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Quantifying Colored DetritalMatter (CDM) from satellite observations can improve our knowledge of carbon dy-
namics in coastal areas and the open oceans. Several bio-optical inversion models have been developed for this
purpose. However, caremust be takenwhen they are applied towaterswhere optical properties significantly dif-
fer from model assumptions, which is the case in the Mediterranean Sea. Algorithm testing and validation are
thus required before routine use. Here, in situ radiometric measurements collected in the NW Mediterranean
Sea (BOUSSOLE site) are used to evaluate three bio-optical inversion models that retrieve the CDM light absorp-
tion coefficients at 443 nm(acdm(443)). Although all methods reproduced the CDM seasonal cycles at the surface,
comparisons of predicted and in situ acdm(443) coefficients showed that theQuasi-Analytical Algorithmversion 6
(QAAv6) and a locally-adapted version of the Garver-Siegel-Maritorenamodel (GSM-Med)were the two best al-
gorithms. Applying these twomodels to SeaWiFS remote sensing reflectances, collected between 2003 and 2010,
reproduced with good accuracy the acdm(443) coefficients retrieved from field radiometric measurements at the
BOUSSOLE site, with seasonal patterns consistent with previous observations. Finally, bio-optical relationships
derived from satellite-retrieved acdm(443) and chlorophyll values confirmed the higher-than-average CDM con-
tribution for a given chlorophyll concentration in the Mediterranean Sea as compared to many oceanic regions.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

The spatio-temporal dynamics of the organic material dissolved or
suspended as particulates in the oceans reflects the functioning of the
carbon cycle. Colored dissolved organic matter (CDOM) is a fraction of
the total dissolved organicmaterial (DOM), and its specific optical prop-
erties (i.e., decreasing exponential shape of light absorption; Bricaud et
al., 1981) allow it to be observed at global scale by remote-sensing plat-
forms. CDOM light absorption properties are distinguishable from those
of phytoplankton, and they show spectral features similar to non-algal
particles (NAP). Colored Detrital Matter (CDM) is defined as the sum
of CDOM and NAP.

Bio-optical inversion algorithms can retrieve CDOMand,more often,
CDM light absorption coefficients from apparent optical properties such
as sea surface reflectance. Some of these algorithms were developed for
coastal waters or areas strongly influenced by river discharge, which
contain a considerable amount of CDOM and CDM of terrestrial origin
(D'Sa and Miller, 2003; Bélanger et al., 2008; Mannino et al., 2008;

Maselli et al., 2009; Zhu et al., 2011; Matsuoka et al., 2013; Mannino
et al., 2014). Other algorithms retrieve CDOMand CDMabsorption coef-
ficients in oceanic waters, where their content is generally low and of
local and biologically driven origin (Coble, 2007). These algorithms are
based on reflectance ratios (Morel and Gentili, 2009a; Shanmugam,
2011) and anomalies (Brown et al., 2008), multivariate statistical tech-
niques (Cao and Miller, 2015) or consist of semi-analytical approaches
that estimate the CDM absorption coefficients at several wavelengths
together with other bio-optical quantities (Hoge and Lyon, 1996;
Carder et al., 1999; Lee et al., 2002; Maritorena et al., 2002; Boss and
Roesler, 2006; Ciotti and Bricaud, 2006; Devred et al., 2006).

These semi-analytical approaches and their uncertainties were com-
pared using the International Ocean-Colour Coordinating Group dataset
(IOCCG, 2006). The Lee et al. (2002) and Maritorena et al. (2002)
methods were the two best algorithms for retrieving the absorption co-
efficients of CDM. They are used for estimating the CDM absorption co-
efficients at the global (e.g., Siegel et al., 2002, 2005, 2013; Lee et al.,
2009; Maritorena et al., 2010) and regional (e.g., Kostadinov et al.,
2007; Nagamani et al., 2011; Dong et al., 2013; Huang et al., 2013;
Kahru et al., 2013; Matsuoka et al., 2013; Zheng et al., 2014) scales.
The Ciotti and Bricaud (2006)method also showed reasonable accuracy
in retrieving the CDM absorption coefficient at 443 nm and in
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reproducing its seasonal dynamics at the global and basin scales from
satellite data (Bricaud et al., 2012). However, all the semi-analytical
bio-optical models fail or perform poorly when they are applied to re-
gions with distinctive optical properties for which the algorithms are
not designed (IOCCG, 2006; Kostadinov et al., 2007; Shanmugam et al.,
2010; Huang et al., 2013). It follows that these models should be tested
and locally tuned before being applied to specific areas.

Algorithm testing and validation is essential to improve the retrieval
of CDOM and CDM light absorption coefficients in the Mediterranean
Sea. The peculiar bio-optical properties of this basin make its low-chlo-
rophyll waters appear greener than expected (Claustre et al., 2002;
Morel and Gentili, 2009b). Possible causes of this optical behavior in-
clude Saharan dust suspended in the surface layer (Claustre et al.,
2002), a higher abundance of coccolithophores with respect to other
algal groups (Gitelson et al., 1996; D'Ortenzio et al., 2002) or a high
CDOM content (Morel and Gentili, 2009b; Organelli et al., 2014). In par-
ticular, CDOM absorption dominates over phytoplankton and non-algal
particle absorption during almost all seasons in the blue region of the
spectrum (Organelli et al., 2014). This high CDOM contribution might
lead bio-optical inversion models to fail if they were validated at the
global scale.

This study evaluates three semi-analytical inversion models (Lee et
al., 2002; Maritorena et al., 2002; Ciotti and Bricaud, 2006) for the re-
trieval of CDM light absorption coefficients at 443 nm (acdm(443)) in
Mediterranean waters using in situ remote sensing reflectances mea-
sured over three years at the BOUée pour l'acquiSition d'une Série Optique
à Long termE (BOUSSOLE) site (NW Mediterranean Sea; Antoine et al.,
2006). Specific model assumptions are compared to in situ inherent op-
tical properties (IOPs) to understand how the bio-optical inversion al-
gorithms perform when applied to the BOUSSOLE dataset. Locally-
tuned configurations of the algorithms are also presented and
discussed. The best algorithms are then used to reproduce acdm(443)
temporal variations at the BOUSSOLE site using eight years of in situ
and Sea-viewing Wide Field-of-view Sensor (SeaWiFS; Hooker et al.,
1992) radiometric measurements. Finally, validated satellite-derived
time-series are used to investigate seasonal dynamics of acdm(443)

coefficients for the BOUSSOLE time-series and to assess bio-optical rela-
tionships with algal chlorophyll concentrations.

2. Material and methods

2.1. Study area

The BOUSSOLE site is located in the Ligurian Sea at 7°54′E, 43°22′N
(NW Mediterranean Sea; Fig. 1), about 32 nautical miles off the French
Riviera coast. The water depth is 2440 m at the mooring point.
BOUSSOLE is a long-term time-series of optical quantities and has
been active since July 2001. BOUSSOLE is a Case-1 water site according
to the definition of Morel and Prieur (1977), as stated by Antoine et al.
(2008) and Organelli et al. (2014). Details on the sampling strategy
can be found in Antoine et al. (2006) and at the URL http://www.obs-
vlfr.fr/Boussole/. Briefly, a buoy specifically designed for collecting ra-
diometric and bio-optical quantities was deployed at the mooring site
and collects data at high frequency (every 15 min) night and day at
two fixed depths (4 and 9 m). Recorded quantities include downward
and upward irradiances and upwelling radiance at nadir, chlorophyll
fluorescence, as well as backscattering and beam attenuation coeffi-
cients. A monthly cruise provides a complementary dataset of vertical
profiles of irradiance, algal pigment concentrations and IOPs (CDOM
and particulate light absorption coefficients).

2.2. In situ data acquisition for testing bio-optical models

2.2.1. Sampling
Seawater was sampled at various depths within the 0–400 m water

column by a rosette system equipped with 12-L Niskin bottles during
up-cast CTD measurements. Water sub-samples were used for the de-
termination of algal pigment concentrations, CDOM and particulate
light absorption coefficients. In this study, only samples collectedwithin
thefirst optical depth (generally at 5 and 10m)were averaged and used
formatch-up and time-series analyses. FollowingMorel (1988), thefirst
optical depthwas computed as Zeu/4.6 where the euphotic depth, Zeu, is

Fig. 1. Area in the Mediterranean Sea where the BOUSSOLE site is located (black star). Gray arrows show the main current flow.
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the depth at which photosynthetically available radiation (PAR) is re-
duced to 1% of its value just below the sea surface. The euphotic depth
was estimated from measured chlorophyll profiles according to Morel
and Maritorena (2001).

2.2.2. Pigment measurements
Seawater sub-samples (2.8 L) were filtered through 0.7 μm GF/F

Whatman filters (25 mm ø) and immediately frozen in liquid nitrogen
and then stored in a − 80 °C laboratory freezer until analysis. Chloro-
phyll a concentrations were determined together with other algal pig-
ments by high performance liquid chromatography (HPLC) according
to the analytic procedure described in Ras et al. (2008). The sumof chlo-
rophyll a, divinyl-chlorophyll a and chlorophyllide a is used as an index
of phytoplankton biomass and is referred to as [Tchl a]. Pigment mea-
surements were performed monthly from September 2003 to Decem-
ber 2013.

2.2.3. Light absorption measurements
The methodology used for CDOM absorption measurements is de-

scribed in Organelli et al. (2014). Briefly, seawater sub-samples were
immediately filtered after sampling into glass bottles through pre-
rinsed 0.2 μm GHP filters (Acrodisc Inc.) and were kept refrigerated
until the analysis. Samples were allowed to warm up at room tempera-
ture at the time of the analysis. All samples were analyzed within 24 h
after sampling according to the Ocean Optics Protocols (Mitchell et al.,
2002). CDOM absorptionmeasurements were performed using amulti-
ple path length, liquid core waveguide, UltraPath system (World Preci-
sion Instruments, Inc.). All absorbance spectra were measured between
250 and 735 nm (1-nm increments) with reference to a salt solution
(38 g L−1) using a 200-cm path length. Measured spectra were
corrected for residual absorbance in the near infrared, if any, by assum-
ing that the average of measured values over a 5 nm interval around
685 nm must be 0 and shifting the spectra accordingly (samples were
disregarded if this value was N0.02 AU). Finally, the corrected absor-
bance spectra were transformed into absorption coefficients, acdom (in
m−1). CDOM absorption measurements were available monthly for
three years of the BOUSSOLE time-series (i.e., Jan. 2011 to Dec. 2013).

Particulate light absorption spectra, ap(λ), were measured using the
“quantitative filter pad technique (QFT)” (Mitchell, 1990;Mitchell et al.,
2000). Seawater sub-samples (2.8 L) were filtered using a 0.7 μm
Whatman GF/F filter (25 mmø) and immediately stored in liquid nitro-
gen, and then stored in a − 80 °C laboratory freezer until analysis. Par-
ticulate absorption measurements were performed using a Perkin-
Elmer Lambda 19 spectrophotometer, and a Lambda 850 (from January
2011), and both were equipped with an integrating sphere. The consis-
tency of measurements provided by the two spectrophotometers
was checked on duplicate measurements throughout the year of 2011
(J. Ras and M. Ouhssain, unpublished results). Absorbance spectra
were measured between 300 and 800 nm (1-nm increments) for filters
positioned at the entrance of the integrating sphere, with a blank wet
filter as a reference. Measured optical densities were shifted to 0 in
the red part of the spectrum, and then theywere converted into absorp-
tion coefficients (inm−1). All spectrawere corrected for the path length
amplification factor according to Bricaud and Stramski (1990). Finally,
the particulate absorption spectra were decomposed into phytoplank-
ton (aphy(λ)) and non-algal particle (aNAP(λ)) absorption coefficients
using the numerical decomposition technique described in Bricaud
and Stramski (1990). Phytoplankton light absorption coefficients were
converted into chlorophyll-specific light absorption coefficients
(a*phy(λ)) by normalizing to [Tchl a]. Particulate absorption measure-
ments were performed monthly from September 2003 to December
2013.

Light absorption coefficients of Colored Detrital Matter (acdm(λ))
were calculated as the sum of the CDOM and non-algal particle absorp-
tion coefficients over the 300–735 nm range (1-nm increments) for the
period January 2011–December 2013. The spectral slope (Scdm, in

nm−1) was computed by applying a non-linear least-square fit to the
acdm(λ) values between 350 and 500 nm (Babin et al., 2003):

acdm λð Þ ¼ acdm λ0ð Þ exp−Scdm λ−λ0ð Þ ð1Þ

where acdm(λ0) is the CDM absorption value at a reference wavelength
(440 nm).

2.2.4. Backscattering measurements
The angular scattering coefficient at 140°, β(140), was measured

every 15 min by a Hydroscat-4 backscattering meter (HOBI Labs)
installed on the permanent buoy at 9mdepth. The instrument collected
data at 442, 488, 550 and 620 nm. Detailed procedures for the calcula-
tion of the particle backscattering coefficient (bbp(λ)) are described in
Antoine et al. (2011).

The spectral slope (γ), describing the spectral dependency of bbp(λ),
was calculated as

γ ¼ − log bbp λ1ð Þ=bbp λ2ð Þ
! "

= log λ1=λ2ð Þ ð2Þ

with λ1 = 442 nm and λ2 = 620 nm. Only backscattering measure-
ments collected between 2008 and 2011 at the BOUSSOLE site were
available at these wavelengths.

2.3. Radiometry measurements

2.3.1. Field measurements and data processing

2.3.1.1. Vertical profiles. A Compact Optical Profiling System (C-OPS;
Biospherical Instrument Inc.) was deployed monthly since January
2011 for measuring upward irradiance profiles (within 0–150 m). An
above-water reference sensor of incident solar irradiance (Es)was oper-
ated simultaneously with the underwater profiler. The two radiometers
were factory calibrated yearly. Measurements were taken for 18 chan-
nels, but only the wavelengths closest to the SeaWiFS bands were
used in this study (i.e., 412, 443, 490, 510, 555 and 665 nm), and only
kept when the instrument tilt was lower than 5°. The C-OPS was de-
ployed within 1 h of water sampling, around solar noon, under clear
or overcast sky conditions andwind generally below 15 kn. Each profile
was repeated from 3 to 6 times and used to calculate the Remote Sens-
ing Reflectance (Rrs(λ)). The Rrs(λ)-derived acdm(λ) values were then
averaged and the standard deviation was computed. Finally, 87 profiles
corresponding to 25 water-sampling days providing acdm(λ) values at
the sea surface were available for the period from January 2011 to De-
cember 2013.

The Remote Sensing Reflectance, Rrs(λ) (in sr−1), defined as the
ratio between the water-leaving radiance (Lw) and Es was calculated
as (the wavelength dependence is omitted for brevity)

Rrs ¼ Lw=Es ð3Þ

where Lw is calculated from the upward irradiance just below the sea
surface (Eu(0−)):

Lw ¼ Eu 0−ð Þ $ 1−ρð Þ=n2
# $

$ 1=Q θ;Tchl að Þ ð4Þ

In Eq. (4), ρ is the Fresnel reflection coefficient for the water-air in-
terface, n is the refractive index of seawater and Q(θ,Tchl a) is the
ratio of upward irradiance to upward radiance below the surface (i.e.,
Eu(0−)/Lu(0−)). The Q(θ,Tchl a) value was log-linearly interpolated
from look-up tables, as provided in Morel et al. (2002), to match the
solar zenith angle (θ) of each measurement and the Tchl a content
from the closest available surface discrete chlorophyll concentration
(note that a linear interpolation of the Q(θ,Tchl a) factor was also used
to match the instrument wavelength). Upward irradiance values were
extrapolated to null depth (Eu(0−)) by a quadratic fit to the Eu(z)
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profile. The fit included Eu(z) values from the 0− level down to the
depth where Eu(z) was reduced to 25% of its surface (0−) value. This
procedurewas established from analyzing a large dataset of radiometric
profiles collected with a SeaWiFS Profiling Multichannel Radiometer
(SPMR; Satlantic Inc.) at the BOUSSOLE site from 2001 to 2010. The
Eu(0−) obtained in this way was compared to its value directly mea-
sured by hanging the Eu radiometer head just below the surface. The
Eu(0−) estimates from the second-degree polynomial fit were closer
to the true values than those obtained by the usual log-linear extrapola-
tions (Mueller et al., 2003; D. Antoine and B. Gentili, unpublished re-
sults). Before calculating Rrs(λ) (Eq. (3)), Eu(0−) values were
corrected for instrument self-shading according to Gordon and Ding
(1992).

2.3.1.2. Buoy measurements. A set of Satlantic 200-Series radiometers
collected simultaneous measurements of above-water surface irradi-
ance (Es(λ)) and in-water upward radiance (Lu(λ)) at 4 and 9 m
depth. All measurements were acquired at 6 wavelengths (i.e., 412,
443, 490, 510, 560 and 670 nm) every 15 min. A Seabird SBE37 CTD
mounted in the core of the buoy structure provided the reference
depth for the radiometers.

The procedures used for data processing are described in detail by
Antoine et al. (2006, 2008). Briefly, to calculate Rrs(λ) (Eq. (3)), Lw

was derived from upward nadir radiance measurements:

Lw ¼ Lu 0−ð Þ 1−ρð Þ=n2
# $

ð5Þ

where ρ is the Fresnel reflection coefficient for the water-air interface
and n is the refractive index of seawater. Lu(0−) is the upward radiance
just below the sea surface and was calculated as

Lu 0−ð Þ ¼ Lu zð ÞezKL ð6Þ

where z is the shallowest measurement depth for Lu. The diffuse attenua-
tion coefficient, KL, was computed from measurements at 4 and 9 m as
follows:

KL ¼ − ln Lu z2ð Þ=Lu z1ð Þð Þ= z2−z1ð Þ with z2Nz1 ð7Þ

Before calculating Rrs(λ) (Eq. (3)), Lu(0−) values were corrected for
instrument self-shading (Gordon and Ding, 1992). In addition, because
Lu(0−) values could be improperly determined when extrapolated to
0− from an average depth of 4m (Antoine et al., 2008), the extrapolated
values were corrected through look-up tables derived from radiative
transfer simulations (see Appendix A in Antoine et al., 2008).

Fig. 2. Comparison between acdm(443) coefficients as derived from radiometric measurements (C-OPS and buoy) and as measured from water sampling at the BOUSSOLE site (January
2011–December 2013), for the following inversion algorithms: a) GSM01; b) QAAv6; and c) CBQAA. Each acdm(443) estimate is the average value for at least three independent Rrs(λ)
measurements and error bars are the standard deviation values. In each plot, the solid line is the 1:1 line and the dashed line is a linear fit to all points. Regression statistics are
displayed in Table 1.
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Data processing also included verification and correction of data
corrupted by biofouling (i.e., growth of organisms on the radiometers)
according to Antoine et al. (2008).Moreover, the set of Satlantic 200-Se-
ries radiometers was replaced about every six months with an identical
set of instruments but with a few changes in wavelengths (i.e., 443, 490,
511, 555, 560, 665 and 683 nm). Additional selection criteria were as
follows: the buoy tilt was b10°, the buoy CTD depth was b11 m to en-
sure the Es radiometer was above water, and the ratio of the measured
Es(490) to the theoretical clear-sky value (Gregg and Carder, 1990) var-
ied between 0.8 and 1.25. Finally, only data collected around solar noon
(10 am–2 pm, GMT) were selected and used to calculate Rrs(λ). Rrs(λ)-
derived acdm(λ) values were then averaged and the standard deviation
was computed. A total of 6676 Rrs(λ) spectra, measured between Sep-
tember 2003 and July 2013, were used in the present study.

The quality of radiometric measurements from the buoy and the un-
certainties are described in Antoine et al. (2006, 2008). They found
highly significant relationships with a bias of approximately 2%
(Antoine et al., 2006) between normalized Lw values derived from the
buoy and from a Satlantic SPMR radiometric profiler. The consistency
of the reflectance measurements provided by the SPMR and the C-OPS
profiler used in this study was verified by performing simultaneous
casts throughout the year 2010 (y = 1.017x, r2 = 0.99, RMSE =
0.00261, n = 368, p b 0.001, all wavelengths combined).

2.3.2. Satellite data
Level 3 SeaWiFS 8-day productswith a spatial resolution of 9.2 kmat

the Equator (processing version R2010.0) were downloaded from the

NASA ocean color website (http://oceancolor.gsfc.nasa.gov/) for the pe-
riod from January 2003 to December 2010.

Remote sensing reflectances at six wavelengths (412, 443, 490, 510,
555 and 670 nm) extracted for non-flagged pixels across theMediterra-
nean basin (5°W–37°E, 30°N–46°N) were used to estimate acdm(443)
coefficients. SeaWiFS-derived light absorption coefficients and chloro-
phyll concentrations (provided by the OC4v6 algorithm) for a 3 × 3
pixel array centered on the BOUSSOLE site were averaged for compari-
son with acdm(443) time-series derived from radiometric buoy mea-
surements between 2003 and 2010. The consistency between buoy
and SeaWiFS reflectances was discussed in Antoine et al. (2008).

2.4. Bio-optical inversion models

The Garver-Siegel-Maritorena method (GSM) is a semi-analytical
bio-optical model originally developed by Garver and Siegel (1997)
and then optimized byMaritorena et al. (2002) for ocean color applica-
tions at the global scale. This algorithm, which is based on the relation-
ship between Rrs(λ) and IOPs according to Gordon et al. (1988), uses a
non-linear least-squares technique tofit Rrs(λ) and to derive the chloro-
phyll concentration and the magnitudes of CDM light absorption and
particle backscattering coefficients at 443 nm. In addition to absorption
and backscattering coefficients of pure seawater, spectral shapes are
fixed for the chlorophyll-specific phytoplankton light absorption
(a*phy(λ)), the CDM light absorption and the particle light backscatter-
ing coefficients (Maritorena et al., 2002). The version of the algorithm
updated by Maritorena et al. (2002) and extended to six bands (i.e.,

Fig. 3. BOUSSOLE time-series (January 2011–December 2013) of acdm(443) coefficients as measured at sea and as retrieved from C-OPS and buoy radiometric measurements using the
following inversion algorithms: a) GSM01; b) QAAv6; and c) CBQAA. In panel (a), parentheses indicate acdm(443) estimates outside of the y-axis range.

Table 1
Statistics for match-up analyses shown in Fig. 2 (see Section 2.4 for definitions).

Method n Valid retrievalsa b (y = bx) r2 p-Value Serr RMSE MPD RMSElog

C-OPS Buoy Total

GSM01 30 99% 97% 97% 0.816 0.90 b0.001 0.051 0.010 30.88% 0.176
QAAv6 30 100% 99% 99% 0.981 0.94 b0.001 0.045 0.007 21.12% 0.109
CBQAA 27 72% 43% 44% 1.159 0.94 b0.001 0.056 0.010 23.09% 0.126
a The number of valid retrievals was computed considering all C-OPS (n=87) and buoy (n=2606)measurements collected over the time-series between January 2011 andDecember

2013.
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412, 443, 490, 510, 555, and 670 nm) is tested here, and called GSM01 as
in Maritorena et al. (2002).

The Quasi-Analytical Algorithm (QAA) was originally developed by
Lee et al. (2002) and then updated by Lee et al. (2007; version 4) and
Lee et al. (2009; version 5). It uses an analytical inversion of Rrs(λ) to re-
trieve IOPs, i.e., the total light absorption and backscattering coefficients.
These coefficients are estimated at a reference wavelength (λ =
555 nm) and then the calculation is propagated to other wavelengths
by modeling the spectral shape of the backscattering coefficient (Lee
et al., 2009). Finally, the backscattering spectrum is used through Eq.
(5) of Lee et al. (2002) to derive the total absorption coefficient (see de-
tails in Lee et al., 2002; IOCCG, 2006). This absorption spectrum is then
decomposed into CDM and phytoplankton contributions, following a
spectral model based on the variability of the 412/443 nm band ratios

both for CDM and phytoplankton absorption coefficients (and for the
CDM exponential slope since version 5; Lee et al., 2009). Version 6 of
the algorithm for SeaWiFS bands, which is currently integrated in the
SeaWiFS data analysis system (SeaDAS, released by NASA), is tested
here and called QAAv6. This update extends the calculation tomore tur-
bid waters, while it is the same as version 5 for oceanic areas (Z.P. Lee,
Personal communication; http://www.ioccg.org/groups/Software_
OCA/QAA_v6_2014209.pdf).

The Ciotti and Bricaud method (CB2006) was originally developed
by Ciotti and Bricaud (2006) and revised by Bricaud et al. (2012;
CB2012). CB2012 starts with deriving the total absorption coefficients
at four wavelengths (i.e., 412, 443, 490 and 510 nm) from Rrs(λ) by
using the Loisel and Stramski algorithm (Loisel and Stramski, 2000;
Loisel and Poteau, 2006). Then, a non-linear optimization technique is

Fig. 4.Monthly time-series within the first optical depth at the BOUSSOLE site: a–c) chlorophyll-specific phytoplankton light absorption coefficients (a*phy(λ)) at 412, 443, 490, 510, 555
and 670 nm collected between January 2003 and December 2013; d) spectral dependency of particle light backscattering coefficient (γ) measured between January 2008 and December
2011; and e) spectral dependency of Colored Detrital Matter light absorption coefficients (Scdm) measured between January 2011 and December 2013. In each plot, the average of each
variable over the time-series at the BOUSSOLE site and the values used by the GSM01 algorithm (updated by Maritorena et al., 2002) are shown for comparison.
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used to derive the acdm(443) coefficient, the spectral slope of CDM light
absorption and a size factor for phytoplankton (Ciotti et al., 2002), by
forcing the output values to vary in the ranges [0–10 m−1], [0–
0.05 nm−1] and [−0.5 to 1.5], respectively. Convergence between ob-
served and simulated Rrs(λ) was assumed when the difference (see
equation 11 in Ciotti and Bricaud, 2006) was b0.05. As the Loisel and
Stramski method fails to retrieve total absorption coefficients in the
clearest waters (Bricaud et al., 2012), it is replaced here by the QAAv6
and the values at 510 nm are dropped out of the non-linear optimiza-
tion (performed at three wavelengths only, i.e., 412, 443 and 490 nm).
This version of the algorithm is hereafter called CBQAA.

The performance of these bio-optical models was evaluated through
match-up analyses with in situ data by calculating the root mean square
error of prediction (RMSE):

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
xi;estimated−xi;measured
! "2

n

s

ð8Þ

and the median percent difference (MPD) calculated as (Werdell et al.,
2013)

MPD ¼ median 100 $
xi;estimated

xi;measured
−1

&&&&

&&&&

' (
ð9Þ

where x is the variable and n is the number of observations. To compare
the results of GSM01 and QAAv6 with the International Ocean-Colour
Coordinating Group (IOCCG, 2006), RMSE was also computed for the
log-transformed quantities:

RMSE log ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
log xi;estimated

! "
− log xi;measured

! "! "2

n−2

s

ð10Þ

The coefficient of determination (r2), slope (b) and standard error
(Serr) of linear regressions were also computed. The relative number
of valid retrievals (i.e., when the Rrs spectrum yielded a valid result ac-
cording to the model constraints) was also determined. In this study,
we only evaluated the ability of each algorithm to predict acdm(443)
coefficients.

3. Results and discussion

The three bio-optical models retrieved acdm(443) coefficients at the
BOUSSOLE site with different accuracies: MPD values varied between
21.12% for QAAv6 to 30.88% for GSM01 (Fig. 2; Table 1). The percentage
of valid retrievals was also different, from 44% for CBQAA to 99% for
QAAv6 (Table 1). However, all the algorithms reproduced the tem-
poral variability of in situ acdm(443) coefficients for the BOUSSOLE
time-series between 2011 and 2013, using both C-OPS and buoy ra-
diometric measurements (Fig. 3). Details on each bio-optical model
are presented separately in the following sections. The discussion is
focused on understanding the reasons why the tested bio-optical
inversion algorithms performed differently. Then, the best in situ al-
gorithms were applied to eight years of SeaWiFS radiometric mea-
surements, and the results are discussed to investigate acdm(443)
temporal dynamics and relationships with chlorophyll concentra-
tions at the local scale.

3.1. GSM01

The GSM01 (Maritorena et al., 2002) underestimated the acdm(443)
values for the BOUSSOLE time-series with RMSE andMPD of 0.010m−1

and 30.88%, respectively (Fig. 2a; Table 1). This result contrasted with
the IOCCG (2006) and Siegel et al. (2013) for applications at the global
scale, but agreed with Huang et al. (2013) for more coastal areas.
Although the error for log-transformed quantities observed for the

BOUSSOLE site (RMSElog = 0.176) was lower than the error observed
for the in situ IOCCG (2006) dataset (RMSElog = 0.246), this version of
the algorithm was not suitable for estimating acdm(443) coefficients at
the BOUSSOLE site.

The low accuracy resulted from the discrepancy between model as-
sumptions and field surface observations at the BOUSSOLE site. There
were large differences between the average in situ values of a*phy(λ),
γ and Scdm and the values used in GSM01 (Fig. 4). The BOUSSOLE site
had higher a*phy(λ) values than GSM01 (Fig. 4a–c), except for the
555 nm band (Fig. 4c). These differences were expected given the in-
verse relationship between a*phy(λ) values and cell size (Bricaud et al.,
1995, 1998; Organelli et al., 2011). The phytoplankton community at
the BOUSSOLE site was dominated by small cells (Organelli et al., 2013)
with high a*phy(λ) values from late spring to autumn (Fig. 4a–c). By
contrast, the a*phy(λ) used in GSM01 are representative of large phyto-
plankton cells with low a*phy(λ) values (Maritorena et al., 2002 and
references therein).

Similarly, the high average γ value (Fig. 4d) at the BOUSSOLE site in-
dicated a larger amount of small particles (see also Antoine et al., 2011)
compared with the GSM01 configuration (Maritorena et al., 2002). The
lower average Scdm value at the BOUSSOLE site (Fig. 4e) suggested a dif-
ferent CDMorigin/nature and the influence of photochemical/microbial
degradation processes comparedwith the GSM01 configuration. Hence,
GSM01 performed poorly because the modeled IOPs (Maritorena et al.,
2002) were representative of an ecosystem different from the
BOUSSOLE site.

A version of the GSM01 algorithm was then adapted with locally-
tuned values (hereafter called “GSM-Med”). The new set of spectral pa-
rameters, derived from BOUSSOLE data within the first optical depth, is
shown in Table 2. Similar to the approaches proposed byMatsuoka et al.
(2013) andWerdell et al. (2013), a*phy(λ) coefficients varied as a func-
tion of [Tchl a] and BOUSSOLE-derived parameterizations based on 567
samples collected from 2003 to 2012 (Table 2). This is more realistic
than constant a*phy(λ) values because phytoplankton light absorption
properties are affected by changes in the algal community size structure
and pigment composition (Bricaud et al., 2004; Organelli et al., 2011) as
well as their physiological state (Kiefer et al., 1979; Stramski andMorel,
1990). Contrary to a*phy(λ), both the γ and Scdm parameters were set to
fixed values in GSM-Med (Table 2). These values are the averages of in
situ values within the first optical depth at the BOUSSOLE site between
2008 and 2011 (n = 959) and 2011–2012 (n = 30) for the γ and Scdm
parameters, respectively. This choice was based on evidence that γ
and Scdm are weakly correlated to variables such as [Tchl a] at the
BOUSSOLE site (Antoine et al., 2011; Organelli et al., 2014), and are
thus difficult to model.

Table 2
Set of relationships and parameters measured at the BOUSSOLE site and used for the de-
velopment of GSM-Med. The set of parameters used by GSM as updated by Maritorena
et al. (2002; GSM01) is shown for comparison (right column). From top to bottom: the
chlorophyll-specific phytoplankton light absorption coefficients at various wavelengths
(a*phy(λ)), the spectral slopes of particle backscattering (γ) and CDM light absorption
values (Scdm). The parameterizations of phytoplankton absorption coefficients for GSM-
Med have been derived over the total chlorophyll range (0.047–5.095mgm−3) measured
at the BOUSSOLE site between 2003 and 2012.

Parameter GSM-Med GSM01

A(λ) [Tchl a]−B(λ) Constant
values

λ A B r2 n λ

a*phy(λ)
(m2 mg Tchl a−1)

412 0.04044 0.27629 0.88 567 412 0.00665
443 0.05165 0.27318 0.89 567 443 0.05582
490 0.03318 0.29869 0.89 567 490 0.02055
510 0.02008 0.27730 0.90 567 510 0.01910
555 0.00690 0.20127 0.85 567 555 0.01015
670 0.02195 0.18239 0.94 567 670 0.01424

γ 2.158 ± 0.53 (n = 959) 1.0337
Scdm (nm−1) 0.01664 ± 0.0014 (n = 30) 0.0206
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Table 3
Regression statistics for the GSM01 sensitivity analysis using locally-tuned parameters (see Section 2.4 for definitions).

Method n b (y = bx) r2 p-Value Serr RMSE MPD RMSElog

GSM01 8 0.742 0.95 b0.001 0.068 0.009 26.78% 0.183
GSM01 (a*phy(λ) tuning) 8 0.589 0.96 b0.001 0.047 0.012 39.72% 0.275
GSM01(γ tuning) 8 0.870 0.93 b0.001 0.089 0.008 20.73% 0.142
GSM01(seasonal γ tuning) 8 0.894 0.92 b0.001 0.094 0.008 22.18% 0.138
GSM01 (Scdm tuning) 8 0.905 0.94 b0.001 0.084 0.007 17.26% 0.119
GSM01 (a*phy(λ) & γ tuning) 8 0.720 0.94 b0.001 0.066 0.010 30.35% 0.202
GSM01 (a*phy(λ) & Scdm tuning) 8 0.752 0.95 b0.001 0.062 0.009 24.12% 0.169
GSM01 (γ & Scdm tuning) 8 1.082 0.93 b0.001 0.113 0.009 19.71% 0.120
GSM-Med 8 0.925 0.94 b0.001 0.087 0.007 20.05% 0.121
GSM-Med (seasonal Scdm tuning) 8 0.889 0.93 b0.001 0.087 0.007 22.77% 0.134

Fig. 5. The acdm(443) values derived from radiometric measurements (C-OPS) as a function of thosemeasured fromwater samples at the BOUSSOLE site (January 2013–December 2013),
for the following configurations of the GSM algorithm: a) GSM01 (updated by Maritorena et al., 2002); b) GSM01 using locally-tuned a*phy(λ) values; c) GSM01 using a locally-tuned γ
parameter; d) GSM01 using a locally-tuned Scdm parameter; and e) GSM-Med (i.e., with all tuned parameters). See Table 2 for details of parameters tuned to the BOUSSOLE time-series.
Each acdm(443) estimate is the average value for at least three independent Rrs(λ) measurements and error bars are the standard deviation values. In each plot, the solid line is the 1:1 line
and the dashed line is a linear fit to all points. Regression statistics are displayed in Table 3.
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The sensitivity of GSM01 to locally-tuned coefficients was evaluated
bymodifying only one of the three parameters (a*phy(λ),γ or Scdm). The
impact on the model results was assessed by varying all of them simul-
taneously, so that the model assumptions were consistent and repre-
sentative of the same ecosystem. Because the new spectral coefficients
were derived from in situ data collected up to 2012, the tuned algo-
rithms were validated using data from 2013 only (Fig. 5; Table 3). The
use of tuned a*phy(λ) coefficients produced strongly underestimated
acdm(443) values (Fig. 5b) and a MPD of 39.72% (Table 3). This is be-
cause the new a*phy(λ) coefficients returned higher aphy(λ) values
than those obtained from GSM01. Assuming that the total non-water
light absorption budget (at-w(λ) = aphy(λ) + acdm(λ)) did not vary
for a given Rrs(λ), acdm(λ) coefficients were lower when aphy(λ)
increased.

Here, the retrieved acdm(443) values were sensitive to the γ param-
eter when tuned from the GSM01 to the local value. In contrast, similar
results were obtained when using the locally-tuned average γ (Fig. 5c;
Table 3) or seasonally-varying γ values (Table 3). These results sug-
gested that main impact on retrievals was due to the increase of the γ
value of about 100%with respect to GSM01. Seasonal variations around
the local γ parameter induced, instead, only weak changes in acdm(443)
retrievals. This was also previously observed by Werdell et al. (2013)
where ±33% variations in the γ parameter (estimated as a function of

Rrs; Lee et al., 2002) yielded a negligible impact on the accuracy of IOP
retrievals.

The tuning of Scdm produced themost positive impact on estimating
acdm(443) coefficients (Fig. 5d, Table 3), as the regression slope signifi-
cantly increased (from 0.742 to 0.905), while RMSE andMPD values de-
creased with respect to the GSM01 (Table 3). The sensitivity of GSM01
to changes in two locally-tuned coefficients at the same time was also
evaluated. The tuning of a*phy(λ) coefficients together with γ or Scdm
still yielded underestimated acdm(443) coefficients (Table 3). When
tuning γ and Scdm parameters simultaneously, the error decreased
with respect to GSM01 (Table 3).

The accuracy of the retrieved acdm(443) improvedwhenGSM01was
run with locally-tuned values for a*phy(λ), γ and Scdm simultaneously
(GSM-Med, Fig. 5e, Tables 2 & 3). The regression slope was close to
the identity line (p b 0.05) andMPDwas 20.05% (Table 3). This indicates
that the spectral components compensated for their respective errors
when they were consistent and representative of a given ecosystem.
Statistics obtained with this configuration were, however, close to
those obtained when only Scdm was changed (Table 3). The spectral de-
pendency of CDM absorption was therefore critical for obtaining accu-
rate retrievals of acdm(443) coefficients. Hence, a test was conducted
to verify if the accuracy of GSM-Med improved by allowing the Scdm pa-
rameter to vary seasonally (an average Scdm value for each season was

Fig. 6. a–c) Empirical relationships at the BOUSSOLE site of aphy(412)/aphy(443), γ and Scdm spectral parameters, respectively, as a function of the ratio between in-water remote sensing
reflectance (rrs) at 443 and 555 nm. In eachplot, the solid line is the empirical relationship used inQAAv6and thedashed line is the optimizedfit to all points. Coefficients of theBOUSSOLE-
tuned empirical parameterizations are also shown.
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used). The MPD value increased by about 3% and the regression slope
with in situ data decreased (Table 3).

3.2. QAAv6

The QAAv6 (Lee et al., 2009) showed the best accuracy for the three
years of the BOUSSOLE time-series and the lowest RMSE and MPD
values (Fig. 2b; Table 1). Predicted acdm(443) values were significantly
correlated with the measured values (r2 = 0.94, p b 0.001) and near
the identity line (p b 0.05) as shown by the regression slope (b =
0.981; Table 1). QAAv6 also returned the highest number of valid re-
trievals (99%). Accurate acdm(443) estimates were obtained during all
seasons and even in summerwhen the CDOMcontent at the sea surface

was the lowest (Organelli et al., 2014). The error in log-transformed
acdm(443) values (RMSElog = 0.109) for QAAv6 was similar to that
found by the IOCCG for a simulated dataset (RMSElog = 0.093; IOCCG,
2006),while it was half the error found in the in situ dataset (RMSElog=
0.221; IOCCG, 2006).

Using an approach similar to the local tuning of GSM01 model coef-
ficients, the empirical parameterizations used in the QAAv6 inversion
(aphy(412)/aphy(443), γ and Scdm as a function of the ratio of remote
sensing reflectance below the water at two wavelengths, rrs(443)/
rrs(555); Lee et al., 2009) were tuned for the BOUSSOLE site and the
model results were evaluated. The appropriateness of these empirical
relationships was verified using 2011 and 2012 data for aphy(412)/
aphy(443) and Scdm and 2011 data only for γ (adapted to the

Fig. 7. The acdm(443) values derived from radiometric measurements (C-OPS) as a function of thosemeasured fromwater samples at the BOUSSOLE site (January 2013–December 2013),
for the following configurations of the QAAv6 algorithm: a) QAAv6; b) QAAv6 using the locally-tuned empirical relationship for the aphy(412)/aphy(443) parameter; c) QAAv6 using the
locally-tuned empirical relationship for the γ parameter; d) QAAv6 using the locally-tuned empirical relationship for the Scdm parameter; and e) QAAv6 using the locally-tuned empirical
relationships for aphy(412)/aphy(443), γ and Scdm spectral parameters. Each acdm(443) estimate is the average value for at least three independent Rrs(λ) measurements and error bars are
the standard deviation values. In each plot, the solid line is the 1:1 line and the dashed line is a linear fit to all points. Regression statistics are displayed in Table 4.

306 E. Organelli et al. / Remote Sensing of Environment 186 (2016) 297–310



wavelengths 443 and555 nmas in Lee et al., 2002). These datawere col-
lected within the first optical depth. All of the three tuned empirical re-
lationships differed from those used in QAAv6 (Lee et al., 2009; Fig. 6).
The aphy(412)/aphy(443) values changed little for rrs(443)/rrs(555) ra-
tios varying between 1 and 5 at the BOUSSOLE site, and the tuned pa-
rameterization differed from the standard QAAv6 relationship mostly
at low rrs(443)/rrs(555) ratios (Fig. 6a). Good agreement between the
tuned and the QAAv6 γ versus rrs(443)/rrs(555) relationships was ob-
served only for rrs(443)/rrs(555) ratios around 1.7 (Fig. 6b). The Scdm
versus rrs(443)/rrs(555) parameterization tuned to BOUSSOLE data had
an opposite trend as compared to that assumed by QAAv6 (Fig. 6c).
The tendency of Scdm to increasewith increasing rrs(443)/rrs(555) ratios
was driven by samples collected at the BOUSSOLE site during the late
spring, summer and autumn and influenced by the photobleaching of
CDOM (Organelli et al., 2014).

No significant change in the accuracy of QAAv6 was observed when
using local parameterizations (Fig. 7; Table 4). Frommatch-up analyses,
the regression slopes were near 1 (Table 4) and all RMSE values were
0.006 m−1 (Table 4). However, when tuning Scdm alone, the regression
slope decreased from 1.003 to 0.947 (Fig. 7d; Table 4). In contrast to
Scdm, the use of tuned relationships for aphy(412)/aphy(443) and γ
yielded regression slopes slightly higher than 1 (Fig. 7b, c; Table 4).

When the three regionally-tuned parameterizations simultaneously re-
placed those of QAAv6, the three spectral parametersmutually compen-
sated for their opposite effects and the results were similar to those
obtained using the standard version (Fig. 7a, e, Table 4). Hence, QAAv6
appears robust against local deviations of bio-optical relationships and
can be applied regardless of any local tuning, at least for Case-1 waters
such as those encountered at the BOUSSOLE site.

3.3. CBQAA

The CBQAA overestimated in situ acdm(443) values from in situ Rrs(λ)
measurements (Fig. 2c; Table 1). The MPD value and the error for log-
transformed quantities were, however, lower than that found for
GSM01 (Table 1) and close to that of GSM-Med (Table 3). Because
CBQAA is based on a non-linear optimization technique that simulta-
neously calculates three output variables (acdm(443), Scdm and Sf;
Ciotti and Bricaud, 2006) and no empirical relationship is used, no local
tuning can be performed. CBQAA also had a lower percentage of valid
retrievals than the other algorithms (Table 1). This was caused by the
5% tolerance error imposed for comparisons between measured and
modeled Rrs(λ) spectra (Ciotti and Bricaud, 2006; Bricaud et al., 2012).

Fig. 8. a) Time-series at the BOUSSOLE site (January 2003–December 2010) of SeaWiFS-derived acdm(443) estimates using the QAAv6, onto which the buoy-derived values are
superimposed. b) Same time-series as in (a) but for SeaWiFS-derived acdm(443) values using GSM-Med, onto which the buoy-derived values are superimposed. c) Same time-series as
in (a) but for SeaWiFS-derived acdm(443) values using the QAAv6 and the GSM-Med algorithms, onto which the SeaWiFS-derived chlorophyll concentrations are superimposed.

Table 4
Statistics for match-up analyses shown in Fig. 7 (see Section 2.4 for definitions).

Method n b (y = bx) r2 p-Value Serr RMSE MPD RMSElog

QAAv6 8 1.003 0.96 b0.001 0.079 0.006 15.90% 0.098
QAAv6 (aphy(412)/aphy(443) tuning) 8 1.029 0.96 b0.001 0.083 0.006 18.11% 0.101
QAAv6 (γ tuning) 8 1.017 0.96 b0.001 0.075 0.006 12.06% 0.103
QAAv6 (Scdm tuning) 8 0.947 0.95 b0.001 0.079 0.006 17.74% 0.103
QAAv6 (aphy(412)/aphy(443) & γ & Scdm tuning) 8 0.985 0.96 b0.001 0.074 0.006 15.76% 0.095
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The CBQAA, however, showed improved accuracy in retrieving the
acdm(443) values with respect to the previous version by Bricaud et al.
(2012) owing to the use of more accurate estimates of the total non-
water light absorption coefficients (at-w(λ)). Indeed, the QAAv6 used
in CBQAA yielded more accurate estimates of at-w(λ) coefficients over
the entire BOUSSOLE time-series (b = 1.05, r2 = 0.98, n = 30,
p b 0.001, Serr = 0.027, RMSE = 0.008 m−1, MPD = 10.48%) than the
Loisel and Stramski (2000) algorithm (b = 0.89, r2 = 0.95, n = 27,
p b 0.001, Serr = 0.039, RMSE = 0.012 m−1, MPD = 14.05%) used in
CB2012 (see Section 2.4 for details). The acdm(443) coefficients were
strongly underestimated by CB2012 over the entire BOUSSOLE time-se-
ries (b = 0.766, r2 = 0.78, n = 27, p b 0.001, Serr = 0.079; data not
shown) with RMSE and MPD values of 0.014 m−1 and 42.95%,
respectively.

3.4. Time-series of satellite-derived acdm(443) coefficients

The eight-year time-series of acdm(443) coefficients retrieved from
SeaWiFS remote sensing reflectance spectra (September 2003–Decem-
ber 2010) using the two best algorithms for the BOUSSOLE site, QAAv6
and GSM-Med, were consistent with the in situ buoy measurements
(Fig. 8a, b). Satellite-derived reconstructions of acdm(443) coefficients
reproduced similar seasonal dynamics (Fig. 8c), which were also close
to observed in situ CDOM only (Organelli et al., 2014). This suggests
that satellite-derived time-series of acdm(443) coefficients can be used
to investigate patterns of acdm(443) and of phytoplankton chlorophyll

concentrations at the BOUSSOLE site. GSM-Med acdm(443) estimates
were, however, significantly lower than those retrieved with QAAv6
(y = 0.90x, r2 = 0.97, n = 290, p b 0.001, Serr = 0.009, RMSE =
0.008 m−1, MPD = 18.29%; Fig. 9a).

In agreement with in situ observations (Organelli et al., 2014), the
highest acdm(443) values were typically observed following the spring
algal bloom (Fig. 8c). Satellite-derived acdm(443) coefficients generally
decreased towards summer (Fig. 8c) because of photobleaching
(Organelli et al., 2014), while a second relative maximumwas observed
in autumn and early winter (Fig. 8c) as a consequence of a fall bloom
such as in 2008 (Fig. 8c) or more likely of the upwelling of deep, biolog-
ically refractory CDOM (Nelson and Siegel, 2013).

SeaWiFS-derived acdm(443) coefficients at the BOUSSOLE site were
higher than the acdm(443) versus total chlorophyll relationships pro-
posed by Bricaud et al. (2012) for various seasons at the global scale, ex-
cept during the spring algal bloom (Fig. 9b, c). This is due to the higher-
than-average contribution of CDOM for a given chlorophyll concentra-
tion in the Mediterranean Sea, which makes the optical properties of
this basin different from many oceanic areas (Morel and Gentili,
2009b; Organelli et al., 2014). Co-variation of acdm(443) with the satel-
lite-derived chlorophyll concentrations was found for QAAv6 (r2 =
0.48, n = 290, p b 0.001; Fig. 9b) and GSM-Med (r2 = 0.58, n = 290,
p b 0.001; Fig. 9c), but with high scatter. This was likely an effect of
the varying seasonal influence of photobleaching and a consequence
of the time lag between chlorophyll and CDOM maxima (Organelli et
al., 2014). Cross-correlation analysis between QAAv6- or GSM-Med-

Fig. 9. a) Comparison between SeaWiFS acdm(443) values as derived from GSM-Med and the QAAv6 algorithms. The linear fit to all points (dashed line) and the 1:1 line (solid line) are
displayed. b) Variations of QAAv6-derived acdm(443) values as a function of chlorophyll concentrations, both derived from SeaWiFS data. c) as in b) but for acdm(443) values as derived
from the GSM-Med method. In panels b) and c) non-least square fit to all points (dashed line) and global relationships for four months (February, May, August and November 2007)
from Bricaud et al. (2012) are displayed.
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derived acdm(443) coefficients and OC4-derived chlorophyll concentra-
tions confirmed that CDM increased generally within one month of the
chlorophyll maximum (correlation coefficients up to 0.83, p b 0.05),
likely due to microbial decomposition of phytoplankton cells
(Organelli et al., 2014) or excretion by zooplankton (Steinberg et al.,
2004; Kitidis et al., 2006; Xing et al., 2014).

4. Conclusions

This study showed that two semi-analytical models (GSM-Med,
QAAv6) accurately retrieved acdm(443) coefficients at the BOUSSOLE
site in the NW Mediterranean Sea, while the CBQAA algorithm tended
to overestimate in situ acdm(443) coefficients. QAAv6 was the most ro-
bust method for retrieving acdm(443) coefficients at the BOUSSOLE
site. Local bio-optical relationships that differed from those in the
model did not strongly impact retrieval error. GSM01wasmore strongly
affected by deviations from globally derived parameters or relation-
ships. The locally-tuned version, GSM-Med, showed improved
acdm(443) estimates with an accuracy comparable to QAAv6.

Satellite-derived reconstruction of acdm(443) over an eight-year
time-series at the BOUSSOLE site reproduced seasonal patterns similar
to those observed in the same area by Organelli et al. (2014) and Xing
et al. (2014). More importantly, remotely-retrieved acdm(443) coeffi-
cients revealed that the CDM light absorption, for a given chlorophyll
concentration, at the BOUSSOLE site was higher than the open ocean
global average observed by Bricaud et al. (2012).

The retrieval of accurate acdm(443) values and the assessment of dy-
namics from space can improve our understanding of the carbon cycle
as well as tracing processes (Nelson et al., 2010) and changes (Siegel
et al., 2013) in ocean biogeochemistry. To extend this investigation at
the basin scale, future efforts should evaluate algorithms and validate
the retrievals of acdm(λ) coefficients and other bio-optical products
(e.g., aphy(λ) coefficients) across the entire Mediterranean Sea, as well
as to better understand the forcing behind changes in the acdm(λ) and
Scdm parameters. Furthermore, themodels we testedwere only adapted
to the SeaWiFS spectral resolution, and efforts should be made to test
and validate algorithms for current (e.g., NASA's MODIS-Aqua and
ESA's Sentinel 3) and future (e.g., NASA's PACE) satellite platforms.
The development of methods based on hyperspectral or UV–visible
multispectral measurements could be useful to more accurately esti-
mate the spectral dependence of CDM, which is a useful proxy (if NAP
bb CDOM) of the origin of CDOM (Carder et al., 1989; Vodacek et al.,
1997) and a tracer of photochemical/microbial degradation processes
(Green and Blough, 1994; Moran et al., 2000; Helms et al., 2008).
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