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Abstract

Case 1 waters with high chlorophyll content can be encountered as soon as the nutrient availability is high enough and
the terrestrial influence by land drainage is negligible. Offshore oceanic blooms and upwelling zones along arid coasts are
instances of such waters. Their bio-optical properties are less documented compared to those of mesotrophic or
oligotrophic waters. A coherent set of measurements of bio-geochemical properties (algal pigments, suspended particulate
matter), inherent optical properties (absorption and scattering by water bodies and by particulate material), and apparent
optical properties (hyperspectral reflectance and diffuse attenuation coefficients) was obtained within the Benguela
Current, i.e. in an upwelling area with arid climate and no runoff. These data allow the bio-optical relationships in
eutrophic Case 1 waters to be analyzed, and their natural variability to be compared with that previously observed in less
productive waters. In addition, a comparison between eutrophic Case 1 waters and yellow substance dominated Case 2
waters can be made, since such waters are also present in the area under investigation. The coherence between the inherent
and apparent optical properties is also analyzed via inversion. Despite some deficiencies in their parameterization, the
existing bio-optical models for Case 1 waters were proven to be valid such that they can be extended without significant
discontinuities toward the domain of high concentration (up to 30mgm™>). In particular, those models in use for the
interpretation of remotely sensed ocean color continue to apply, even if the sensitivity of current algorithms for the
chlorophyll retrieval weakens owing to inescapable physical limitations in the case of high concentrations.
© 2006 Published by Elsevier Ltd.
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1. Introduction and motivation

High chlorophyll concentrations are most often
encountered in optically complex coastal (Case 2)
waters. Offshore vernal blooms, or upwelling areas
along arid coasts with steep slopes, and no runoff,
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are typical examples of high-chlorophyll Case 1
waters, whose bio-optical properties are less docu-
mented than those with low or moderate chlor-
ophyll content. Oligotrophic and mesotrophic
waters occupy much wider zones than eutrophic
ones, and partly for this reason, the former have
been more studied (in contrast, during the Interna-
tional Decade of Ocean Exploration, 1970-1980,
emphasis was put on upwelling areas and eastern
boundary currents, but at that time optical
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measurements were not systematic). To illustrate
the scarcity of observations, it can be noted that in
the SeaBAM dataset (SeaWiFS Bio-optical Algo-
rithm Mini-workshop; O’Reilly et al., 1998) less
than 3% of observations were made in waters with
chlorophyll concentration, hereafter denoted (Chl),
above 3mgm . In the recent NASA bio-Optical
Marine Algorithm Dataset (NOMAD, Werdell and
Bailey, 2005), 8% of the observations are for
(Chl)>5mgm™ (HPLC-determined). Similarly, in
the dataset used by Morel and Maritorena (2001),
23 (Chl) values (over 255) exceeded 5mgm .

Significant relationships between the optical
properties and (Chl) can be empirically derived in
Case 1 waters. With less data in eutrophic waters,
these relationships are presently less ascertained,
and apparently more noisy (O’Reilly et al., 1998).
Besides, there would be some reasons to expect
more variability in these relationships at high (Chl).
Indeed, when a bloom occurs, often an opportunis-
tic algal species dominates; such prevailing species
may differ from one blooming situation to another
one, and thus generate differences in optical proper-
ties. In addition, if the Case 1 water optical
properties are regulated primarily by the algal
abundance, they equally depend on the relative
proportions of living algae and accompanying
organisms (heterotrophs) and generated detrital
material (particulate and dissolved). According to
the age of the oceanic bloom or, in upwelling zones,
according to the residence time of the drifting
upwelled waters within the well-lit zone, these
relative proportions likely change with time, and
in this way may modify the relationships between
the bulk optical properties and (Chl), used as a
single index.

During a recent cruise in the Benguela upwelling
system, a considerable number of bio-optical
observations were made in waters where phyto-
plankton were actively growing. This dataset allows
the variability in the bio-optical properties in such
high-Chl waters to be analyzed, and it provides the
possibility of examining the applicability of existing
bio-optical models in this (Chl) range.

2. The “Bencal” cruise

The scientific objectives and activities of the
Benguela Calibration (BENCAL) cruise on board
the South African Fisheries Research Ship Africana
(4-18 October 2002) have been described in a
detailed report (Barlow et al., 2003). A rather

complete set of hyperspectral measurements of both
inherent and apparent optical properties was
obtained. These observations were made in parti-
cular (but not exclusively) in support of calibration
and validation of ocean color satellite observations
(SeaWiFS, MERIS and MODIS). The area selected
for this cruise (see map in Fig. 1) was the southern
Benguela which is known for high phytoplankton
concentration triggered by an active coastal upwel-
ling. Most of the stations were located inside this
zone. The total chlorophyll a concentration ranged
between 1 and 29mgm > (average value 8.0). In
addition and for comparison, a few other stations
(see map) were located offshore (~400 km) to reach
“blue” mesotrophic waters, where (Chl) was be-
tween 0.25 and 0.5mgm™ (see Table 1). If the
number of stations remains limited in a statistical
sense, the panoply of techniques used and the
simultaneity of the measurements allow a thorough
analysis of a eutrophic regime to be carried out.
The western South African coast is arid, so that
the contribution of runoff to the coastal waters is
minimal. Therefore, turbid Case-2 waters are a
priori not expected in this zone. Nevertheless, under
the effect of waves, re-suspension of locally formed
sediments, or mobilization of organic compounds
from the bottom and sea grass, cannot be excluded,
at least in the shallowest waters. It is thus necessary
to closely examine the status of each station within
the scheme of a Casel/Case 2 classification. For
that, several criteria can be used, as explained below
after the methods and available data are presented.

3. Methods and data

The full set of determinations carried out during
BENCAL is described in detail in the report
mentioned above. Only the measurements of direct
use in the present study are briefly described in what
follows.

The LI-1800 UW spectroradiometer (LI-COR
instruments) which is equipped with a flat cosine
collector was used to determine spectrally (from 305
to 800nm), and at discrete depths (z), the planar
irradiance (expressed as Wm >nm~"). Downward
and upward spectral irradiances, E4q(4, z) and E (4,
z) respectively, were measured during two separate
casts, effected in rapid succession. The data,
recorded every 2nm, were corrected for changing
irradiance, determined with a PAR sensor that
monitored the solar radiation incident upon the
deck. Slight shifts in solar radiation during the
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Fig. 1. Location of the Bencal stations and bathymetry (source Smith-Sandwell/ GEBCO grid). The northernmost stations (#28-31) are

located about 50 km south of the turbid Orange River mouth.

experiments could be easily corrected for, and the
Eq(4, z) and Ey(4, z) were all normalized to the same
incident irradiance above the surface. In case of
important changes (varying cloudiness) the correc-
tion is questionable, and such noisy measurements
were discarded. Fortunately, the sky conditions
were generally excellent (see Table 2 in Barlow et al.,
2003). A calibrated pressure sensor allowed the
depth of measurement to be accurately determined
(within 10cm). However, near-surface upward
irradiance measurements, E (4, ¢), were performed
at shallow depths (¢) compatible with ship’s roll and
the presence of waves and swell; this depth (¢ from
0.5 to 2.5m, approximately) was thus varying
during the spectral measurement (lasting about
30s) and cannot be accurately known, notwith-
standing the accuracy of the gauge.

The diffuse attenuation coefficients, K4(4), were
computed for the upper layer as

Kq(2) = (1/2)In[Eq4(4,07)/ Ea(%, 2)].

E4(Z, 07) just below the surface is derived from
E4(4, 0+) measured above the surface after correc-
tion for the transmission through the interface
(transmission factor 0.97): E4(4, z) was measured
at a depth that ranged from 6 to 10m to avoid
wave-induced focusing effects (15-20m for the
stations in clearer mesotrophic waters). The irra-
diance reflectance ratio is

R(%) = Ey(4,07)/Eq4(4,07).

E.(Z, 07) was inferred from E (4, ¢) by extra-
polation wusing the attenuation coefficient for
upward irradiance (K,) derived from deeper mea-
surements. Note that lens-focusing effects do not
affect the upward flux, and the signals were always
very stable.

The CTD package included a rosette bottle
sampling system for collecting seawater. The
samples were collected along a vertical profile in
close coincidence (less than 30 min) with the optical
measurements. For some “fast” stations, only
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Table 1
Relevant information regarding the BENCAL stations, which
include the bio-optical measurements discussed here

Station no. Chl-surf Bottom Zow  ay(380)
(mgm ™) depth (m)  (m) (m™)
1 11.300 27 NA  0.358
2 2.250 29 X 0.242
3 3.620 54 X NA
4 2.640 53 X NA
6 5.260 38 X 0.335
7 4.850 48 X 0.337
8 6.930 50 0.439
10 6.250 32 X 0.339
11 3.890 44 X 0.421
12 4410 93 0.222
14 5.940 134 NA
15 2.980 87 0.127
16 2.910 154 0.139
18 22.100 125 0.164
19 29.100 132 0.128
20 22.800 100 0.128
21 8.150 100 NA
22 0.520 >400 <0.01
23 0.510 >400 <0.01
26 0.245 >400 0.014
27 0.252 >400 <0.01
29 1.170 163 <0.01
32 4.550 145 0.067
33 9.390 128 0.144
34 22.600 118 0.109
37 5.380 98 X 0.175
38 2.030 107 NA 0.107
40 2.950 60 NA NA
41 6.530 57 X 0.211

Successively (columns), station number, chlorophyll a concentra-
tion within the surface layer, bottom depth. Then (column
denoted Z.,), result of the application of the third criterion,
which is based on the comparison of the depth of the euphotic
layer (Z.,) and the vertically integrated chlorophyll content (cf.
Fig. 3); the crosses mean “identified as Case-2 water”. Last
column: absorption coefficient at 380 nm of the dissolved yellow
substance (obtained through the inversion—see text). NA means
not available.

surface samples were collected (bucket or pump)
during the optical deployment. Several aliquots
(ranging from 0.25 to 2.8 L) of the sample were
filtered in parallel (25 mm GF/F filters) for several
determinations. They include (i) the particle absorp-
tion spectrum, and the pigment concentration/
composition, both carried out on the same filter;
(i1) the mass concentration of suspended particulate
material (SPM) on a second filter; and (iii) the
particulate organic carbon concentration (POC) on
a third filter.

The particulate absorption spectrum was deter-
mined from 375 to 750nm (1nm increment) by
using another LI-COR instrument equipped with an
integrating sphere, according to a method described
in Lazzara et al. (1996). The correction for the
pathlength amplification effect was made according
to Bricaud and Stramski (1990). Following the
absorption measurement, the filter was immediately
frozen in liquid nitrogen, then stored at —80 °C for
subsequent pigment HPLC analysis, made accord-
ing to a slightly modified version of the method
described by Vidussi et al. (2001), see also (Hooker
et al., 2005). The total chlorophyll @ concentration
used hereafter, simply denoted (Chl), actually
represents the sum of monovinyl-Chl-a, divinyl-
Chl-a, and chlorophyllid-a¢ concentrations. The
ratio phaeophorbid-to-chlorophyll a was always
found extremely low (< 1%), which indicates active
blooming conditions with a negligible presence of
decomposition products.

Occasionally, the absorption spectrum was de-
termined on duplicate samples, of which one filter
was extracted according to Kishino et al.’s method
(1985) for a measurement of the depigmented
particles. In parallel, the numerical decomposition
method (Bricaud and Stramski, 1990) was applied
to all samples. By difference the contributions of
phytoplankton (a,) and non-algal particulate mat-
ter (@nap) to the total particulate absorption (a,) can
be determined. The a, values from the BENCAL
cruise, together with the detailed pigment composi-
tion and algal cell size, have already been discussed
in Bricaud et al. (2004).

For the SPM determination, the cleaned filters
were pre-weighed (micrometric balance MX5 Me-
tler-Toledo) and stored in numbered Petri slides
before use. After filtration and rinsing (distilled
water), the filters were stored at —25°C. They were
then thawed in laboratory, dried at 45°C, and re-
weighed at room temperature. The particle mass on
the filter was obtained by difference. For the POC
determination, the GF/F filters were (before use)
washed in a soxhlet with dichloromethane to
remove carbon contamination without altering the
filter porosity. The filtered volumes were between
0.5 and 2.5L. Samples were analyzed using a PDZ
Europa carbon—nitrogen analyzer with glycine as
standard.

An absorption—attenuation meter (AC-9 manu-
factured by WETLabs) was operated as a bench-top
instrument in a fixed tilt position (45°). To avoid
bubble formation, it was gravimetrically filled from
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below and using a tank (41) positioned above the
AC-9. Only surface samples (the same as for SPM
and pigment determinations) were measured in this
fashion. Ultra-pure water (Milli-QTM) was regularly
used for calibration (see details in Barlow et al.,
2003). The standard temperature and salinity
corrections were applied. The determination (at 9
wavelengths) of the attenuation and absorption
coefficients allows the scattering coefficient to be
obtained by difference.

In such high-Chl and patchy environments, where
the conditions are rapidly changing as indicated by
a continuous Chl-a fluorescence record, the opera-
tions were planned to ensure as well as possible a
quasi-simultaneity of the sampling and optical
determinations. Despite these cautions, some dis-
crepancies due to temporal mismatch cannot be
completely avoided. Emphasis was put on the
properties of the near-surface layer in support of
the satellite calibration/validation program.

4. Water identification

By analyzing field data collected in open ocean
waters, the various optical properties can be studied
in relation to (Chl) and average empirical relation-
ships can be derived via regression analyses. This
approach has a long history (e.g. Austin and
Petzold, 1986; Baker and Smith, 1982; Gordon
and Morel, 1983; Morel, 1988) and has been
progressively refined with the increasing availability
of data (e.g. Bricaud et al., 1995, 1998; Loisel and
Morel, 1998; Sathyendranath et al., 2001; Staehr
and Markager, 2004).

Actual field data are always scattered around the
derived average relationships as a result of a natural
variability, which does exist in Case-1 waters
(Gordon and Morel, 1983; Gordon et al., 1988).
This variability originates from possible changes in
the relative proportions of the various components
(algae vs. others, such as heterotrophic organisms,
detritus, colored dissolved material) and from
changes in the optical properties within each of
the compartments (e.g., varying Chl-specific absorp-
tion by algae with pigment composition and cell
size, or varying exponential slopes of the absorption
by colored dissolved material). Despite their scatter,
these relationships can be used as criteria to
categorize waters into a Case-1/Case-2 scheme. In
particular, Case-2 waters can be detected, as soon as
significant departures with respect to the average
relationships occur, which denote anomalous excess

in absorption or scattering (or both). A *“signifi-
cant” departure is obviously a somewhat arbitrary
notion. Four criteria will be employed.

4.1. Scattering coefficient and chlorophyll
concentration

This criterion was initially introduced by Gordon
and Morel (1983, their Fig. 5a) and revisited by
Loisel and Morel (1998, their Fig. 3). It relies on the
fact that the scattering coefficient at 550 nm, 5(550),
and (Chl) are (rather loosely) co-varying in Case 1
waters. The presence of exogenous sediments
(minerals in particular) increases the scattering
coefficient, independently from algal cells and their
retinue. Therefore a somewhat arbitrary threshold
can be defined as an upper limit in b(550) for a given
(Chl) value. If b is above this threshold, then the
water is identified as “turbid Case-2” water. The
upper limit for b in Gordon and Morel (1983) was
expressed as

b(550) = 0.45[Ch1]*%2. (1)

A recent and larger dataset was analyzed by
Loisel and Morel (1998). Based on this analysis, the
average relationship was slightly modified (Morel
and Maritorena, 2001), becoming

b(560) = 0.416[ChI]>7¢. 1)

The scatter in the distribution of the b-(Chl) data
for Case 1 waters (within a factor of ~3 around the
average) suggests that a reasonable upper limit can
be obtained by increasing the above coefficient
(0.416) by 66%, without changing the exponent, so
that the adopted threshold (see Morel and Belanger,
2006) is expressed as

b(560) = 0.69[Chl]" 7%, )

This criterion is slightly less severe than the
previous one, in the sense that waters categorized as
turbid Case-2 waters through the use of Eq. (1) may
remain below the threshold defined by Eq. (2). In
principle, b in the above expressions is the particle
scattering coefficient, b, = (b — by), where b,, is the
coefficient for water molecules (i.e. 0.0018m~" at
560 nm), here totally negligible compared to b. Only
turbid waters can be identified in this way, owing to
their high scattering, whereas highly absorbing
waters (yellow substance dominated Case-2) are
not detected. The field data are shown in Fig. 2a. A
few stations, slightly above the upper limit as
defined by Eq. (1), remain below the threshold
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Fig. 2. (a) Scattering coefficient at 555 nm (m™") derived from the
AC-9 measurements, as a function of the chlorophyll a
concentration (mgm ™) measured on the same near surface
sample. The lines represent empirical relationships (see text and
Egs. (1) and (2)). Both scales are logarithmic. (b) Mass
concentration of suspended particulate matter (mgm~) as a
function of the chlorophyll concentration. Note that the data in
this panel originate from the euphotic layer, and are thus more
numerous than in panel a restricted to near surface samples. In
both panels, black diamonds and circles are used as in Fig. 3 and
correspond to stations of the Group 1 or 2 (see text).

expressed by Eq. (2). According to the somewhat
arbitrary nature of the thresholds, a provisional
conclusion could be that some stations are close to
the margin of, without distinctly entering into, the
turbid waters category.

4.2. Suspended particulate matter (SPM) and
chlorophyll concentration

If the scattering coefficient and the SPM mass
concentration were tightly related, a criterion based
on SPM would be redundant with the previous one.
Nonetheless, this information can be used because
simultaneous determinations of (Chl) and SPM
were also made in the past, independently from the
scattering measurements, and statistically analyzed
By considering mostly Case-1 waters, Clark et al.
(1980) arrived at an average relationship

SPM = 500[ChI]>”, (3)

where both SPM and (Chl) are expressed as
mgm . If the empirical relationship given in

Gordon and Morel (1983, their Fig. 6), namely
SPM = 10005(550)
is combined with Eq. (1) or (2), it becomes

SPM = 450[ChI]**2 or SPM = 690[ChI]"7".
(4a),(4b)

Several stations (Fig. 2b) are represented by data
points above the line defined by Eq. (3), but are
below the line defined by Eq. 4b (a less severe
criterion). In conclusion, excessive particle loads, or
highly turbid waters, are not detected.

4.3. Particulate organic carbon (POC)

The organic carbon content within the POC (as
mgm ) brings complementary information about
the composition of SPM. High SPM values
compared to the POC content would denote the
presence of mineral particles. This is not the case, as
a linear regression between these two quantities
provides the relationship

SPM = 2.07POC(0 intercept, N = 49, 1> = 0.91).

Five samples (Stations 2, 3, 4, 7 and 37) have been
excluded from the regression analysis, with SPM/
COP values ranging between 3 and 5. Actually,
POC covaries with (Chl) in a rather regular (non-
linear) manner for all stations (apart from Stations
7 and 37). The regression on the log-transform
quantities leads to the relationship

POC = 203(Ch)**'(N = 47,1 = 0.824)

similar to that found in less productive waters
(Morel, 1988). The particulate material is thus
essentially organic, dominated by phytoplankton
and immediate derivatives, which is corroborated
by the steady carbon-to-nitrogen ratio (5.72+1.06,
N = 73). This conclusion agrees with the previous
ones.

4.4. The column-integrated chlorophyll content and
the depth of the euphotic layer

A purely empirical relationship was established in
Case 1 waters (Morel, 1988) between the vertically
integrated chlorophyll content of the euphotic zone
(Chlror, mgm™2) and the actual depth of this zone,
Z.. (defined as that depth where the downward
irradiance within the 400—700 nm band is reduced to
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1% of its surface value). The depth Z., was
determined from the E4(A, z) measurements. This
average relationship has been recently revisited by
Morel and Maritorena (2001) and supported by a
spectral modeling approach (Morel and Gentili,
2004). It is numerically expressed as (when
Z ey <102 m)

Zew = 912.5[Chlror] %%, (5)

Part of the scatter observed around this empirical
relationship (about +15% in Z.,) is attributable to
the dependence of Z, on the sun’s position (details
and Fig. 1 in Morel and Gentili, 2004); the other
part is due to the natural variability. For a given
chlorophyll content, Z., is reduced as soon as
absorbing and (or) scattering substances, other than
those normally present in Case 1 waters, occur in a
significant amount. This criterion is thus more
general than the previous ones, as it applies to both
kinds of Case-2 waters (sediment-dominated or
yellow-substance-dominated waters). If the ob-
served Z., is lower than the modeled (Eq. (5)) Z.,
by 30% or more, the departure is considered as
significant and thus identifies Case-2 waters. Con-
sequently, the average coefficient (912.5) is replaced
by its lower limit, namely by 638.

200

150

100

Chlt [mg m 7]

o
2

Zey[m]

Fig. 3. Column chlorophyll content (mgm~?) integrated from 0
to Z., (euphotic depth) as a function of Z., (m). The solid line
represents Eq. (5), the dashed line represents the adopted lower
limit. The empty symbols below the limit denote the Case-2-Y
waters (see text and Table I).

When sorting out the BENCAL results by
applying this criterion (Fig. 3), 9 stations clearly
depart from Case-1 waters (see Table 1). Those
previously identified as being close to the upper
limit in terms of turbidity (namely stations # 2, 3, 4,
37 and 41) are among these 9 stations. For all these
stations, the cause of a significant reduction of Z, is
to be found in a larger content of yellow substance.
This is supported by the fact that the absorption
coefficient of dissolved yellow substance (at
400nm), ay,(400), exceeds 0.2 m~' at all these
stations, while it is below this value for the others
(S. Bernard, pers. commun.). A systematic exploita-
tion of the a, data cannot be made, as they were
often unreliably noisy (and close to the detection
limit, 0.023 m™!; Barlow et al., 2003). Nonetheless,
the above values are high enough to be significant.
Moreover, indirect a, determinations (displayed in
Table 1), which will be presented later, corroborate
the diagnostic of high yellow substance content.

4.5. Combined criteria and geography

The geographical distribution (Fig. 1) of the
stations identified in Fig. 3 is perfectly consistent
with their proximity to the coast and, maybe more
importantly, with the bottom depth (<50 m, Table
1). These stations are all located in St. Helena Bay,
where a dense cover of kelp was often encountered
(even to the point of perturbing the deepest
samplings near the bottom). The departure from
Case 1 conditions, which does not result from a
significant resuspension of sediment, is rather
caused by an enhancement of absorption due to
yellow substance and (or) tiny colored detrital
particles. These waters will be classified as “‘yellow
substance dominated” (abbreviated as Case 2-Y).
For convenience, in what follows the Case 1 waters
will also be denoted by Group 1, the Case 2-Y
waters by Group 2, and the four stations in offshore
mesotrophic waters by Group 3. Emphasis will be
put on the optical properties within the Group 1
and on their differences when compared to those of
Group 2.

5. Results
5.1. Particle absorption at specific wavelengths
Empirical relationships (power functions) be-

tween the spectral absorption of the total (algal
and non-algal) particulate matter, a,(4), and (Chl)
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were previously derived from field experiments in
Case-1 waters (Bricaud et al., 1998) and are
compared to the present data. The coefficients
a,(442) and a,(676) at the two maxima in absorp-
tion are displayed as a function (Chl) (Figs. 4a and
b). These a, values are remarkably well organized
with respect to (Chl), which varies over 2 orders of
magnitude. The present a,(442) values are on
average about 50% above the mean relationship
but stand within the range of possible variations for
Case-1 waters (Bricaud et al., 1998). Similar excesses
that are systematically observed at other wave-
lengths in the blue-green spectral domains (not
shown), tend to decrease toward the red domain.
For instance, the positive departure from the mean
relationship is only ~15% at 676 nm. The stations
of Groups 1 or 2 do not exhibit separate trends in
Fig. 4, as the corresponding data are randomly
distributed along the regression lines.
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Fig. 4. Particle absorption coefficient (m~') as a function of the
chlorophyll concentration determined on the same samples (in a
log-log representation); (a) for the wavelength 442nm, (b) for
676 nm. The samples are not restricted to the upper layer; they all
belong to the euphotic layer. The solid straight lines represent the
result of the linear regression between the (log-transformed)
quantities, whereas the dashed lines represent the result of the
regression performed by Bricaud et al. (1998). Black diamonds
and circles are used (as in Fig. 3) and correspond to stations of
the Group 1 or 2, respectively (see text).

5.2. Spectral shape of particle absorption within the
370—720 nm domain

For the first group (examples in Fig. 5a), the ap(4)
spectra are well featured, with the blue maximum
prominently outlined and a distinct decrease from
440nm toward 370nm. These spectra tend to
resemble those of pure algal cultures. The applica-
tion of the methanol extraction method (Kishino
et al., 1985) or the numerical decomposition
technique (Bricaud and Stramski, 1990) allows the
non-algal contribution to absorption to be quanti-
fied. For surface waters only, the ratios of the total
particle absorption to the phytoplankton absorp-
tion, ap/a,, at 400 and 440 nm, do not exceed one by
a large amount for Group 1, and the average values

45(400)/a,(400) = 1.13(£0.07,at 1's, N = 36),
1,(440) /a,(440) = 1.058(0.064,at 1s, N = 36)

demonstrate that the non-algal contribution is
rather low. When Group 2 is considered (examples
in Fig. 5b), a noticeable difference occurs in the UV
domain, where absorption remains high. In the
visible part of the spectrum, the mean ap/a,, ratios
are notably enhanced

5(400)/a,(400) = 1.34(0.16,at 1's, N = 22),
4,(440) /a,(440) = 1.15(£0.08,at 15, N = 22),

which suggests that colored detritus produces an
additional absorption in the short wavelength
domain. This increase cannot be ascribed to a
degraded form of chlorophyll, as for all samples
(two groups merged) the ratio pheophorbid-to-
chlorophyll a was always extremely low (see above).

For Group 1, and even for Group 2, the relative
contribution of non-algal particles, (i.e. the quantity
(ap—ay)/ap) is small (6-15%), significantly below
the average value observed in meso- or oligotrophic
Case 1 waters (amounting to ~35% at 440 nm, see
Fig. 2b in Bricaud et al., 1998). At least in the
Benguela upwelling zone, and in this season, the
particulate absorption is largely dominated by living
cells, while derived detritus seem to play a limited
role. This is no longer true in the offshore
mesotrophic waters (see below).

As expected, the chlorophyll specific particle
absorption values, ap(4), i.e. ap(4)/(Chl), are gen-
erally low. As inferred from Fig. 4a, a}(442)
decreases regularly with increasing (Chl) from
~0.07m*mg~" (when (Chl)~1 mgm?) to ~0.02 m>
mg ! (when (Chl)>20 mgm~?). Such values reflect
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Fig. 5. Examples of particulate absorption spectra (m~') for
samples from the near surface layer, (a) Group 1, (b) Group 2,
and (c¢) Group3 (mesotrophic Case 1 waters). The station
numbers are indicated and ordered from top to bottom as the
spectra; the chlorophyll concentrations are also indicated
(between parentheses). Note the change of scale for the ordinate
axes.

the pigment packaging effect that increases with
(Chl). This is fully compatible with the predomi-
nance in high (Chl) waters of microphytoplankton,
as revealed by the high proportions of fucoxanthin
and peridinin in most of these samples (see
discussion in Bricaud et al., 2004; also Bernard
et al., 2001).

Eight absorption spectra (four of them are
displayed in Fig. 5c¢) for the offshore mesotrophic
waters are excluded from the a,/a, average ratios

given above. Their ascending slopes toward UV,
and high values in this domain, denote a high
relative abundance of detritus in these ‘“clear”
waters. The af(4) values in the blue are also much
higher (by a factor of 3) than in Groups 1 and 2;
they are typical of smaller phytoplankters, as
supported by the pigment composition (discussed
in Bricaud et al., 2004).

5.3. Attenuation coefficient for downward irradiance,
compared to modeled values

The K4(A) spectra examined below deal exclu-
sively with the upper layer. As this attenuation
coefficient is roughly a “proxy” of the absorption
coefficient (Gordon, 1989), these K4(4) spectra have
much in common with ay(2), at least within the
spectral domain where absorption is not dominated
by the water absorption (4 <580nm). Consistently,
the K4(4) spectra for Group 1 (Fig. 6a, to be
compared to Fig. 5a) exhibit also a distinct
minimum near 370nm. In contrast, for Group 2
(Fig. 6b, to be compared to Fig. 5b), the UV
minimum disappears and is replaced by a regularly
ascending slope from 560 to 320 nm. Compared to
the ap(2) spectrum (Fig. 5b), a difference appears in
the near UV. Indeed, although the a,(4) spectrum
decreases slightly from 437 to 380 nm, the K4 values
steadily increase, because the yellow substance
absorption contributes to the diffuse attenuation.

The K4(A) field data were studied (Morel 1988,
Morel and Maritorena, 2001) by using this approx-
imation, which involves considering K4(4) as the
sum of a term for pure water (K,,) and a term
merging the contributions of all biogenic, optically
significant, components (algal cells and all asso-
ciated particulate and dissolved non-algal materi-
als), denoted Kjy;,,

Kq(2) = Kyw(2) + Kbio(4) (6)
with
Kyw(2) = aw(4) + (1/2)byw(4), (7

where a,, and b,, stand for the absorption and
scattering coefficients of optically pure sea water,
respectively. Then, by carrying out a regression
analysis on Kp;,(4) and (Chl) (on their log-trans-
form), power laws of the form

Kpio(2) = 7(A)[Ch1]*? (8)

were derived. When the Bencal data are super-
imposed on previous Ky;, data (examples in Figs. 7a
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Fig. 6. Examples of the spectral values of the diffuse attenuation
coefficient for downward irradiance, Kq(4), (as m™"), (a) in Case 1
waters and (dashed curves) in mesotrophic Case 1 waters , (b) in
Case-2-Y waters. The stations numbers and (Chl) are indicated
and ordered from top to bottom as the spectra.

and b), the general trend is not altered. The data for
Group 1 are scattered around the average regression
line, whereas the data for Group 2 are slightly above
the regression line. This difference between the two
groups, as detected in the short wavelengths domain
(390 and 420 nm), tends to vanish in the green part
of the spectrum (not shown).

A separate regression between Ky;,(4) and (Chl) has
been carried out on the Bencal dataset (all data merged,
regardless of their status). The resulting y(2) and e(4)
parameters slightly differ from those in Morel and
Maritorena (2001). In the restricted range of high (Chl),
however, the Bencal-specific and the previous regres-
sion lines are very close. This is illustrated (Fig. 8) by
using these Bencal-specific parameters to produce the
average Ky;o spectrum for (Chl) = 10mgm™>. It agrees
with the spectrum (redrawn from Fig. 4c, in Morel and
Maritorena, 2001) derived from the previous para-
meterization used at its limit of validity. The behavior
of Ky, for higher (Chl), and in the UV domain, beyond
the limits of the previous parameterizations, can now
be described.
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Fig. 7. Log-log plot of Ky, (Eq. (6)) as a function of (Chl); (a)
for the wavelength 420 nm, and (b) for 390 nm. The data with
gray symbols are reproduced from the Figs. 3 and 7 in Morel and
Maritorena (2001), on which the present data (symbols as in Figs.
2-4) are superimposed.

5.4. Spectral shape of the particle scattering

The AC-9 instrument provides the optical coeffi-
cients ayo (= a—ay = ap+ay), and ¢ (= c—cy =
a,+ay+b,), where a, denotes the absorption by
yellow substance. The particle scattering coefficients,
by(4), were determined at 9 discrete wavelengths from
412 to 715nm as the difference (cioi—dior). The o
spectra were generally featureless, with an ascending
slope toward the short wavelengths (not shown). The
ay, spectra exhibited the absorption features of
phytoplankton with peaks at 440 and 676 nm (or in
Group 2 a regular increase between 440 and 412 nm).
As a result of the (c¢o(—ay) subtraction, the spectral
shapes of scattering and absorption appear to be
rather complementary. It is only approximately true,
as theoretical computations show that a minimum in
scattering does not necessarily coincide with a
maximum in absorption (at least for algal cells, see
Bricaud and Morel, 1986). The nine discrete channels
of the instrument cannot resolve such possible
spectral shifts.
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Fig. 8. Solid curves: spectral values of Ky;, when (Chl) = 5, 10,
and 20mgm™, as derived from the present study; the dashed

curve for 10mgm~2 is reproduced from Fig. 4 in Morel and
3

Maritorena (2001), and the dashed curve for Smgm™ is
produced by the same model (Morel and Maritorena, 2001).

To study the spectral shape of b,(4), the
coefficients are normalized with respect to the
spectrally averaged coefficient [b,], computed as
(trapezoidal integration between 412 and 715 nm)

n=9
[bp] = (1/303) Y _[bp. () + bp(n + DA + 1)
n=1

— An)]/2, )

where b, (n) is the b, value in the nth channel of the
instrument centered on A(n).

The first Fig. (9a) deals with Group 1 (average
(Chl) value 8.9 mgm ™, non-Gaussian distribution).
The depressive effect of the pigment absorption
bands (at 440 and 676nm) on the scattering
coefficient is clearly seen on these spectra. The most
affected ones are those with the highest chlorophyll
concentration and the “purest” algal populations
(stations 18, 19, and 34). For moderate (Chl), the
spectra are less affected by absorption and resemble
those shown in Babin et al. (2003) for Case 1 waters
(their Fig. 3a and 11). Fig. 9b deals with the Group
2 (average (Chl) value 5.52mgm~>). The general
shape is quite different. While the trough around
675nm is still well marked, a systematic and rather
regular ascending slope toward the short wave-
lengths replaces the minimum of the previous figure.
This slope (also for the mesotrophic waters in
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Fig. 9. Spectral values of the scattering coefficients normalized
by their spectrally averaged coefficient (Eq. (9)). The center
wavelengths of the AC-9 instrument are 412, 440, 488, 532, 555,
676, and 715nm (bandwidth of 10nm). All available data are
represented. (a) Case 1 waters, (b) Case 2-Y waters plus
mesotrophic waters (thin dotted curves).

Fig. 9b) approximately corresponds to a A~ *°

dependency.
5.5. Reflectance R(1)

If the backscattering was spectrally neutral, the
reflectance spectra would be inverted images of the
K4 spectra. This approximation allows the main
features of the reflectance spectra to be understood.

Typical examples from Group 1 are shown in
Fig. 10a. For high (Chl), the remarkable feature is
the doubled peak structure. Besides the usual
maximum at 570nm, a second maximum appears
in the UV domain, around 360-370 nm, which has
not been previously described. Between these two
peaks, the minimum at 437 nm reflects as usual the
algal (chlorophylls plus carotenoids) absorption
maximum. The second reflectance minimum, near
664nm, corresponds specifically to the Chl-a
absorption maximum (occurring at 676 nm). The
shift from 676 to 664 nm is the consequence of the
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Fig. 10. Irradiance reflectance spectra for some selected stations.
(a) Case 1 waters, (b) Case 2-Y waters, and mesotrophic waters
(dashed curves). The station numbers and (Chl) are indicated and
ordered from top to bottom as the spectra.

presence of the prominent chlorophyll ¢ fluores-
cence peak (centered on 687nm), which partially
overlaps, and thus distorts, the minimum (see e.g.
Gower et al., 1999). The remarkable change in
Group 2 (Fig. 10b) is the disappearance of both the
minimum at 437nm and the maximum around
365nm. These features are replaced by a convex
shape between the maximum (at 570 nm) and the
UV domain. At larger wavelengths (> 500 nm), the
spectral shapes are similar for both groups.

6. Discussion

The inherent optical properties are in principle
derivable from the determination of upward and
downward irradiance. Various solutions of this
inverse problem have been thoroughly reviewed
(Gordon, 2002). A simple inversion, based on the
apparent optical properties Ky and R, can be
performed. These (apparent) properties can be
related to the absorption and the backscattering
coefficients, a and by, respectively, through

Kq(2) = 1.0395[ug()]™" [(@(2) + bp(A)], (10)

R(2) = f'Tbo() /[(a(Z) + by(A)], (11)

where pq is the average cosine of the downward
irradiance below the surface, and f is a dimension-
less factor depending on illumination conditions
and water properties. Both equations were obtained
through numerical simulations of the radiative
transfer within oceanic waters (Gordon, 1989;
Gordon et al., 1975; Morel and Gentili, 2004).
When solved for a and by, the above equations
provide the desired coefficients

a(i) = 0.962K 4(A)utg(0s, A, Chl)
x [1 — R(2)/f'(0s, 2, Chl)], (12)

by(2) = 0.962K 4(2)14(0s, 4, Chl)
x [R(2)/f"(6s, 4, Chl)]. (13)

Both pg and f actually depend on the sun
position (the zenith sun angle, 6,) and on the water
optical properties which vary with (Chl) and A. The
quantities pq and /' have been theoretically studied
for clear sky conditions (Morel et al., 2002), and
lookup tables have been produced with (Chl), 4, and
0s as entries (available over the internet, using
anonymous ftp from oceane.obs-vifr.fr, cd pub/
morel, files f,fprime,mud).

For each station, 6, is computed (ranging from
21°30 to 57°45); the measured near-surface chlor-
ophyll concentrations are known, so that the above
equations can be numerically solved, with the
appropriate uq and f values. For this inversion,
the lower limit of the spectral domain is 350 nm, and
the upper limit is 600 nm, because inelastic processes
(Raman scattering and chlorophyll fluorescence)
affect both the reflectance and the attenuation
values beyond this wavelength. No attempt to
correct for these effects was made here.

It is worth noting that the main term in the
evaluation of the absorption coefficient is Ky,
because R, which is a rather small number,
intervenes as a corrective term (inside the bracket).
In the evaluation of by, the situation is quite
different, as K4 and R, through their product, play
equivalent roles. This remark has practical con-
sequences. Indeed, the uncertainties on these radio-
metric quantities, essentially due to the uncertainties
on the measurement depth (see Section 3), are not
equivalent. For Ky, which is determined between the
surface and a certain depth Z, the uncertainty is
expressed by AZ/Z (where AZ is the depth
uncertainty). Therefore Ky is easily determined
within a +10% interval. The R values at null depth
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(0—) are derived from E, values determined at a
certain minimal depth, &, which is not precisely
known (+Ag). The extrapolation of E (¢+A¢) to
obtain E,(0—), and thereafter R, entails an un-
certainty within a range expressed by the factor exp
[Ku(£ Ag)]. This uncertainty may be considerable in
adverse sea conditions and strongly absorbing
waters. For instance, it is within a range (—23%,
+28%) if de ==40.5m and K, =0.5m~'. As K,
increases toward the UV part of the spectrum, the
uncertainty is larger in this spectral domain. In
summary, the inversion can be made rather
accurately for the absorption coefficient, but sig-
nificantly less accurately for the backscattering
coefficient, particularly in unfavorable sea surface
conditions. Note that if the uncertainty on by is
large, no systematic bias is to be expected, as the
sign affecting Ae¢ is at random.

6.1. Total absorption

The total absorption coefficient (¢), as obtained
through the inversion of the AOPs (Eq. (12)),
accounts for all absorbing substances (water,
particulate and dissolved materials). Once the
absorption coefficient for water molecules, a,, has
been subtracted from a, the result (i.e., (qoi—
ay) = (ap + ay), where a, represent absorption by
yellow substance) is directly comparable to the
measurement carried out with the bench-top AC-9
instrument (Fig. 11a). Apart from the lowest values
(too close to that of water), the agreement is
excellent (slope 1.07, intercept —0.02, rms 0.05),
especially when it is considered that the sampling
and the in situ measurements were never perfectly
simultaneous, and also when accounting for un-
certainties attached to both the in vitro measure-
ments and AOP inversion.

At the same wavelengths, another comparison
can also be made with the particle absorption, a,
(filter pad method). A positive difference between
(aror—ayw) and ay, is now expected, in particular for
the short wavelengths (412 and 440 nm), as a result
of the absorption by the dissolved yellow substance.
This difference is clearly seen on Fig. 11b, and, as
anticipated, is more accentuated for Group 2.

Finally the (a,,—ay,) values can also be compared
with the (amoq—ayw) values, where a,,,q stands for
the modeled values computed by operating the
Morel and Maritorena model (2001) with the actual
(Chl) values (Fig. 11c¢). Since the model (based on
Ky;,) inherently accounts for the presence in Case 1
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Fig. 11. Computed total absorption values (Eq. (11)) minus the
absorption coefficient for pure water, i.e., the quantity (a—ay), as a
function of the AC-9 measured values at the 6 discrete wavelengths
below 600nm (in (a)); as a function of the particulate matter
absorption (in (b)); as a function of the absorption modeled from the
chlorophyll concentration (in (c)). Note that some (¢—ay) values
may become slightly negative for the green wavelengths and in the
case of weakly absorbing mesotrophic waters.
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waters of a certain “average” amount of yellow
substance associated with phytoplankton, no differ-
ence is expected. Actually, the field values (at 412
and 443 nm) are below the modeled ones, particu-
larly for the highest (Chl) values (beyond the
domain of model applicability). The extrapolation
of the model leads to an overestimation of the
yellow substance content. Within Group 2, with
more yellow substance, the field values logically
must (and do) exceed the modeled values.

The differences in the near UV domain between
a, and (a,1—ay,) are evidenced by Fig. 12a and b,
where several couples of spectra are displayed for a
visual comparison. In addition, the corresponding
yellow substance absorption spectra, obtained as
ay = (Ao — aw — ap) are also shown (Fig. 12c).
These computations, when systematically effected,
lead to the a,(380) values listed in Table 1, which
confirm the previous identification of the Case 2-Y
waters.

A global quantitative comparison is obtained by
plotting (Fig. 13a and b) all the (a.,—ay) values as a
function of (Chl), together with the regression lines
already obtained for a, (as in Fig. 4). On average
(3 groups merged), the (a.,—ay,) values exceed the
a, values by ~50% at 400nm, and by ~30%, at
442 nm. The (a—ay) values for the Case 2-Y
waters are, as anticipated, systematically above
those of Casel waters, and above the average.

6.2. Backscattering coefficient

The backscattering spectra are displayed on
Figs. 14a—c. Many of the spectra of the first group
include a notable depression in the 440 nm region,
which is especially pronounced for the highest (Chl)
(St 19, 20, and 34, Fig. 14a). This feature will be
analyzed later. In contrast, for Group 2 (and for the
mesotrophic waters), the spectra are rather feature-
less. It is worth noting that the effect of water
molecules through by (1) (the pure seawater back-
scattering coefficient) is far from being negligible in
the backscattering process, even for such heavily
loaded waters. The particle backscattering
coefficient, by,,(4) can be computed as the difference
bup(4) = by(A) — bpw(4). The byp(550) coefficients
are plotted as a function of (Chl) for all stations
(Fig. 15a). In spite of a considerable scatter, the
general trend is clear, and by,(550) increases by
one order of magnitude when (Chl) spans two
orders of magnitude. This increase coincides
with the empirical covariation with (Chl)*>, as
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Fig. 12. Spectra of (aio—ay) compared to the spectra of particle
absorption coefficient, ap, for selected stations in Case 1 waters
(a), and in Case 2-Y waters (b). The spectra of a,, obtained by
difference (aio(—aw—a,), are shown in (c); the solid curves are for
Case 2-Y and the dashed curves for Case 1 waters, respectively;
note that in the latter case, the difference may become
insignificant.

observed by Stramska et al. (2003), and agrees with
the parameterization of Morel and Maritorena
(2001).

The featureless by, spectra for Group 2 are
(Fig. 14b) parallel to the spectrum of the molecular
backscattering, which suggests that the particle
backscattering is spectrally quasi-neutral. More
insight can be gained by examining the particle
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regression for these data; the solid lines represent the regression
for the particle absorption coefficient (ap,, as in Fig. 4); the
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backscattering efficiency, b~bp,

brp = bop/bp.

The particle scattering coefficient b, is provided
by the AC-9 measurements (at the six wavelengths
<600 nm). The computed efficiencies (displayed on
Fig. 15b) do not show any notable wavelength
dependency, except perhaps a decreasing trend
toward the shorter wavelength. This trend can also
be seen (Fig. 15¢) for the mean values, separately
computed for the two groups. Both theoretically
and experimentally, it was shown (Ahn et al., 1992)
that the backscattering efficiency of algal cells (at
least of large cells, and in pure culture) may
experience a minimum within the blue absorption
band. The slight Ebp decrease in the blue part of the
spectrum likely results from this effect, which,
however, remains minor.

After averaging over all wavelengths, the l;bp
values are lower for Group 1 than for Group 2
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Fig. 14. Spectra of the total backscattering coefficient (Eq. (12)).
All stations are represented and the three panels are for Case 1,
Case 2-Y, and mesotrophic waters as indicated; the back-
scattering spectrum of pure water is reproduced in each panel
(curve without symbol).

(0.80% vs 1.25%). This difference could indicate
that the relative abundance of tinier (and perhaps
more refringent) particles is higher in Case 2-Y
waters than in Case 1 waters dominated by algal
material. Such efficiencies, around 1%, are within
the range of those recently observed (Twardowski
et al., 2001; Boss et al., 2004; Sullivan et al., 2005)
and imply that organic particulate material with low
relative refractive index (1.04-1.08) largely domi-
nates the particle population. A result clearly
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emerges. Since the spectral dependency of Ebp is
limited, the pronounced features of the backscatter-
ing spectra (Fig. 14a) essentially originate from
those already existing in the scattering spectra
(Fig. 9).
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These mean Ebp values (Fig. 15¢c) exceed by about
50% those modeled by Eqs. (13)—(14) in Morel and
Maritorena (2001) for similar chlorophyll concen-
tration, and are well above those derived from
theoretical considerations presented by Ulloa et al.
(1994). They also are higher than those produced by
the empirical relationship proposed by Twardowski
et al. (2001, their Eq. (17)), albeit staying inside the
envelope of their field data (their Fig. 11). They
agree better with the expression proposed by
Sullivan et al. (2005, their Eq. (6)). When plotted
as a function of (Chl), the individual Z;bp values do
not exhibit any trend (not shown). The present data
as well as those of the above referenced studies
demonstrate the high variability in the particle
backscattering process and the difficulty of propos-
ing an adequate parameterization.

6.3. Irradiance reflectance and ocean color
algorithms

The magnitude of the irradiance reflectance at
560 nm is examined first. Indeed, R(560) can be used
when processing remotely sensed ocean color in
view of identifying coastal turbid zones, where the
chlorophyll concentration is in general wrongly
estimated (Bricaud and Morel, 1987; Morel and
Belanger, 2006). The R(560) values for the Bencal
cruise are plotted (Fig. 16a) as a function of (Chl),
together with data previously collected in Case 1
waters in other parts of the world ocean (including a
few from other upwelling areas). They corroborate
the general trend previously observed in the domain
of moderate (Chl). The solid curve represents an
upper limit computed by using the upper value of
the scattering coefficient (Eq. (2)) in combination
with the reflectance model (Morel and Maritorena,
2001), and for a sun—zenith angle set at 45° (Eq. 11).
Therefore, reflectance data above this threshold

Fig. 15. (a) Particulate backscattering coefficient as a function of
the chlorophyll concentration for all stations; the dashed straight
line represents the empirical equation derived by Stramska et al.
(2003, their Eq. (13a)) for Arctic waters, the solid curve the
parameterization proposed by Morel and Maritorena (2001, their
Eq. (13)). (b) Examples of backscattering efficiency of the
particulate material, 5bp = (by — bow)/bp, computed at the
wavelengths of the ac-9 measurements; the spectra are drawn
by linear interpolation. (c) Mean values of I;bp, separately
computed for all the stations of the Groups 1 and 2, at the
wavelengths of the ac-9 measurements. The vertical bars
represent the standard deviation. For clarity, a small shift in
wavelength is introduced to separate the two groups.
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would indicate that the corresponding water is of
the sediment-dominated Case 2 water type. The
Bencal values are well below this threshold, and
there are no such waters in the studied zone. This
conclusion is supported by the fact that ‘“turbid
flags™ applied to the SeaWiFS and MERIS scenes
(not shown) are not raised in this area.

To interpret the ocean color data in Case 1
waters, the algorithms (empirical or semi-analytical)
in current use are based on the values of blue-to-
green ratios (of normalized water-leaving radiances
or of reflectances) which are related to (Chl). For
instance, for the MERIS sensor (similarly to the
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SeaWiFS sensor), the successive r-ratios (see legend,
Fig. 16b) in use for increasing (Chl) are R(443)/
R(560), R(490)/R(560), and R(510)/R(560), and a
unique polynomial connects the three ratios. It is
worth noting that this polynomial does not result
from a best fit between reflectance and (Chl) data,
simultaneously determined in the field (as is the case
for the empirical OC4V4 algorithm in use with
SeaWiFS; O’Reilly et al., 1998) but results instead
from the semi-analytical approach, developed in
Morel and Maritorena (2001).

Apart from the mesotrophic waters, most of the
Bencal data are in the domain of high (Chl) and
thus the pertinent ratio is R(510)/R(560). The results
(Fig. 16b) demonstrate that the r-ratios extracted
from the reflectance spectra follow rather well the
semi-analytical algorithm, with a random dispersion
of the points which is not wider than that observed
for waters with low to moderate (Chl). There is no
particular grouping when Groups 1 and 2 are
considered separately nor a particular trend for
the Bencal waters compared to waters of other
oceanic zones with various trophic levels. Because
the reflectance at 510 nm is weakly affected by the
presence of yellow substance (at least in moderate
concentration), the R(510)/R(560) ratio can also
cope with the Case 2-Y waters and provide (Chl).
This conclusion probably would not hold true in
case of higher yellow substance concentration.

The efficiency of the algorithm, based on the
R(510)/R(560) ratio and adapted for this high (Chl)
range, declines when (Chl) increases. Indeed, with

Figs. 16. (a) Reflectance values at 560 nm for Case 1 waters. The
Bencal stations are specifically identified (diamonds and circles,
as in Figs. 2 and 3), and superimposed onto other data from
various locations in the world ocean, already shown in Morel and
Maritorena (2001). The solid curve represents an upper limit for
reflectance in Case 1 waters (see text). Recent data in eutrophic
waters of the Moroccan ( x ) and Chilean (+) upwelling areas,
(Prosope 1999 and Biosope 2004 cruises, respectively) are also
shown. (b) Ratios of reflectances as a function of the chlorophyll
concentration. The curve represents the polynomial expression
(used as algorithm for MERIS), namely

log,,(Chl) = 0.406567 — 3.63030r + 5.4457:°
— 5.480617° + 1.75312%,

where r = log;o{max[(R443/R(560),R(490)/R(560),R(510)/R(560)]}.
To the Bencal data are added recent data in eutrophic waters of the
Moroccan ( x ) and Chilean (+) upwelling areas (see above). The
gray symbols are for the previous data already used in Morel and
Maritorena (2001). Note that the switches between the 1st and 2nd
ratio, and the 2nd and 3rd ratio, occur at (Chl)x0.54, and
(Chl)~2.25mgm >, respectively.
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the flattening of the modeled curve (Fig. 16b), small
deviations in the value of the ratio (natural
variability or inaccuracy in the marine signal
retrieval) translate into important variations in the
(Chl) assessment. This is an unavoidable (physical)
limitation of the method, which makes any high
(Chl) detected in ocean color imagery always
imprecisely quantified.

7. Summary and conclusion

It is beyond the scope of this paper to discuss in
detail the bio-optical properties of the Case 2-Y
waters which are presented mainly for comparison
with the high-Chl Case 1 waters, which are the focus
of attention; several points deserve examination, as
stated below:

(i) Do the bio-optical properties differ from what
can be inferred from previous field observations
for (Chl) ranges well below those of the present
study?

(i) Is the bio-optical variability in such high (Chl)
waters larger than that already noticed for
mesotrophic or oligotrophic waters?

(iii) Subsequently, and as a complementary ques-
tion: Is an extrapolation toward high (Chl) of
available bio-optical models for Case 1 waters
still reliable?

For the first point, and regarding the absorption
properties, it must be noted (Fig. 4) that apy(4)
increases nonlinearly with (Chl) with the usual slope
(i.e. exponent). Yet, the observed values are system-
atically close to the upper limit of the relationships
given in Bricaud et al. (1998), despite the fact that
the relative contribution of non-algal particles is
very low. The increase of the scattering coefficient
(and of SPM and POC, Fig. 2), with increasing
(Chl), follows trends that were previously observed
at moderate (Chl). Since the apparent optical
property Kp;o(4) merges the (dominant) effect of
absorption, and (to a lesser extent) that of scatter-
ing, it also increases regularly for increasing (Chl).
Indeed (Fig. 7), the empirical relationships estab-
lished between Ky;o(4) and (Chl), in the domain of
low and moderate (Chl), continue to apply for
higher concentration, as summarized by Fig. 8. As a
conclusion, the answer to the first question is
negative, and there is a continuum within the
optical properties over the whole (Chl) range.

With respect to the second question, it must be
recalled that the natural variability affecting the
previous empirical relationships between optical
properties and (Chl) was high. Roughly speaking,
for a given (Chl) value, coefficients like a,, b, and
Ky, cannot be predicted from these relationships
with an accuracy better than that corresponding to
“within a factor 3” around the mean statistical
value. The high-Chl waters are not exceptional from
this viewpoint. The scatter of the ap,, Kpio, bp, and
SPM data (Figs. 4, 7, and 2) does not exceed this
factor 3 within Group 1. Therefore, the bio-optical
variability in these eutrophic waters is not signifi-
cantly increased compared to that of mesotrophic
waters. Admittedly, a sound answer to this second
question would require that a more diversified
dataset, including data from other upwelling zones,
be analyzed.

To a certain extent, however, the measured bio-
optical properties do not coincide closely with the
modeled properties or the assumptions used in
models (third question). Absorption and scattering
properties will be successively examined. It appears
(Fig. 11c) that the presently derived (aio — aw =
ap + ay) values are below those resulting from the
model (Morel, 1988; Morel and Maritorena, 2001),
particularly in the blue part of the spectrum. In this
model, the terms @, and a, are not explicitly
separated; on the contrary, they are merged as a
result of an inversion of Ky This model was
developed for low to moderate (Chl), and if the
[ay/(a,+ay)] ratio is on average larger in oligo-
trophic and mesotrophic waters than it is in
eutrophic waters (see also Barnard et al., 1998),
the model will lead to the observed overestimation
at high (Chl). In the Gordon et al. (1988) radiance
model, which makes a direct use of Ky, the situation
is identical (but a fluctuating yellow substance
component can be added). In other models (e.g.
Sathyendranath and Platt, 1997), the a, term is
systematically made proportional to the total
particulate absorption at 440 nm, which likely is
inappropriate, especially at high (Chl).

The scattering determinations show strongly
featured spectra (Fig. 9a), with an absorption-
induced minimum around 440 nm that deepens for
increasing (Chl). This spectral behavior is well
known from culture experiments (e.g. Ahn et al.,
1992), but not regularly reported from field experi-
ments; it was presently detected owing to the high
phytoplankton concentration. It is generally not
accounted for in semi-analytical bio-optical models
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(but see Sathyendranath and Platt, 1997). In effect,
b, is most often modeled as a monotonic power
function of the wavelength (1~' for instance, or a
similar dependency), and 5bp is generally assumed to
be neutral, so that by, and b, have the same spectral
dependency. With such hypotheses, models cannot
account for the observations in high-Chl waters.
For the purpose of modeling by,, Gordon et al.
(1988), see also (Gregg et al., 1993) placed the
wavelength dependency and the depressive effect of
absorption directly on l;bp, which is not supported
by the results in Fig. 15. When the aim is only to
model the reflectance, and thus to model by,
through the product (b, x bhp) it is obviously
equivalent to placing any A-dependency, or any
particular spectral feature, on by, or on by,. This is
no longer legitimate when the purpose is to model
optical properties other than the sole reflectance
(e.g. radiance field or average cosines), for which the
roles of b, and of by, are distinct.

With regards to the magnitude of bbp, the field
values are above those predicted by various models,
which points out a weakness. The modeled product
bupbp, however, accounts rather well for the
measured by, values at 550 nm (Fig. 15a), because
the actual values of b, are generally lower than
those predicted by the empirical Eq. (1'), and
compensate for the increase in bbp More determi-
nations of by, in other high-Chl waters are needed
to confirm the present values (around 10~2), which
actually are not easily supported by theory. Indeed,
for most phytoplankters, the backscattering ratio is
below 107 (see e.g. Ahn et al., 1992). If it is believed
that the phytoplankton-to-detritus ratio increases in
high-Chl waters, then the l;bp value would remain
low. Admittedly, such a belief is based mainly on
absorption properties and on carbon-to-Chl ratios
(e.g. Loisel and Morel, 1998); it can be contested as
far as the scattering and backscattering properties
are concerned. Anyway, the understanding of the
variability in the backscattering properties is still an
open question (Stramski et al., 2004). The weakness
of models (predicting ‘“‘too low” Ebp values)
apparently has a limited impact on the modeled
reflectance values, since the actual R-values are
largely below the upper limit (curve in Fig. 17a), and
the measured and modeled blue-to-green ratios
(Fig. 17b) agree rather well, which is fortunate for
remote sensing applications. In summary, the
presently available models do not account accu-
rately for the inherent optical properties (ay, bp(4),
bbp) observed in high Chl waters; the discrepancies,

however, are not dramatic and are less marked
when the apparent optical properties (as Ky and R)
are dealt with.

In reference to the initial questions in the
Introduction, the optical variability of the algal
cells themselves, which may occur in relation with
the dominant species in eutrophic situations, is
probably a second-order source of variability of the
bulk optical properties. Finally, the main source
originates from the looseness of the covariations
between the detrital (dissolved and particulate)
component and the algal stock, as already hinted
at in Gordon and Morel (1983, pp. 65-67). There is
growing evidence that in the open ocean, even in
oligotrophic zones, the absorption by colored
detrital (particulate and dissolved) organic materials
(CDM) forms a notable and varying fraction of the
total absorption (Bricaud et al., 1981; Siegel et al.,
2002, 2005). In high-Chl Case 1 waters, this
variability could even be higher, according to the
age and the nutrient status of the algal population.
The possibility of discriminating CDM and chlor-
ophyll-bearing algae in satellite imagery is the
subject of intense research (Lee et al., 2002;
Maritorena et al., 2002; Siegel et al., 2005).
Notwithstanding, the difficulties in effecting an
accurate atmospheric correction in the near-UV, it
is apparent that the extreme sensitivity of the
reflectance at 370nm to the CDM-to-living algae
proportions is information that remains to be
exploited.
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