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Abstract

Optical properties are used to characterize the biogeochemistry of cyclonic eddy Opal
in the lee of Hawaii. The eddy featured an intense diatom bloom. Our results show
that the ratio of chlorophyll concentration to particulate beam attenuation coefficient,
[chl]/c,, is not a good indicator of the changes in particle composition through the wa-
ter column. The ratio is controlled primarily by the variation in chlorophyll concentration
per cell with depth (photoadaptation), so that its values increase throughout the Deep
Chlorophyll Maximum Layer (DCML). Below the DCML, high values of [chl]/c,, suggest
that remineralization might be another important controlling factor. On the other hand,
the backscattering ratio (particle backscattering to particle scattering ratio, Ebp) clearly
indicates a shift from a small phytoplankton to a diatom dominated community. Below
an upper layer characterized by constant values, the Ebp ratio showed a rapid decrease
to a broad minimum within the DCML. The higher values below the DCML are consis-
tent with enhanced remineralization below the eddy-induced bloom. The DCML was
characterized by a layer of “healthy” diatoms underlying a layer of “senescent” diatoms.
These two layers are characterized by similar optical properties, indicating some pos-
sible limitations in using optical measurements to fully characterize the composition
of suspended material in the water column. An inverse relationship between Ebp and
[chl)/c,, also reported by others, is observed as deep as the DCML. There, [chl])/c, in-
creases whereas 5bp remains similar to values found in the empty frustule layer. This
is a further indication that [chl]/c,, might not be a good alternative to the backscattering
ratio for investigating changes in particle composition with depth in Case | waters.

1 Introduction

In the last two decades, many studies have focused on the relationships between op-
tical properties and biogeochemical constituents (e.g., phytoplankton, sediment, dis-
solved matter) in order to develop rapid, continuous, in situ techniques for retrieving
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information such as the amount, type and composition of suspended material in the
water column. Several optical parameters can now be used to obtain information on
ocean living and non-living particles, both from in situ and remote sensing platforms.
Chlorophyll fluorescence, beam attenuation coefficient (c,, m‘1), total particulate scat-

tering (b,,, m_1), particulate backscattering (b, m_1), and slope of the spectral atten-
uation coefficient (y) are the optical quantities of interest in this study.

Chlorophyll fluorescence and c,, have long been used to measure, respectively, total
chlorophyll and total particulate organic carbon (POC) concentrations in open ocean
(Case ) waters (Morel, 1988; Siegel et al., 1989). The coefficients, b,, and b,, can
be used to obtain information on the composition of particulate material. For example,
Twardowski et al. (2001) showed that the backscattering ratio (b,,/b,, herein 5bp) can
be used as a proxy for the bulk refractive index of particles, which depends on the bulk
particulate composition. Particle assemblages dominated by inorganic material are
generally characterized by higher values of bulk refractive index, and thus higher values
of Ebp, whereas assemblages dominated by organic particles such as phytoplankton
and dead cell material are characterized by lower values. The slope of spectral ¢,
¥, can be used to estimate the particle size distribution (PSD) slope (¢) through the
relationship y~¢-3 (Boss et al., 2001b,a). Assuming a hyperbolic PSD (Junge-type
model), ¢ describes the shape of the distribution: higher values of ¢ indicate a steep
distribution, in which smaller particles dominate. As the value of ¢ decreases, the PSD
becomes flatter, indicating an increasing abundance of larger sized particle and thus
increasing mean particle size.

The two optical quantities, [chl]/c, and Ebp, were used by Boss et al. (2004) to char-
acterize suspended material in shallow coastal (Case Il) waters. The study confirmed
5bp to be an appropriate parameter for distinguishing particles with Ejifferent compo-
sition. Moreover, a rough inverse relationship was found between b,,, and [chl]/c,.
Since an increase in detritus (organic or inorganic material) results in higher values of
¢, without affecting [chl], this ratio roughly indicates the abundance of phytoplankton
relative to the total particle concentration. Presumably, the higher the value of [chl]/c,,
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the higher the phytoplankton contribution to the total particle composition, and there-
fore the lower the value of Ebp. For this reason, [chl])/c, was proposed as an additional
indicator for particle composition.

In this study we use the same optical quantities (5bp and [chl}/c,) to characterize
the suspended particles in the upper 200 m of the water column in oligotrophic, open
ocean (Case |) waters. Few studies have focused on the vertical distribution of these
properties to these depths in Case | waters (i.e. Twardowski et al., 2007), as most open
ocean studies primarily investigate the spatial and temporal evolution of optical param-
eters in the very upper layer of the water column (i.e. Huot et al., 2008; Behrenfeld
et al., 2005) due to its importance for remote sensing.

2 Background

The Hawaiian archipelago is located in the middle of the North Pacific subtropical gyre.
This region is typically oligotrophic, with low nutrient concentrations in the euphotic
zone. The low nutrient availability limits both phytoplankton biomass and primary pro-
ductivity. The ecological community is typically dominated by small size phytoplankton
(cyanobacteria and photosynthetic pico- and nanoeukariotes, (Campbell and Vaulot,
1993) and primary productivity is almost entirely sustained by recycled nutrients. Nu-
trient concentrations increase with depth within the seasonal thermocline, so that a
deep chlorophyll maximum layer (DCML), characterized by concentrations between
0.2-0.4mg Chl m~3, typically occurs at the base of the mixed layer, at about 110-130 m
depth (Falkowski et al., 1991).

Due to the interaction of prevailing Trade Winds with the mountains of the Hawai-
ian Islands of Maui and Hawaii, cyclonic and anticyclonic mesoscale eddies frequently
evolve in the lee of the Big Island of Hawaii (Patzert, 1969; Lumpkin, 1998; Chavanne
et al., 2002; Dickey et al., 2008). Cyclonic eddies are biologically “productive” and
can induce large variations in the biogeochemical characteristics of oligotrophic re-
gions (Falkowski et al., 1991; McGillicuddy et al., 1998; McNeil et al., 1999). These
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eddies are characterized by a vertical uplift of the seasonal thermocline. Therefore
these features display upwelling of deep, nutrient-rich waters into the euphotic zone.
The increased nutrient availability can trigger an increase in primary productivity and
a shift in the ecological community; thus cyclonic eddies are often characterized by
phytoplankton blooms dominated by large size groups, such as diatoms.

The primary goal of the NSF-funded E-Flux project was to study the physical-
biological interactions that occur within Hawaiian lee cyclonic eddies (Dickey et al.,
2008). The third field experiment of the project (E-Flux Ill; 10-27 March, 2005; Benitez-
Nelson et al., 2007; Dickey et al., 2008; Nencioli et al., 2008) focused on the cyclonic
eddy, Opal, which was intensively sampled over a 3-week period. Figure 1 shows the
location of the four stations where the vertical profiles analyzed in this study were col-
lected. The estimated position of the center of the eddy at the time of data collection
is also indicated in Fig. 1. Vertical sections of velocity (not shown, see Nencioli et al.,
2008) clearly reveal the cyclonic (anticlockwise) circulation associated with the eddy.
Opal was a well-developed cyclonic eddy, characterized by intense doming of isopyc-
nal surfaces, and enhanced chlorophyll concentrations at its center (Fig. 2). The DCML
shoaled from =120 to 70 m at the center of the eddy, where chlorophyll concentration
reached its maximum values of ~1 mgChl m~2.

Pigment and microscopy analyses of water samples collected during the third tran-
sect across the eddy center revealed that the phytoplankton bloom within Opal was
characterized by a shift in the ecological community (Rii et al., 2008; Brown et al.,
2008). The DCML at the center of the eddy was in fact dominated by large diatoms,
which accounted for almost 85% of the total phytoplankton biomass at Opal’s core
(Brown et al., 2008). Another important feature evidenced by microscopy analysis was
the presence of a layer of “senescent” diatoms immediately above the “healthy” diatoms
of the DCML at the center of the eddy. Up to 85% percent of the diatom frustules found
in this layer were empty, lacking both chlorophyll and cytoplasm (Brown et al., 2008).
At Opal’s core, the water column can therefore be divided into three different regions,
each one characterized by different biogeochemical conditions and ecological commu-
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nities: (1) a surface mixed layer (0 to 40 m) still dominated by small phytoplankton; (2)
the DCML (70 to 90 m) dominated by large, “healthy” diatoms; (3) and an intermedi-
ate layer between the two (40 to 70 m), characterized by high concentrations of empty
frustules (Landry et al., 2008).

3 Instrumentation and methods

In-situ measurements of hydrographic and optical parameters were made with a ship
deployed profiling package. Vertical profiles were performed at the four stations indi-
cated in Fig. 1 down to a depth of ~450 m. A SeaBird Electronics 9/11+CTD was used
to measure temperature, conductivity and depth. Chlorophyll concentrations and parti-
cle backscattering at 700 nm (b,,,(700)) were measured with a WET Labs ECO-FLNTU
fluorometer/turbidity sensor. Hyperspectral absorption and attenuation coefficients
were measured at 84 different wavelengths between 400 and 730 nm (resolution of
~4 nm) with a WET Labs AC-S. The measured coefficients included the contribution by
all in-water constituents except water: a,,(1)=a,(1)+ay(1), and c,,(1)=c,(1)+ay(1),
where a, and ¢, represents the absorption and total attenuation contributions due to
particulate material and a, is the absorption contribution to total beam attenuation co-
efficient due to dissolved material (scattering by dissolved material is assumed to be
negligible, i.e. b,=0). AC-S data were corrected for temperature and salinity effects
using the coefficients derived by Sullivan et al. (2006). After this correction, the Zan-
eveld et al. (1994) proportional method was applied in order to correct for the scattering
errors in the absorption measurements.

Values of the spectral slope of beam attenuation (y) at different depths were com-
puted from the ¢, spectra using the relationship

cph) = A7V (1)

where A, is the amplitude of the spectrum, 1 is wavelength and y is the hyperbolic ex-
ponent (e.g. Boss et al., 2001b; Twardowski et al., 2001). Here we make the important
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assumption that the absorption due to dissolved material is negligible (a,(1)~0), so
that only particle attenuation contributes to the total attenuation, and ¢, (1)~c,(1). For
Case | waters, the error introduced by this assumption is typically a small percentage
of the observed value, especially in the surface mixed layer. Since measured attenu-
ation coefficients at wavelengths >600 nm are small (comparable to the background
noise), only wavelengths from 400 to 600 nm (a total of 54 wavelenghts) were used
for the spectral fit of c,. Once values of y were computed, values of ¢, at specific
wavelengths could be obtained using Eq. (1). Following Boss et al. (2004), attenuation
coefficients at 650 nm (c,(650)) were used to compute [chl]/c,.

We obtained b,,,(700) by processing total instrument counts from the ECO-FLNTU
sensor; however values were unreasonably high. The origin of the problem was most
likely an inaccurate calibration, which resulted in an incorrect scale factor used to con-
vertinstruments counts into b,,,. In order to retrieve correct b, values from the FLNTU
measurements, an alternative scaling factor was derived using the instrument counts
at depths >400m. Absorption and attenuation coefficients values measured at those
depths are similar in magnitude to those observed in the Southeast Pacific ocean in
extremely clear waters. In clear waters, the backscattering from pure seawater (byg,)
accounts for 90 to 95% of the total backscattering (b,), so that b,~1.05 by, (Twar-
dowski et al., 2007). Using the method of Twardowski et al. (2007), based on the
work of Morel (1974); Buiteveld et al. (1994), it was possible to derive values of by,
at 700nm below 400 m from measured temperature and salinity data, and then b,,.
Since both instrument counts and b, (700) were fairly constant below 400 m, the new
scaling factor was simply computed as the average ratio between the two. FLNTU
measurements were converted into b,(700) throughout the entire water column using
the newly derived scaling factor. These values were then corrected by by, (700) com-
puted at each depth again, to obtain b,,(700). Assuming a,(700)~0 (e.g. Bricaud and
Stramski, 1990; Babin and Stramski, 2002), b,(700) was simply equal to ¢,(700). The
values of b,(700) and b,,(700) were used to derive Ebp.

All data were averaged using 0.5 m bins.
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4 Results

Figure 3 shows vertical profiles of chlorophyll concentration for the four stations from
Fig. 1. All profiles are characterized by similar surface concentrations, a DCML, and
a decrease in concentrations to values close to the fluorometer detection limit below
the DCM. The distance of each sampling station from Opal’s center varied (see Fig. 1),
with Cast 35 being the furthest, and Cast 31 the closest. The four profiles display
what is shown in the vertical section in Fig. 2, namely evidence of a shoaling of the
DCML toward Opal’s core, which is in conformance with the isopycnal uplift asso-
ciated with the eddy. At the same time, chlorophyll concentrations increase due to
the higher nutrient availability in the euphotic zone. Photoadaptation also plays a role.
Cast 35 shows a broad DCML at about 120 m depth, with chlorophyll concentrations up
to 0.2mg Chl m~2. These conditions are typical for the Hawaiian region (e.g. Falkowski
et al., 1991), so that Cast 35 can be considered representative of the background con-
ditions outside the influence of Opal. On the other hand, Cast 31 can be assumed
representative of the eddy-induced diatom bloom conditions. The DCML is located at
about 70 m depth, 50 m shallower than in Cast 35. Chlorophyll concentrations show
a 5-fold increase, reaching maximum values of the order of about 1 mg Chl m_3, indi-
cating the presence of a phytoplankton bloom at the center of the eddy. The DCML in
Cast 31 is sharper than the one in Cast 35. Chlorophyll concentrations increase and
decrease quite rapidly with depth, so that the layer of the DCML is characterized by
chlorophyll concentrations >0.4 mg Chl m~3 only ~10m thick.

Vertical plots of ¢,,(650) are shown in Fig. 4. Surface values vary between 0.03 and

0.04m™", whereas values at depth are very low for the four the casts. Similarly to the
peaks in chlorophyll concentration in Fig. 3, the peaks in particle attenuation become
shallower, and increase in magnitude towards Opal’s center. However, further compar-
ison with Fig. 3 shows that for each profile the maximum value of ¢,(650) occurs a few
meters above the DCML.

This is a common feature in oligotrophic regions (e.g. Kitchen and Zaneveld, 1990;
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Fennel and Boss, 2003; Boss et al., 2007). In fact, POC and chlorophyll maxima are
regulated by different mechanisms: the former occur where phytoplankton grow rate
is balanced by losses, whereas the latter are determined by photadaptation (i.e. the
change of chlorophyll concentration per cell, in response to light level variations) and,
to a lesser extent, by nutrient availability (Fennel and Boss, 2003).

The ¢,(650) profile from Cast 35 does not reveal any maximum associated with the
DCML. Cast 31, on the other hand, is characterized by a ¢,(650) maximum broader
than the corresponding peak in chlorophyll concentration. Both maxima quickly decay
below 70 m, but the peak in particle attenuation extends to shallower depths (roughly
up to 50m). Since ¢, is a good proxy for particle concentration, the broader peak can
be attributed to the presence of the layer of “senescent” diatoms above the DCML at
the center of Opal.

Figure 5 shows vertical plots of [chl]/c, for Cast 35 and Cast 31 (the other two casts
representing only intermediate conditions between these two). The profile from Cast 35
is characterized by constant values within the upper layer above 60 m, and a gradual
increase between 60 m and 150 m depth. Cast 31 shows similar values in the upper
layer above 50 m. Below that depth [chl)/c, rapidly increases, reaching its maximum
values between 80 and 110 m, and then it slowly decays.

The ratio between chlorophyll concentration and attenuation coefficient can vary de-
pending on several factors. Among these, the proportion between mineral and living
particles, the size distribution, photoadaptation, and phytoplankton composition are
considered to be the most important (Boss et al., 2004). Since small size phytoplank-
ton dominate the ecological community outside the eddy throughout the whole water
column, the variation of [chl]/c,, with depth observed in Cast 35 is likely attributable to
photadaptation. More specifically, the values increase with depth because chlorophyll
concentration per cell increases as phytoplankton experience decreasing light levels.
Interpretation of the profile from Cast 31 is more complex. The increase in [chl]/c, be-
tween 50 and 70 m depths is most likely the result of both photoadaptation and pigment
packaging associated with a change in phytoplankton composition from small phyto-
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plankton to diatoms. The broad maximum that occurs right below the DCML might
result from another process serving as a controlling factor for [chl)/c,: remineraliza-
tion. It is possible that as phytoplankton are degraded or mineralized (this is consistent
with the decreasing values of ¢,(650) below the DCML), some of the chlorophyll might
escape from broken cells into the water column in the form of chlorophyll and rapidly
produced detrital phaeopigment. This might explain why chlorophyll fluorescence (in-
cluding phaeopigment) remain much higher, despite lower c,,(650) values between 80
and 110 m compared to the values at the surface. For all four casts, vertical profiles of
¢, (700) show similar features but slightly lower values than ¢,(650) (not shown).

Profiles of b,,,(700) are shown in Fig. 6. The values at the surface are on the same
order of magnitude as found by Huot et al. (2007), indicating that the method we de-
veloped to derive particle backscattering values from the ECO-FLNTU counts appears
reasonable. The profile from Cast 31 resembles the chlorophyll profile, showing a
sharp peak that reaches its maximum value at about 70 m depth. On the other hand,
Cast 35 is more similar to the ¢,(650) profile; b,,(700) does not show a maximum
occurring at the depth of the broad DCML.

Figure 7 shows the vertical profiles of Ebp for Cast 31 and 35. Values at the surface
are on the same order of magnitude of previous observations in the open ocean (Twar-
dowski et al., 2007; Huot et al., 2008). The vertical profile for Cast 35 is characterized
by roughly constant values of Ebp down to a depth of ~60m. Between 60 and 90 m
depth, the ratio slowly increases, reaching slightly higher values between 90 and 120 m
depth. The similar values between the two layers indicate that the particle population
was dominated by small size phytoplankton, other water-filled organsims and detritus
throughout the water column. The presence of small phytoplankton was confirmed by
microscopic analysis. Nonetheless, the slightly higher values between 90 and 120 m
depth might indicate a shift from surface to depth adapted species. Below 120 m, the
backscattering ratio increases noticeably, indicating a shift toward smaller and/or pos-
sibly harder (i.e. higher bulk refractive index) material. This might be an indication of
remineralization occurring below the DCML. The most important feature of the vertical
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profile from Cast 31 is the broad minimum between 50 and 70 m. This is related to the
shift from small to large size phytoplankton observed at the center of the eddy, but may
also be influenced by living cells with high relative water content (i.e., lower refractive
index) being more dominant here relative to the surrounding water column. Even for
this cast, the increase in values below the DCML can be interpreted as the result of
phytoplankton degradation. This supports our hypothesis of remineralization being the
main factor determining the broad maximum in [chl}/c,, below the DCML.

To further confirm that the minimum in Ebp in Cast 31 reflects the observed shift in
community at Opal’s core, the vertical profile of y is plotted in Fig. 8. The values in
the upper layer are comparable to the ones observed in previous studies (Twardowski
et al., 2001; Boss et al., 2001b). As expected, between 50 and 70 m depth the profile
shows a broad minimum. This indicates an increase in the mean particle size of the
suspended material in that layer, and is compatible with the diatom-dominated phy-
toplankton bloom observed at the center of the eddy. As c, becomes smaller with
depth, our assumption that c,,~c,, is increasingly less valid. Even if only present in
small concentrations, CDOM might have a larger contribution to the total attenuation at
depth, because absorption spectra of CDOM are characterized by a hyperbolic slope
of 7 (Twardowski et al., 2004). This might explain the high values of y observed below
100 m depth.

5 Discussion and conclusions

The vertical distributions of the optical properties collected during the E-Flux Ill field
experiment are clearly influenced by the presence of cyclone Opal. The isopycnal up-
lift and the phytoplankton bloom associated with the eddy result in a shoaling and an
increase in magnitude of the peaks in chlorophyll concentration, c¢,(650) and b,,,(700)
from outside towards the center of the feature. The vertical profiles of chlorophyll and
particle attenuation can be used to localize the depth range of the three ecological
layers observed from the analysis of water samples. Near the center of the eddy, the
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surface layer extends from the surface to 50 m depth, where both c,,(650) and chloro-
phyll concentration begin to increase. The depth interval from 50 to 70 m is character-
ized by high concentrations of diatoms, as confirmed by the vertical profile of y. This
layer can be further divided into the “senescent” diatom layer and the DCML. The first
extends from 50 to 60 m depth and is characterized by increasing chlorophyll concen-
trations, and a c¢,(650) value that has already reached its maximum. The second layer
encompasses water depths of 60 to 70 m, where chlorophyll concentrations reach their
maximum values.

According to our results, [chl)/c, is not a good indicator for particle composition
changes in the water column in Case | water, either in the case of background con-
ditions, or in the presence of the eddy-induced phytoplankton bloom. The main factor
controlling the variation of this ratio with depth is likely photoadaptation and not the bulk
particle composition as observed in shallow coastal waters (Boss et al., 2004). Even
in the presence of a diatom bloom as in Cast 31, the signal in [chl]/c,, resulting from
the shift in ecological community is completely lost due to the large increase caused
by photoadaption. Below the DCML remineralization might also be an important factor
in regulating [chl]/c,,.

Ebp is a better indicator for the bulk particle composition. It is nearly constant
throughout Cast 35, indicating no variation in the ecological community outside the
eddy. Its increase below the DCML is consistent with intense remineralization pro-
cesses. For Cast 31, at the center of the eddy, Ebp clearly indicates the position of the
layer with increased diatom concentrations between 50 and 70 m depth. According to
the Ebp profile, the water column can be divided into three distinct layers: a surface
layer with small size phytoplankton, a diatom-dominated middle layer, and a deep layer
characterized by high remineralization. Unfortunately, it is not possible to further divide
the middle layer into a “senescent” and a “healthy” diatom layer. The two layers do not
seem to be characterized by distinct optical features, indicating some limitations on the
information on particle composition that can be retrieved from optical measurements.

Finally, our data do not confirm the inverse relationship between Ebp and [chl}/c,
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found by Boss et al. (2004) for shallow coastal waters, either under background condi-
tions, or during the eddy-induced phytoplankton bloom. This is particularly evident in
Fig. 9. In these plots 5bp is plotted against [chl]/c,, combining information from both
Figs. 5 and 7. The data shown in the two scatter plots are not binned and they are
grouped into different depth intervals (color coded) depending on the different ecologi-
cal communities. For Cast 35 (Fig. 9a), despite 5bp remaining roughly constant down
to ~120 m depth, [chl]/c,, steadily increases with depth. Since values of the backscat-
tering ratio indicate the presence of a small size phytoplankton community throughout
the whole water column, this confirms that the increase of [chl]/c,, reflects an increase
in chlorophyll concentration per cell due to photoadaptaion. For Cast 31, Fig. 9b shows
that the shift in community from small phytoplankton to diatoms below 50 m (evidenced
by the minimum in Ebp), is characterized by an increase of [chl)/c,, as well. This is the
only depth interval within which the two ratios show an inverse relationship. The vari-
ation in [chl}/c,, below 50 m depth might result from the change in community. Even if
so, this variation cannot be distinguished from the increase in [chl]/c,, within the DCML
induced by photoadaption. In both panels of Fig. 9, the increase observed in Ebp within
the deep layer while [chl]/c, remains relatively high, reflects the enhanced remineral-
ization processes occurring below the DCML.

This study shows that, despite some limitations, optical properties, and 5bp in par-
ticular, can be successfully used to obtain information about the composition of the
suspended particles in the water column in Case | waters. Knowledge of the verti-
cal distribution of the suspended material from the analysis of collected water samples
was crucial in order to couple the optical signature of a given depth interval to a specific
biogeochemical state. However, the good correspondence between optical properties
and the ecological structure within the water column, both inside and outside cyclone
Opal, suggests that in the near future, with increasing number of experiments studying
the relation between optical and biogeochemical characteristics under different condi-
tions, continuous in situ optical measurements could be successfully used to obtain
information on the bulk particle composition.
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eddy, Opal, at the time the casts were collected. The dashed line indicates the vertical section

shown in Fig. 2.
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