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1. Introduction

ABSTRACT

Suspended particles play an important role in coastal waters by controlling to a large extent the
variability ofthe water inherent optical properties (IOPs). In this study, focused on the complex waters
of the Southern North Sea, the relationships between the concentration, composition and size of
suspended particles and their optical properties (light absorption, and attenuation in the visible and
near-infrared spectral regions) are investigated. Over a one-year period, field measurements were
carried out along regular transects from the Belgian to the English coasts to cover a wide gradient of
water masses. Results show that the area can be divided into three geographical zones, each one having
specific biogeochemical and optical properties: Scheldt coastal zone (SCZ), Middle of the Southern
North Sea (MSNS) and Thames coastal zone (TCZ). Concentrations of organic (inorganic) particles were
always higher in the SCZ (TCZ). The MSNS was characterized by a high proportion oforganic particles in
low concentration. The spectral shape of particle attenuation reveals a wide range from negative to
positive slopes. Particle size distributions reveal a power-law shape along the coasts (especially in the
TCZ) and a bimodal distribution in the MSNS notably during the spring phytoplankton bloom. This
bimodal size distribution and more precisely a size peak around 7 pm results in an unexpected negative
spectral slope of the particle attenuation coefficient. Variations in the particulate mass-specific 10Ps
between the three regions were observed to predominate over seasonal variations. The implications in
terms of inversion of IOPs into biogeochemical parameters, such as chlorophyll a and total suspended
matter, in coastal waters are discussed.

© 2012 Elsevier Ltd. All rights reserved.

Particulate light absorption (ap), scattering (bp) and attenua-
tion (c¢p) coefficients depend on the composition, size and

The color of natural waters depends on the concentration and concentration of marine particles: they are inherent optical

type of suspended particles and dissolved material it contains.
Several types of marine waters can be distinguished from ‘clear’
waters with low concentration of particles, usually in open ocean
environments, to ‘turbid’ waters where the concentration of
particles is high, usually in coastal and estuarine environments.
Suspended organic and inorganic particles have various origins
in coastal systems: direct inputs from rivers, sediment resuspen-
sion by tidal motions or in situ via primary production (Chester,
2000; Falkowski, 1994). Their presence in the water column alters
the penetration of solar light and thus influences light-related
processes such as photosynthesis (Williams et al., 2002).
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properties (IOPs) of waters that contribute to ocean color by
modifying the reflectance signal (Kirk, 1994). Therefore, informa-
tion on the concentration, composition and size of marine
particles and on particle dynamics can potentially be extracted
from IOPs and ocean color measurements.

Also, a prior knowledge ofthe specific IOPs (i.e. IOPs per unit of
suspended particle concentration) is needed for the retrieval of
biogeochemical parameters from remote sensing reflectance. In
the open ocean, the particulate light absorption has been found to
covary with chlorophyll a (CHL) and total suspended matter
(TSM) concentrations (Bricaud et al,, 1998). Particulate scattering
has been found to be directly related to TSM concentration, but
this relationship varies from oceanic to coastal areas (Babin et al,,
2003a). These parameterizations have been useful for the remote
sensing of parameters linked to water particle load, i.e. CHL and
TSM concentrations, at a regional scale (Schiller and Doerffer,
1999). However, the extent to which these relationships are valid
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at a larger spatial scale is unknown because of the variability of
the mass-specific IOPs. Regional characterization of the IOPs is
thus a crucial step in the development of algorithms for the
inversion of biogeochemical parameters in coastal waters. This
was pointed out, for example, by Eleveld et al. (2008) for the
Southern North Sea who highlighted that their TSM retrieval
algorithm, created with Dutch and Belgian IOPs data, must be
used with care in English coastal waters due to differences in
mass-specific IOPs. A caution was also given by Babin et al
(2003b) on their general relationship between non-algal particles
(NAP) absorption and TSM since considerable variability of this
relationship was also observed.

Recently, the spectral variations of IOPs, i.e. their spectral
shapes, were shown to provide information on particle composi-
tion and size. The spectral shape ofap has been related to pigment
composition in oceanic waters where the spectra of ap resemble
that of phytoplankton absorption due to the low NAP contribution
(Eisner et al.,, 2003). The spectral variations of the particulate
single scattering albedo, has been used to distinguish mineral and
algal composition of a water sample (Babin et al, 2003a).
Furthermore, the shape of the particle size distribution has been
found to be related to the spectral slope ofthe attenuation and/or
scattering coefficients in coastal waters (Boss et al., 2001a, 2001b;
Doxaran et al.,, 2007, 2009).

The Southern North Sea is a shallow area where strong tidal
currents and energetic wave regimes favor the resuspension of
bottom sediments resulting in high concentrations of TSM
(Fettweis and Van Den Eynde, 2003). This area is characterized
by seasonal variations of IOPs and biogeochemical parameters
(Astoreca et al, 2006, 2009a, 2009b). In April each year an
important phytoplankton bloom extends all over the area
(Lancelot et al, 1987; Lancelot, 1995) resulting in maximum
CHL concentrations up to 100 mg m-3 in nearshore stations.
In addition to phytoplankton, high concentrations of mineral
particles are systematically observed in the coastal waters.

A detailed parameterization of the IOPs and specific IOPs is
required in the Southern North Sea for accurate inversion of
biogeochemical parameters from field optical measurements and
ocean color satellite data. The impediment is the scarcity of data
on particle composition and size variations in this area.

In this study, field biogeochemical and optical measurements
carried out during several cruises along a seasonal cycle in 2009
are used to characterize the variability of the (mass-specific) IOPs
of suspended particles in the Southern North Sea in relationship
with particle concentration, composition and size distribution.
The overall objective is to determine whether the Southern North
Sea can be considered as a homogenous region with respect to
mass-specific IOPs or, on the contrary, if different optical regions
can be identified thus constraining the use of regional sets of
specific IOPs for remote sensing reflectance inversion of biogeo-
chemical parameters.

2. Data and methods
2.1. Field study area and sampling stations

Field measurements were carried out in order to characterize
the spatial and seasonal variability of biogeochemical and optical
properties of suspended particles. The study area is the Southern
North Sea where a transect was performed from the Belgian to the
English coasts respectively influenced by the Scheldt and Thames
river discharges (Fig. 1). This transect covers a wide range of
salinities from low salinity estuarine coastal waters to offshore
Atlantic waters (salinity ~35) in the middle of the Southern
North Sea (MSNS) (Fig. 2). The water depth along this transect
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Fig. 1. Study area and sampling stations (stations are numbered from 1to 12 from
the SCZ to the TCZ). The red lines distinguish the three geographical zones
identified from salinity and depth transects (Fig. 2). The Scheldt and Thames river
discharges are shown with arrows. The color scale shows the bathymetry.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Variability of salinity and water depth along the SCZ-TCZ transect for the
three 2009 cruises. Inter-cruises variability is shown as standard deviation bars.

varies from 5 to 25 m nearshore up to 55 m in the MSNS (Fig. 2).
Based on the salinity and depth gradient (Fig. 2), three distinct
zones were identified in the Southern North Sea: the Scheldt
coastal zone (SCZ) with minimum salinity and depth up to 20 km
from the coast; the MSNS with maximum salinity and depth; and
the Thames coastal zone (TCZ) with high salinity and moderate
depths up to 40 km from the coast.

Three cruises were conducted in 2009, respectively in spring
(20-24/04), summer (16-19/06) and late summer (15-18/09).
Twelve stations were sampled during each cruise along the
SCZ-TCZ transect (Fig. 1). An existing dataset comprising biogeo-
chemical and optical data available for 2005-2008 is also used in
our study to globally assess the variability of these parameters in
this area. This set includes data gained during three cruises
performed each year (April, June/July, September) in the Belgian,
Dutch and English coastal zones and includes other stations than
the ones sampled in 2009.

At each station a bottle of 20 Lwas rinsed twice and filled with
sub-surface water collected using a Niskin bottle (or an
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oceanographic bucket during the April cruise to avoid P. globosa
colony disruption), for the determination of biogeochemical (CHL
and TSM concentrations; organic fraction of TSM, OSM/TSM;
inorganic fraction of TSM, ISM/TSM) and optical properties
(colored dissolved organic matter absorption, ocpom in m_1;
absorption and attenuation coefficients in m _1; particle size
distributions).

2.2. Biogeochemical measurements

The concentration of CHL (in mg m~3) was determined
following the spectrophotometric method of Lorenzen and
Jeffrey (1980). Between 0.2 and 3.6 L of surface water were
filtered through Whatman GF/F glass-fiber filters (either 25 or
47 mm) and then stored at -2 0 °C until analysis (not more than
one week later). Pigment extraction was performed using 90%
acetone, filters were grounded and centrifuged, and absorbance
maxima were measured before and after acidification with 1 N
HC1. The CHL concentration was calculated using the equations in
Lorenzen and Jeffrey (1980).

TSM concentration (in gm ~3) was determined by gravimetry.
Between 0.15 and 1L of surface water were filtered through
Nuclepore 0.6 pm pore-size pre-weighed membranes and stored at
- 20 °C. Membranes were then dried 12 h at 80 °Cand re-weighed to
obtain the concentration of TSM. Membranes were re-weighed after
burning for 5 h at 450 °C to measure inorganic suspended matter
(ISM) concentration. The organic fraction of TSM (OSM/TSM)
was calculated as: (TSM-ISM)/TSM and the inorganic fraction as:
ISM/TSM.

2.3. Optical measurements

Colored dissolved organic matter absorption («(DOM) was
determined by filtration of 100 ml of seawater through a 0.2 pm
Nuclepore PC membrane previously rinsed with Milli-Q water,
this volume was used to rinse the glassware and then discarded.
A second volume of 100 ml seawater was filtered and kept in an
amber bottle at 4 °C until analysis. All glassware was previously
combusted at 450 °C for 4 h. The ocmom was measured, at
room temperature, between 400 and 750 nm with a double beam
spectrophotometer (Perkin Elmer Lambda 650) using a 10 cm
cuvette. The average optical density between 683 and 687 nm
was subtracted from the data as a baseline correction (Astoreca
et al,, 2009b).

Total non-water absorption a(4) and beam attenuation c(4)
coefficients, both in m 1, were measured with an ac-9 attenua-
tion and absorption meter (WetLabs, Inc) which measures at 412,
440, 488, 510, 555, 630, 650, 676 and 715 nm along a 25 cm path
length.

The ac-9 was placed vertically on a bench. A water calibration
using fresh Milli-Q water was performed every day. Surface
seawater was passed through the absorption and attenuation
tubes of the ac-9. Data were recorded during 2 min, and then the
median was taken over 0.5-minute noise-free data. The raw data
were corrected according to Pegau et al. (1997) for temperature
and salinity both measured with a Seabird Thermosalinometer
SBE-21. Absorption measurements were corrected for residual
scattering using the proportional method (Zaneveld et al.,, 1994)
using 715 nm as the near-infrared reference wavelength.

The particle attenuation coefficient ¢p(4) was obtained by
subtracting oom(A4) from c(A4).

The TSM-specific attenuation ¢p(4) coefficient, in m2g 1, was
computed by normalizing ¢p(4) to TSM.

For comparison, a second and shorter (10 cm path length) ac-9
having four common wavelengths (440, 555, 630, 715 nm) was
used to also measure on a bench the optical properties of each

collected water sample. The coefficient of determination, R2,
obtained when comparing the attenuation coefficients measured
by the two sensors at 440, 555, 630 and 715 nm, was system-
atically higher than 0.98. The mean value and standard deviation
of the differences between these two instruments were between
0.09 and 0.22 and between 1.06 and 1.27 m _1, respectively. The
corresponding R2 obtained when comparing the measured
absorption coefficients at 440, 555 and 630 nm was higher than
0.97. The mean value and standard deviation of the differences
between instruments were between 0.14 and 0.38 and between
0.14 and 0.39 m _1, respectively. Note that Leymarie et al. (2010)
showed that the influence of multiple scattering as a function of
the tube length (10 or 25 cm) in the determination of the
absorption coefficient is low, between 5 and 10%, which is
comparable to the magnitude of the uncertainties due to pure
water calibration of the sensors.

Particle absorption, opin m _1, was also measured on particles
retained on glass-fiber filters using a spectrophotometer follow-
ing the Transmittance-Reflectance method of Tassan and Ferrari
(1995, 2002). Transmittance and reflectance of a GF/F filter
containing the sample were measured between 400 and 750 nm
with a Perkin Elmer Lambda 650 spectrophotometer equipped
with a 15 cm-integrating sphere. Pathlength amplification was
corrected for using an algorithm already validated for several
phytoplankton species and detrital particles (Tassan and Ferrari,
1998). The filter was bleached with a solution of sodium hypo-
chlorite (0.13% active chlorine) to obtain the absorbance spectrum
of non-algal particles (NAP) including depigmented algal cells
retained on the filter 0DN4P(4) (Ferrari and Tassan, 1999). Absor-
bance values at each wavelength were converted into absorption
coefficients as

ap/NApU) = 2.303 *0DP/mPU)/X (1)

where X is the ratio of filtered volume to the filter clearance area.
Absorption was corrected for scattering in the near-infrared by
subtracting the average value between 746 and 750 nm from the
final absorption values as most turbid stations showed residual
scattering in the near- infrared.

The phytoplankton absorption coefficient, aph(4) in m 1, was
computed as the difference between ap(4) and aNiP(4). The CHL-
specific phytoplankton absorption coefficient, aph in m2mg 1,
was calculated as the phytoplankton absorption coefficient nor-
malized to CHL. The TSM-specific NAP absorption coefficient,
a%APin m2g 1,was calculated as the aNAPnormalized to TSM.

The particle absorption coefficient measured with the spectro-
photometer was compared with that measured with the ac-9 (a-
ocpowm ) The R2 coefficient for this comparison at 440, 488, 555 and
676 nm was higher than 0.95. The mean value and standard
deviation of the differences between these two instruments were
between 0.02 and 0.10 and between 0.04 and 022 m 1,
respectively.

Assuming suspended particles to be spherical, homogenous
and non-absorbing with a size distribution spanning from 0 to
infinity according to a power law distribution, the spectral
variations of the particulate attenuation coefficient, ¢p, can be
modeled using a power-law function (Morel, 1973). The mea-
sured ¢p(4) spectra were therefore fitted to the following function:

Cp() =cp(715)*a/715y,p 2)

where is the ¢p spectral slope. The yg spectral slopes were
calculated from 555 to 715 nm using a least-square fit. When
compared to the spectral slopes calculated from 440 to 715 nm,
they were found to be similar (slope=1.02, intercept=-0.070,
k2=0.84, F-ratio= 1223.8, p < 0.0001).

Particle size distributions (PSDs) were estimated from field
measurements ofthe volume scattering function performed using
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a LISST-100X Type-C particle size analyzer (Sequoia, Inc).
Sub-surface data (0-0.5 m) were averaged to be related to the
measured IOPs and biogeochemical parameters. Prior to each
LISST deployment, a background measurement was carried out
using 0.2 pm-filtered seawater. Particle size and volume concen-
trations were processed using the LISST-SOP software. Particle
number concentrations were obtained by dividing the volume
concentration measured for each size bin by the volume of a
sphere of the same diameter to obtain numbers of equivalent
spherical diameter for each size bin. The size distribution of
particles for each sample was obtained in 32 logarithmically
spaced size classes ranging from 2.72 to 460 pm. The PSDs
obtained were checked to be free of artifacts in the small size
classes (~2pm), as observed by Reynolds et al. (2010) who
identified a stray light problem in this range. This stray light
contamination problem was almost negligible in our samples,
notably because of the red wavelength (670 nm) of the LISST
sensor used in our study, while Reynolds et al. (2010) LISST sensor
measured at 532 nm.

The following power law function was fitted to the PSD data:

N(D) = No*(D/Do)~ 3)

where N(D) is the particle number density(~/m3pm-1), No is
N(D) at Do, Do is a reference diameter (pm), D is the diameter in
the center of the size class (pm) and; is the slope ofthe PSD (also
known as Junge exponent). The following sizes ranges were
considered to estimate j: 4.5 to 280 pm, 4.5 to 104 pm and
4.5 to 10 pm. The size bins lower than 4.5 pm and higher than
280 pm were avoided in the calculation as the conversion of LISST

measurements is known to overestimate particle volumes for
these sizes (Y. Agrawal, personal communication).

In the case of non-absorbing particles following a Junge size
distribution, bp=cp and the c¢p spectral slope, ycp, is simply related
to the slope (f) of the particle size distribution (PSD) according to
Morel (1973):

Jj =7cpt+3 4)

Boss et al. (2001a) reported another equation which extends
this to the case of mineral absorbing particles:

J =7p+3-0.5 exp(-6)cp) (5)

3. Results and discussion
3.1. Spatial and seasonal variations of biogeochemical parameters

Fig. 3 shows the seasonal, spatial and inter-annual (2005-
2009) variability of CHL, TSM and TSM organic content (OSM, in
%) in the three zones identified in the Southern North Sea (Fig. 2).
The 2005-2008 dataset highlights significant seasonal variations
in CHL and OSM/TSM in the SCZand MSNS with maximum values
in April. The spatial variability of TSM is more important than the
seasonal one, with higher concentrations in the SCZ and TCZ and
lower concentrations in the MSNS. Spatial variability in CHL is
also significant with large differences between the TCZ, the MSNS
and the SCZ where concentrations up to 71lmgm~3 were
recorded. The fraction of organic TSM (OSM/TSM) is maximal in
the MSNS and minimal in the TCZ. Inter-annually, maximum CHL
concentrations are found in April 2008 in the TCZ and MSNS and
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(333 230=
E era 2008
S io - 10 -
b
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075 - 0.75 s - 12006
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April June/July September April June/July September April June/July September
100 100 100
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E
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Fig. 3. Inter-annual variability (2005-2009) ofkey biogeochemical parameters for the three geographical zones (TCZ left panel, MSNS central panel, SCZ right panel) and
for the three cruises (mean + standard deviation). Note the logarithmic scale for TSM and CHL. First row: TSM concentrations (g m-3); second row: fraction of organic TSM,
OSM/TSM; third row: CHL concentrations (m gm -3). 2009 measurements have been highlighted in dark gray bars.
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in 2007 in the SCZ revealing the occurrence of intense spring
phytoplankton blooms those years. In comparison, the 2009 data
are consistent with the variations ofthese parameters in the three
areas, except for the low April CHL concentrations recorded in the
SCZ as compared to maximum April 2007 and 2008 CHL
concentrations.

The detailed analysis of the 2009 spatial and seasonal varia-
bility of these biogeochemical parameters is illustrated in Fig. 4.
The measured surface CHL and TSM concentrations exhibited
variations along the SCZ-TCZ transect. The highest and lowest
CHL concentrations were respectively observed in the SCZ and
TCZ; similarly, TSM concentration was the highest nearshore and
the lowest in the MSNS (Fig. 4 left panel, Table 1). For the three
cruises, CHL reached maxima in the SCZ (maximum of
15.8 mg m~3 sampled in April during the spring bloom) compara-
tively to the TCZ (4.2 mg m~3 in June). The lowest CHL concen-
tration (0.3 mgm-3) was measured in the MSNS in June. The
highest TSM concentrations were measured in the TCZ and SCZ in
September (87.3 gm-3 and 64 g m~3, respectively) resulting
from strong wind effects enhancing resuspension of bottom
sediments in these shallow waters. The maximum TSM values
recorded in the SCZ in April and September were observed
slightly away from the coast (stations 2 and 3, respectively)
suggesting that resuspension processes were more important
than direct TSM inputs from the Scheldt river. The lowest
TSM concentration was measured in the MSNS in June

April 2009

OSM/TSM
*-5 XCHI
-*-TSM T

13121110 9 8 7 6 5 4 3 2 1
June 2009

13121110 9 8 7 6 5 4 3 2 1

September 2009
40

13121110 9 8 7 6 5 4 3 2 1
TCZ MSNS SCz TCZ

stations

13121110 9 B 7 6 5 4 3 2 1 0
June 2009

September 2009

13121110 9 8 7 6 5 4 3 2 1 0

(1.2 g m~3). The fraction of organic TSM (OSM/TSM) was system-
atically lower in the TCZ (minimum of 0.11 in September) but
significant in the SCZ (>0.17) and the MSNS where it reached
0.48 in April (Fig. 4 left panel).

The above results show that the three zones identified in the
Southern North Sea have specific characteristics in terms of

Table 1

Variability of biogeochemical parameters (CHL in m gm -3, TSM in gm -3, OSM/
TSM ratio) for all field 2009 data and for each area identified in the Southern North
Sea. Mean values and standard deviations (S.D.) are shown.

Cruise Area CHL TSM OSM/TSM
Mean S.D Mean S.D Mean S.D
April All 53 3.8 19.0 11.1 0.36 0.09
TCZ 3.0 0.3 24.4 5.4 0.27 0.03
MSNS 5.0 1.5 13.3 7.1 0.43 0.05
scz 8.0 5.7 19.4 17.0 0.36 0.08
June All 53 5.6 11.5 10.3 0.25 0.08
TCZ 2.2 1.4 13.5 12.6 0.19 0.02
MSNS 1.1 1.2 2.7 2.6 0.33 0.07
SCZ 12.6 1.9 18.2 7.3 0.23 0.04
Sept All 2.9 2.1 30.5 28.1 0.22 0.11
TCZ 1.5 0.4 47.0 30.1 0.16 0.06
MSNS 1.9 0.7 2.5 0.2 0.33 0.15
scz 5.4 1.9 42.0 20.1 0.18 0.01

April 2009 April 2009

*CL'UM

13121110 9 8 7 6 5 4 3 2 1 0
June 2009

13121110 9 8 7 6 5 4 3 2 1 0
September 2009

131211109 8 7 6 5 4 3 2 1 0
MSNS SCZ

stations

MSNS SCz TCZ

stations

Fig. 4. Variability of biogeochemical parameters (CHL concentrations, m gm-3; TSM. concentrations, gm -3; OSM/TSM ratio), left panel; inherent optical properties:
cp(555) and ap(440), central panel and respective contributions of non-algal particles (%aN/P), CDOM i%a(/)oM) and phytoplankton (%aph) absorption to total light absorption

at 440 nm, right panel; along the SCZ-TCZ transect for the three cruises in 2009.
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biogeochemical parameters: high TSM and CHL concentrations
close to the coasts and low concentrations in the MSNS. In
addition, the composition of particles is specific, being predomi-
nantly inorganic in the TCZ, organic in the MSNS and a mixture of
both in the SCZ

Interestingly, differences were found between the SCZ and
TCZ. For example, in April the phytoplankton bloom reached
higher CHL concentrations in the SCZ than in the TCZ, while the
opposite was observed for inorganic TSM. These results can be
explained by a different spreading of nutrient- and TSM-rich river
plumes in the SCZ and TCZ as shown by the salinity distribution
along the transect (Fig. 2) and by resuspension processes. In the
SCZ, light penetration and nutrients are sufficient to allow
phytoplankton to bloom every spring and summer (Lancelot
et al,, 1987; Rousseau et al.,, 2006). Biomass accumulation (mainly
P. globosa colonies) in the SCZ adds to inorganic particles, thus
increasing both CHL and TSM concentrations. In the TCZ, the
Thames river discharge did not have a significant influence as
suggested by the salinity values (33.8-34.7; Fig. 2), therefore
resuspension processes are believed to produce permanent high
TSM concentrations that limit light penetration, thus preventing
phytoplankton to develop and thus explaining the low CHL
concentrations.

The MSNS shows biogeochemical properties more similar to
clear open ocean waters with low CHL and TSM concentrations of
predominantly organic particles (Bricaud et al., 1998) (Fig. 4 left
panel, Table 1). The salinity in this area is ~34.8 indicating the
intrusion of Atlantic clear water masses through the Channel
(Ruddick and Lacroix, 2006).

The observed spatial variation in the biogeochemical para-
meters was already observed in the North Sea by Babin et al.
(2003a, 2003b) who reported TSM and CHL concentrations vary-
ing by two orders of magnitude from offshore to nearshore
waters. Spatial variations of CHL along the SCZ-TCZ transect were
previously documented using MERIS yearly median satellite
images in 2003 (Peters et al, 2005) with higher CHL concentra-
tions (~30 mg m-3) in the SCZ than the TCZ (7-10 mg m-3) and
lower concentrations in the MSNS (4-7 mg m-3), which again
agrees with our field observations. Seasonal variations were also
observed using MERIS monthly median CHL images in 2003, for
example in the SCZ, in April, June and September CHL concentra-
tions reached up to 80, 10 and 20 mg m-3, respectively (Peters
et al., 2005).

3.2. Variations of the inherent optical properties as afunction of
particle concentration

The variability of particle attenuation (cp) and absorption (ap)
coefficients along the SCZ-TCZ transect showed the same trend as

Table 2

Linear regression of ¢ at 555 nm (in /) as a function of TSM, ISM and OSM (g in

that observed for TSM concentrations (Fig. 4 central panel): max-
imum values along the coasts and minimum values in the MSNS.
In this area, minimum ¢p(555) was found in June (0.12 m-1) and
minimum ap(440) in September (0.03 m-1). Maximum ¢p(555) and
ap(440) of respectively 36.0 and 4.1 m-1 were recorded in the TCZ
for respectively 29.7 and 2.6 m-1 in the SCZ in September.
Reversely, the cp(555) and ap(440) recorded in April and June were
higher in the SCZ (15.6 and 1,5m _1 and 134 and l.Im-1,
respectively) than in the TCZ (12.4 and 1.5m-1 and 11.7 and
1.1 m-1, respectively). As reported earlier for TSM, in September
the maximum IOPs values were measured at stations slightly away
from the coast indicating that resuspension processes contribute
more to TSM than direct inputs from rivers (Fig. 2).

The particle attenuation coefficient (cp) at 555 nm was directly
related to total TSM, ISM and OSM concentrations. Table 2 shows
the results of linear regressions obtained between TSM, ISM,
OSM and ¢p. When considering successively the two datasets: the
TCZ-SCZ transect in 2009 and the Belgian-Dutch-English marine
areas in the 2005-2008 dataset, a robust relationship still stands
between TSM and particle attenuation (R2>0.93) indicating that
cp(555) is a good proxy for TSM in the whole Southern North Sea.
The influence of particle composition on the cp(555) vs TSM
relationship clearly appears when comparing this relationship with
the (555) vs ISM and cp(555) vs OSM relationships, where the
slopes ofthe cp(555) vs ISM relationships show a better fit (R2) than
those of the cp(555) vs OSM relationships indicating that inorganic
particles control the cp(555) vs TSM relationship. This is expected as
inorganic particles are much more efficient than phytoplankton in
terms of light scattering. Another evidence can be seen in the very
similar slopes for TCZ and SCZ with high % of inorganic particles
(F=0.200, p=0.6594) which are significantly different from that of
the MSNS (with a high OSM/TSM) (F=33.91, p < 0.0001).

We then looked at the respective contributions of phytoplank-
ton, NAP and CDOM absorption to light absorption at 440 nm.
Results (Fig. 4 right panel) show that the relative contribution of
NAP is a good indicator to distinguish the coastal from the
offshore regions of the Southern North Sea. In the MSNS, the
NAP contribution was in average lower than 14% while in the SCZ
and TCZ it was higher than 14%. Results also show that the
phytoplankton contribution to total absorption can be used to
distinguish between the two coastal zones. The average phyto-
plankton contribution was 35% in the SCZ and 22% in the TCZ. In
April and June, the CDOM contribution ranged from 10 to 75% for
all stations. In the most nearshore and turbid TCZ stations, the
contribution of CDOM to light absorption was systematically low
(maximum of 17% with exceptions in June).

These results point out that phytoplankton, CDOM and NAP all
contributed to the variability of total absorption, although differ-
ent components dominated in different regions and times of the

s) for the Southern North Sea. Slopes, 95% confidence intervals (Cl) of the slope and

standard deviation of residuals (SDR) are shown. All results are significant at p < 0.0001 level.

TSM vs Cp(555)

Slope 95% Cl SDR  R2 n Slope

(m2g-1n (m2g-v)
2009 April 0.31 0.24-0.38 241 0.89 12 0.45
2009 June 0.43 0.39-0.47 .02 0.98 12 0.54
2009 Sept 0.44 0.41-0.46 1.37 099 12 0.51
2009 TCZ 0.42 0.38-0.45 2.03 098 12 0.49
2009 MSNS 0.10 0.06-0.14 0.60 0.70 12 0.19
2009 N2 0.42 0.39-0.46 1.62 099 12 0.53
2009 All data  0.41 0.38-0.44 221 097 36 0.50
2005-2008  All data  0.41 0.40-0.43  3.15 093 181  0.52

2005-2009  All data  0.41 0.40-0.43 3.01 093 217 051

ISM vs Cp(555)

OSM vs Cp(555)

95% Cl SDR  R2 n Slope 95% Cl SDR  R2 n
(n”g-1y
0.37-0.53 193 093 12 0.90 0.54-1.25 378 074 12
0.49-0.58 0.84 099 12 2.03 1.57-2.49 224 089 12
0.48-0.55 195 099 12 272 227-3.17 445 094 12
0.45-0.54 202 098 12 228 1.58-2.99 6.60 0.82 12
0.11-0.26 055 074 12 021 0.11-031  0.65 0.64 12
0.50-0.56 128 099 12 1.93 1.51-2.36 444 090 12
0.48-0.53 171 098 36 1.78 1.41-2.14 608 0.74 36
0.48-0.55 3.69 092 93 1.05 0.88-1.22  7.86 0.63 93
0.49-0.54 325 093 129 1.14 0.98-1.29 7.66 0.63 129
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year. The variability of light absorption is essentially driven by
NAP in the TCZ, by phytoplankton and CDOM in the MSNS and
by the three components in the SCZ. These results are slightly
different from those obtained by Babin et al. (2003b) in the North
Sea reporting a higher average contribution of CDOM to light
absorption and equal contributions by NAP and phytoplankton,
probably because our study covers different water masses.

3.3. Spectral variations of the specific inherent optical properties as
afunction ofparticle composition

In this section, we analyze the spectral variations ofthose bio-
optical parameters that provide information on particle composi-
tion and then we study their spatial and seasonal variability at
one wavelength.

CHL-specific phytoplankton absorption coefficient. The shape of
the Opt, spectrum differed between seasons and from one optical
zone to another. Three peaks were clearly identified in the blue
region (412, 436 and 465-467 nm) in the MSNS at all seasons.
These absorption peaks are much less marked in both the TCZ and
SCZ (Fig. 5), probably due to the presence of CHL degradation
products (Hoepffner and Sathyendranath, 1991).

The typical shape of aph(4) measured in April in the MSNS and
June in the SCZ, notably with an absorption peak at 467 nm,
indicates the presence of P. globosa (Astoreca et al., 2009a). The
shape obtained in June in the MSNS is different from that of
P. globosa in that the peaks at 412 and 465-467 nm show a different
ratio (0.84) from that corresponding to P. globosa (0.92), suggesting a
different phytoplankton composition in this area. It could also

indicate a dominance of smaller phytoplankton cells compared to
April, as suggested by the higher ajh(440) found for this area.
As shown by Bricaud et al. (2004), ajh(440) is partly modulated by
the size of phytoplankton cells, with higher ajh(440) for small cells
and lower ajh(440) for large cells. The higher ajh(440) values found
in June in the MSNS correspond to a smaller average cell size
compared to April as confirmed by phytoplankton microscopy
counts (not shown). Surprisingly, ajh(440) values as high as the
one found for September in the TCZ are most probably related to
high concentrations of degradation pigments.

Our results highlight significant differences of aph(440) between
the three optical zones (Fig. 5, Table 3). In April and September,
aph(440) was higher in the TCZ than in the MSNS and SCZ no
difference was found for aph(440) between MSNS and SCZ. In June,
ajh(440) in the MSNS was higher compared to SCZ but shows no
difference with TCZ

Mass-specific NAP absorption coefficient. For all cruises, the
shape of the mass-specific NAP absorption coefficient spectra,
ciampW. exhibited an exponential increase towards the UV. Inter-
estingly, slight changes in the spectral slope are observed in the
TCZ at 450 and at 575 nm becoming steeper towards the UV
(Fig. 5). Such changes in the spectral shape of a?#/{4) spectra have
been already observed by Babin et al. (2003b) and ascribed to iron
oxides associated to mineral particles. This could be the case in
the TCZ where the proportion of inorganic particles is much
higher than in the two other optical zones identified in the
Southern North Sea (Fig. 4).

The P(440) values also showed differences between the
three zones identified, with maximum values in the TCZ and
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Fig. 5. Seasonal variations of mass-specific IOPs: phytoplankton absorption (ajh in m2mg 1, first row), non-algal particle absorption (ii%apin m2g \ second row) and
particle attenuation (cj in m2g-1, third row). Each spectrum corresponds to an average of each ofthe three geographical zones in 2009. Note the different scale in the first

row. Standard deviations are added for cj spectra.
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Table 3

Variability of mass-specific optical coefficients afi (m2mg 1j, a%4p(m2g 1ljand ¢/
(m2g ') for all field 2009 data and for each area identified in the Southern North
Sea. Mean values and standard deviations (S.D) are shown.

Cruise Area a*h (440) aNAP(440) c*(555)
Mean S.D Mean S.D Mean S.D
April All 0.051 0.017  0.013  0.010 0270  0.127
TCZ 0.077  0.016  0.026  0.002  0.298  0.102
MSNS  0.037  0.008  0.002  0.002  0.138  0.094
scz 0.052  0.007  0.018  0.005  0.374  0.027
June All 0.073  0.045  0.015  0.012  0.308  0.129
TCZ 0.071 0.015  0.029  0.006 0379  0.084
MSNS  0.105  0.059  0.007  0.004  0.161 0.068
scz 0.039  0.016  0.009  0.006 0.382  0.078
September  All 0.100  0.069  0.024  0.008  0.396  0.065
TCZ 0.291 0.265  0.032  0.005  0.432  0.059
MSNS  0.054  0.016  0.017  0.006 0.356  0.061
scz 0.092  0.034  0.020  0.004  0.412  0.060

minimum values in the MSNS whatever the seasons (Fig. 5,
Table 3); but no clear seasonal variation of a%p could be observed
in the TCZ. The highest value was recorded in September in the
TCZ (0.032 + 0.005 m2g_1) and the lowest in April in the MSNS
(0.002 + 0.002 m2g_1).

The average a*/ip (440) measured in April and September in the
TCZ and SCZ (0.023 £ 0.007 m2g-1) is close to the average
QuMP(443) value reported by Babin et al. (2003b) in the North
Sea dominated by inorganic particles (0.033 £ 0.016 m2g 1) and
by Bowers and Bindings (2006) for inorganic particles in the Irish
Sea (0.0235 m2g 1). This confirms the predominance of inorganic
particles in these zones. As shown by the relationship found
between a%IP(440) and the ISM/TSM ratio, a%IP(440) direct
increases when the percentage of inorganic particles increases
(Fig. 6A). The minimum 07(440) values are also comparable to
those found by Blondeau-Patissier et al. (2009) in non-estuarine
waters of the Great Barrier Reef (range: 0.001-0.02 m2g 1) for
clear waters as in the MSNS.

TSM-specific particle attenuation. The spectral shape of ¢p(4) in
the TCZ and SCZ typically decreased towards the NIR (negative
slopes) (Fig. 5). The spectral shape of ¢p(4) in the MSNS showed
minima at 440 nm and increased towards the NIR (positive slope)
in April while it was flat in June.

For all cruises maximum cj(555) values were observed in the
TCZ and SCZ while minimum values were observed in the MSNS
(Fig. 5, Table 3). Note that the difference between the maximum
and minimum cjj;(555) found in September is much lower than the
differences found in April and June, suggesting a more homo-
genous particle composition in September in the Southern North
Sea. This can also be seen in the e?#Pdata in September where the
three spectra are closer to each other than in the other seasons.

A linear relationship was found between Cp(555) and the ISM/TSM
ratio for all 2009 data (Fig. 6B). Although the low R2 (0.39), a
marked trend can be clearly seen especially for ISM/TSM ratio
> 0.70 suggesting once again that inorganic particles are driving
the variability of ¢j(555) in the Southern North Sea.

Seasonally, differences were found in the TCZ between April and
June, and lower ¢j(555) values were recorded in the MSNS in April
and June but not in September, possibly resulting from variations of
particle composition. The MSNS was dominated by organic particles
in April (> 40%) but not in September which is supported by the
corresponding ¢jj values. On average in 2009 Cp(555) was equal to
0.33 £0.12 m2g 1 inthe sampled Southern North Sea waters which
is close to the bp(555)values reported by Doxaran et al. (2009) in the
same region (0.35 + 0.08 m2g 1). Babin et al. (2003a) did measure
significantly higher values (0.54 m2g 1 on average in subregions of
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Fig. 6. Scatter plots of the mass-specific: non-algal particle absorption at 440 nm
(at;/A.in m2g 1j as a function ofthe ratio ISM/TSM (A) and particle attenuation (c/
in m2g~") at 555 nm as a function ofthe ratio ISM/TSM (B) for the SCZ, MSNS and
TCZ in 2009.

the North Sea) as the OSM/TSM they sampled was particularly low
(0.17). This clearly highlights the strong regional variations of the
suspended matter composition in the Southern North Sea and the
impact on their mass-specific optical properties.

One ofthe most striking results of this study concerns the spectral
variations of the ¢ coefficient. When considering y”, a high range of
variation is observed from -0.3 to 0.7 on the 2009 data (Fig. 7A).
Note that negative y” values were also found when considering the
440-715 nm spectral range. Negative y”~ values were identified
during the April cruise in the MSNS and values close to 0 were
observed in June at offshore stations where the spectral shape of ¢p
did no longer follow a power law (R2< 0.50 for the fit of Eq. (2) to the
(p data). These are stations where the particulate absorption signifi-
cantly affects the spectral shapes of bp and ¢ resulting in troughs at
the maximum absorption wavelengths (440 and 676 nm). Babin et al.
(2003a) and Doxaran et al. (2009) already observed and explained
these features to be related to pigment absorption by algae for North
Sea data. Negative ybp slopes (as low as -1 ) have been reported by
Snyder et al. (2008) in US coastal waters and negative y* slopes have
been reported by Sullivan et al. (2005) for concentrated phytoplank-
ton layers of Monterey Bay. In our Southern North Sea dataset,
negative y” slopes were found when the NAP contribution to total
absorption was minimum ( < 0.2). This situation occurred during the
phytoplankton spring bloom at offshore stations corresponding to
the less turbid waters sampled where both the ap and ¢ signals were
clearly dominated by phytoplankton. An empirical relationship was
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Fig. 7. Spectral variations of ¢p, normalized at 555 nm, in April 2009 for the three
geographical zones (A). Scatter plot ofthe ¢ spectral slope, y, as a function of the
percentage contribution of phytoplankton to total absorption, %aph for the SCZ,
MSNS and TCZ in 2009 (B).

found to try to explain the variations of y” as a function of particle
composition (Fig. 7B). It is a linear relationship between y* and the %
contribution of phytoplankton to total absorption, %aph, with negative
jep found for %aph higher than 37%. Note that this parameter alone
cannot explain the negative slopes since positive slopes are also found
for %aph higher than 50%. However, this result highlights the
importance of organic particles on the spectral shape of ¢.

The effect of TSM composition on the spectral variations of ¢p
was also observed in laboratory data (not shown). A mixture of
phytoplankton species typical of the Southern North Sea, show a ¢p
spectrum with troughs corresponding to CHL absorption peaks at
440 and 675 nm. The addition of increasing amounts of TSM to this
phytoplankton mixture first only slightly impacted the y”~ spectral
slope, then progressively flattened the ¢ spectral shapes masking
the influence of the CHL absorption peaks. The ¢ spectral shape
then gradually moved to a flat shape (that can be modeled with a
power-law function decreasing from short visible to near-infrared
wavelengths) which is typical of sediment-dominated coastal
waters (Boss et al., 2001a; Doxaran et al., 2009).

3.4. Variations of the inherent optical properties as a function of
particle size

The PSDs measured close to the coasts (TCZ and SCZ) and in
offshore waters (MSNS) in April clearly differed (Fig. 8A). Coastal
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Fig. 8. Average PSDs (with standard deviation bars) measured in the SCZ, MSNS
and TCZ in April 2009 (A). Corresponding ¢ spectra, normalized at 555 nm,
computed using Mie theory when using the measured PSDs as inputs (see the text
for details) (B).

PSDs typically show a more power-law shape (Egs. (4) and (5))
although a peak is seen in the SCZ at 7 pm, while offshore PSDs
(MSNS; Fig. 8A) show a bimodal shape with two peaks corre-
sponding to particle diameters of 7 and 280 pm respectively.
In June and September, offshore PSDs show a flatter shape
resembling that of coastal PSDs in April (not shown). The PSD
shape with one or more peaks has been already observed by
Reynolds et al. (2010) and associated to the presence of high
percentages of organic material in the water where the peaks
correspond to distinct plankton populations.

The yg spectral slope is related to the PSD slope (f) when
particles are non-absorbing, spherical, homogenous and distrib-
uted in size according to an unbounded power law (Morel, 1973;
Boss et al., 2001a). The variations of the PSD slope (J), calculated
for different size ranges and using Egs. (4) and (5), as a function of
yep are shown in Fig. 9. It shows thatj tends to follow a power law
shape (Morel 1973 model) when calculated including bigger
particles (4.46-280 mm). When smaller particle size ranges are
considered, the relationship between j and y” becomes noisy
especially for values of yg between 0.25 and 0.70. Actually
Egs. (4) and (5) were valid (within + 0.05) only for 6 stations
out of 36, 4 of them in the coastal zones and 2 of them in the
MSNS in September dominated by inorganic particles. It is clear
from these results that the power law model is not the best model
to describe the PSD in the Southern North Sea, especially during
the phytoplankton bloom as particles are highly absorbing in
the visible part of the spectrum and non-homogenous because of
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Fig. 9. Variations of the power-law PSD slope (f) as a function of the ¢p spectral
slope (yp) for field data in 2009. The Morel (1973), (/—,,, 3) and Boss et al.
(2001a, 2001b), (j—yep+3-0.5 exp ( 6yi(j) models are also shown. Note thatj
was calculated for different size ranges.

a mixture of P. globosa colonies, diatoms and inorganic material.
This conclusion agrees with Reynolds et al. (2010) who state that
the power law model fails to capture the complexities of the PSD
ofdynamic populations found in coastal waters. Another cause for
the highly scattered relationship between; and yg could be that
the instrument are not sampling the same particles: either due to
different sampling strategies (while the LISST is viewing the
particles in situ, for the ac-9 the water is collected, shaken then
passed through the ac-9 tubes by gravimetry which could
significantly alter the PSD) or due to different acceptance angles
of the instruments (see Boss et al., 2009).

The PSDs measured in April in the MSNS had a bimodal shape
significantly different from a power-law size distribution. Remark-
ably, negative y” slopes were measured at these stations. In the
previous chapter we have seen that y” negative slopes were not
fully explained by %mph, so that Mie computations were used to
explain the occurrence of such negative slopes. The code already
presented by Doxaran et al. (2009) was used to calculate ¢p at the
25-cm ac-9 wavelengths: 412, 440, 488, 510, 555, 630, 650, 676 and
715 nm. The typical PSDs measured with the LISST in the SCZ, MSNS
and TCZ (Fig. 8A), i.e., the number of equivalent spherical particles at
size bins ranging from 4.5 to 280 pm, were used as inputs. A power-
law function was also fitted to these distributions. The real part of
the particle refractive index was set to 1.05 for the MSNS (pre-
dominantly phytoplankton particles) and to 1.15 in the SCZ and TCZ
(inorganic particles). Typical spectral values ofthe imaginary part of
the refractive index were taken from Babin et al. (2003a) (see their
Fig. 8) for phytoplankton (MSNS) and inorganic particles (SCZ and
TCZ). Results show that ¢p varies with wavelength as a power-law
function in the SCZ and TCZ (Fig. 8B), where the measured PSDs also
follow a power-law function as a first approximation. A negative ¢p
spectral slope (>q,= -0.31) is obtained for the MSNS, close to the
slope measured with the ac-9 (q,= -0.35). A similar negative slope
(yep=-0.34) is obtained if non-absorbing particles are considered in
the computations (imaginary refractive index set to 0). The simple
conclusion is that the negative ¢ slope is due to the bimodal shape
ofthe PSD and not to particulate absorption effects. The typical PSD
measured in the MSNS was then modified in order to remove the
peaks respectively located around 7 and 280 pm. The best-fitted
power-law function was used to calculate the number of particles
within the size range covered by each peak, in order to smooth the
PSD. If the peak at 280 pm is removed while the one at 7 pm
remains, the ¢p slope is still negative and does not vary significantly.

Now if the peak at 7 pm is removed while the one at 280 pm
remains, the ¢p slope changes dramatically and becomes positive
()'9,=0.82). The conclusion is that the negative ¢p slope results from
the bloom of phytoplankton particles around the size of 7 pm. Ifthe
magnitude ofthis peak increases, the ¢ slope is even more negative.
Note that this result is only obtained in the case of organic particles.
In the case of inorganic particles, a similar peak at 7 pm over a
power-law size distribution has a very limited impact on ¢p spectral
variations. Therefore the occurrence of a negative ¢p slope clearly
identifies the bloom of phytoplankton particles around the size of
7 pm in offshore waters away from direct inputs of inorganic
particles.

Indeed, phytoplankton microscopy counts performed on P.
globosa cultures reveal a peak of cell number of 5.3 pm diameter
(not shown). Rousseau et al. (2007) found that P. globosa single cells
0f 7.9 + 0.9 pm reduce their diameter to 5.9 + 0.6 pm after fixation
with lugoi. This clearly suggests that the peak identified at 7 pm in
the PSD of April in the MSNS corresponds to single cells of P. globosa.

4. Conclusion and perspectives

Based on field measurements carried out in 2009 in the Southern
North Sea, our results show that spatial variability of CHL and TSM
concentrations, fraction of organic/inorganic TSM and also IOPs was
clearly predominant over seasonal variability. Generally high values
were found in the coastal zones and lower values in offshore areas.
This characterization allowed the classification of the Southern
North Sea into three geographical zones: the SCZ characterized by
high concentrations of CHL and TSM and high values of IOPs; the
MSNS with very low concentrations of CHL and TSM, low IOPs
values but high particulate organic content; and the TCZ with very
low particulate organic particle content, low CHL concentrations but
high concentration of TSM and IOPs. The global absorption budget is
driven by NAP, phytoplankton and CDOM, which all contribute
seasonally to the variability of total absorption. The aph coefficient
varied considerably both spatially and seasonally and its spectral
shape differed from the coasts (SCZ and TCZ) to offshore (MSNS).
The a%Ap coefficient varied spatially with much higher values in the
TCZ than in the SCZ and MSNS. The ¢ coefficients showed higher
values in the TCZ and SCZ (where suspended particles are mostly
inorganic) than in the MSNS (where suspended particles are
predominantly phytoplankton), although in September the three
zones showed similar values (as strong tidal currents contributed to
mix inorganic and phytoplankton particles). It was found that
inorganic particles explain most of the variability of ¢ in the
Southern North Sea, as highlighted using the ISM/TSM ratio. The
spectral variations of ¢p were also controlled by the composition of
TSM. The spectral slope of ¢p (y*) varied considerably with values
ranging from -0.3 to 0.7. Negative y”~ values were reported at
offshore stations during the April phytoplankton bloom. On the one
hand, the variations in y” cannot be explained by the percentage
contribution of phytoplankton to total absorption alone. On the
other hand, the PSDs found in the Southern North Sea greatly varied
with flat power-law shapes found in coastal zones to a bimodal
shape found in offshore zones dominated by P. globosa. Using Mie
computations it was found that the negative ¢p slope is due to the
bloom of phytoplankton around the size of 7 pm, which corresponds
to single cells of P. globosa. The theoretical relation between the PSD
slope (f) and y” did not work in the offshore Southern North Sea
during the bloom. Other models to describe the PSD shape may need
to be tested, e.g. Gaussian, log-normal or two-component distribu-
tions (Jonasz, 1983, 1987; Risovic, 1993). The actual relationship
between y” and ;j in coastal waters characterized by mixtures
of inorganic particles and phytoplankton still requires further
investigation.
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However, our results already have a direct application when
considering field optical measurements carried out by autono-
mous platforms such as bio-optical profiling floats (Boss et al.,
2008; Claustre et al.,, 2009) or gliders which complement satellite
observations by providing information within the water column.
With the installation of a spectral attenuation meter in these
packages in the Southern North Sea it will be possible now to
detect negative yg slopes and to identify the presence of
P globosa at least in the MSNS region.

Based on these results, the Southern North Sea proves to be
representative of complex coastal waters characterized by strong
spatio-temporal variations of its bio-optical constituents, where the
development of robust regional ocean color algorithms is challen-
ging. The inversion of bio-optical parameters, such as the CHL and
TSM concentrations, from remote sensing reflectance relies on
further information and/or knowledge of the specific IOPs and their
variability. Specific IOPs variability that is not accounted for in the
retrieval algorithms will directly impact on the uncertainty of the
retrieved products. A potential approach to be applied in coastal
waters where the variability of the remote sensing reflectance is
driven by several optically active water components is the one
proposed by Lubac and Loisel (2007). They suggest that classification
of pixels according to class-specific IOPs algorithms to retrieve the
concentrations of biogeochemical parameters should be applied
before inversion of bio-optical parameters in these complex envir-
onments. Indeed they found that their remote sensing reflectance
dataset could be classified into 5 different classes each one having
its own set of water constituents’ characteristics. In this direction,
we suggest that the development of regional or class-specific IOPs
algorithms represents an interesting alternative to retrieve bio-
optical parameters from remote sensing in such complex environ-
ments. The classification of the Southern North Sea into three
different optical zones, as proposed in this study, could significantly
improve the algorithms for IOPs retrieval from remote sensing
reflectance in the area.

In the Southern North Sea various CHL and TSM remote sensing
algorithms have been developed (Ruddick et al., 2001 ; Gons et al.,
2002; Eleveld et al., 2008; Nechad et al., 2010). For example, most of
the TSM retrieval algorithms rely on several IOPs assumptions,
generally the mass-specific IOPs are taken as constant. Doerffer
(2006) suggests that the MERIS standard products be considered as
IOP products which could be recalibrated on a regional basis ifthere
is sufficient knowledge of mass-specific IOPs, such as bp (or ¢p) or
aph, to provide CHL and TSM as final products. In the Southern North
Sea a high variability was found in the mass-specific IOPs since the
particle composition and size distribution were observed to vary
significantly spatially and seasonally from inorganic (close to the
coasts) to organic (in the MSNS during the spring phytoplankton
bloom). This implies that retrieval algorithms could be different
from one area to another as their mass-specific IOPs will vary with
different types of particles. Seasonally, the TCZ and the MSNS
showed the least variability in terms of particle type, being
respectively dominated by inorganic and organic particles. This
gives an indication that a single retrieval algorithm can be used
whatever the season in these areas. For the SCZ this could not be
possible since the seasonal variability in IOPs is mostly driven by the
spring phytoplankton bloom.
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