-water absorption coefficients were systematically lower
than 0 in the clearest waters of the world ocean (Pacific and
Atlantic subtropical gyres), resulting from a negative bias in
the retrieval of total absorption coefficients. This led to a new
revision of the Loisel and Stramski method (H. Loisel et al.,
manuscript in preparation), in which the h function [see
Loisel and Stramski, 2000, equation 8 and Figure 2] is now
parameterized as a function of the sun zenith angle and K4(\)
for each wavelength.

[10] This new revision provided positive absorption coef-
ficients over most clear waters, and was thus introduced in
CB2006. Regardless this improvement, it must be noted that
in clear waters ([Chl] < 0.1 mg m ), about 90% of the total
absorption coefficient at 510 nm, as measured in the field,
originates from water molecules. In such waters, the retrieval
of non-water absorption coefficients is therefore very chal-
lenging and must be considered only as indicative.

[11] In the next step of the procedure (nonlinear optimi-
zation), some improvements were also introduced. Sg
acam(443) and S.4, were set to initial values and then
adjusted through an iterative routine (quasi-Newton method),
by using a bound constrained optimization [Byrd et al., 1995]
in which Sg, a.qm(443) and S 4, were forced to vary in the
ranges [—0.5-1.5], [0-10 m~ '] and [0-0.05 nm '], respec-
tively. Convergence was assumed when the minimum of the
function [see CB2006, equation 11] was < 0.05, and when no
convergence was reached the pixel was flagged. The occur-
rence of multiple solutions was detected by comparing the
results using different initial values of each parameter. For a
small number of pixels, multiple solutions occurred (i.e.,
solutions were dependent on the initial values), and these
pixels were also flagged.

2.3. Satellite Data

[12] CB2006 was applied to the SeaWiFS L3 (monthly
and 8-day means) global mapped GAC data (processing
version 2009.1) over a twelve-year period (January 1998—
December 2009), with a spatial resolution of 9.2 km at the
Equator. Remote sensing reflectances at four wavelengths
(412, 443, 490, 510 nm) and chlorophyll concentration maps
(provided by the OC4v5 algorithm) were downloaded from
the NASA Goddard Space Flight Center Distributed Active
Archive Center (DAAC) website (http://oceandata.sci.gsfc.
nasa.gov/).

[13] Over given oceanic areas, we computed arithmetic
means, as recommended for biogeochemical applications
[see Campbell et al., 1995; Bricaud et al., 2002], to form the
time series. Depending on both season and latitude, the 8-
day images can be largely affected by cloud cover (or there
can be no data acquisition), thus biasing the values of spatial
means. Therefore our time series, for a given area, contains
only means for which the number of valid pixels for a given
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8-day period was superior to 30% of the average number of
pixels (median) for the whole time series.

3. Results and Discussion

3.1. Spatial Trends at the Global Scale

[14] The spatial variations of chlorophyll a concentration
([Chl]), algal size factor (S¢), absorption coefficient of CDM
at 443 nm (a.4m(443)), and spectral slope of CDM absorp-
tion (Scam), are displayed in Figures 1a—1d, for four months
representative of the four seasons, and for the year 2007
taken as an example. Results of regression analyses between
the various products are given in Table 1.

3.1.1. Phytoplankton Size Factor, Algal Absorption
and Chlorophyll a Concentration

[15] For each season, a clear inverse correlation between
S¢ and [Chl] was observed (Figures la—1d, top; note log
scales for [Chl]), consistent with the general observation that
large and pigment packaged cells (S¢ close to 0) tend to
dominate (both in biomass and optically) in eutrophic,
chlorophyll-rich waters, while picophytoplankton and pig-
ment unpackaged cells (S¢ close to 1) are usually dominant
in clear waters (after the hypothesis of Yentsch and Phinney
[1989]). The robustness of the relationships between Sy and
[Chl], at the global scale, and for each season, can be
observed in the scatterplots (Figure 2). Sy exhibits a global
decreasing trend with increasing [Chl], with a large scatter
(e.g., for [Chl] = 0.3 mg m >, S, varies between 0.4 and 0.8).
Regression analyses for the different latitude ranges showed
no particular trend. In addition, the average relationships
between S; and [Chl] are similar for the four seasons
(Figure 2, bottom). Although the noise around the average
relationships partly results from uncertainties in the Sy
retrieval, it may also contain actual information. For instance,
it is consistent with the fact that, for a given [Chl], the dom-
inant size of populations (as retrieved from HPLC pigment
measurements) can be highly variable from one oceanic area
to the other [e.g. Bricaud et al., 2004].

[16] Note that S¢is higher than 1 for numerous pixels in the
clearest waters, indicating that the phytoplankton absorption
spectra derived here are “sharper” than that assumed to rep-
resent “pure picophytoplankton.” We checked that this does
not occur when Sy is retrieved from absorption spectra mea-
sured at sea, which suggests that the absorption spectrum
representing pure picoplankton is correct. Therefore, the S¢
overestimate in very clear waters is likely due to the com-
bined errors in atmospheric corrections applied to SeaWiFS
measurements and in the inversion of remote sensing
reflectances at the sea level. It is important to recall that the
S¢ (and all other parameters) retrievals for the clearest
waters are very uncertain because total absorption coeffi-
cients are close to those of pure seawater.

[17] The CB2006 procedure also retrieves absorption
coefficients of phytoplankton (apny) at all wavelengths: the
aphy spectrum, normalized at 505 nm, is straightforwardly
derived from the S¢ value (which rules the shape of the
spectrum), and then the a,,, spectrum is scaled using the
aphy(505) value, empirically related to [Chl] [CB2006,
equations 9 and 10]. The a,,,(443) coefficients covary with
[Chl] for the four seasons (Figure 3), and no seasonal trends
appear. These relationships can be compared with that
derived from in situ measurements, performed at different
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Figure 1. Monthly maps derived from the SeaWiFS monthly composite of reflectance for (a) February
2007, (b) May 2007, (c) August 2007, and (d) November 2007: (top to bottom and left to right) chloro-
phyll a concentration (in mg m '), size factor of phytoplankton S¢ (dimensionless), absorption coefficient
of colored detrital matter (CDM) at 443 nm (in m '), and spectral slope of CDM absorption (Scdm, In
nm~"). Color scales are given for each parameter and are common to Figures la—1d. Scales are log-
arithmic for [Chl] and a.4,,(443), and linear for Sy and S.gpm,.
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Table 1. Average Relationships Linking the Spatial Variations of Chlorophyll a Concentration ([Chl]), the Size Factor of Phytoplankton
(Sp), the Absorption Coefticient of CDM at 443 nm (a.q,(443)), and the Spectral Slope of CDM Absorption (Scgm), for the Four Monthly

Maps Shown in Figure 1*

Slope Intercept Determination Coefficient Residual Standard Error
Sy versus log [Chl]

Feb. 2007 —0.961 0.198 0.940 0.079
May 2007 —0.936 0.211 0.936 0.090
Aug. 2007 —0.949 0.200 0.923 0.096
Nov. 2007 —0.934 0.231 0.946 0.075

log(a,ny(443)) versus log/Chl]
Feb. 2007 0.458 —1.468 0.982 0.020
May 2007 0.462 —1.469 0.981 0.024
Aug. 2007 0.456 —1.473 0.976 0.025
Nov. 2007 0.470 —1.457 0.983 0.020
Bricaud et al. [1998] 0.620 —1.426

log(a,qm(443)) versus log[Chl]
Feb. 2007 1.095 —1.153 0.927 0.100
May 2007 1.067 —1.169 0.936 0.103
Aug. 2007 1.109 —1.128 0.933 0.103
Nov. 2007 1.070 —1.161 0.932 0.097

log Scam versus log(a.qn(443))
Feb. 2007 —0.448 —2.574 0.938 0.042
May 2007 —0.426 —2.534 0.928 0.048
Aug. 2007 —0.419 —2.519 0.906 0.054
Nov. 2007 —0.448 —2.581 0.940 0.042

“The corresponding regression lines (lin-log for S¢, log-log for a,,(443), a.gm(443) and Scyr) are displayed in Figures 2-5.

seasons [Bricaud et al., 1998]. Note that CB2006 constrains
only ap,y(505) to vary with [Chl] according to Bricaud et al.
[1998], while the spectral shape of ay, is determined inde-
pendently. The a,,,(443) coefficients derived from satellite
measurements are in agreement with those measured in the
field in the [Chl] range 0.3-1 mg m > (Figure 3, bottom).
This consistency suggests that the shapes of phytoplankton
absorption spectra, as derived from satellite measurements,
are globally consistent with in situ observations in this [Chl]
range. In clear waters, the retrieved a,p,(443) coefficients
are, on average, higher than the measured coefficients (by
58% when [Chl] = 0.03 mg m ), while they are lower for
high [Chl] values (by 37% when [Chl] = 10 mg m ). These
divergences indicate that for low and high [Chl] values,
absorption spectra derived from satellite measurements dif-
fer in shape from those generally observed in the field.
3.1.2. CDM Absorption and Chlorophyll a
Concentration

[18] The spatial variations of CDM absorption at 443 nm
(Figures 1a—1d, bottom) display large-scale patterns, such as
the asymmetry between the North and the South Pacific, and
the overall increase in CDM toward higher latitudes in both
North Atlantic and North Pacific oceans. Assuming that
CDOM is, in most oceanic situations, the dominant com-
ponent of CDM [Siege! et al., 2002], the retrieved patterns
are consistent with recent in situ measurements taken along
large transects [Nelson et al., 2007; Swan et al., 2009]. At
the global scale and at all seasons, the spatial variations
in a.gy(443) appear to be correlated to those in [Chl]
(Figures la—1d and 4), with no seasonal variability
(Figure 4, bottom). Such general covariation is expected, as
in oceanic waters, away from terrigenous influences, CDOM
is essentially a product of phytoplankton decay [Kopelevich
and Burenkov, 1977]. Also, inputs of CDOM and nutrients

from deep waters can occur in some areas, through vertical
mixing or upwelling, so that high values of CDOM and algal
biomass may occur either simultaneously or with temporal
lags [e.g., Siegel et al., 2002]. The large scatter observed
around the a.q,,(443) versus [Chl] relationships, actually, is
consistent with the temporal decoupling between CDOM
and algal biomass, as CDOM tends to be a long-lived
product of phytoplankton degradation, reflecting the bio-
logical history of a given oceanic water mass rather than its
present biomass content [Kopelevich and Burenkov, 1977].
This has been confirmed by a number of studies in the past
fifteen years that discuss CDOM spatial distribution as a
function of various processes within the microbial and
planktonic foodweb [see, e.g., Kitidis et al., 2006, and
references therein]. In addition, at the surface of the ocean,
spatial patterns of CDOM are also controlled by the incident
light level that drives photo-oxidation processes [e.g., Chen
and Bada, 1992]. Thus, at large scale, CDOM spatial dis-
tribution results from the combined effects of the meridional
overturning circulation and biogeochemical processes such
as phytoplankton degradation, microbial production and
photobleaching [Nelson et al., 2010].

[19] The central trend of a.4,(443) versus [Chl] relation-
ships (Figure 4, bottom) can be compared to the global
relationship derived by A. Morel (personal communication,
2010) for CDOM only,

Acdom (443) = 0.07315[ChI]"*>* (1)

The above relationship was derived from CDOM estimates
at the global scale from SeaWiFS reflectances for the year
2007, using the method of Morel and Gentili [2009]. Con-
sidering that these approaches are totally independent from
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Figure 2. Variations of the size factor of phytoplankton (S¢, dimensionless) as a function of chlorophyll a
concentration, [Chl] (in mg m ™), corresponding to the monthly maps displayed in Figure 1. Colors cor-
respond to latitude bands as indicated in inset. The lin-log regression lines correspond to the best fit for the
pixels within the [Chl] range 0.1-10 mg m . The four average relationships are compared in the lower
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each other, the consistency observed (except in the clearest

waters) between the average relationships is encouraging.
3.1.3. Spectral Slope and Amplitude of CDM

Absorption

[20] The spatial variations of the slope of CDM absorp-
tion, Scqm, retrieved by CB2006 appear to be inversely cor-

GB1010

Scatterplots corresponding to each season (Figure 5) suggest

that the overall range of S.y, could be rather large
(approximately 0.010 to 0.050 nm™"), and reveal the same
decreasing trend with increasing a.q, values, with no sea-

related to those of a.yn(443) (Figures la—1d, bottom).
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Figure 3. Same as Figure 2, for the absorption coefficient of phytoplankton at 443 nm, a,n,(443)
(in m™"). This figure shows log-log regression lines (best fits for the [Chl] range 0.1-10 mg m ).

considered with caution, because they are derived from
extremely weak non-water absorption coefficients.

[21] As in the global ocean CDM is largely dominated by
CDOM [Siegel et al., 2002], the observed trends can be
compared to those previously observed for CDOM. The
inverse relationship between S 4, and a.4,(443) is consistent
with many previous observations based on in situ measure-
ments of CDOM absorption [e.g., Carder et al., 1989; Nelson
and Siegel, 2002; Twardowski et al., 2004; Bricaud et al.,

2010]. The variations in S 4o, are generally considered to
reflect variations in the composition of the CDOM pool, such
as the relative proportions of humic and fulvic acids [Carder
et al., 1989], of semi-labile and refractory fractions [Nelson
and Siegel, 2002], and the photo-degradation of some
CDOM components [Green and Blough, 1994; Whitehead
et al.,, 2000]. To a lesser extent, the variable contribution
of non-algal absorption to the CDM may also contribute to
the overall variability in Sqp,.
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Figure 4. Same as Figure 2, for the absorption coefficient of CDM at 443 nm, a.gm(443) (in m~"). This
figure shows log-log regression lines (best fits for the [Chl] range 0.1-10 mg m ).

3.2. Temporal Trends at Regional Scales

[22] The temporal evolutions of algal biomass (and other
parameters related to phytoplankton) and CDM are highly
variable with geographical region, and so, at the global scale
are blurry representations of multiple patterns. Therefore, to
discuss seasonal and interannual variations of the various
retrieved parameters by the modified CB2006 method, we
focused our analysis on three contrasted oceanic regions,
recognized as biogeochemically important: the Eastern
Equatorial Pacific, the North Atlantic and the Mediterranean

Sea (Figures 6, 7, and 8, respectively). The first two regions
have been recently analyzed in terms of PFT occurrence,
using the PHYSAT method [Alvain et al., 2008], which
provides an opportunity for a comparison of results. For this
reason, their geographical delimitations (indicated in the
following sections) follow those chosen by Alvain et al.
[2008].
3.2.1. Eastern Equatorial Pacific (5°S—5°N, 80°W-170°W)
[23] This oceanic region is characterized as one of the
High Nutrient-Low Chlorophyll (HNLC) areas, because in
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spite of nutrient fertilization by steady upwelling to the
surface layers, the average [Chl] values remain low, as a
result of iron limitation and intense grazing [Landry et al.,
1997]. The seasonal and interannual variations of spatially
averaged [Chl] are rather weak (Figure 6, left), with the
remarkable exception of the year 1998 which corresponds to
the mature phase of an El Nifio event (January to April)
followed by a La Nifia period (May to September).
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[24] In situ observations have revealed that this area is
dominated by phytoplankton smaller than 5 um [Chavez et
al., 1990], and Alvain et al. [2008], using the PHYSAT
method, have found that Synechococcus was dominant year-
round. Excluding the January—September 1998 period, the
retrieved Sg values (averaged over the entire region) oscillate
between 0.9 and more than 1, thus suggesting the dominance
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Figure 6. Time series of the various parameters, derived from 8-day SeaWiFS composites and averaged
over the Equatorial Pacific (5°S—5°N, 80°W-170°W), along the period from January 1998 to December
2009. (left, top to bottom) Chlorophyll a concentration [Chl] (in mg ), size factor of phytoplankton S;
(dimensionless), absorption coefficient of CDM at 443 nm (in m™ "), spectral slope of CDM absorption,
Sedm (in nm ™). (right, top to bottom) Variations of S¢ versus [Chl], acq(443) versus [Chl], and S¢4r, ver-
Sus a.qm(443). The regression lines are displayed as continuous lines. Note that the scales are logarithmic

for a.4m(443) and [Chl], and linear for S¢and S.qp,.

of picophytoplankton. During the mature phase of El Nifio
(January to April 1998), [Chl] is particularly low, with values
between 0.10 and 0.15 mg m_3, i.e., about half the concen-
tration observed during the same months in other years. In
addition, S¢ is distinctively higher (between 1 and 1.2),
indicating an increased proportion of smaller and less pig-
ment packaged cells. Conversely, during La Nifa, [Chl]
values rapidly increase toward a strong maximum (around
0.5 mg m " in July—August 1998). The spatial extent of the

1998 bloom was recognized as the largest ever observed for
the Equatorial Pacific, with a high abundance of diatoms
[Chavez et al., 1999]. Accordingly, the Sy values drop down to
less than 0.8 in August 1998. The presence of large diatoms
has been detected during this period with the PHY SAT method
[Alvain et al., 2008, Figure 12] (note that the maximum in
[Chl] they evidenced by averaging over the 1998-2006
period is, actually, exclusively due to the 1998 La Niia
bloom).
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[25] For all 12 years analyzed here, the S¢ values were
inversely correlated to algal biomass, with 75% of the S¢
variations explained by the [Chl] variations (Figure 6, top
right). Note, however, that the Sy values for the mature phase
of El Nifio (January to April 1998) and for the La Nifia
period (June to September 1998) depart from the average
relationship.

[26] The seasonal and interannual variations of CDM
absorption coefficients, a.4y,(443), also closely follow those
of [Chl], and 85% of these variations are explained by those
of [Chl] (Figure 6, middle right). The strong algal bloom in
August 1998 is accompanied by an exceptionally intense
CDM maximum. During the mature El Niflo / La Nifia
period, however, a.qn(443) values slightly depart from the
average log-log relationship. Note that some CDM maxima,
such as those occurring in March 2004 and March 2006,
appear to last longer than the corresponding Chl maxima.
This can be interpreted as additional evidence that CDOM,
as a product of phytoplankton degradation, frequently sub-
sists at a high level during the late phase of an algal bloom
[see, e.g., Hu et al., 2006].

[27] The slope of CDM absorption, S.q4.,,, reveals a weakly
marked seasonal cycle and a weak interannual variability,
except for the year 1998 where S 4, values are exceptionally
high during the mature phase of El Nifio, and reveal a min-
imum (corresponding to the a.4,(443) maximum) in August
(Figure 6, bottom). The S_4,, values show an overall trend to
decrease with increasing a.qy,(443). The S¢qm, values for the
year 1998, however, depart from the average relationship,
both during the oligotrophic period (mature phase of El Nifio,
January—April 1998), and during the La Nifia phase (May—
September 1998) with S 4, values which are larger than
expected. As the high a g, values during this period do not
suggest strong photobleaching, the high S 4, values (com-
paratively to the CDM content) might indicate the presence
of newly produced CDOM [Nelson et al., 2004].

3.2.2. North Atlantic (40°N-70°N, 10°W-60°W)

[28] In this oceanic region, the most prominent feature in
the [Chl] seasonal cycle is the large spring bloom from
April to June, followed by a slow and continuous decrease
until December. Consistently, the S¢ values drop down from
0.6-0.8 in winter to 0.35-0.5 during the bloom (Figure 7,
top). Alvain et al. [2008] stated that phytoplankton there is
dominated year-round by nanoeukaryotes, but with a larger
contribution by diatoms during the spring bloom. On the
other hand, they also observed a one-month shift between
the [Chl] maximum (in May) and the maximum occurrence
of diatoms (in June), while no such shift is observed for Sy.
In this area, 73% of the S¢ variations are accounted for by
[Chl] variations (Figure 7), and statistical tests demonstrate
that the average Sy versus [Chl] relationship differs signifi-
cantly from that observed for the Equatorial Pacific (p <
0.001; Figure 9a).

[29] The spring bloom is accompanied by a large maxi-
mum in CDM absorption and the evolutions appear to be
parallel (Figure 7, middle). Note, however, that some CDM
peaks (e.g., those appearing in April 1999 or 2001) are much
more intense than the corresponding Chl peaks. The a g
(443) versus [Chl] relationship is tight (determination coef-
ficient 0.93), and is significantly different from that observed
for the Equatorial Pacific (p < 0.0001; Figure 9b).
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[30] The S.4m values show a strong seasonal cycle, with a
large depression (and a minimum around 0.012 nm~") corre-
sponding to the spring maximum in a.g4,(443), and a summer
maximum around 0.016-0.018 nm™' (Figure 7, bottom).
These relatively high values during summer (associated with
low values for a.qy,(443)) likely result from the photobleach-
ing of CDOM, which induces a shift from large molecular
weight complexes (absorbing at longer wavelengths) to
smaller complexes (absorbing at shorter wavelengths) [e.g.,
Whitehead et al., 2000]. Contrary to the Equatorial Pacific,
in this region there is no single relationship between S.gm
and a.qy, (443), but two distinct relationships, corresponding
to the summer period (June to September, with high S 4,
values) and to the rest of the year. This suggests that
photobleaching may affect not only the amplitudes of S.gp,
and a.qm, but also the average relationship between them.
3.2.3. Mediterranean Sea (29°N—49°N, 0.5°E-29.5°E)

[31] As already evidenced by earlier studies [e.g., Bosc
et al., 2004; Barale et al., 2008], the seasonal cycle of
[Chl] in the Mediterranean Sea is characterized by a large
maximum in winter and spring, a minimum in summer, and
also by a rather large interannual variability during the period
of the SeaWiFS time series (Figure 8, top). Accordingly, the
S¢ values increase from about 0.6-0.7 in winter, toward 1 or
more in summer, which suggests a decrease in cell size from
winter-spring to summer. As observed in other regions, St is
inversely correlated with [Chl], with however a large scatter
(determination coefficient 0.80). The S; versus [Chl] rela-
tionship is significantly different from those observed in the
two other areas (p < 0.0001; Figure 9a).

[32] The seasonal cycle of CDM absorption follows rather
closely the cycle of algal biomass (Figure 8, middle). This
direct correlation is favored by photobleaching of CDOM in
summer, which is also the most oligotrophic period. This
results in a general correlation between a.q,(443) and [Chl]
(determination coefficient 0.85), with a relationship which
differs significantly from that observed for the Equatorial
Pacific (p < 0.0001; Figure 9b).

[33] The S¢qm values also reveal a strongly marked sea-
sonal cycle, rather reproducible from year to year (Figure 8,
bottom). As in the North Atlantic, the high S 4, values in
summer likely result from the photobleaching of CDOM.
The range of variation spanned by S.4,, (0.015 to 0.030
nm ') is the largest observed for the three regions (note that
the range experienced by a.4y,(443) is comparable for these
three regions, with a three- to fourfold variation along the
year). The increase in S.qn, due to bleaching is here > 50%,
whereas Moran et al. [2000] observed only a 6 to 10%
increase for a 60% bleached CDOM in estuarine waters. The
average S.gm Versus a.qm (443) relationship is rather tight
(89% of the variations in S.q, explained by those of
acam(443)), and significantly different from those observed
for the other regions (p < 0.0001; Figure 9c). For a given
CDM content, slopes of CDM absorption are on average
higher in Mediterranean waters than in the other regions,
which may indicate variations in the composition of CDOM
pools, or the presence of smaller molecular weight CDOM
complexes produced by photobleaching [e.g., Nelson et al.,
2004]. As the contribution of CDOM to CDM is generally
much larger than that of non-algal particles [Siegel et al.,
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Figure 7. Same as Figure 6, for the North Atlantic (40°N-70°N, 10°W-60°W). (bottom) For the
Scam Versus acgm(443) relationship, the two regression lines correspond to the summer period (June to
September, upper line) and to the rest of the year (lower line).

2002], the possible variations in the CDOM to CDM ratio
are expected to have a weak impact on the S 4, variations.

4. Summary and Conclusions

[34] Application of the Ciotti and Bricaud [2006] method
to the SeaWiFS L3 global data set provided us with para-
meters that could be interpreted to describe spatial and
temporal variations in the average size of dominant groups
of phytoplankton communities (Sg), and in the amplitude
(acam(443)) and spectral shape (S¢qrm) of CDM absorption, as
compared to those of surface chlorophyll concentration. At

regional scales, our goal was to show that the retrieved
parameters may vary according to various trends among
distinct areas. Note, however, that the derived relationships
are not designed for use in predictive applications or
models.

[35] As expected, at the global scale, [Chl] and Sy were
correlated, with however a large scatter. At the scale of large
oceanic areas, Sy revealed large seasonal and interannual
variations, generally inverse to those of [Chl], and the
average Sy versus [Chl] relationships appeared to be variable
with the considered area. This is consistent with in situ
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Figure 8. Same as Figure 6, for the Mediterranean Sea (29°N—-49°N, 0.5°E-29.5°E).

studies suggesting that, for a given [Chl], the dominant size
of populations varies from one oceanic area to the other
[e.g., Bricaud et al., 2004]. It is again pointed out that the
retrieval of the algal size factor is based on the shape of the
normalized algal absorption spectrum, independently from
chlorophyll concentration. This emphasizes the advantage
of methods in which the retrieval of algal size is not linked
to [Chl]. It must be kept in mind, however, that various
sources of error are inherent to the various methods [see
Nair et al., 2008; Brewin et al., 2011]. In our method, for
instance, dominant cell size is retrieved from variations in
spectral shape of absorption that may occur independently
from algal size variations themselves (e.g., because of var-
iations in light conditions or nutrient availability), thus
inducing errors in Sy estimates. Still more importantly, the

retrieval of S¢ remains tricky in very clear waters, where the
total absorption coefficients are close to those of pure
seawater.

[36] The retrieved absorption coefficients of colored
detrital matter at 443 nm, a.4,(443), also presented large
seasonal and interannual variations, generally correlated to
those of [Chl]. The average a.q, versus [Chl] relationships
were found to be relatively stable from one area to the
other. CDM maxima thus occurred simultaneously to algal
blooms, but in some occasions appeared to last longer,
possibly as a result of local production of CDOM during the
late phase of the blooms.

[37] One original product of our method is the spectral
slope of CDM absorption, S.4m. At the global scale, S.4m
experienced ranges of variation larger than expected
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Figure 9. Relationships obtained by regression analyses
for the three oceanic areas (as shown in Figures 68, right),
between (a) Sy and [Chl], (b) a.4m(443) and [Chl], and
() Scam and aggm(443). In Figure 9c, the dashed and contin-
uous lines for the North Atlantic represent the relationships
observed for summer and for the rest of the year, respec-
tively. The global relationships obtained for the monthly
image of February 2007 (Figures 2, 4 and 5) are shown for
comparison.

(approximately from 0.010 to 0.035 nm ™', when excluding
the clearest waters), and varied roughly inversely to the
magnitude of CDM absorption. At a more regional scale,
the average Scgqm Versus a.q, relationships varied from one
oceanic area to the other. Strong seasonal cycles were
observed for Sy, over the considered oceanic regions, and
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were largely reproducible from year to year. A notable
exception was the Equatorial Pacific during the 1998 EI Nifio
event, where remarkably high S, values appeared, and
during La Nifa period, where values deviated from the
average Scqm VeIsUS a.qy, relationship, possibly indicating
the presence of newly produced CDOM. The largest
seasonal variations (and the highest S.4, values) were
observed in the Mediterranean, where they were clearly
driven by photobleaching processes occurring in summer.
Such variability questions the assumption, commonly used
in bio-optical models, that S.4,,, can be considered as stable
over space and time.

Appendix A: Impact of Uncertainties Affecting
Satellite-Retrieved Chlorophyll Concentrations
Upon the Retrieval of CDM Absorption
Coefficients

[38] In our procedure, the chlorophyll concentration, as
derived from SeaWiFS reflectances using the OC4v5 algo-
rithm, is used as an input parameter to rescale the algal
absorption spectrum at 505 nm [CB2006, equation 10], once
its spectral shape has been fixed by the size factor Sy The
underlying assumption in the OC4v5 algorithm, however, is
that there exists a general covariation between CDM content

10
)
X
1_
X
X
x
o acgm(OC4v5) [ agqm(in situ)
x Scdm(OC4v5) /'S qm (in situ)
0.1 r —
0.1 1 10

[Chl] (OC4vS) / [Chl] (in situ)

Figure Al. Ratios of CDM absorption coefficients at
443 nm (a.qnm(443)) and of spectral slopes (S¢qm), retrieved
using two [Chl] values as input data: (1) the value provided
by the OC4v5 algorithm, and (2) the in situ value, as a func-
tion of the ratio of these values. The data set used for these
computations is the IOCCG in situ data set [Lee, 2006]. Note
that for most stations where the OC4v5-to-in situ chloro-
phyll ratio present extreme values, the application of the pro-
cedure leads to invalid retrievals (no convergence in the
optimization).
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and algal biomass [Siege! et al., 2005]. Therefore, the chlo-
rophyll concentration provided by the OC4v5 algorithm may
be largely in error, especially in coastal areas, or in oceanic
areas with “anomalous” CDM contents. With a view to
estimating how this possible error on chlorophyll concen-
tration may affect the retrieval of CDM absorption coeffi-
cients, we have applied our procedure to the IOCCG in situ
data set, which is a subset of the NOMAD database including
656 stations both in Case 1 and Case 2 waters [Lee, 2006].

[39] Using the field measurements of remote sensing
reflectances, the OC4 v5 algorithm can be applied to derive
the “retrieved chlorophyll concentration.” We can thus
compare the absorption coefficient of CDM at 443 nm,
retrieved using either the in situ chlorophyll concentration or
the retrieved chlorophyll concentration (Figure Al). It can
be observed that (i) as expected, an overestimate (underes-
timate) in chlorophyll concentration leads to an underesti-
mate (overestimate) in the CDM absorption coefficient;
(i1) whereas the OC4v5-to-in situ chlorophyll ratio varies in
the range 0.2-8, the associated a.q, ratio varies in a much
more restricted range, with most points in the range 0.7-3.
The same observation stands for the S.4,, ratio (with most
points in the range 0.3—1.5).

[40] This suggests that possible errors affecting the chlo-
rophyll concentration have a limited impact on CDM retrie-
vals. Therefore, such errors should not prevent “anomalous”
CDM contents to be detected, even if in these areas CDM
absorption coefficients are affected by larger errors than
in areas where the chlorophyll concentration is correctly
retrieved. Note also that in this in situ data set, Case 2 waters
are largely represented, which contributes to the large varia-
tion range of the OC4v5-to-in situ chlorophyll ratio. When
applying our procedure to global or regional satellite maps,
the occurrence of such errors is expected to be much more
limited, at least for oceanic Case 1 waters.
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