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We investigated the peculiar bio-optical characteristics of the Mediterranean Sea focusing on the spectral
diffuse attenuation coefficient [Kd (λ)] and its relationship with chlorophyll a concentration (Chl a),
complemented with measurements of light absorption by chromophoric dissolved organic matter
(CDOM) and the optical properties of particulate material. The non-water absorption budget showed that
CDOM was the largest contributor in the 300–600 nm range (460% of the absorption at 443 nm in the
euphotic layer), increasing to 80% within the first optical depth (FOD). This translated into CDOM ac-
counting for 450% of KdBio (λ) (the irradiance attenuation coefficient caused by all non-water absorp-
tions) between 320 and 555 nm and throughout both layers (FOD and euphotic). Indeed, we tested three
Chl a-based bio-optical models and all three underestimated Kd (λ), evidencing the importance of CDOM
beside Chl a to fully account for light attenuation. The Morel & Maritorena (2001) model (M&M 01)
underestimated Kd (λ) in the UV and blue spectral regions within the FOD layer, showing lower dif-
ferences with increasing wavelengths. The Morel et al. (2007a) model (BGS 07) also underestimated Kd
(λ) in the FOD layer, yet it performed much better in the 380–555 nm range. In the euphotic layer, the
Morel (1988) model (JGR 88) underestimated Kd ( λ) showing higher differences at 412 and 443 nm and
also performed better at higher wavelengths. Observed euphotic layer depths (Z1%) were 28 m shallower
than those predicted with the M&M 01 empirical relationship, further highlighting the role of CDOM in
the bio-optical peculiarity of Mediterranean Sea. In situ measurements of the CDOM index (Φ), an in-
dicator of the deviation of the CDOM-Chl a average relationship for Case 1 waters, gave a mean of 5.9 in
the FOD, consistent with simultaneous estimates from MODIS (4.870.4). The implications of the bio-
optical anomaly for ecological and biogeochemical inferences in the Mediterranean Sea are discussed.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In ocean bio-optics, Case 1 waters are those whose optical
properties are determined primarily by phytoplankton and the
associated detrital particles and dissolved materials, to the extent
that they can be described and modelled solely from phyto-
plankton chlorophyll a concentration (Chl a) (Morel and Prieur,
1977; Antoine et al., 2014). In these waters, inherent optical
properties (IOPs) such as phytoplankton absorption coefficients
(e.g., Bricaud et al., 1995, 1998, 2004; Stæhr and Markager, 2004)
Pérez).
or particle scattering and beam attenuation coefficients (e.g.,
Gordon and Morel, 1983; Voss, 1992; Loisel and Morel, 1998;
Loisel et al., 2011) have been statistically related to Chl a. And so
have been apparent optical properties (AOPs) such as the diffuse
attenuation coefficient (Kd) and reflectance (R) (e.g., Morel, 1988;
Morel and Maritorena, 2001; Morel and Gentili, 2004; Morel
et al., 2007a). However, several studies in Case 1 waters have
shown significant deviations of the optical data from the most
used empirical and semiempirical relationships to Chl a con-
centration (e.g., Mitchell and Holm-Hansen, 1991; Morel et al.,
2007a,b ; Loisel et al., 2011; Antoine et al., 2013; Organelli et al.,
2014). Such deviations occur systematically in some regions like,
e.g., the South Pacific and the Mediterranean Sea (Morel et al.,
2007a; Morel and Gentili, 2009a,b).
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In the Mediterranean, application of global algorithms to sa-
tellite ocean color data results in notable and recurrent over-
estimation of the in situ Chl a concentration (Antoine et al., 1995;
Gitelson et al., 1996; Bricaud et al., 2002; Volpe et al., 2007; An-
toine et al., 2008). Overestimation also occurs when the same al-
gorithms are fed with in situ spectral measurements of water
leaving radiances, indicating that optical constituents other than
Chl a decrease the blue-to-green reflectance ratio (B/G) (Claustre
et al., 2002; Quillon and Petrenko, 2005). Among the possible
causes of this color anomaly, high concentrations of CDOM have
been frequently invoked (e.g., Morel et al., 2007a; Morel and
Gentili, 2009b). Other possible causes are the deposition of sub-
micron-sized Saharan dust, which would result in an enhance-
ment of the backscattering coefficient at the green portion of the
spectrum (Claustre et al., 2002; Loisel et al., 2011), and the higher
relative abundance of coccolithophorid microalgae amongst
Mediterranean phytoplankton (Gitelson et al., 1996; D’Ortenzio
et al., 2002).

CDOM consists of optically active material that strongly absorbs
in the blue (e.g., 443 nm). It does not always correlate with other
biogenic components; instead, its own dynamics and its varying
contribution to the light absorption budget confounds the classical
B/G algorithms used to retrieve Chl a concentration from remote
sensing platforms (Claustre and Maritorena, 2003; Siegel et al.,
2005; Morel and Gentili, 2009b). Ocean color data reveal that
Mediterranean waters contain on average twice the CDOM ex-
pected from their Chl a content (Morel and Gentili, 2009a,b). A
study that focused on the parameterization of Kd (λ) using Chl a
concentration, also sustained this suggestion (Morel et al., 2007a).
In situ measurements have shown indeed that Kd values between
320 and 440 nm are recurrently high in relation to those predicted
from the Chl a concentration using Case 1 waters algorithms. This
anomaly was found to steadily increase with decreasing wave-
lengths (maximum differences at 320 nm), which is a typical sig-
nature of the CDOM absorption spectrum [acdom (λ)] (Morel et al.,
2007a). These authors also pointed out that the depths of 1% ir-
radiance (Z1%) are considerably shallower than those predicted
from depth-integrated Chl a, and concluded that specific para-
meterizations for Kd (λ) are needed for Mediterranean waters
(Morel et al., 2007a).

Despite these findings, only a limited number of field de-
terminations of CDOM absorption characteristics have been con-
ducted in costal (e.g., Babin et al., 2003; Vignudelli et al., 2004;
Para et al., 2010; Romera-Castillo et al., 2011; Romera-Castillo
et al., 2013) and offshore Mediterranean waters (Kitidis et al.,
2006; Bracchini et al., 2010; Xing et al., 2014; Organelli et al.,
2014). Only a few assessed the spatial and seasonal dynamics of
in situ CDOM absorption coefficients together with their drivers.
Xing et al. (2012, 2014) reported a substantial asymmetry of CDOM
levels between the Western and the Eastern basins, with higher
values in the former, and also observed different seasonal dy-
namics between surface and subsurface CDOM standing stocks
and their physical and biological drivers (Xing et al., 2014). In the
NW Mediterranean, Organelli et al. (2014) confirmed that the va-
lues of acdom (440) for a given Chl a concentration were higher
than those expected for Case 1 waters, and showed that CDOM
dominated the non-water light absorption budget of surface wa-
ters throughout most of the year.

Here we examine in detail the role of CDOM in the not fully
understood bio-optical peculiarity of the Mediterranean Sea. We
focus particularly on the Kd (λ) to Chl a relationship, com-
plemented with a comprehensive optical characterization of
CDOM and particulate material (phytoplankton and non-algal
particles). Using data obtained during two Lagrangian cruises in
offshore waters of the NW Mediterranean, we aimed to:
(i) describe the spectral absorption coefficients of the various
optically active components in the near-UV and visible spectral
domains; (ii) assess their relative contribution to the light ab-
sorption budget; (iii) evaluate the contributions of absorption
and scattering to irradiance attenuation in the FOD and euphotic
layers by modelling and partitioning of Kd (λ) using Kirk's optical
model (Kirk, 1991); (iv) evaluate the performance of Chl a-based
models of light attenuation, namely the widely used JGR 88
(Morel, 1988) and M&M 01 (Morel and Maritorena, 2001), as well
as the regionally tuned BGS 07 model (Morel et al., 2007a); and
(v) assess the implications of the bio-optical peculiarity for an
accurate description of optical properties of the Mediterranean
Sea, and provide information for the improvement of bio-optical
models and remote sensing applications in marine ecology and
biogeochemistry.
2. Materials and methods

2.1. Study area and sampling

Data were collected in offshore waters of the Catalan-Balearic
Sea (NW Mediterranean) during two Lagrangian cruises, denoted
SUMMER-1 (SU1) and SUMMER-2 (SU2), on 12-22 Sept 2011 and
22-24 May 2012, respectively.

The two cruises were conducted on board the RV ‘García del
Cid’. Three Lagrangian drifters were deployed to track the move-
ment of the upper 15-m water layer. Each drifter consisted of a
spherical floatable enclosure that contained a GPS and an emitter,
from which 10 m cylindrical drogues hanged 5 m below the
sphere. The drifters sent their position every 30 min, and all ship
operations were conducted next to them. Both cruises were held
in the same region, ca. 45 nautical miles from the coast, within the
core of a cyclonic eddy over a water-column depth of ca. 2000 m
(Fig. 1). Measurements were obtained from a total of 28 stations
(21 and 6 on SU1 and SU2, respectively). Vertical profiles were
acquired with a Seabird 9/11 plus CTD probe equipped with a PAR
radiometer (QCP-2300, Biospherical), chlorophyll fluorometer
(Seapoint) and transmissometer (C-Star WETLabs). The CTD sys-
tem was mounted on a 24-Niskin-bottle rosette used to collect, at
each station, water samples at fixed depths plus an additional
sample at the depth where the deep chlorophyll maximum (DCM)
was detected on the basis of real-time fluorescence profiles. In SU1
four depths were sampled (3, 8 or 10, 30 m and DCM), and 3 in
SU2 (3, 25 m and DCM). Mixed layer depths (MLD) were estimated
from CTD temperature profiles, and defined by a Z0.2 °C devia-
tion with respect to the temperature at 1 m depth.

Vertical profiles of downwelling spectral irradiance Ed (λ, Z) at
6 discrete channels in the ultraviolet region (305, 313, 320, 340,
380 and 395 nm) and 9 channels in the visible wavelengths
matching the band position of remote sensing platforms (412, 443,
465, 490, 510, 555, 670, 694 and 710 nm), as well as the integrated
PAR band [Ed (PAR, Z)], were measured with a PRR-800 multi-
channel profiling radiometer (Biospherical). The radiometer was
deployed once a day during both cruises, with the exception of
two days of SU1 when weather conditions prevented optical
profiles. Prior to each cast, the ship was oriented relative to the
sun to minimize ship shadow. A total of 12 irradiance profiles were
carried out with solar angles ranging from 24° to 54° and recorded
from the surface to 100 m. All the irradiance profiles (with PRR-
800 radiometer and CTD casts) were carried out on calm days,
during clear sky and constant light conditions. Incident surface
PAR irradiance in air was simultaneously monitored with an on-
deck global solar radiation sensor (# 6450, Davis sensor), and used
to verify that the above-water surface irradiance was constant
during profiling.



Fig. 1. Map showing the stations sampled in the two SUMMER cruises: SU1 (black dots) and SU2 (white dots).
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2.2. Apparent optical properties measurements: diffuse attenuation
coefficients for downwelling irradiance

Average diffuse attenuation coefficients in the euphotic zone,
for discrete wavelengths (derived from PRR-800 Ed profiles) and
for the PAR broadband (from both CTD and PRR-800 Ed profiles),
were determined as the slope of the linear regression between
logarithmic irradiances and depth. Quality- control of radiometric
data was performed according to Mueller et al. (2003). Near-sur-
face noise caused by wave motion was eliminated from Ed (λ, PAR,
Z) profiles. At each UV wavelength (from 320 to 395 nm), the
maximum depth considered for calculation was determined by the
break of the Ln [Ed (λ)] vs. depth curve (i.e., when the Kd changed
through the water column), being the subsequent portion of the
curve excluded from calculations (see Laurion et al. (2000)). For
wavelengths between 412 and 555 nm and for the PAR band, the
maximum depth considered for calculations was the depth where
approximately 1% of subsurface Ed (λ, PAR) remained. For
wavelengths 4600 nm, we followed the same approach as for UV,
considering for slope calculation the curve before the change of Kd
through the water column. A similar procedure was employed by
Morel (1988), with Kd in the red part of the spectrum computed by
considering a layer with a reduced thickness. We also followed the
same procedure (linear regression analysis) in the calculation of
Kd for the FOD layer, whose depth was estimated as 1/Kd (PAR).
The R2 obtained from regression analyses were always above 0.98
at all examined wavelengths and casts. The depth of the euphotic
layer was calculated as 4.605/Kd (PAR), which is the depth at
which PAR is 1% of the value just below the surface.

2.3. Laboratory measurements

2.3.1. Inherent optical properties
Absorption by CDOM in discrete water samples (n¼106) was

characterized by UV–visible spectrophotometric scans performed
on seawater filtered through pre-combusted (450 °C, 4 h.) What-
man GF/F filters, in an acid-cleaned all-glass filtration system and
under positive pressure with low N2 flow. Although dissolved
matter is generally defined as that passing through a 0.2-μm
membrane (Mueller and Austin, 1995), and the nominal pore size
of GF/F filters is ca. 0.7 mm, this is known to decrease in the pre-
combustion process, thus making GF/F appropriate for measure-
ment of dissolved organics avoiding organic membranes (Nayar
and Chou, 2003; Asmala et al., 2012). CDOM absorbance was
measured in a Lambda 800 (Perkin-Elmer) dual beam spectro-
photometer equipped with a 10 cm quartz cell. Spectral scans
between 250 and 750 nm at 1 nm intervals were made on-board
immediately after filtration. Pre-filtered (0.2 mm) Milli-Q water
was used as the reference for all samples. The CDOM absorption
coefficients were calculated as follows:

( ) ( )
λ =

λ
( )a 2. 303.

A
l 1cdom

filtrate

where Afiltrate (λ) is the absorbance at wavelength λ, and l is the
cell length in metres. The spectra were corrected for residual
scattering by fine size particles, micro-air bubbles, or refractive
index differences between the sample and the reference by sub-
tracting the average value of absorbance between 600 and 720 nm
(Mitchell et al., 2000). Given the detection limit of the spectro-
photometer (0.001 absorbance units) and an optical cell path-
length of 0.1 m, the detection limit for CDOM absorption was
0.02 m�1.

Following Helms et al. (2008), CDOM spectral slopes were
calculated over four narrow wavelength ranges: S275–295, S290–350,
S350–400 and S350–500, using linear regressions of the natural log-
transformed acdom (λ) spectra. In addition, we also calculated the
dimensionless S275–295/S350–400 (denoted SR), and acdom (250/365)
ratios.

In the same discrete water samples, total particulate matter
absorption coefficients [ap (λ)] were determined by the quantita-
tive filter technique (QFT) using the simple transmittance method
according to NASA's optics protocols (Mitchell et al., 2000). Water
samples (1–2 L) were filtered on-board using 25 mm GF/F filters.
Immediately after filtration absorbance scans were measured from
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300 to 750 nm at 1 nm intervals in a Lambda 800 spectro-
photometer against a blank clean filter wetted with filtered
(0.2 mm) seawater. Absorption coefficients of non-algal particles
[anap (λ)] (i.e., non-chlorophyllic, unpigmented particles) were
determined after methanol extraction following the procedure of
Kishino et al. (1985). Absorption coefficients of ap (λ) (first mea-
surement) and anap (λ) (after methanol extraction) were estimated
according the equation:

( ) ( )
( )λ =

λ
β λ ( )

S
a

2. 303.A .

V. 2
p,nap

filter

where Afilter (λ) is the measured absorbance with QFT, S is the
clearance area of the filter, V is the volume of filtered water, and β
(λ) is the amplification factor vector (Mitchell and Kiefer, 1984).
The β (λ) factor was calculated following Bricaud and Stramski
(1990) with the equation:

( ) ( )β λ = λ ( )
−

1. 63.A 3filter
0.22

As standard procedure, a null point correction was set at
750 nm, where absorbance by particles is assumed to be negli-
gible. This was done to correct for residual offsets in the sample
filter relative to the reference, and for scattering artifacts due to
particle loading (Mitchell et al., 2000). Phytoplankton absorption
coefficients [aph (λ)] were obtained by subtracting anap (λ) from ap
(λ). Finally, total absorption coefficients [at (λ)] were estimated as
the sum of the absorption coefficients by particles, CDOM and pure
water:

( ) ( ) ( ) ( )λ = λ + λ + λ ( )a a a a 4t cdom p w

where aw (λ), the absorption coefficient of pure water, was taken
from Pope and Fry (1997) and from Morel et al. (2007b) for the
UV-blue range (see aw1 values in Morel et al. (2007b)).

The particulate spectral scattering coefficient [bp (λ)] was ob-
tained from the difference between beam attenuation coefficient
by particles [cp (660)] and spectral particulate absorption coeffi-
cients following Roesler and Boss (2003):

( ) ( ) ( )λλ = · λ −
( )

−⎡
⎣⎢

⎤
⎦⎥b ac 660

660 5pp p

1

Particulate beam attenuation at each sampling depth was cal-
culated from 1 m binned transmittance vertical profiles and de-
termined subtracting the mean value of beam attenuation over the
depth interval from 200 to 400 m, which was considered re-
presentative of the beam attenuation value of particle-free water
(depth-independent background) (Loisel and Morel, 1998; Loisel
et al., 2011). The spectral dependence of the beam attenuation
coefficient was obtained using a λ�1 dependency. Oubelkheir et al.
(2005) reported a spectral particle attenuation exponent ranging
from about 1–1.5 for NW Mediterranean waters.

The total spectral scattering coefficient [b (λ)] was obtained as:
bp (λ)þbw (λ), where bw (λ) is the scattering coefficient of pure
water derived from Buiteveld (1994) and multiplied by 1.30 to
account for the effect of salinity (see Morel et al. (2007a)).

2.3.2. Pigment analysis
Samples for pigment analyses were collected from Niskin bottles

(1.5–2 L), filtered through Whatman GF/F filters and stored at �80 °C
until analysis in the laboratory on land. Total Chla concentration
(hereinafter denoted T-Chl a, which includes Chl aþallomers and
epimersþdivinyl Chl aþchlorophyllide a) was measured by High
Performance Liquid Chromatography (HPLC) on a Spectra SYSTEM
instrument following the method of Zapata et al. (2000). Calibration
was done with commercial pigment standards (DHI, Denmark). Ver-
tical profiles of chlorophyll fluorescence recorded during CTDs casts
were calibrated and subsequently converted into equivalent T-Chl a
profiles by using the HPLC concentration values obtained in discrete
samples.

2.4. Description of diffuse attenuation coefficient modelling

2.4.1. Kirk's optical model of Kd (λ)
The diffuse attenuation coefficient for the euphotic layer was

modelled using Kirk´s optical model (Kirk, 1981; 1984; 1991),
which has been successfully used to model Kd (λ) in a wide range
of aquatic environments (Bricaud et al., 1998; Gallegos, 2001;
Belzile et al., 2002; MacIntyre et al., 2004; Pierson et al., 2008;
Zhang et al., 2009) and is particularly useful because of its sim-
plicity and accuracy. The model relates the average attenuation
coefficient of downwelling irradiance in the euphotic zone as an
explicit function of a, b, and μ0 as follows:

{ }( ) ( ) ( ) ( )μλ =
μ

· λ + ( )· λ · λ
( )

Kd
1

a G a b
60

t
2

0 t

0.5

where μ0 is the average cosine of the angle of the stream of
photons just under the surface (calculated from the incident ze-
nith angle using Snell's Law), and G (μ0) is a coefficient that in-
dicates the relative contribution of scattering to vertical irradiance
attenuation determined by the shape of the volume scattering
function [β (θ)] and by μ0. G (μ0) is a linear function of μ0 as: G
(μ0)¼g1.μ0-g2. The coefficients g1 and g2 vary with the shape of
the volume scattering function used in the calculations (Kirk,
1991). We used g1¼0.425 and g2¼0.19, for San Diego Harbour
scattering phase function obtained from Monte Carlo calculations
(Kirk, 1991, 2011). We also used Kirk´s model for modelling Kd (λ)
in the FOD layer. In this case we followed a simplified approach,
using G (1)¼0.126 (see Kirk (1991)).

Mean observed values of at (λ) and b (λ), either in the euphotic
layer or in the FOD layer, were used as input values for the model.
Then the model was run to determine the relative contribution of
absorption and scattering to light attenuation. Following proce-
dures set forth by Belzile et al. (2002; see their Models I, II and III),
the relative contribution of IOPs (absorption and scattering by
different components) to Kd were computed.

2.4.2. Chl a-based models of Kd (λ)
The JGR88 model statistically relates KdBio (¼Kd (λ)-Kdw (λ)) in

the euphotic layer to the Chl a concentration within the layer
(Morel, 1988). The term Kdw (λ) denotes attenuation by pure water
and KdBio (λ) refers to attenuation by all biogenic, optically sig-
nificant components (algal cells and all associated particulate and
dissolved non-algal materials). The following power law function
was derived:

(λ) = χ(λ)[ ] ( )(λ)aKd Chl 7Bio
e

Subsequently, the M&M01 model (Morel and Maritorena, 2001)
updated the empirical bio-optical model of Kd (λ) using new field
data with HPLC determination of Chl a, and using a new spectral
absorption coefficient of pure water from Pope and Fry (1997).
More recently, the BGS07 model extended its applicability into the
UV domain and developed a new parameterization based on se-
parated regression analyses for the Mediterranean Sea and South
Pacific Ocean (Morel et al., 2007a). In the present work we used
these three models to estimate Kd (λ) in the FOD layer (M&M01
and BGS07) and in the euphotic layer (JGR88).

Kd (λ) was computed from T-Chl a as follows:

( ) ( ) ( ) ( )λ = λ +χ λ _ ( )
λ⎡⎣ ⎤⎦aKd Kd T Chl 8w

e

and
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( ) ( ) ( )λ = λ + · λ ( )Kd a
1
2

b 9w w w

where χ (λ) and e (λ) were obtained from the models’authors.
Mean observed T-Chl a profiles in the FOD and the euphotic layers
were used as inputs to Eq. (8). For JGR88 and M&M01, Kdw (λ) was
obtained from Morel (1988) and Morel and Maritorena (2001),
respectively; for BGS07 it was calculated from Eq. (9). Additionally,
empirically derived values of the euphotic depth (Z1%-Emp) were
calculated from the integrated T-Chl a concentration (T-Chl aInt) in
the euphotic layer, following Morel and Maritorena (2001):

( )
( )

= − < >

= − < > ( )

−
−

−

−
−

−

a m

a m

Z 912.5 T Chl 10 m Z 102

Z 426.3 T Chl 102 m Z 180 10

1% Emp Int
0.839

1% Emp

1% Emp Int
0..547

1% Emp

2.4.3. Assessments of model performance
Measured values of Kd (λ) were compared with the outputs of

the Kirk's and JGR88 models. Either IOP data or T-Chl a profiles of
the CTD casts within ∼2 h of the radiometer casts were used.
Modelled values of the broadband Kd (PAR) were calculated by
propagating the solar spectrum just below the surface (Ed (λ, 0-))
to a reference depth and numerically integrating over wavelengths
following the procedure proposed by Gallegos (1994) and Belzile
et al. (2002):

( )
( )

( )∫

∫
( ) = − ˙

λ − − λ ˙ λ

λ − λ
( )

⎡

⎣

⎢
⎢
⎢

⎡
⎣⎢

⎤
⎦⎥

⎤

⎦

⎥
⎥
⎥

E Z d

E d
Kd PAR

1
Z

Ln
, 0 exp Kd

, 0
11

d

d

400

700

400

700

where Kd (λ) is the modelled spectral attenuation coefficient, Z is
the depth at which PAR is reduced to 1% of its value just below the
surface, and Ed (λ, 0-) was solved for each CTD in an iterative
manner. Measured values of Ed (λ, 0-) with PRR-800 radiometer
were first converted from energy units (μW cm�2 nm�1) to
quantum units (μmol photons m�2 s�1 nm�1) following Kirk
(2011). These were subsequently scaled to the respective mea-
surement of PAR for each optical profiling and then averaged to
provide representative Ed (λ, 0-) spectrum per unit of PAR. Fol-
lowing the spectrally-integrated method (Morel, 1988; Gallegos,
1994; Belzile et al., 2002), Eq. (11) was applied to calculate mod-
elled values of Kd (PAR) using the PAR-normalized spectrum to
extrapolate the Ed (λ, 0-) for each CTD. Finally, measured values of
Kd (PAR) (derived from PRR-800 profiles) were compared with
modelled Kd (PAR) values of closer CTDs.

Using modelled Kd (λ) and the extrapolated Ed (λ, 0-) spectra,
we constructed the water column light field for each CTD cast by
estimating the downwelling component of spectral irradiance at a
given depth as follows:

( ) ( ) ( )λ = λ − − λ ( )⎡⎣ ⎤⎦ZE , E , 0 exp Kd .Z 12d d

Model performance was assessed by examining the errors be-
tween measured and modelled values of Kd (λ, PAR). Statistical
tools were the root mean square error (RMSE) and the relative
mean error (RME). See below (Section 2.6.) for description.

2.5. Satellite match-up data

Level 3-binned (L3BIN) data from the MODIS-Aqua sensor (daily
and 8-day composites, 4.64 km resolution) were matched to in situ
measurements using SeaDAS 6.4 (“outtrack” function). We defined
the satellite match up as the average value in 3�3 pixel bins. The
differences between daily and 8-day composites were minimal.
Remote sensing products (2013.1 reprocessing) were obtained from
the NASA Ocean Color website (http://oceancolor.gsfc.nasa.gov/),
and included Chla concentration (OC3M algorithm; http://oceanco
lor.gsfc.nasa.gov/cms/atbd/chlora; O’Reilly et al., 1998; see also
Morel et al. (2007c)), and the CDOM index (Morel and Gentili,
2009a; product no longer available on the Ocean Color website).
The latter expresses the CDOM anomaly with respect to the average
CDOM-Chla relationship in Case 1 waters.

2.6. Data and statistical analyses

Given that the main goal of this study was to describe the
importance of CDOM in the absorption budget of NW Mediterra-
nean waters, and determine how its contribution to the vertical
attenuation coefficient hinders the utilization of Chl a-based
models of Kd (λ), we primarily analysed both cruises as an entire
data set. When differences in optical properties between SU1 and
SU2 appeared relevant, the data were analysed separately and
conveniently indicated in the text.

Absorption properties and related parameters were analysed
and presented separately for three different layers (FOD, DCM and
euphotic), for more detailed description and interpretation. Cal-
culations were made from discrete samples collected within the
FOD layer 3-8, or 10 m), at the DCM (between 45 and 62 m) and
within the euphotic layer (actually between 3 m and the DCM, i.e.,
slightly narrower than the euphotic layer).

Differences in the mean values of optical properties and de-
rived parameters among water layers, between cruises and be-
tween models were tested with One-way ANOVA tests. Simple
linear regression and correlation analyses were used to examine
the relationships between variables. Prior to each analysis, the
Shapiro-Wilk Test and Spearman Rank Correlation were run in
order to test for data normality and constant variance, respectively.
Whenever the data did not conform, the values were transformed
as necessary, or the non-parametric Kruskal-Wallis ANOVA on
Ranks was utilized.

To evaluate the performance in the retrieval of Kd (λ, PAR) by
the models, the RMSE and RME errors were calculated as follows:
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where XMod, i and XMeas, i are the modelled and measured (ob-
served) values, respectively, and n is the number of data points
used.
3. Results

3.1. Oceanographic conditions of the sampling area

The temperature profiles in both cruises depicted MLDs shal-
lower than 10 and 20 m in SU1 and SU2, respectively (Fig. 2). The
depth of the euphotic layer (Z1%) was close to 60 m in both cruises,
i.e., well below the MLD. In consequence, the waters between 10–
20 m and 60 m were sunlit layer and stratified. In both cruises the
DCMs were situated within the stratified part of the water column
and close to the Z1% depth (Fig. 2).

The mean T-Chl a concentrations in the FOD layer were
0.066 mg m�3 in SU1 and 0.078 mg m�3 in SU2. At the DCM, the
mean T-Chl a concentration in SU2 was 1.8 fold higher than in SU1.
In the euphotic layer, mean T-Chl a was 0.2570.19 mg m�3 in SU1
and 0.3670.29 mg m�3 in SU2. The integrated Chl a content in
the euphotic layer, T-Chl aInt, was 1.55-fold higher in SU2.

http://oceancolor.gsfc.nasa.gov/cms/atbd/chlora
http://oceancolor.gsfc.nasa.gov/cms/atbd/chlora


Fig. 2. Vertical profiles of calibrated mean chlorophyll fluorescence (solid green line) and mean temperature (solid blue line) obtained for both cruises. Shaded areas
represent 71 SD. Average values of the first optical depth (FOD; ζ¼1), the mixed layer depth (MLD) and the depth of the euphotic layer (Z1%) are indicated with horizontal
dashed lines.
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3.2. Absorption coefficients of CDOM and particles

3.2.1. Light absorption and spectral features of CDOM
The hypothesis of an unusually high CDOM content per unit of

Chl a explaining the bio-optical anomaly of the Mediterranean Sea
has been investigated before with remote sensing data (Morel and
Gentili, 2009a,b) and from CDOM absorption coefficients retrieved
by Kd inversion and local determination of particulate absorption
(Morel et al., 2007a, 2009). Only a handful of studies have char-
acterized in situ CDOM absorption properties in offshore Medi-
terranean waters (i.e., Kitidis et al., 2006; Bracchini et al., 2010;
Xing et al., 2014; Organelli et al., 2014).

The mean spectral absorption coefficients of CDOM, phyto-
plankton and non-algal particles measured and calculated in this
study are shown in Fig. 3. Within the FOD layer, the mean CDOM
absorption coefficients at reference wavelengths 443, 412 and
320 nm were 0.03470.012, 0.05070.015 and 0.2070.04 m�1,
respectively. The CDOM absorption between 300 and 590 nm
sowed higher values below the FOD layer. For instance, the mean
surface acdom (320) was significant lower than in the rest of the
water column (ANOVA, po0.002) (Fig. 4). In the euphotic layer,
the mean values of CDOM absorption coefficients at 443
and 320 nm were 0.04370.019 m�1 and 0.27170.079 m�1,
respectively.

The spectral slopes of CDOM absorption in the UV region (S275–
295 and S290–350) showed a significant decline between the FOD
layer and the DCM (ANOVA, po0.001). In the FOD layer, the mean
S275–295 and S290–350 were 0.03570.003 and 0.02370.003 nm�1,
respectively (Table 1). At the DCM, the mean spectral slopes were
up to 1.26-fold lower than the surface ones. The other examined
spectral slopes (S350–400 and S350–500) presented rather constant
values throughout the water column (Table 1). The spectral me-
trics [SR and acdom (250/365)] showed the same vertical pattern
observed for S275–295 and S290–350 (Table 1). In the FOD layer, the
mean SR was 2.9270.53 nm�1 and mean acdom (250/365) was
18.5074.39 nm�1. At the DCM a significant decrease in both
metrics was observed (ANOVA, po0.001); with values 1.28 and
1.75-fold lower than at the surface for SR and acdom (250/365),
respectively.

The FOD-averaged acdom (443) values reported here were
within the range measured by Organelli et al. (2014) at the
BOUSSOLE site in the NW Mediterranean Sea (0.012–0.044 m�1).
For the same layer, the mean CDOM absorption coefficient at
412 nm was higher than those previously reported by Xing et al.
(2014) and Organelli et al. (2014) for the NW basin. In the UV
region, however, there was a closer agreement between our sur-
face acdom observations (e.g., acdom (300) of 0.3470.05 m�1) and
those reported in previous studies. Organelli et al. (2014) found
mean acdom (300) of 0.35 and 0.41 m�1 for November and May,
respectively, in the 0–30 m layer. Additionally, Bracchini et al.
(2010) reported acdom (300) values of 0.3970.05 m�1 in the 0–
40 m layer of the central eastern Mediterranean Sea. Comparing to
other Case 1 waters, the observed surface mean acdom (320) in our
study was higher than those previously reported by Nelson et al.
(2010) for three open ocean basins (acdom (325) generally
o0.17 m�1).

Comparison of spectral characteristics of FOD CDOM indicate
that the values of S350–500 reported here (0.01370.002 nm�1,
Table 1) were lower than those previously reported for the
same layer in Mediterranean waters by Organelli et al. (2014)
(0.017570.0015 nm�1) and Babin et al. (2003) (0.017
70.003 nm�1). Spectral slope at shorter wavelengths (S290–350)
were, instead, very close to those found by Bracchini et al. (2010)
(0.02370.003 nm�1 vs. 0.02570.004 nm�1).

Variation of CDOM in the global surface ocean is essentially
controlled by the balance between production and degradation
processes (Romera-Castillo et al., 2010; De La Fuente et al., 2014),
with vertical circulation playing an important role in transporting



Fig. 3. Spectral absorption coefficients of different optical components within three
optically-distinct layers, averaged for the two cruises; a) the FOD layer; b) DCM;
and c) the euphotic layer. CDOM is chromophoric dissolved organic matter, p is
total particles, pH is phytoplankton and nap is non-algal particles.

Fig. 4. Vertical variation of acdom (320) and T-Chl a in the SU1 and SU2 cruises.
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CDOM to and from intermediate water masses (Coble, 2007; Nel-
son and Siegel, 2013). The vertical variation in CDOM observed in
the present study, with a subsurface CDOM maximum (hereinafter
YSM for Yellow Substance Maximum) (Fig. 4), had already been
observed in the Mediterranean Sea. Bracchini et al. (2010) found
the acdom (300) YSM between 40 and 100 m in the eastern basin. In
the NW basin, it was found around 50 m during May and Sep-
tember for acdom (412) (Xing et al., 2014), around 30 m during May
through June and 50 m during September through December for
acdom (440) (Organelli et al., 2014), or near 25 m in October for
acdom (412) (Oubelkheir et al., 2005).
Organelli et al. (2014) and Xing et al. (2014) discussed the de-
coupling between the surface and subsurface CDOM dynamics in
the Mediterranean and related the observed vertical and seasonal
patterns to those of potential drivers. Surface CDOM variation was
suggested to be related to physical processes (sea surface tem-
perature and photobleaching), while subsurface CDOM showed
tighter coupling with phytoplankton via microbial activity and
food web interactions. Our vertical profiles of CDOM features
partly support these suggestions: surface waters showed sig-
nificantly lower absorption coefficients and higher values of S290–
350, S275–295, Rs and acdom (250/365) than DCM waters. Photo-
bleaching at surface transforms dissolved compounds of high
molecular weight into low molecular weight molecules that ab-
sorb light at shorter spectral domains, resulting in an increase of
slopes and absorption ratios in this spectral region (Twardowski
et al., 2004; Helms et al., 2008). Interestingly, in our study this
vertical differentiation was not seen at longer wavelengths (i.e.,
S350–500 and S350–400). This confirms recent studies that suggest
that differences in CDOM optical properties are more evident
when the intervals of spectral slopes are limited to the UV wave-
lengths (Helms et al., 2008; Loiselle et al., 2009; Bracchini et al.,
2010). As for the subsurface maximum of CDOM (YSM), hints to its
biogenic origin were found in the fact that 30–35 m was the depth
of maximum oxygen concentration in the two cruises, according to
the O2 sensor of the CTD (data not shown). All in all, our results on
surface CDOM characteristics and their vertical distribution were
in good agreement with the few previous studies carried out in the
Mediterranean Sea. They all point out that remote sensing of
surface properties can hardly depict CDOM dynamics across the
entire euphotic layer.



Table 1
Spectral characteristics of CDOM in the three evaluated layers.

S275-295 [nm�1] S290-350 [nm�1] S350-400 [nm�1] S350-500 [nm�1] SR acdom (250/365)

FOD 0.03570.003 0.02370.003 0.01570.002 0.01370.002 2.92270.530 18.50274.392
DCM 0.03070.002 0.01970.002 0.01370.002 0.01570.004 2.25470.287 10.65472.120
Euphotic 0.03370.005 0.02070.002 0.01470.002 0.01470.003 2.38170.601 13.65174.832

Figures are mean 71 SD values pooled from both cruises (SU1 and SU2 as an entire data set) and analysed separately for three layers.

Fig. 5. Mean relative contribution of different absorbing components to total non-
water absorption spectra pooled for both cruises in: a) the FOD layer; b) DCM and
c) the euphotic layer.
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3.2.2. Light absorption by phytoplankton and non-algal particles
The spectral absorption coefficients of phytoplankton (aph) and

non-algal particles (anap) are shown in Fig. 3. In the FOD layer, the
mean values of aph (443) and aph (675), corresponding to the blue
and red absorption bands of Chl a, were 0.00770.003 and
0.00279 10�4 m�1, respectively. Values 5.5 and 8-fold higher
(0.04370.020 and 0.01670.009 m�1) were recorded at the DCM,
following differences in T-Chla concentration. In the euphotic
layer, the mean aph (443) and aph (675) were 0.02270.020 and
0.00770.006 m�1, respectively.

Average anap (443) was always significantly lower (ANOVA,
po0.001) than the phytoplankton absorption coefficients (Fig. 3).
Even though anap (443) covaried with aph (443) (R¼0.83; p
o0.001), their relative proportions showed a vertical pattern (data
not shown). In the FOD layer, the mean aph (443) was 2.7-fold
higher than anap(443), whereas this proportion increased to 6.3-
fold at the DCM.

The observed values of aph and anap are within the previously
reported variation of phytoplankton and non-algal particles in the
Mediterranean Sea (Bricaud et al., 1998, 2004; Loisel et al., 2011).
For instance, surface aph (440) and aph (675) observed during the
PROSOPE cruise across the two Mediterranean basins in Septem-
ber, ranged roughly 0.003–0.02 m�1 and 0.001–0.006 m�1, re-
spectively (Bricaud et al., 2004). Also across the entire Medi-
terranean but in summer, non-algal particle absorption anap (440)
ranged from 0.0017 to 0.0058 m�1 between the surface and the
DCM (Loisel et al., 2011). The proportions between the two main
particulate constituents reported here are also consistent with
Loisel et al. (2011), yet a higher contribution by non-algal particles
(anap (440)/ap (440) up to 0.8) was observed by Bricaud et al.
(1998).

3.2.3. Absorption budget
The relative contributions of CDOM, phytoplankton and non-

algal particles to non-water total spectral absorption, i.e., ai (λ)/(at
(λ)-aw (λ)) are shown in Fig. 5. For wavelengths smaller than
∼600 nm, CDOM was by far the largest contributor in the FOD
layer (Fig. 5(a)).

It accounted for 490% of total non-water absorption at 300 nm
and around 80% at 443 nm. Noticeably, CDOM dominated ab-
sorption not only in the UV and blue but also in the blue-green
spectral region. The remaining components made a much smaller
contribution to the total non-water absorption budget in the FOD
layer: e.g., aph (443) contributed ca. 20% and anap (443)
contributed o7%. At the DCM, the phytoplankton aph (443) con-
tribution increased to 42%, for ca. 50% accounted for by acdom (443)
(Fig. 5(b)). When averaged over the entire euphotic layer, CDOM
clearly dominated non-water absorption (Fig. 5(c)).

Based on the absorption budget, the waters surveyed in this
study can be classified as “CDOM-type”. In the ternary plot of the
optical classification of natural waters using absorption at 443 nm,
our samples of the FOD layer were located close to the CDOM apex
(Fig. 6). Prieur and Sathyendranath (1981) proposed this triangular
classification of natural waters using an absorption budget derived
from a statistical analysis of Kd and reflectance.

In contrast to our observations, these authors found that light



Fig. 6. Ternary plot showing the relative contribution of different absorbing com-
ponents to total non-water absorption spectra at 443 nm. The data set for the FOD
layer of both SUMMER cruises (n¼47). Presented as coloured lines, the boundaries
of the optical classification for different types of water following Prieur and Sa-
thyendranath (1981).
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absorption at 440 nm in the open ocean was typically dominated
by phytoplankton absorption, which systematically situated sam-
ples near to the phytoplankton apex of the ternary plot. Their
classification concept was farther extended by IOCCG (2000),
proposing that Case 1 waters should typically be found close to the
phytoplankton apex, while Case 2 waters could be found any-
where else in the plot. This classification would suggest that
Mediterranean waters are Case 2 waters. However, as already
stated by Organelli et al. (2014), CDOM in offshore Mediterranean
waters originates mainly from local biological processes and its
concentration is related to phytoplankton even though the spatial
and temporal scales involved in the genesis of phytoplanktonic-
based products and their degradation processes may result in
temporal uncoupling between CDOM and algal biomass (Bricaud
et al., 1981; Morel and Gentili, 2009a; Xing et al., 2014; Organelli
et al., 2014; Yuan et al., 2016). Therefore, following a biogeo-
chemical definition (Morel and Prieur, 1977; Antoine et al., 2014),
the waters studied here must be considered as Case 1.

The absorption budget reported here clearly denotes the unu-
sual contribution of CDOM to the absorption process of UV and
visible radiation in NW Mediterranean waters, as already pointed
out by Organelli et al. (2014). In South Pacific waters, for instance,
phytoplankton, CDOM and non-algal particles contributed 30–60%,
40–50% and 10–20% to non-water absorption all throughout from
surface to the DCM (Bricaud et al., 2010). At the global scale, re-
mote sensing of the FOD layer showed dominance of coloured
detrital and dissolved materials (CDM) in the blue band, with
CDOM not contributing more than 40% of absorption (Siegel et al.,
2002). This global figure has been revised to nearly 50% of the total
light absorption at 400 nm (Nelson and Siegel, 2013). Our results
show twice as high a CDOM contribution at 443 nm in Medi-
terranean waters.

3.2.4. Particle beam attenuation and scattering coefficient
The values of particle beam attenuation in both cruises showed

the typical vertical pattern for oligotrophic environments, with an
increase from the surface to the euphotic layer depth and a
maximum coincident with the DCM. In SU1 we observed also a
secondary maximum placed at ca. 25 m depth. Mean Cp (660) at
3 mwere 0.04270.011 m�1 in SU1 and 0.08270.009 m�1 in SU2,
with an average of the two cruises of 0.0570.02 m�1. At the DCM,
Cp (660) were 0.1070.04 m�1 for SU1 and 0.2270.04 m�1 for
SU2, with an average of 0.1270.06 m�1. SU2 showed significantly
higher values of Cp (660) than SU1 (ANOVA, po0.001). Since
particulate and CDOM absorption coefficient were small compared
to scattering (∼10% of Cp (660) at all stations), the particulate
scattering coefficient at 660 nm was slightly lower than Cp (660).
The values and vertical patterns of particulate beam attenuation
observed in this study are in good agreement with previous stu-
dies conducted in Mediterranean waters (Loisel et al., 2011) and in
other oligotrophic marine environments (Behrenfeld and Boss,
2003, 2006).

3.3. Diffuse attenuation within the visible and near-UV spectral
domains

3.3.1. Measured values of Kd (λ) in the FOD and euphotic layer
The mean values of measured Kd (443) and Kd (490) in the FOD

layer were 0.04370.004 and 0.03970.005 m�1, respectively. In
the red region, the mean Kd (670) amounted to 0.4770.04 m�1.
In the UV spectral domain, the mean Kd (320) was
0.2370.01 m�1 (Table 2). Over the euphotic layer, measured Kd
(490), Kd (320) and Kd (PAR) values were 0.05870.003,
0.3670.04 and 0.07970.006 m�1, respectively (Supplementary
Table S1).

All these measurements were comparable with previous de-
terminations in Mediterranean waters. For instance, Morel et al.,
(2007a) reported values of FOD Kd (440) and Kd (320) that varied
from about 0.03–0.3 m�1 and 0.1–0.5 m�1, respectively. Morán
and Estrada (2005) determined values of Z1% ranging from 45 and
68 m in deep offshore sampling stations, representing Kd (PAR)
values ranging between 0.068 and 0.098 m�1. Similar attenuation
coefficients have been measured in other oligotrophic open ocean
regions: Wang et al. (2008) reported FOD Kd (490) values of
0.032 m�1 in the Northern South China Sea, and Morel et al.,
(2007a) reported Kd (320) varying from about 0.05–0.5 m�1 in the
South East Pacific. Conversely, lower Kd (λ) are often observed:
FOD Kd (490) routinely derived from remote sensing measure-
ments were about 0.023 m�1 in the Sargasso Sea (Six et al., 2007),
and low values of euphotic layer Kd (PAR) are also common in the
Sargasso Sea (Tyler, 1975; Smith et al., 1989) and in the North
Pacific (Bienfang et al., 1984).

Figures as in Table 2. For the JGR88 model, the values of Kdw(λ)
were obtained from Morel (1988). Figures for PAR denote the
broad band Kd (PAR). In both models (Kirk´s and JGR88) the values
of Kd (PAR) were resolved by the spectrally-integrated method
(see Section 2.4.3). Figures for Z1% denote the euphotic depth
calculated from measured and modelled Kd(PAR).

3.3.2. Optical modelling of spectral light attenuation: contribution of
different components

To the best of our knowledge, no previous study have assessed
the contribution of absorption and scattering to downwelling ir-
radiance diffuse attenuation supported by in situ measurements of
CDOM and particulate optical properties in Mediterranean waters.

Kd (λ) computed with Kirk's model showed good general
agreement with measured values for both the FOD and euphotic
layers (Fig. 7(a) and (b)). In the spectral region 380–490 nm, the
model slightly overestimated Kd (λ) in the FOD layer (Table 2,
Fig. 7(a)) and performed better for the overall euphotic layer
(Supplementary Table S1, Fig. 7(b)). For wavelengths 4600 nm,
conversely, the model tended to overestimate Kd (λ) in the eu-
photic layer (Supplementary Table S1). This differential



Table 2
Measured and modelled Kd (λ) for the FOD layer at several reference wavelengths and the quantification of model performance by the RMSE and RME errors.

λ Measured Kirk's Model M&M01 Model BGS07 Model

Kdmea [m�1] Kdmod [m�1] RMSE RME % Kdmod [m�1] RMSE RME % Kdmod [m�1] RMSE RME %

320 0.22670.011 0.23870.036 0.032 11.90 0.16870.014 0.059 25.77
(0.202–0.243) (0.197–0.289) (0.140–0.186)

340 0.14170.008 0.16170.029 0.031 17.80 0.11870.012 0.025 16.51
(0.124–0.155) (0.126–0.206) (0.095–0.132)

380 0.08570.005 0.09770.021 0.023 24.75 0.03570.004 0.050 58.81 0.06370.008 0.022 25.90
(0.074–0.093) (0.070–0.125) (0.027–0.041) (0.049–0.722)

412 0.05370.003 0.06870.011 0.014 27.69 0.02970.004 0.025 45.50 0.04070.006 0.014 24.10
(0.046–0.058) (0.053–0.085) (0.021–0.035) (0.029–0.048)

443 0.04370.004 0.05570.008 0.014 28.52 0.02770.004 0.017 37.43 0.03370.005 0.011 22.84
(0.035–0.047) (0.044–0.064) (0.020–0.032) (0.024–0.039)

490 0.03970.005 0.04470.008 0.011 24.47 0.02870.003 0.012 27.96 0.03470.004 0.008 14.77
(0.028–0.047) (0.034–0.060) (0.023–0.031) (0.028–0.039)

555 0.08370.008 0.07470.005 0.014 13.58 0.06770.002 0.017 17.76 0.07670.003 0.010 9.13
(0.068–0.094) (0.062–0.079) (0.065–0.069) (0.072–0.080)

670 0.46770.041 0.44470.001 0.045 7.25 0.44770.002 0.043 6.79
(0.402–0.549) (0.442–0.446) (0.443–0.449)

Figures are mean71 SD values and range. Measured and modelled Kd (λ) values for the FOD layer were obtained in both cruises (SU1 and SU2 and as an entire data set). For
the M&M01 model, the values of Kdw(λ) were obtained from Morel and Maritorena (2001), and in the BGS07 model Kdw (λ) was calculated from Eq. (9) (see Section 2.4.2.).
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performance of the model across the light spectrum and depth can
be explained by the depression of measured Kd (λ) at longer
wavelengths due to the replacement of downwelling irradiance by
the inelastically scattered radiation (the Raman emission) and,
within a narrower band, by the emission of Chl a fluorescence
(Morel and Maritorena, 2001). These effects are not considered by
the Kirk's model, which is only based on the main IOPs (absorption
and scattering coefficients), the angular distribution of photons,
and the volume scattering function (Kirk, 2011).

The modelled Kd(PAR) for the euphotic layer, obtained by the
spectrally-integrated method (see Section 2.4.3), had a mean value
of 0.09170.009 m�1, 1.15-fold higher than the measured Kd (PAR)
(RMSE and RME values of 0.016% and 17%, respectively) (Supple-
mentary Table S1). If only SU1 is considered for data analysis
Fig. 7. Mean Kd (λ) measured and modelled with Kirk's optical model applied to both cr
circles show averages of measured Kd at 12 reference wavelengths in the 320–700 nm ra
lower panels: box plots display differences between measured and modelled Kd (λ). Bars
median and mean values, respectively. (For interpretation of the references to color in
(details not shown), a closer mean value is obtained with the
model (0.08870.004 m�1), only 1.11-fold higher than the average
measurement (with RMSE and RME values of 0.009% and 11%,
respectively). The modelled mean depth of the euphotic layer for
both cruises (Z1%¼51.1273.21 m), derived from modelled Kd
(PAR), was 7 m shallower than the measured Z1% (58.3274.21 m)
(Supplementary Table S1). The difference decreases to 5 m if only
the SU1 data set is considered.

Optical modelling of Kd (λ) could be improved either by taking
discrete samples at smaller depth intervals (e.g. every 10 m, or
every 1 m within the FOD layer) or by measuring continuous IOP
vertical profiles with absorption and beam attenuation metres
(e.g., Simon and Shanmugam, 2013; Boss et al., 2013). Improving
measurements of CDOM with Liquid waveguide capillary cells
uises and for: a) the FOD layer and b) the euphotic layer. In the upper panels: green
nge; black line shows modelled Kd (λ). Bars and shaded areas indicate 71 SD. In the
indicate 25 and 75 percentiles. The black and red lines within the box represent the
this figure legend, the reader is referred to the web version of this article.)
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(e.g., D'Sa et al., 1999; Miller et al., 2002; Nelson and Siegel, 2013)
and high sensitive point-source integrating-cavity absorption
meter (Röttgers and Doerffer, 2007), would also be important to
upgrade optical modelling of diffuse light attenuation in Case
1 waters.

Given that the SU2 cruise added much variance in the optical
modelling of Kd (λ), and had coarser vertical resolution of discrete
measurements (3 depths vs. 4 depths in SU1), only the SU1 data
set was considered to calculate the relative contributions of main
IOPs (absorptions and particle scattering) to irradiance attenua-
tion. Contributions were calculated following procedures set forth
by Belzile et al., (2002) (see Section 2.4.1.). Between 320 and
555 nm, CDOM absorption dominated by 450% the non-water
diffuse attenuation coefficient, KdBio, in both the FOD and euphotic
layers (Fig. 8(a) and (b)). In the FOD layer, CDOM contributed 78%
and 72% of KdBio at 412 and 443 nm, respectively. In both layers,
CDOM contributed ca. 90% of non-water UV attenuation at 320 nm
(Fig. 8(a) and (b)). The contribution of phytoplankton absorption
was higher for the euphotic layer, and maximal (25%) in the blue
spectral band (443–490 nm) and around 52% at 675 nm (Fig. 8(b)).

Absorption by non-algal particles had a minor (o10%) con-
tribution uniformly distributed over the light spectrum. The con-
tribution of particle scattering showed a steady increase from 320
to 625 nm (Fig. 8(a) and (b)), with maximal shares at 625 nm
(475%) and at the red end of the spectra (485%).

Again, comparison of our results with other Case 1 waters
highlighted the importance of CDOM in the irradiance attenuation
process of the Mediterranean Sea. For instance, Siegel and
Mitchaels (1996) reported that CDM and phytoplankton con-
tributed equally to Kd (440) in the Sargasso Sea. Following Nelson
et al. (1998), the contribution of different components to irra-
diance diffuse attenuation can alternatively be assessed as the
ratio between Kd and the absorption coefficient of interest. With
this approach, the CDOM contribution to Kd (320) in our study
was 2-4-fold higher than that estimated for the South Pacific gyre
using the Kd and acdom (310 nm) data reported by Morel et al.
(2007b).

3.3.3. Chl a-based models of diffuse attenuation coefficients
3.3.3.1. The FOD layer. The M&M01 bio-optical model (Morel and
Maritorena, 2001) has been widely applied to estimate AOPs (i.e.,
Kd (λ) and R (λ)) and derived parameters (i.e., Z1%) from Chl a
concentration in Case 1 waters.

With our dataset from both cruises, the M&M01 model largely
Fig. 8. Contribution of IOPs to KdBio (¼Kd-Kdw) at several referen
underestimated FOD Kd (λ) in the 380–555 nm range (Fig. 9(a)).
The discrepancy to measurements increased towards shorter wa-
velengths, further evidencing the effect of the contribution of
CDOM absorption to irradiance attenuation. Values of RMSE and
RME at 380 nm were 0.050% and 59%, respectively, and decreased
to a minimum between 555 and 670 nm (0.04% and 18%) (Table 2).

The outcome of the regionally tuned (for the Mediterranean)
BGS07 model matched Kd (λ) measurements much better than the
global M&M01 model (Fig. 9(b)), particularly in the 412–555 nm
band, where RMSE and RME were lower than 0.014% and 24%,
respectively (Table 2). In the UV domain (320 and 380 nm), how-
ever, BGS07 also underestimated Kd (RMSE and RME up to 0.059%
and 26%, respectively).

It is worth noting that the Chl a-based models of Kd (λ) as-
sessed here have a “static” condition, i.e., they are insensitive to
daily and vertical variations in the three-dimensional light field.
This simplification contributes to make these Chl a-based models
the most widely used by the community (e.g., Mitchell and Holm-
Hansen, 1991; Bricaud et al., 2004; Lee et al., 2005; Uitz et al.,
2006; Suresh et al., 2012; Organelli et al., 2014). However, Morel
and Gentili (2004) modelled the effects of solar zenith angle and
other external conditions on Kd (λ) and reported an increase of
35–45% when the solar angle varies from 0° to 75°, independently
of wavelength. Our measurements of downwelling irradiance were
carried out at solar zenith angles varying between 24° and 54°.
Therefore, differences in solar elevation should not, by themselves,
explain the observed differences between measured and modelled
Kd (λ). Moreover, both models showed an increase in the under-
estimation of Kd (λ) with decreasing wavelengths; this can hardly
be associated with differences in solar angle, but with the effect of
CDOM absorption.

Using the equation proposed by Xing et al., (2012) (their Eq.
(9)), we were able to decompose the modelled KdBio (412) using
Chl a-based models with the purpose to estimate the contribution
of CDOM absorption to the diffuse attenuation in the FOD layer. In
M&M01, CDOM absorption contributed ca. 52% of diffuse light
attenuation, a figure that increased to 70% in BGS07. These per-
centages are 1.5 and 1.1-fold lower respectively than the values
estimated with Kirk´s model (see Fig. 8).

The observed differences between BGS07 modelled and mea-
sured Kd (λ) could be related to the natural variation (spatial and
temporal) of bio-optical properties in the Mediterranean Sea. In
fact, BGS07 was developed using the average Kd (λ) vs. Chl a re-
lationship found in the FOD layer for the two Mediterranean
ce wavelengths in a) the FOD layer, and b) the euphotic layer.



Fig. 9. Mean FOD values of Kd (λ) measured and modelled with Chl a-based models for both cruises. As in Fig. 7, but for: a) Kd (λ) modelled with M&M01 model and b) Kd (λ)
modelled with BGS07.

Fig. 10. Example of estimated downward spectral irradiance at various depths (5,
10, 20, 30, 40, 50 m and DCM) for CTD#5 of cruise SU1 at noon, propagated using
the JGR88 model. Black lines: modelled Ed(λ); orange line and diamonds: measured
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basins. Therefore, knowing that the western basin contains higher
CDOM per unit Chl a than the eastern basin (Morel and Gentili,
2009b; Xing et al., 2014), some underestimation of Kd (λ) with
BGS07 was expected in the NW Mediterranean. In addition, the
relationship between Chl a and CDOM has been shown to change
at short time scales (weeks), with a lag of acdom (443) relative to
aph (443) that varies with seasons (Hu et al., 2006). All in all,
misestimates of Kd (λ) with Chl a-based models of pretended
general applicability are not unexpected.

3.3.3.2. The euphotic layer. The JGR88 model underestimated Kd
(λ) specially at 412 and 443 nm in the euphotic layer (Supple-
mentary Fig. S1, Table S1). RMSE and RME at 412 nm were 0.038%
and 36.5%, respectively. The disagreement with measurements
decreased towards higher wavelengths owing to the handling of
longwave downwelling irradiance by the model (Morel, 1988), so
that good estimates were obtained in the red spectral region.

Using the spectrally-integrated method we obtained a mean
modelled Kd (PAR) of 0.06770.006 m�1, 1.17-fold lower than the
measured Kd (PAR), which resulted in a �11 m deeper euphotic
layer depth (Supplementary Table S1).

The inaccuracies in the Chl a-based modelling of Kd (λ) translate
into incorrect estimates of spectral irradiance propagation through
the euphotic layer. A synthetic view of this problem was presented
in Fig. 10. The spectral downwelling irradiance propagation through
the euphotic layer was calculated using JGR88 and was then com-
pared with the downwelling irradiance measured at the DCM.
JGR88 simulations of Ed (λ, Z) gave too much radiation in the blue
(400–460 nm) due to the underestimation of Kd (λ) (see Fig. S1).
Ed(λ) at the DCM. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
4. Discussion

Accurate description and prediction of underwater optics is
critical in marine ecology and biogeochemistry. Determination of
Kd (λ, PAR) and related variables (i.e., Z1%) is essential for aquatic
models of primary production, PP, (e.g., Platt et al., 1988; Lee et al.,
1996; Behrenfeld and Falkowski, 1997; Falkowski and Raven,
1997). Kd (λ, PAR) is also a key variable for determining heat
transfer in the upper ocean (e.g., Lewis et al., 1990; Morel and
Antoine, 1994; Chang and Dickey, 2004) and for understanding
carbon (Mopper et al., 1991; Moran and Zepp, 1997; Lefèvre et al.,
2003), nitrogen (Bushaw et al., 1996; Vähätalo and Zepp, 2005;
Aarnos et al., 2012) or sulphur (Vallina and Simó, 2007; Miles
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et al., 2009; Galí et al., 2013) biogeochemical processes.
Chl a-based modelling of Kd (λ) has often been used to describe

the propagation of spectral irradiance through the water column.
For instance, the JGR88 model has been used to estimate Ed (λ, Z)
for modelling carbon: nitrogen and carbon: Chla ratios (Lefèvre
et al., 2003) and for wavelength-resolved models of primary pro-
duction (PP, Smyth et al., 2005; Tilstone et al., 2005, 2015). Semi-
analytical algorithms for PP modelling, that include information on
the photophysiology of phytoplankton and the spectral quality of
light, such as the effective absorption coefficient (aeff*), the phyto-
plankton usable radiation (PUR) and the maximum photosynthetic
Fig. 11. Bio-optical relationships obtained by pooling all the data set of the SU1 and SU
coloured continuous lines, short dashed lines and equations represent average relationsh
and the relationships previously established for the FOD layer by Morel and Gentili, (200
Chl a relationship established by Bricaud et al. (2010) is also overlaid. (For interpretatio
version of this article.)
quantum yield (ϕmax), must take into account the limitations of Ed
(λ, Z) calculations based only on Chl a parameterization, as pointed
out by Smyth et al. (2005) and Tilstone et al. (2005). This was also
discussed by Antoine et al. (2013), who used the M&M01 model to
determine the percentage of surface spectral irradiance that reaches
the DCM in the Beaufort Sea, and highlighted the importance of
including CDOM absorption in light propagation models and its
consequences for a reliable modelling of net primary production in
Arctic waters.

Global empirical relationships between Z1% and either surface
or column integrated T-Chl a concentration have previously been
2 cruises. Water samples from the FOD layer are plotted in orange. In a), c) and d)
ips previously reported for Case 1 waters. In b) different CDOM indexes (from 1 to 6)
9b) are plotted to obtain an average scaling factor for the present work. The CDOM-
n of the references to color in this figure legend, the reader is referred to the web
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proposed for Case 1 waters (Morel, 1988; Morel and Maritorena,
2001; Morel et al., 2007a,c). Our values of Z1% were notably lower
than those predicted for average Case 1 waters (see blue dashed
line in Fig. 11(a)). This further illustrated the strong dimming effect
of CDOM absorption in the NW Mediterranean Sea.

The observed mean value of Z1% (58.32 m 74.21 m) was 28 m
shallower than the mean value predicted by the Morel and Mar-
itorena (2001) empirical relationship (Z1%-emp¼86.08714.06 m)
(Eq. (10), see Section 2.4.2). It is worth noting that smaller differ-
ences are obtained if the JGR88 model is used to estimate Kd (λ)
and then the spectrally-integrated method is applied to obtain Kd
(PAR), subsequently used to determine Z1% (see Section 3.3.3.2 and
Supplementary Table S1). Morel (1988) had already pointed out
that Z1% was not adequately predicted as a power law of Chl a at
very low Chl a concentrations. Departures from the average re-
lationship between Z1% and Chl a had formerly been observed in
Mediterranean waters (Morel et al., 2007a) as well as in other
oceanic regions with high CDOM content. In clear open ocean
waters of the Canadian Beaufort Sea, for instance, Antoine et al.
(2013) found Z1% shallower than those predicted using average
Z1%--Chl a relationship for Case 1 waters.

Within the natural variability of Case 1 waters, CDOM content
is one of the important factors governing the optical properties
that cannot be explained by the variation in Chl a concentration.
As expected, in our study CDOM absorption coefficients in the FOD
layer were recurrently above the average relationships proposed
by Morel and Gentili (2009b) and by Bricaud et al. (2010) for Case
1 waters (Fig. 11(b)). The factor Φ (“CDOM index”) was introduced
by Morel and Gentili, (2009a) to account for the variability around
the average CDOM-Chl a relationship established for the upper
layer of Case 1 waters. The average relationship is represented by
the equation in Fig. 11(b) when Φ¼1; a factor Φ41 or o1 in-
dicates “excess” or “deficit” of CDOM compared to the average Case
1 value for a given Chl a content. In the FOD layer of our cruises,
the mean measured acdom (443) and T-Chl a yielded aΦ¼5.9. This
is higher than values previously reported for W Mediterranean
waters using remote sensing data with Φ varying between about
2.5-5.5 (Morel and Gentili, 2009b). These authors observed a no-
table seasonal variation inΦ, with average values around 4 in May
and around 2.5 in September.

The anomalously high absorption coefficients per unit of T-Chl
a observed from our measurements at sea were consistent with
simultaneous remote sensing estimations by MODIS. Although
lower than values obtained in situ, mean Φ values derived from
MODIS (Φ¼4.670.5 for SU1 and Φ¼5.170.4 for SU2, average
Φ¼4.870.4) were also higher than mean values previously re-
ported for NW Mediterranean waters in May and September. As
expected, MODIS Chl a concentrations were 2-fold higher than
those experimentally determined by HPLC. If we use MODIS esti-
mates of Φ to recalculate the CDOM contribution to diffuse at-
tenuation coefficient using the Kirk's model (see Section 2.4.1.), we
obtain that CDOM contributed 74% and 65% to KdBio at 412 and
443 nm, respectively, in the FOD layer. These values are close to
those obtained with Kirk's model using in situ CDOM measure-
ments (Fig. 8(a)) and intermediate between the latter and those
obtained with the BGS07 model (Section 3.3.2.).

We cannot rule out a moderate overestimation of absorption
coefficients at the low CDOM concentrations observed in the FOD,
due to light dispersion by small particles remaining in the sample
after filtration (Röttgers and Doerffer, 2007). This potential over-
estimation could explain inaccuracies in the optical modelling of
Kd (λ) in the FOD layer (Fig. 7(a)) and also differences between
MODIS and in situ estimates ofΦ. However, this would not change
our main outcome of the outstanding role of CDOM in the un-
derwater optical properties of the Mediterranean Sea, supported
also by MODIS data and BGS07.
Another factor that we should not rule out when assessing the
optical peculiarities of NW Mediterranean waters is the presence
of suspended submicron Saharan dust particles. This phenomenon
has been suggested as a plausible explanation for concomitant
decreases in both the absorption at (555)/at (440) and the back-
scattering bb (440)/bb (555) ratios, and also for enhancement of bp
(555) (Claustre et al., 2002). Loisel et al. (2011) also observed high
particulate beam attenuation and bbp/T-Chl a ratios in NW Medi-
terranean waters. Moreover, higher scattering coefficients could
also contribute to enhanced values of Kd (λ) in the region (Morel
et al., 2007a). Measured particulate beam attenuation coefficients
[cp (660)] at low, mid and high T-Chl a concentrations in this study
were above the general empirical mean relationship established
by Loisel and Morel (1998) for the euphotic layer of Case 1 waters,
and close yet lower than those predicted for the FOD layer (Loisel
et al., 2011) (Fig. 11(c)). The cp (660) is a good proxy of scattering
coefficients; therefore, scattering could have also contributed,
even if in a lower proportion relative to CDOM absorption, to the
light attenuation enhancement relative to Chl a concentration in
our study.

Finally, the potential irregularity of particle absorption [ap
(440)] relative to T-Chl a is worth to explore. Variation of ap (440)
with T-Chl a concentration in both cruises (Fig. 11(d)) showed
good agreement with the previously reported general relationship
for Case 1 waters (Bricaud et al., 1998). The same was observed for
phytoplankton absorption at 440 nm (data not shown). Therefore,
in the present study, the contribution of particulate absorption to
the observed peculiar bio-optics of the Mediterranean Sea was far
less important than that of CDOM.
5. Conclusions

Among the possible causes of the observed deviations of bio-
optical relationships in the Mediterranean Sea, an unusually high
amount of CDOM has frequently been invoked. Nevertheless, only
a limited number of studies with in situ determinations of CDOM
absorption properties had been conducted in offshore Mediterra-
nean waters. Noticeably, our field study shows that CDOM domi-
nated the total non-water light absorption budget in the first op-
tical depth (FOD) and euphotic layers, not only in the UV and blue,
but also in the blue-green spectral region. The CDOM contribution
to non-water absorption at 443 nm in the FOD layer was twice the
average of global ocean Case 1 waters. As a consequence, CDOM
was the largest contributor (450%) to light diffuse attenuation
between 320 and 555 nm across the FOD and the euphotic layers,
well above particle absorption and scattering.

The outstanding effects of CDOM in the underwater optical
properties of the Mediterranean Sea were further revealed by the
application of bio-optical models designed to estimate diffuse at-
tenuation coefficients [Kd(λ)] from Chl a concentrations. Measured
Kd (λ) in the FOD layer were higher than those predicted by the
M&M01 model, which was empirically derived for Case 1 waters of
the oligotrophic oceans. The BGS07 model, tuned for the Medi-
terranean Sea, performed closer to observations. However, it still
underestimated Kd (λ) in the UV spectral region, perhaps due to
the natural spatial and temporal variation of bio-optical properties
that cannot be resolved with two cruises in a particular location.
The JGR88 model, developed for the euphotic layer, also under-
estimated Kd (λ) with respect to observations, with decreasing
discrepancy towards longer wavelengths as was also observed for
the M&M01 and BGS07 models. Measured euphotic layer depths
[Z1%] were on average 28 m shallower than those predicted by
empirical relationships for Case 1 waters. Altogether, these model
output vs. observation exercises evidenced the large contribution
of CDOM absorption (particularly large at shorter wavelengths)
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that is not accounted for by the Chl a concentration. Indeed,
measured CDOM absorption coefficients [acdom (440)] were no-
tably higher than those expected for the observed T-Chl a con-
centration, and the same held when MODIS-derived data was used
instead.

Underwater diffuse irradiance attenuation and related variables
like the euphotic layer depth are critical for marine biogeochem-
ical and ecological studies. Inaccuracies of the Chl a-based models
in the estimation of light attenuation and in the calculation of
downwelling irradiance propagation through the euphotic layer,
may translate into important errors in the modelling of primary
production and biases in the quantification and interpretation of
the interactions between plankton or molecules and the spectral
composition and intensity of light. Our study calls for caution
when applying bio-optical models of general applicability to the
optically peculiar waters of the Mediterranean Sea.
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