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Abstract

The variability of the backscattering to scattering ratio of marine particles, by, : by, is examined from in situ
measurements performed during the spring and early summer of 2004 in the eastern English Channel and
southern North Sea. This area is characterized by a quasi-permanent background of mineral matter from direct
inputs, or resuspension effects, and by relatively intense spring phytoplankton blooms (mainly diatoms and the
prymnesiophyte Phaeocystis globosa). The by, : by, surface values range between 0.0024 and 0.0417, with a mean
value of 0.0138 = 0.0083. In order to interpret such a great variability, simultaneous water samples were collected
for the biogeochemical characterization of the bulk suspended particle population. We show that the by, : b,
variability is related to the composition of the particulate assemblage expressed by Chl a, the POC:SPM and
POC: Chl a ratios, where Chl a, POC, and SPM are the concentrations of chlorophyll a, particulate organic
carbon, and suspended particulate matter, respectively. Low by, : b, values are observed for a particle population
dominated by low refractive index material such as phytoplankton, whereas high by, : b, values are generally
observed in presence of relatively high concentration of inorganic particles. The amount of organic material (both
living and nonliving, including phytoplankton) relative to phytoplankton has a strong (and sometimes the
greatest) effect on the backscattering-to-scattering ratio. Assuming that phytoplankton and detritus have similar
refractive index, this pattern is interpreted as resulting from changes in the particle size distribution as well as by

aggregation of mineral and nonliving organic detrital material.

The backscattering coefficient (by; m~1!) and the detailed
understanding of its variability in natural waters are of
fundamental importance for oceanographic sciences related
to the knowledge of suspended marine particles. The
backscattering coefficient is also of primary importance for
remote sensing of ocean color, as the radiometric signal
recorded by a sensor onboard an aircraft or a satellite is
directly proportional to its intensity. However, “our present-
day interpretation and detailed understanding of major
sources of backscattering and its variability in the ocean are
uncertain and controversial”’ (Stramski et al. 2004). Until the
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recent development of commercial in situ instrumentation,
our knowledge on the light backscattering properties of
marine particles relied mostly on theoretical studies based on
Mie scattering theory, occasionally combined with laborato-
ry measurements (Stramski et al. 2004 and references
therein). Based on these different studies, one may stress
that the bulk backscattering coefficient is, to first order,
proportional to the particles load and, to second order, to the
size distribution, refractive index (determined by the chemical
composition), structure, and mean shape of the particle
assemblage. Outside bloom conditions—and considering
marine particles as homogeneous spheres—nonliving sub-
micron particles are believed to be the dominant source of the
particulate backscattering coefficient (byp; m~1) in the open
ocean surface waters (Morel and Ahn 1991; Stramski and
Kieffer 1991). This is because these small particles are present
at a much higher concentrations than any other particle type.
It is usually admitted that this pool of small particles is
composed mainly of nonliving particles originating from the
decomposition of dead phytoplankton cells and zooplankton
detritus. However, because of their high refractive index,
submicron mineral particles may be the main contributor to
by, especially in coastal areas. For an extensive review of the
different sources of backscattering in the ocean, one may
refer to Stramski et al. (2004), where an evaluation of the role
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of the various seawater constituents in this process is
provided. Note that the relatively small contribution of
living phytoplankton to by, is still controversial, as both Mie
calculations performed with layered spheres (Kitchen and
Zaneveld 1992; Zaneveld and Kitchen 1995) instead of
homogeneous spheres (Morel and Ahn 1991; Stramski and
Kieffer 1991), as well as recent laboratory measurements
(Vaillancourt et al. 2004), showed that phytoplankton may
be more efficient backscatterers than usually assumed. Under
bloom conditions, the contribution of phytoplankton cells to
the backscattering process is greatly enhanced and may even
be the major one for very intense algal blooms (McLeroy-
Etheridge and Roesler 1998).

In contrast to the backscattering coefficient, the scatter-
ing coefficient (b; m—!) has been the object of numerous
studies performed in both oceanic and coastal waters (sece
references in Loisel and Morel 1998; Babin et al. 2003). Mie
calculations showed that the scattering coefficient by
particles (b,,) is dominated largely (by more than 95%) by
particles of diameter comprised between 0.5 and 10 um in
diameter, assuming a marine particle population presenting
a mean index of refraction of 1.05 and a Junge type size
distribution with an exponent close to —4 (Stramski and
Kieffer 1991). The dependence of b, on the chlorophyll
a concentration (Chl ¢; mg m—3), usually used to specify
the bio-optical state of a water body, has been extensively
investigated for open ocean waters (Loisel and Morel 1998
and references therein). Such studies were motivated mostly
by the analysis of biogeochemical processes occurring in
the water column and by the interpretation of ocean color
measurements through the development of semianalytical
algorithms. Similar studies were also performed to in-
vestigate the relationships between b,(/) and the particulate
organic carbon, POC (Gardner et al. 1993; Loisel and
Morel 1998; Claustre et al. 1999). Most of these studies
were conducted in open oceanic waters through the
classical measurement of the particle attenuation coefficient
at 660 nm, ¢,(660) (m~1!), which may be considered as an
excellent proxy for b, at this peculiar wavelength (Loisel
and Morel 1998). Because of the rapid development of in
situ instrumentation, some recent fieldwork was also
performed in order to explore the b, spectral dependence
and the light-scattering properties of marine particles in
relation to the particle mass concentration (Barnard et al.
1998; Gould et al. 1999; Babin et al. 2003).

Other studies have demonstrated that the combination
of b, and by, (or some equivalent quantities, such as the
scattering coefficient at 45° and the total concentration of
particles) may be used to characterize the bulk refractive
index of the particulate pool, n (Brown and Gordon 1973).
Based on such observations, measurements of the partic-
ulate backscattering ratio, by, : b, have recently been used
to describe the variability of » in various oceanic
environments (Twardowski et al. 2001; Boss et al. 2004;
Sulivan et al. 2005). Note that the backscattering ratio also
depends on the relative proportion between small size and
large size particles (Ulloa et al. 1994). The higher the
proportion of small size particles is, the higher by, : b, value
is expected. For this reason, Twardowski et al. (2001)
established an analytical model to retrieve n from the

backscattering ratio and the hyperbolic slope of the particle
size distribution, ¢. This latter parameter can be estimated
from the spectral dependency of the particle attenuation
coefficient (Morel 1973; Boss et al. 2001). While direct
measurements of the bulk index of refraction of marine
particles are not accessible yet, these studies demonstrated
that the retrieved n values from by, : b, and & are in good
agreement with expectation: low n values were found in
phytoplankton-dominated waters, whereas high n values
were observed in mineral particles-dominated waters,
especially in the vicinity of the sediment bed. As far as we
know, only Boss et al. (2004) and Chami et al. (2005) tried
to evaluate the pertinence of these indirect retrievals of n.
They compared the backscattering ratio to the more
classical ratio Chl a:c,(650), a proxy for the relative
proportion of phytoplankton within the total particulate
mater. Boss et al. (2004) found a significant negative
correlation between these two ratios, confirming that
a relatively high concentration of phytoplankton (high
Chl a: ¢p[650]) is associated with low bulk refractive index
(low by,:b,). Note, however, that no relationship was
observed between by, : b, and Chl a: ¢, from data collected
in the Crimea coastal waters (Chami et al. 2005).

Besides getting information on the marine particle
composition and size distribution, the backscattering ratio
is also of fundamental importance in marine optics for two
other reasons. First, the knowledge of this ratio allows one to
derive an approximate scattering phase function of particles
(Mobley et al. 2002), which is a key parameter for water
radiative transfer computations. Second, this ratio is usually
used in many semianalytical algorithms aiming at retrieving
the inherent optical properties from radiometric measure-
ments (Gordon et al. 1988; Morel and Maritorena 2001).

In the present study, we analyze the measurements
performed during four cruises in the spring and early
summer of 2004 in the coastal areas of the eastern English
Channel and of the southern North Sea. Our main purpose
is to describe and to understand the variability of b, byp,
and by, : b, during relatively intense phytoplankton bloom
episodes in this complex environment characterized by
a quasi-permanent background of mineral particles. In
particular, we aim at understanding how and to what
extent changes in the relative concentrations of particles
types affect the by, : by, ratio. Whereas a general decreasing
of byp:b, from mineral- to phytoplankton-dominated
waters has already been described, this behavior has never
been quantitatively evaluated using simultaneous measure-
ments of biogeochemical variables characterizing the
nature of the bulk particulate assemblage. The refractive
index values, as calculated from an analytical formulation
derived from Mie scattering theory (Twardowski et al.
2001), are also presented and discussed with respect to the
composition of the particulate assemblage.

Sampling and methods

Description of the studied area—Four cruises were
conducted from March to June 2004 in the inshore and
offshore waters of the eastern English Channel and in the
inshore waters of the southern North Sea (Fig. 1) as part of
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Fig. 1. Location of the stations sampled on 15-18 March,
11-16 April, 10-15 May, and 25-30 June 2004. The 10-50-m
isobaths, as well as the main river outlets, are displayed. The gray
line southwest of the Somme outlet represents the specific transect
described in Fig. 6.

the French National Program of Coastal Environment
(PNEC). The location of the sampled stations is indicated
in Fig. 1. Each station was not systematically visited during
all cruises because of bad weather conditions encountered
on some occasions. The English Channel, which is known
for its strong hydrodynamics, is usually considered an area
of transport of dissolved and particulate matter from the
Atlantic to the North Sea. The water circulation in the
studied area results from the interactions of a very high
tidal regime (tidal range is about 6-9 m in front of the
Somme River), intense tidal currents, relatively shallow
waters (see isobaths in Fig. 1), and freshwater discharges
from different rivers, la Seine and la Somme being the most
important ones. All these different geographical and
physical characteristics contribute to the establishment of
a quasi-permanent background of terrigenous material
through either direct inputs (land surfaces and rivers
runoff) or resuspension effects. This region is also
characterized by relatively intense phytoplankton blooms
occurring in spring. Among the different phytoplankton
species usually found in this area, the prymnesiophyte
Phacocystis globosa is well known for its intrusive behavior
along the French and English coasts of the Channel
(Bautista et al. 1992; Breton et al. 2000) and in the North
Sea (Riegman et al. 1992). This species, presenting
a complex life cycle including free-living cell and colony
phases, may reveal itself as harmful for the local economy
and tourism activities by forming foam aggregates under
specific environmental conditions (Lancelot 1995). The
cruise periods (15-18 March, 11-15 April, 10-15 May, 25—
30 June) were chosen in order to match the Phaeocystis
bloom initiation, development, and collapse as far as
possible. Therefore, because of their important biogeo-

chemical variability, the eastern English Channel waters
represent a very interesting environment for the study of
the by, : b, natural behavior.

CTD and optical measurements—At 229 stations, a con-
ductivity—temperature and depth (CTD) profiler (Sea-Bird)
and an optical package (WET Labs) were deployed from
surface down to 2-3 m above the bottom. The optical
package included a chlorophyll fluorometer, a 10-cm-path-
length beam transmissometer (at wavelength 4 = 650 nm),
and two ECO-VSF (at 4 = 532 and 650 nm, respectively).
All instruments were calibrated by their manufacturer. As
this study focused only on the surface layer, full-resolution
profiles were averaged over the first 4 m (approximately 20
data points).

The particle attenuation coefficient at 650 nm (m~!) was
obtained as follows:

—1In(T)
d

ep(650) = — ,(650) — ay(650) (1)

where T represents the transmission, d the path length (m),
¢(650) the attenuation coefficient of pure sea water (m—1),
and ay4(650) the absorption coefficient of colored dissolved
organic matter (m~!) (assuming that scattering by this last
is negligible). In order to obtain a(650), scawater samples
were filtered immediately onboard under low vacuum on
a 0.2-um polycarbonate membrane filter. The absorbance
by each filtered sample was then measured in a 10-cm
quartz cuvette between 300 and 800 nm with a 1-nm
increment using a double-beam spectrophotometer (Uvi-
kon 490; Kontron). Milli-Q water was used as reference
water, and the absorbance value over a 5-nm interval
around 685 nm was subtracted to each spectrum (Pegau et
al. 1997). The absorption by colored dissolved organic
matter is then obtained by fitting the following exponential
function to the data:

ays(2) = ays(4) e 3¢ %) 2)

where /, is a reference wavelength (here A, = 443 nm) and S
the spectral slope of ays(A), which is obtained by a linear
regression to the log values of the data in the 350-500 nm
spectral range.

At 650 nm, the attenuation by particles is essentially
determined by their scattering properties as a,, the
absorption by living and nonliving particles (c,= ay+ by),
brings only a very small contribution (Loisel and Morel
1998). Because a, was not measured during our cruises, b,
is directly calculated from ¢, using an empirical relation-
ship. Based on previous measurements performed in 2003
during the same period, one may consider that the
absorption by particles represents about 4% of ¢,(650) in
this region and for this particular period (Fig. 2). The
particulate scattering coefficient (b,[650]; m~!) is then
obtained from ¢,(650) as follows:

bp(650) = 0.9755 ¢,(650) — 0.0309 ( = 0.999) (3)

The backscattering coefficient by particles, by,(650) (m~1),
is calculated from the ECO-VSF scattering measurements
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Fig. 2. Scatter plot of particulate scattering b,(650), mea-

sured by the ac-9, as a function of particulate attenuation, c,(650),
measured simultaneously with the transmissometer. This data set
was collected during the spring of 2003 in the same area. The solid
line is the linear fit for all the data displayed.

performed at 100°, 125°, and 150° as described in Boss et al.
(2004). Backscattering by water molecules at each given
angle was computed as a function of salinity as in Morel
(1974) and subtracted from the measured signal after
correction for the loss of photons along the path due to
absorption by particulate and dissolved material. Note that
this correction does not account for the scattering losses
along the path length, as it is already included in the
calibration procedure suggested by the manufacturer,
which uses a serial concentration of microsphere solutions.
Absorption by particulate matter at 650 nm was calculated
from Chl « using the formulation of Bricaud et al. (1998).
This absorption correction was typically less than 1.0% at
650 nm. A third-order polynomial function was then fitted
on the three resulting values once multiplied by a 2nsin0
factor (where 6 is the scattering angle). Note that this fit
also accounts for a fourth point for which the ordinate is
zero at 0 = n (2znsin0 = 0 for 0 = n). The backscattering
coefficient by particles, by, was then derived by integration
of this function between 90° and 180°. As only b, and by,
measured at 650 nm are used here, the wavelength is
omitted in what follows, unless specifically indicated.

In June 2004, an ac-9 (WET Labs) and a Hydroscat-6
(HOBI Labs) were also deployed nearly simultaneously
with our optical package, allowing the intercomparison of
attenuation and backscattering measurements. The ac-9,
equipped with a SeaBird 3K pump for water flow into the
25-cm-path-length tubes, performs vertical profile of total
(except water) spectral beam attenuation and absorption
coefficients ¢ (4) and a, (/) (and scattering by, = ¢y —
a. ) at the nominal wavelengths 412, 440, 488, 510, 532,
555, 650, 676, and 715 nm. On-deck calibrations with Milli-
Q water were performed at the beginning and at the end of
the campaign (June 2004). The measurements were
processed using a homemade software. Temperature and
salinity corrections were performed using contemporane-
ously recorded CTD data (SeaBird SBE 19). The scattering

corrections of the measured absorption were performed
following method 3 of Zaneveld et al. (1994).

Vertical profiles of the total (including water) backscat-
tering coefficients by(4) at the nominal wavelengths 442,
488, 510, 555, 620, and 665 nm were collected with the
HydroScat-6. The instrument actually measures the scat-
tering at a single angle in the backward direction (140°),
from which, using an empirical relationship, by, is retrieved
(Maffione and Dana 1997). The data conversion from raw
to calibrated was performed using the Hydrosoft 2.6
software (HOBI Labs). This conversion relies on calibra-
tions with Milli-Q water performed at JRC-Ispra every
6 months, roughly. In situ attenuation corrections were
made using the simultaneously recorded beam attenuation
and absorption (ac-9 data). Additionally, binned vertical
profiles with 1-m resolution were computed from the full-
resolution profiles of ¢, b, and by,

Surface water sampling for biogeochemical measure-
ments—On each station, surface water samples were
collected just below the surface, using an 8-L Niskin bottle,
simultaneously with in situ optical measurements of the
backscattering and attenuation coefficients. Filtrations
were performed immediately onboard at low vacuum
pressure onto 25-mm glass-fiber filters (Whatman GF/F)
for subsequent determination of the concentrations of total
suspended matter (SPM; g m~—3), particulate organic
carbon (POC; mg m—3), and chlorophyll ¢ (Chl gq;
mg m~—3). Each filter was immediately put in a polycarbo-
nate Petri dishes and stored in liquid nitrogen until
laboratory analyses. Before filtration for SPM dry-weight
and carbon measurements, the filters were precombusted in
order to remove any trace of organic matter and then
preweighed. Just after filtration, the filters were gently
rinsed with Milli-Q water in order to remove residual salt.
Note that precombustion shrinks the pore size of the GF/F
filters for which it is initially assumed that particles with
diameter greater than 0.5-0.7 ym are retained before
shrinking. Whereas the JGOFS protocol recommends
a 0.4-um polycarbonate filter for the SPM determination,
we decided to use a GF/F filter to be consistent with the
POC and Chl ¢ measurements. Moreover, the GF/F filters
are now commonly employed in many studies involving
SPM measurements (Zibordi et al. 2002; Babin et al. 2003).
The determination of the SPM dry weight was performed
using a Perkin Elmer microbalance. The concentration of
particulate organic carbon was determined using a CHN
Carbo-Erba elemental analyzer. Note that while SPM
includes all organic and mineral material above approxi-
mately 0.5-0.7 yum, POC corresponds to autotrophic
organisms, heterotrophic bacteria, and detritus. The
concentration of Chl a was determined by spectrophotom-
etry according to the protocol defined by Lorenzen (1967).
Whereas POC: SPM may be used as a rough indicator of
the organic fraction of the suspended particulate matter,
POC: Chl a can be related to the carbon mass of both living
and nonliving material with respect to that of autotrophic
organisms. Note that POC is converted in g m—3 when the
ratio to SPM is built.
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The index of refraction as derived from by, : b,—A rough
determination of the bulk refractive index, n, can be made
according to Twardowski et al. (2001), where n is directly
expressed as a function of the backscattering ratio:

n=1+ 167(byp/by)"" 4)

Another, more accurate model was developed by Twar-
dowski et al. (2001) in which both by, : b, and the spectral
dependency, y, of the particulate attenuation coefficient, c,,
are used as input parameters:

n=1 4+ (bbp/bp)0‘5377 + 0.4867(7)°

(5)

[1.4676 + 2.2950(7)* + 2.3113 (y)“}
These two models present very similar results as far as the
slope of the hyperbolic size distribution of particles is
between —3.5 and —4 but rapidly diverge out of this range
(Twardowski et al. 2001). Concurrent estimations of by, : b,
and y derived from in situ measurements of by, by, and ¢,
were performed in June 2004 and in the spring of 2003,
allowing the direct comparison of the n values computed
from the two models. This comparison is performed after
subtracting 1 from n and is evaluated in terms of average
relative differences, absolute

NEqs — NEq4

<: 100%%
<: 100%2?2 (nEgs + nEq.4)/2>

1

By considering the whole data set available for this
comparison (N = 156), the absolute (i.e., uncertainty)
and signed (i.e., bias) average relative differences are 22%
and —21.6%, respectively. By keeping data points with y
values ranging from —3.5 to —4 (N = 124), the agreement
is better (uncertainty = 15.2% and bias = —15.4%), as
predicted from Mie theory calculations.

NEgs — NEg4
(nggs + nega)/2

or signed

Results and discussion

Intercomparison of optical measurements performed with
different instruments—A data set including 46 “match-ups”
of particulate backscattering, scattering, and backscatter-
ing to scattering ratio measurements was constituted from
the June 2004 data set. An excellent agreement (slope =
1.045 and r2 = 0.976) is observed between the two sets of
by, data (Fig. 3a), for which the value of the root-mean-
square difference in linear scale (RMS) is 0.00223.
Particulate backscattering estimated from Hydroscat-6
measurements are on average slightly higher (by 1.54%)
than values estimated (after interpolation at 650 nm) from
ECO-VSF measurements. The determination coefficient
between the two estimates of b,(650) is slightly lower (2 =
0.868), b,(650) measured by the ac-9 being slightly higher
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Fig. 3. (a) Comparison of the ECO-VSF and Hydroscat-6

byp(650) measurements performed in June 2004 within the 0-1.5-
m surface layer. Hydroscat-6 values were obtained from the linear
interpolation of the measurements performed at 620 and 665 nm.
(b) Comparison of the b,(650) values estimated from the 10-cm-
path-length beam transmissometer and from the ac-9 measure-
ments. (c) Comparison of the by, : bp(650) ratio values calculated
as indicated on each axis. For each panel, the solid line is the
linear fit for all the data displayed, and the long dashed lines
delimit the 95% confidence interval.

than that estimated from the transmissometer (by 1.49%)
(Fig. 3b). The RMS for b,(650) is 0.228. The results of this
comparison remain almost unchanged if the b,(650) values
estimated by the transmissometer are calculated as ¢,(650)—



744 Loisel et al.

0.20

b, (650) (m™)

0.05

1
0 2 4 6 8 10 12

0.00

b(650) (m™)

Fig. 4. Scatter plot of byp(650) versus by (650) for the whole
data set. The solid black line is the corresponding linear
regression, the long dashed lines delimit the 95% confidence
interval, and the short dashed lines delimit the prediction interval.
The same plot is presented in log-log scale in the inset panel.

ap(650), where a,(650) is estimated from Chl a (Bricaud et
al. 1998) rather than from Eq. 2. The differences in the by,
and b, measurements compensate one each other when
combined into the by, :b, ratio for which r2, RMS, and
uncertainty are 0.852%, 0.0028%, and 0.022%, respectively
(Fig. 3c). Part of the observed differences in these inter-
comparisons is attributable to the different designs of the
two instruments (e.g., the path-length difference), to the
different measurement concepts, and also to the possible
time (and consequently space) difference between the two
samplings due to strong current drift at some stations.

Natural variability of the relationship between by, and
b,—The linear regression performed on the whole data set
(N = 224) shows that the relationship (2 = 0.60) between
by, and by, at 650 nm is highly scattered (Fig. 4). The mean
and standard deviation values of by, and b, are 0.0195 *
0.0233 m~! and 1.39 = 1.32 m~—1, respectively. Note that
the coefficient of variation for by, (1.20) is higher than that
of by, (0.95). The by, : b, ratio ranges between 0.0024 and
0.0417, with a mean value of 0.0138 =+ 0.0083. This range of
variability is consistent with others studies performed in
different environments. For example, Twardowski et al.
(2001) measured by, : by, ranging between 0.002 and 0.03 in
the Gulf of California. Similar measurements performed by
Boss et al. (2004) in the Mid-Atlantic Bight and by Chang
et al. (2004) in the Santa Barbara Channel provided by, : b,
values spanning over a wide range: 0.005 to 0.035 and 0.002
to 0.075, respectively.

The by, : by, ratio is presented in Fig. 5a as a function of
Chl a, this last being traditionally considered an indicator
of the surface water trophic state. As a matter of
comparison, previous empirical (Twardowski et al. 2001;
Sulivan et al. 2005) and semianalytical (Ulloa et al. 1994;
Gordon et al. 1988; Morel and Maritorena 2001) relation-
ships between by, : b, and Chl a are plotted together with
the present individual data. For the semianalytical models
by, and b, were not measured but computed from surface
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Fig. 5. Plots of (a) the backscattering ratio at 650 nm,

byp: by, versus the chlorophyll a concentration, Chl a, for the
present data set (filled circles). The four curves represent different
published models as indicated. (b) The backscattering ratio at
650 nm versus the ratio of Chl a to beam attenuation (at 650 nm),
Chl a:cp,. (c) The backscattering ratio at 650 nm versus the ratio
of the particulate organic carbon to chlorophyll ¢, POC: Chl a. In
panels (b) and (c), the thick solid line is the linear fit for all the
data displayed, the thin solid lines delimit the 95% confidence
interval, and the long dashed lines delimit the prediction interval.

reflectance measurements using different assumptions on
the respective contributions of living and nonliving
suspended particles to the backscattering process. For
what concerns the two empirical models, Chl ¢ was not
measured but estimated from fluorescence in the model of
Twardowski et al. (2001) and from the absorption
measurements with an ac-9 in the model of Sulivan et al.
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(2005). The errors on the chlorophyll values estimated by
these two different methods should not exceed *50%,
according to the authors. Despite the strong scatter of our
data set, a global decrease of by, : b, with increasing Chl a is
slightly visible (byp:b, = —0.3 log [Chl a] —1.71; 12 = 0.
21), in agreement with previous field studies (Twardowski
et al. 2001; Sulivan et al. 2005). Interestingly, the slope, S
(—0.233), of the hyperbolic fit between by, : b, and Chl a for
our data set is very comparable to those determined by
Twardowski et al. (2001) and Sulivan et al. (2005), which
are —0.253 and —0.216, respectively. Additionally, our
byp: b, values are generally greater than those obtained
from the other models at any one chlorophyll concentra-
tion. This pattern may be explained by a higher concen-
tration of mineral and small particles in our sampled
waters, compared to the previous studies.

The backscattering ratio is also presented as a function
of the Chl a: ¢, ratio (Fig. 5b), which can be considered an
indicator of the nature of the bulk particulate matter
(Loisel and Morel 1998). Although the relationship is very
poor (2 = 0.26), our results confirm the negative trend
found by Boss et al. (2004) between both ratios. Note that
byp 1 by, is also found here to be negatively correlated (12 =
0.17) with the Chl a: SPM ratio (not shown). Compared to
the evolutions reported in Fig. 4a and Fig. 4b between
byp : by, Chl a, and Chl a: ¢y, a tighter relationships is found
between by, :b, and POC:Chl a (r> = 0.40) (Fig. 5c). A
positive trend is found between by, : b, and the POC: Chl a
ratio that reveals that the amount of organic material (both
living and nonliving, including phytoplankton) relative to
autotrophic organisms significantly conditions the back-
scattering ratio variability. Note that the scatter of data
observed in these plots is of the same order than for the
previously mentioned relationships. Surprisingly, no re-
lationship was found over the whole data set between
byp:b, and POC:SPM, a proxy for the respective pro-
portion of organic and inorganic particles (this is not true
for individual areas, as shown in Fig. 6). This may be due
to (1) uncertainties in the SPM determination (however, the
mean value of the scattering coefficient normalized to SPM
is 0.9 m2 g~ 1, which is consistent with Babin et al. 2003);
(2) a narrow range of variability of POC:SPM (20-200)
compared with that of Chl a and POC: Chl ¢g; and (3) the
fact that neither Chl @ nor Chl a:c¢,, POC:SPM, and
POC:Chl a may account alone for the whole by,:b,
variability.

The refractive index calculated from by, by—The mean
value of the refractive index (relative to water) resulting
from Eq. 4 is equal to 1.133 £ 0.047, which is intermediate
between the value expected for a phytoplankton-dominated
water and the one for a sediment-dominated water. Indeed,
most common mineral present in oceanic waters present
a refractive index between 1.14 and 1.26 (Lide 1997),
whereas phytoplankton cells present much lower values
(1.02-1.092) because of their high water content (Stramski
et al. 1988). For the present waters, values higher than 1.2
(the observed maximum value is 1.263) are generally found
in front of the river mouths and in very shallow areas. For
these stations (N = 21), the mean refractive index is 1.218
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Fig. 6. Surface biogeochemical quantities and optical prop-

erties collected along a transect in the bloom area on 12 April 2004
(see Fig. 1). (a) Chl a, POC, and SPM as a function of the station
number (from nearshore to offshore stations). (b) As panel (a) for
POC:SPM and POC: Chl a. (c) As panel (a) for the average value
of byp(650), bp(650), and by, : bp(650) in the 0—4-m surface layer.
Errors bars in panel (c) represent the scattering and backscattering
standard deviations.

with a standard deviation of 0.016. The corresponding
mean Chl a, POC: Chl a, and POC : SPM values are 4.8 =
34 mg m—3, 221 = 149, and 0.057 = 0.03, respectively.
Values lower than 1.10 (the observed minimum value is
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1.0504) are essentially found for very high Chl a values, and
the mean n value for these stations is 1.082 * 0.012 (N =
61). The corresponding Chl a, POC : Chl a, and POC : SPM
mean values are 11.9 = 7.7 mg m—3, 80 = 37, and 0.067 =
0.039, respectively. Therefore, for these two extreme data
sets, the agreement between the mean n value and the
biogeochemical composition of the particulate matter, as
roughly defined by Chl a, POC:SPM, and POC:Chl a,
conforms to expectations. However, these two sets present
very similar POC : SPM ratio values, indicating that n may
exhibit a relatively large variability, whereas the proportion
between organic and inorganic particles is constant.

Spatial distribution of biogeochemical and optical param-
eters—The spatial distribution of biogeochemical and
optical parameters along a particular transect (the gray
line in Fig. 1) performed in the bloom area in April 2004 is
examined in Fig. 6 (this transect was chosen, as it is
characterized by a great biogeochemical variability).
According to microscopic analyses allowing the identifica-
tion and the quantification of the phytoplankton species,
this period corresponds to a transition between a first
bloom of diatoms that occurred in March and a second
bloom of P. globosa that fully developed in May (F. Artigas
pers. comm.). Chl ¢ and POC increase from coastal (station
25) to offshore (station 28) stations, whereas SPM presents
the inverse pattern (Fig. 6a). Chl ¢ and SPM vary up to
a factor of 3 along the transect, whereas POC varies only by
a factor of 1.6. As a consequence, one can observe a strong
increase of POC : SPM and, to a lesser extent, a decrease of
POC:Chl a as the distance from the coast increases
(Fig. 6b). Therefore, the organic fraction of the suspended
particulate matter increases and is more autotrophic-
dominated from nearshore to offshore stations along this
specific transect. Regarding the optical parameters, both
by, and by, reach their lowest values in offshore waters and
their highest values in nearshore waters (Fig. 6¢), similar to
the SPM evolution but opposite of the Chl ¢ one. However,
note that the b, evolution is very similar to the Chl a one
from stations 26 to 28, whereas by, and SPM have very
similar behavior along the whole transect. The relative
maximum of b, observed at station 27 and corresponding
to the Chl a one is not noticeable for by, The excellent
agreement between the by, and SPM spatial trends may be
explained by a high proportion of mineral particles in SPM.
The by, : by ratio is inversely correlated with the POC: SPM
ratio, in excellent agreement with the theory predicting
a decrease of by, : b, from mineral- to organic-dominated
waters. The covariation between by,:b, and POC:Chl
a suggests an increasing proportion of small particles
compared to larger ones when the POC:Chl «a ratio
increases as well as a higher refractive index of the detritus
and heterotrophic bacteria contributing to POC with
respect to living phytoplankton cells. Discussion on these
two different aspects related to the nature of the bulk
particulate matter will be provided next from the whole
data set.

The spatial distributions of Chl @, POC : SPM, POC : Chl
a, by, byp, and by, : by, in April 2004 are now compared over
the whole investigated region (Fig. 7). The Chl a concen-

tration (Fig. 7a) is maximum (~20 mg m—3) over a rela-
tively large area (~1,275 km?2) south of the Somme River as
well as along the Belgian coast. The bloom occurring in the
eastern English Channel is partly explained by the nutrients
input from the Somme River, which presents a maximum
outflow in March and April. South of this bloom area, Chl
a is quite homogeneously distributed and is characterized
by relatively low concentrations (average * standard
deviation = 2.8 = 1.2 mg m—3). In contrast, Chl a com-
monly presents much higher concentration in the northern
area, with the highest values (~10 mg m—3) located along
the French coasts. The POC: SPM ratio (Fig. 7b) presents
a lower variability than Chl a as shown by their coefficient
of variation equal to 67% and 85%, respectively (Table 1).
POC:SPM presents its greatest values along the French
coast and in the bloom area (especially on its northern
boundary) of the eastern Channel. Note that high Chl
a values observed within the North Sea are not associated
with high POC:SPM values, indicating that resuspended
inorganic particles in these very shallow waters (bottom
depth between 5 and 10 m) largely contribute to the
particulate pool. The POC:Chl ¢ and POC:SPM ratios
(Fig. 7c) present the same coefficient of variation over the
whole studied area (Table 1). Relatively high POC: Chl
a values (187 = 91) are generally found south of the
Channel bloom area, whereas much lower values are found
north of it (95 = 51).

The particulate scattering and backscattering coefficients
present a very similar spatial distribution that clearly differs
from that of the chlorophyll concentration (Fig. 7d,e). The
b, and by, maxima are observed at the southern and
northern margins of the studied area, in good correspon-
dence with the SPM maxima located in the outlet of the
Seine River (SPM = 40 g m—3 at the coastal station and
rapidly drops to 4.8 g m—3 approximately 9 km offshore)
and in the shallow (~5-10-m) Belgian coastal stations
(SPM = 44.4 = 19.4 g m—3), where resuspension of bottom
sediment can be important. Note that the b, and by,
maxima in the North Sea are shifted northern compared to
the Chl ¢ maximum. The minimum b, and by, values are
observed offshore and in the central part of the eastern
English Channel, in good correspondence with low Chl
a values. No specific b, and by, pattern is associated with
the eastern English Channel bloom, especially for by,,. The
coefficient of variation of the by, : b, ratio is much lower
than that of Chl a but close to that of POC:Chl ¢ and
POC:SPM (Table 1). The by, : by, spatial distribution in the
eastern English Channel is characterized by a north-to-
south gradient that is in good agreement with the Chl a,
POC:SPM, and POC: Chl a patterns (Fig. 7f). The great-
est byp: by, values are found in the extreme north of the
whole studied area (bp,:b, = 0.026 * 0.003) and in
a relatively homogeneous area located south of the Channel
bloom (by,: b, = 0.024 = 0.0036) with relatively low Chl
a (2.97 £ 1.47 mg m—3), low POC:SPM (0.039 = 0.015)
values, and high POC:Chl a (169 = 71) values. In-
terestingly, the lowest by, : b, values (0.0027 = 0.00026) are
located offshore the Authie River, where the Chl a content
(7.74 = 1.15 mg m—3) is almost three times lower than the
maximum values found in the bloom area. This indicates
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Fig. 7.

Spatial distribution of (a) Chl a, (b) POC:SPM, (c) POC: Chl a, (d) 5,(650), (&) bpp(650), and (f) by, : b,(650) in April 2004.

The contour line on each panel delimits the bloom area. The white dots represent the stations visited in April 2004.

that the usual assumption of a general decreasing of by, : by,
with increasing Chl « is not always fully confirmed. The
POC:SPM (0.067 = 0.031) and the relatively small
POC:Chl a (94.8 = 7) values may contribute to explain
part of this pattern.

The seasonal variability within the byy—by, relationships—
The by,—b, relationship is now specifically examined in
correspondence with the variability of Chl @, POC: SPM
and POC:Chl a. For that purpose, by, is plotted as
a function of b, for each cruise (Fig. 8). In March, one can
observe a quasi-linear relationship between by, and by, (> =
0.88), with a relatively weak scatter around the general
trend line (Fig. 8a). The mean by,:b, value (0.0199 =
0.0078) is very close to the mean value (~0.018) derived
from the Petzold’s measurements performed in 1973 in San
Diego Harbor and extensively used in oceanic radiative
transfer studies.

From March to April, the mean by, : b, value drops by
a factor of 1.55 to reach a mean value of 0.0128 = 0.0079.
This decreasing rate is remarkably similar to the Chl
a increasing rate (~1.54), which suggests that Chl ¢ may be
the main factor influencing the by, : b, temporal variability
from March to April. Interestingly, the POC:SPM ratio
remains constant over the same period, indicating that the
proportion between organic and mineral particles does not
change despite the increasing phytoplankton biomass
(Table 1). The increasing mineral fraction between March
and April may result from the combination of increasing
river outflow (bringing new nutrients) and important
bottom resuspension due to some strong wind episodes in
April. In contrast to the POC:SPM ratio, the POC: Chl
a ratio decreases by a factor of 1.26, indicating that
autotrophic particles represent an increasing fraction of the
particulate organic matter in the investigated area. In April,
the linear relationship between by, and by, is degraded (12 =

Mean and standard deviation values of Chl a, POC:SPM, POC: Chl a, and by, : b, calculated over the whole studied area

and for each cruise. The coefficient of variation (standard deviation divided by the mean times 100%) is given for each case in parentheses.

POC:Chl a by : by

Table 1.
Chl a POC:SPM
March 5.54+4.3 (77.6%) 0.055%+0.033 (60%)
April 8.53+7.25 (85%) 0.055%+0.037 (67%)

May 11.3+8.4 (74%)
June 6.185.54 (90%)

0.063%0.064 (101%)
0.079+0.031 (39%)

159168 (105%)
126+87 (69%)
125+101 (81%)
157+106 (67%)

0.0199=0.0078 (39%)
0.0128+0.0079 (62%)
0.0110=0.0071 (64%)
0.0145+0.0084 (58%)
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Fig. 8. Scatter plot of by,,(650) as a function of b,(650) in (a) March, (b) April, (c) May, and

(d) June 2004. n represents the number of station visited during each cruise and for which all
parameters are available. Note that by conserving the same stations in the two data sets, we
checked that the temporal variability observed between March and April is only weakly affected
by the number of sampling stations that differs between these two cruises. The solid line drawn on
each panel represents the best linear fit over the whole data set collected during the given period,
whereas the dashed lines represent the best linear fits for each of two groups. These two groups
correspond to the upper and lower data sets segregated with respect to the global regression.

0.68), and the data points are considerably scattered
around the general trend line as illustrated by the
coefficient of variation of by,:b,, which increases by
a factor of 1.6 (Fig. 8b; Table 1) from March to April.
However, these data points appear distributed in two
groups characterized by very different mean by, : b, values
(Table 2). These two groups present significantly different
mean by, : b, values equal to 0.0076 = 0.0029 and 0.0214 =
0.0054, respectively (r2 = 0.95 for regressions performed on
both subsets). They also remarkably differ with respect to
their biogeochemical parameters (Table 2). Indeed, be-
tween the first and the second group, the mean values of
byp : bp, Chl a, POC: SPM, and POC: Chl a vary by a factor
of 2.8, 0.6, 0.53, and 2.1, respectively. This is consistent
with expectations, as the group that gathered the lowest

Table 2.

byp 1 by, values is characterized by the highest mean Chl
a and POC:SPM values and the lowest mean POC: Chl
a value (and vice versa). Note that the two groups seem to
correspond to two different water masses as expressed by
the salinity: the lowest by,:b, values are found in the
saltiest waters (Table 2). This pattern may correspond to
the presence of the “coastal flow” along the French coast,
characterized by low-salinity waters due to continental
runoffs and often well delimited seaward by a moving
frontal zone (Brylinski et al. 1996).

From April to May, the by, : b, ratio keeps decreasing
(but only by a factor of 1.16), and the chlorophyll
concentration increases by a factor of 1.32, as an intense
bloom of P. globosa covers a relatively large area northern
of the Somme outlet. The POC:SPM ratio increases by

Mean and standard deviation values of S, T, Chl a, POC:SPM, POC: Chl g, and by, : by, for the two groups of data points

as appearing in Fig. 8§ for the April, May, and June cruises. The first (second) group, as referred to in text, is characterized by the lowest
(highest) mean by, : b, values and corresponds to the first (second) line of each time period. The N value corresponds to the number of

data points of each group.

N S T (°C) Chl a POC:SPM POC:Chl a byp by
April 40 34.15%0.92 9.2x0.3 10.04%7.35 0.069+0.042 88+37 0.0076%0.0029
26 33.28%+1.32 9.1+0.3 5.71%£5.04 0.036x0.016 189108 0.0214£0.0054
May 32 34.20%0.66 11.1+0.2 14.7+£8.4 0.051£0.026 64+26 0.006+0.0018
30 33.53*1.83 11.3%20.5 6.1£5.1 0.074=0.089 200+118 0.017%0.007
June 31 34.05%+0.97 16.1=0.6 7.53%7.62 0.080x0.032 123+46 0.0085+0.002
24 34.07=0.70 16.3+0.8 4.81£2.48 0.076x0.028 204+137 0.022%0.007
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a factor of 1.15 from April to May, whereas the POC: Chl
a ratio is constant (Table 1). This indicates that, on
average, the concentration of particulate carbon increases
in parallel with the phytoplankton biomass between these
two cruises. Two groups are also observed with respect to
the byp,—by, relationship in May (Fig. 8c). The mean values
of by,:bp, Chl a, POC:SPM, and POC:Chl a vary by
a factor of 2.8, 0.4, 1.45, and 3.1 between the first and the
second group, respectively (Table 2). The variation of the
mean by, : b, values between the two groups is similar in
April and in May (a factor of 3), which is not the case for
the biogeochemical parameters, especially the POC:SPM
ratio. The unexpected association of the greatest by, :b,
values with the greatest POC : SPM values observed in May
(and vice versa) suggests that the proportion between
mineral and organic matter does not always control the
byp: by, behavior. In this particular case, the POC:Chl
a ratio seems to be the main factor (with Chl a) to explain
the by, : b, variability between the two groups observed in
May. In contrast to the situation encountered in April, the
two groups are more spatially ordered. The stations
belonging to the group with the lowest mean by, : b, value
are generally found in the bloom area of the eastern English
Channel, whereas stations in the North Sea all belong to
the second group.

From May to June, the mean by, : b, value increases up
to a value that ranges between those of March and April
(Table 1). This is in good correspondence with the Chl
a and POC: Chl a temporal patterns but not with that of
POC :SPM. Similarly to the April and May data set, the
scatter of the June data points may also be distributed in
two groups (Fig. 8d). The mean values of by, :b,, Chl a,
POC :SPM, and POC:Chl a vary by a factor of 2.6, 0.64,
0.95, and 1.66 between the first and the second group,
respectively (Table 2). Therefore, rather than the pro-
portion between organic and mineral particles, which is
constant between the two groups, it seems that the nature
of the organic particulate matter, as seen through the
POC: Chl « ratio, as well as the chlorophyll concentration,
has the greatest impact on the by,:b, variability. In
contrast to what we observed in April and May, the two
groups present very similar salinity mean value. This may
be related to the diminution of river outflows, which is also
confirmed by the decrease of SPM from May to June.

In general, the temporal variability of the chlorophyll
concentration averaged over the whole study area drives
the variability of the backscattering ratio from March to
June; that is, Chl a increases when by,:b, decreases
(Table 1). In contrast, the seasonal variations of POC: Chl
a and POC:SPM have a smaller impact on the by,:b,
seasonal course. This is mostly due to the much lower
temporal variability of POC:Chl ¢ and POC:SPM
compared with that of Chl a during the sampling period.
For a given cruise, the large scatter observed in the by—b,
relationship is relatively well explained by the variable
biogeochemical composition of the bulk particulate assem-
blage. The highest (lowest) mean by, : b, values are always
encountered in waters with the lowest (highest) chlorophyll
content and the highest (lowest) POC:Chl a values. The
scatter in the by,—b, relationship may also be explained by

the proportion of organic and mineral particles, but only
when this proportion is significantly variable, such as the
situation during April.

The different behaviors reported between the particulate
backscattering ratio and the biogeochemical measurements
reflect the variability of the bulk particulate matter in terms
of size distribution and chemical composition (i.e., re-
fractive index). The increase of by,:b, as POC:Chl
a increases would suggest a higher refractive index of
detritus cells compared to phytoplankton cells and an
increasing proportion of small particles relatively to large
particles in water. Nonliving organic detrital material
(NODM) would indeed be characterized by high refractive
index (1.15-1.20) in absence of interstitial water. However,
even if the particle has little water content when initially
generated, water will rapidly penetrate into the particle via
osmosis (as long as the particle is permeable) until there is
a balance of osmotic pressure and the adhesive forces
keeping the particle together. This conforms with the
microscopy observations of Verity et al. (1996) as well as to
previous estimations of the NODM refractive index that
showed that NODM and living organic material (phyto-
plankton and heterotrophic bacteria) have similar refrac-
tive index (Morel and Ahn 1990; Bricaud et al. 1995;
Twardowski et al. 2001). Therefore, the refractive index
variability may not be the main factor explaining the
parallel change of by, :b, and POC:Chl a in the studied
area. However, the NODM particles could also act as
scavengers (through adsorption) of minerals particles, these
last enhancing the bulk refractive index and consequently
the by, : by, ratio.

In the absence of bloom episodes, it is usually assumed
that the particle size distribution (PSD) of living and
nonliving suspended particles can be approximated by
a power law or a Junge-type distribution (Jonasz 1983).
During phytoplankton blooms, the PSD flattens because of
the abundance of typically large (>10 pum) phytoplankton
cells, and colonies. Therefore, changes in the phytoplank-
ton community affect the PSD slope and then the by, : b,
ratio, accordingly. For example, given a particle population
characterized by a bulk refractive index of 1.10, the by, : b,
ratio is expected to decrease by 50% when the PSD slope
decreases from 4 to 3 (Fig. 9). The covariation between
byp:bp, and POC:Chl a would then suggest that the
proportion of relatively small particles increases as
POC : Chl a increases. This is consistent with the prediction
of an increase of the PSD slope when POC is originating
predominantly from NODM. The PSD variability can also
explain some of the unexpected patterns observed between
byp by, and POC: SPM. The observed difference of by, : b,
between the two groups of data collected in June (Fig. 8d)
while POC:SPM remains stable (suggesting a constant
refractive index for the two groups) could also be due to
a change in PSD.

The availability of the ac-9 and ECO-VSF sensors
during the last cruise (25-30 June) allows us to derive an
estimate of the PSD slope (&) simultaneously with the
byp : b, ratio. Many studies have indeed shown that the
spectral dependency (y) of the particulate attenuation
coefficient, c,(4), is closely related to ¢ (see references in
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Fig. 9. Particulate backscattering ratio (byp,: bp,) versus PSD

slope (&) from data collected during the last cruise (25-30 June)
when both the ac-9 and the ECO-VSF instruments were available.
The open triangles and black dots represent the sets of data with
the highest and lowest mean POC: Chl « values, respectively (see
text). The solid curves overlaid on this plot represent the refractive
index contours as calculated by the model of Twardowski et al.
(2001), which uses byp,: b, and ¢ as input parameters. The long
dashed black line corresponds to the best linear fit to the data
points represented by black dots.

Twardowski et al. 2001). Based on Mie scattering calcula-
tions, different empirical relationships between y and & were
then built (Morel 1973; Boss et al. 2001). Here, we use the
model of Boss et al. (2001) to convert the y values derived
from the ac-9 measurements into &. The by,:b, ratio
measured during this cruise are plotted against &, with the
bulk refractive index values calculated from the model of
Twardowski et al. (2001) as a background (Fig. 9).
Remarkably, the two groups identified in Fig. 8d present
a different behavior with respect to n and £. For the first
group, characterized by the lowest mean POC : Chl a value
(Table 2), the backscattering ratio variability is driven
mainly by & (bpp:b, = 0.0057 & — 0.011, 2 = 0.46),
whereas n falls within a narrow range of variability (1.02—
1.12). In contrast, the stations belonging to the second
group are characterized by a relatively small range of
variability in £ (3.5-4.2) but fall within a much higher range
of values for n (1.04-1.22). Therefore, whereas the PSD
slope is the main factor controlling the by, : b, variability in
waters where POC is originating mainly from autotrophic
organisms (i.e., low POC: Chl «a values), it appears that n
governs by, : by, in waters where POC comes from NODM
and heterotrophic organisms (i.e., high POC : Chl a values).
Assuming that NODM and phytoplankton have similar
refractive index, this pattern could be explained by
aggregation of mineral and nonliving organic detrital
material. Additional data are however needed to confirm
this assumption observed in our studied area during
a postbloom period.

In this paper, we show that the backscattering ratio,
byp: by, exhibits relatively large variability within the
eastern English Channel and southern North Sea. The
range of variability reported here is in good agreement with
previous studies performed in different coastal and oceanic
environments (Twardowski et al. 2001; Boss et al. 2004;
Chang et al. 2004). Values as low as 0.003 are found during
intense phytoplankton blooms period, whereas values as
high as 0.04 are found in front of river mouths or in very
shallow waters where resuspension of sediments is impor-
tant. This is consistent with current knowledge suggesting
that low by, : by, values are expected for a particle popula-
tion dominated by low refractive index material such as
phytoplankton, whereas high by, : b, values are generally
observed in presence of a relatively high concentration of
inorganic particles. Besides information on bulk particle
composition, the large by, :b, dynamic range reflects the
variability of the particle phase function and then strongly
emphasizes that the use of a unique phase function is not
appropriated for radiative transfer studies in the coastal
environment (even in limited space and time studies). The
general decreasing of by,:b, with Chl a is roughly
confirmed (Fig. 6a; Tables 1, 2). However, the data are
considerably scattered around the general trend line. As
expected, the proportion between organic and mineral
matter (i.e., the POC:SPM ratio) partly explains this
pattern (Figs. 6, 8b). However, this is not always the case,
as illustrated by situations such as those encountered in
June (Fig. 8d). Moreover, by pooling all the data together,
no significant relationships appear between by,:b, and
POC :SPM. In contrast, the POC: Chl a, which is a rough
descriptor of the amount of organic material (both living
and nonliving, including phytoplankton) relative to auto-
trophic organisms, seems to have a great impact on the
byp : b, behavior in the investigated area: a relatively greater
proportion of detritus (and heterotrophic bacteria) com-
pared with that of autotrophic organisms enhances by, : by,
value (and vice versa). The pattern may be explained by
changes in the size distribution of living and nonliving
particles as well as by aggregation of mineral and nonliving
organic detrital material. However, other factors may also
contribute to explain the reported by, :b, variability.
Among others, one may cite (1) the small particles that
are not collected on the filters but that contribute to the
measured backscattering and scattering coefficients and (2)
the different sizes, structures (i.e., in-heterogeneity), and
shapes of organic and mineral particles. For example, the
scattering cross section of phytoplankton cells is greater for
spherical than for nonspherical cells, whereas the reverse
pattern is observed for the backscattering cross-section
(Kim and Philpot 2001), which suggests that byy: by, is
greater for nonspherical than for spherical cells. Similarly
to the effect of the organic coatings on the bubble surface
that are known to increase by, : b, (Zhang et al. 2002), the
presence of mucilage associated with the development of
the bloom of P. globosa also has certainly a great effect on
byp : bp. Note that the impact of a mucilage event on marine
optical measurements has already been observed in the
Adriatic Sea (Berthon and Zibordi 2000). Researches are
underway to evaluate the sensitivity of the backscattering
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ratio measured in situ, during the bloom periods, with
regard to the nature of the phytoplankton structure
(nature, size, and shape of the dominant species).
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