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The effect of bottom substrate on inherent optical properties. Evidence of

biogeochemical processes

Emmanuel Boss

School of Marine Sciences, University of Maine, Orono, Maine 04469

J. Ronald V. Zaneveld

College of Ocean and Atmospheric Sciences, Oregon State University, Corvallis, Oregon 97331

Abstract

Measurements of inherent optical properties (I0P) were conducted over bottoms with different substrates by use
of a sampling package mounted on and operated by a SCUBA diver. It was found that in areas of low ambient
currents the distribution of 10P varies with bottom type in (1) its value relative to a nearby bottom of different
type, (2) its vertical gradient, and (3) its variability. This implies that radiative transfer modeling in shallow envi-
ronments may need to include, besides the bottom characteristics, the bottom effect on in-water 10PR In tidally
flushed shallow banks, vertical and horizontal gradients over scales of O(1, 10 m), respectively, are as large as
temporal gradients over scales of minutes and cannot be separated in our measurements. However, bottom-substrate—
related processes over the banks result in gradients over large horizontal spatial scales and tidal timescales. The
distribution of 10P is consistent with several biogeochemical processes that may be active at a given bottom substrate
and suggest that optical measurements may provide a useful tool to infer and quantify bulk rates of biogeochemical

processes.

The classic forward problem in ocean optics is the cal-
culation of the distribution of radiance in space given the
optical properties of the medium (the inherent optical prop-
erties [IOP]; Preisendorfer 1976) and appropriate boundary
conditions. To solve this ‘“forward” problem, we need to
know the details of the light source or sources (e.g., the solar
spectrum and its direct and diffuse light just above the
ocean), transmission through the boundaries of the domain
(e.g., awave-modulated air-ocean interface), and the optical
properties of the medium. In the ocean, photons interact with
the water molecules and with dissolved and particulate ma-
terial within the water. These constituents determine the |OP
of any given water mass. In shallow waters, an additional
complexity comes from the existence of a bottom boundary,
which interacts with light (through absorption and reflec-
tion).

The forward problem is of importance for interpretation
of remotely sensed ocean color in shallow areas (e.g., Lee
et al. 1999; Carder et al. 2003) and for systems designed to
image the bottom (e.g., for classification of bottom substrate
and target recognition; McLean et al. 1995). In order to un-
derstand the distribution of 10P in space and time, we need
to understand their relationship to processes occurring in the
ocean as well as processes associated with the bottom.

The ocean bottom affects light propagation not only
through its own optical properties; the bottom substrate and
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the organisms living within and above it may exert an influ-

ence on the optical properties of the water overlying the

bottom. This influence of bottom substrate (and biogeochem-
ical processes associated with it) on the water 10P is the
subject of this article.

The process most studied with respect to the influence of
substrate on water-column 10P is sediment resuspension.
Bottom stress due to currents and waves interacting with the
bottom substrate causes resuspension of sediment material
into the water column (e.g., Middleton and Southard 1984;
Abelson et al. 1993). In principle, the optical properties of
the bottom sediment (index of refraction of particles, shape,
and size distribution), its physical properties (density and
shape), magnitude of bottom stress, and resuspension history
determine the sediment load and its contribution to the wa-
ter-column 10Ps. Recent studies of sediment resuspension
near reefs and its optical signature have been reported by
Lacombe et a. (1995), Lacombe and Woolfe (1999), and
Heap et al. (1999).

There are, however, other biogeochemical processes that
influence near-bottom optical properties:

1. Diffusive and advective (when sediment is resuspended)
flux of colored dissolved material released from sedi-
ment pore water (e.g., Boss et a. 2001a).

. Removal of selected particulate material from the water
column by benthic filter feeders such as coras and
sponges (e.g., Yahel et al. 1998).

. Emergence of organisms (‘‘particulate material’’) from
the sediment into the water column (e.g., Dagg 1997).

. Mechanical resuspension of sediment by benthic organ-
isms and water column organisms such as fish (Yahel et
a. unpubl. data).

. Release of colored particulate and dissolved waste prod-
ucts into the water by in-water organisms such as zoo-
plankton and fish and by release of dissolved waste prod-



Effect of bottom substrate on |OP 347

ucts by bottom-dwelling organisms such as coral and
sponges.
In the present article, we demonstrate that near-bottom |OP
can be influenced by such biogeochemical processes. We
refer the readers to the book edited by Z. Dubinski (1990)
for in-depth reviews of biogeochemical processes near coral
reefs.

The use of optics to infer the contribution of biogeochem-
ical processes has advantages as well as disadvantages; the
advantage of optical measurements to quantify biogeochem-
ical processes and parameters is that they can be performed
in situ and are noninvasive, an advantage relative to labo-
ratory sample analysis techniques. The disadvantage is that
only the net effect of all processes present is measured.

Measurements of 10P close to the bottom (at <1 m above
the bottom) have almost always been associated with studies
of sediment dynamics (e.g., Pak 1983). Near-bottom mea-
surements of 1OP other than optical back-scattering or beam
attenuation at a single wavelength are almost nonexistent
(exceptions include the chlorophyll fluorescence measure-
ments of Frechette et al. 1989, obtained by use of moorings).
In this article, we present spectral absorption and beam-at-
tenuation data collected at distances of tens of centimeters
above the bottom by use of a sampling system mounted on
a SCUBA diver.

Horizontal gradients in dissolved and particulate material
have been observed between reefs and the adjacent ocean
and were linked to the reef community metabolism (Erez
1990). A diurna cycle in resuspension of particulate matter
has been documented near reefs (Heap et al. 1999; Yahel et
al. 2002). Although Heap et al. (1999) suggested that vertical
migration of zooplankton was the likely cause for their ob-
servation, Yahel et al. (2002) found a direct link between
sediment resuspension and fish activity. Horizontal gradients
in phytoplankton pigment between reefs and adjacent waters
were reported by Yahel et al. (1998).

The main focus of this article is to show, and quantify in
terms of net effect on |OPs, the influence of biogeochemical
processes on the IOP distribution in the vicinity of the bot-
tom on horizontal scales of tens of meters, vertical scales of
tens of centimeters, and temporal scales of minutes. In cer-
tain cases, the |OP distribution could be used to quantify the
rate of these processes (the inverse problem).

Materials and methods

We have described (Zaneveld et al. 2001) the physical-
optical diving package with which we sampled. In short,
absorption and attenuation at nine wavelengths in the visible
spectrum and conductivity, temperature, and depth (CTD)
were measured by an apparatus mounted on the back of a
SCUBA diver. Water for measurements in the package is
pumped through a hose whose intake is at the diver's hand.
By use of a 0.2-um filter, we obtained the absorption by the
dissolved fraction (denoted by a subscript g). Subtracting the
measurement with the filter from the measurement without
the filter (denoted by subscript pg for particulate and dis-
solved), the particulate fraction is obtained (denoted by a
subscript p).

The measurements described here were obtained in areas
adjacent to Lee Stocking Island (L SI), Bahamas (Fig. 1). The
sampling sites included (Fig. 1)

Channel Marker (CM): 2—6 m depth with bottom sediment
containing carbonate ooids and seagrass cover ranging from
dense to none.

Rainbow Garden (RG): Bottom varying from seagrass
(4.5-9 m depth) to sand to a reef containing macroalgae,
sponges, and corals (1-4.5 m depth).

Rainbow South (RS): Tidal channel (2—7 m depth) with a
clear carbonate sediment bottom.

Horseshoe Reef (HS): Sand flats (10—11 m depth) adjacent
to a reef containing macroalgae, sponges, and corals (8-10
m depth).

South Perry Reef (SP): Sand flats (15-16m depth) adja-
cent to a reef containing macroalgae, sponges, and coras
(7-1 5m depth).

North Perry Reef (NP): Sand flats (15-16 m depth) ad-
jacent to a reef containing macroalgae, sponges, and corals
(11-15 m depth).

The first three sites are shallow channels where large vol-
umes of water are exchanged tidally between Exuma Sound
to the southeast and the Bahamas banks, which results in
swift currents. The latter three sites were located on the Ex-
uma Sound side of LS| and experienced much weaker cur-
rents (see below).

Our study is focused on variability at small temporal and
spatial scales [scales of O(10) min and O(10) m] and its
relationship to the processes associated with the bottom sub-
strate. The large temporal and spatial scales (e.g., advective
tidal fluxes) provide the background above which our ob-
servations need to be evaluated.

We reference depth to the bottom, because this is the pri-
mary length of importance when dealing with benthic pro-
cesses. Other important vertical length scales are distance
from surface (important for wave effects) and stratification
depth (—=1/p,dp/dz)—*.

We denote by ‘““horizontal gradients’ the differences be-
tween measurements carried out above two adjacent and dif-
ferent substrates, even though they each were at different
depths. The maximum depth difference was as high as 9 m
(SP). For the 12 sections carried out in 2000 (Table 1, when
CTD data was available) the density gradients between the
two substrates were Ao < 0.015 kg m=3. For 9 of the 12
Ao < 0.01 kg m—3, which is less than criteria used el sewhere
to estimate an actively mixing layer depth (Brainerd and
Gregg 1995). It is most often the case in Exuma Sound that
the mixed layer depth is >20 m and thus encompasses the
reef and adjacent sand flats within it (Hickey et al. 2000).
This suggests that the observed gradients between properties
above different substrates are not aliased significantly by
vertical gradients.

Sampling periods—The measurements described here
span three sampling periods, spring 1999 and winter and
spring 2000. Each sampling period lasted nearly 2 weeks.
As sampling progressed, we improved our sampling system
and methods. A Seabird CTD SBE-37 was added in 2000.
Thus, most of the data presented herein were obtained in the
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Fig. 1. The location of the sampling sites. Rainbow Garden, Rainbow South, and Channel Marker
are on shallow banks, whereas Horseshoe, North and South Perry reefs are deeper and face Exuma
Sound to the east of Lee Stocking Island, Bahamas. (Remote sensing image courtesy of Dr. C.
Davis of Naval Research Laboratory, Washington, DC.)

spring of 2000. Given the limited observation time, these
data do not provide a climatology of the optical variability
at the sites (e.g., we did not sample during the hurricane
season). We did, however, measure at different phases of the
tides as well as at night.

Properties presented—Because we cannot present the to-
tal of the optical measurements, we concentrate herein on a
fraction of the optical measurements. Below we summarize
the optical properties analyzed and their biogeochemical in-
terpretation.

Measured properties:

1. a,(440) [or c,(440)] denotes the absorption (or attenua-
tion) by colored dissolved material (CDM). In the coast-
a ocean, CDM absorption is an indicator of the concen-
tration of dissolved organic material, although the exact
relationship varies between environments (Blough and
Del Vecchio in press). In this article, it is denoted by a,
or ¢, In the water column, the two were equal in our
measurements. For pore-water measurements, we pre-
sent only absorption data because the attenuation was
always significantly higher, probably because of scatter-
ing by colloids.

2. ¢,,(650) is an indicator of total suspended particulate
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mass (volume or concentration, e.g., Spinrad et al. 1983;
CDM absorption at this wavelength is negligible). To a
lesser degree, it also varies with size distribution and
composition. In this article, it is denoted as c,,.

Derived properties:

1. [chl] = [a,,(676) — a,(650)]/0.014 is an indicator of
chlorophyll a concentration (in wg L~*), which in turn
is an indicator, at a given light level, of phytoplankton
biomass. The equation above was found to correlate very
well with fluorometric determination of chlorophyll
(Roedler pers. comm.). Note that when very little [chl]
is present relative to detritus, this estimate may be neg-
ative, which reflects the decrease of absorption with
wavelength typical of detritus.

2. v is the slope of ¢, an indicator of tendencies of the
particulate size distribution (Boss et a. 2001b,c). The
parameter v will be larger when the sample is dominated
by small particles. This parameter is obtained by a non-
linear least-squares fit to the data of a relationship with

the form
)\ -
c, = C,(Ay)| —
P p( 0)()\())

Note that y does not depend on the reference wave-
length, A,.

3. sisthe slope of a,, indicator of CDM *flavor.” A steep
slope (~0.02) represents ** fulvic”’ -like or low-molecular-
weight material, whereas a smaller slope (~0.01) rep-
resents ‘“humic’”’ -like or high-molecular-weight material
(Carder et a. 1989; Blough and Del Vecchio in press).
The spectral slope, s, is obtained by nonlinear least-
squares fit to the data of a relationship with the form

8y = ag(/\o)e)(p[_s(/\ - )\o)]

Note that s does not depend on A,.

We quantify the concentration or ‘“amount” of each mea-
sured property using its mean (denoted by angle brackets)
and median. The mean will be influenced by rare big parti-
cles, whereas the median will not. The difference between
the mean and median of particulate properties provides a
measure of large rare particles passing through the AC-9,
because they cause positive spikes. Variability in each prop-
erty is aso quantified by the mean absolute deviation (denoted
by an underline), a more robust estimator of variability than
the standard deviation (Press et a. 1992). It is defined as

_iNa o
@zNzlai <a>|

where a; denotes the ith measurement of parameter a and (a)
denotes its mean.

Errors and confidence interval—Errors in absorption and
attenuation that are due to calibration are assumed to be
<0O(0.005 m~1Y). The calibration errors cancel when partic-
ulate properties are considered, because we subtracted two
measurements (with and without filter) to obtain them. In-
strumental noise is O(0.001 m-*) (Twardowski et al. 1999)
and is amplified (by \V/2) for particulate properties. Note,

however, that the dissolved and total measurements are not
carried out simultaneously (but usually within 5 min of each
other); thus, errors due to temporal aliasing may be present
in the particulate measurement. Spectral slopes of CDM and
particulate beam attenuation are significant to O(10% and
5%, respectively) (based on bootstrap method, e.g., Press et
al. 1992, p. 691). On the basis of the uncertainty in absorp-
tion, [chl] is significant to within 0.35 ug L~* which is usu-
aly much larger than the signal measured. However, when
comparing spectral slopes, absorption (and [chl] estimates),
and attenuation values between measurements performed in
a single dive, the differences in measurements between two
depths or two substrates are significant at a much lower lev-
el, because instrument calibration is unlikely to change dur-
ing a dive. For a homogeneous sample, the error estimate of
a single measurement needs to be divided by the square root
of the number of independent observations (e.g., Press et al.
1992). Measurements were taken at 6 Hz for O(2-10) min
with a sample volume of O(20) ml and pumped at 2—6 L
min-%, which resulted in the number of independent obser-
vations per transect being >150.

Measured currents at the sites—The current velocity
fields at NP and RS were measured by Dr. Rob Wheatcroft
(unpubl. data). At NP, the largest velocity was along the reef,
following the bathymetry. Across-reef velocities had a mean
absolute velocity of 0.2 cm s, a standard deviation of 3.5
cm s %, and a maximum velocity of 20 cm s-*. Thus, most
of the time there was little exchange of water between reef
and sand flats, except for short episodic exchanges that were
probably associated with stresses due to large swells (whose
direction was often across the reef/sand boundary). At RS,
tidal velocities were O(40 cm s *). These tended to homog-
enize the waters over the shallow banks.

Results

Horizontal gradients in optical properties across coral-
sand boundaries—Results from fifteen transects carried out
between 10 and 200 cm above the bottom at both reefs and
adjacent sand flats at three different sites (NP, SP, and HS)
are presented in Table 1. An example of a record measured
during one of the transects is presented in Fig. 2. In Table
2, we summarize the number of transects (out of a total of
15) for which a given property was either larger over the
reef or over a nearby sand flat.

These results can be summarized as follows:

1. The variability in al properties was larger over the reef.

2. CDM concentration was larger over the reef.

3. Attenuation was larger over sand, but its spectral slope
was larger over the reef.

4. In most cases, [chl] was larger over sand.

In addition, we observed that the mean of a given property
was, in general, higher than its median. The slope of the
CDM was not significantly different between the two sub-
strates. In contrast to the gradients observed on the Exuma
Sound side of LSI, we did not measure horizontal and ver-
tical gradients in optical properties over the banks (RG and
CM) that were larger than the local temporal gradients over
scales of minutes (data not shown).
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Fig. 2. Typica distributions of physical and optical properties
obtained along a transect at a height of 10 cm above the bottom at
South Perry reef (15 May 2000). The pattern sampled was a *‘W”’
string pattern laid earlier on the bottom. Properties displayed are (a)
temperature, (b) attenuation at 650 nm, (c) salinity, (d) dissolved
attenuation at 440 (similar to absorption), and (€) depth of diver.
The dissolved measurement took place at the same location im-
mediately after the measurement without the filter. Below 15.7 m,
the bottom substrate was sand, whereas above it the substrate con-
sisted of a mixture of coral, sponges, and macroalgae.

Vertical gradients in optical properties above reef and
sand—In Table 3, we summarize values of properties ob-
tained at different depths above reef and sand and from
which vertical gradient could be inferred. In Table 4, the
number of occurrences where the value at 10 cm was larger
than the value at a depth above it is displayed for each type
sand and reef.

These results can be summarized as follows:

1. The variability in all properties was larger at 10 cm
above both reef and sand than further away from the
bottom.

2. The CDM concentration was larger at 10 cm above the
bottom than further from the bottom. The CDM spectral
slope was smaller at 10 cm above both reef and sand.

3. Attenuation increased above the reef, whereas above
sand, the change in concentration was not significant.

4. The attenuation spectral slope decreased with increasing
distance from both sand and reef substrate.

5. [chl] increased away from substrate.

A comparison of transects above seagrass and shallow
coral reef (RG and CM) showed no significant vertical gra-
dients (data not shown). CDM gradients near CM are pre-
sented in the next section.

Gradients in CDM between pore waters and overlying
waters—Using a rigid attachment to the intake tube (see
Zaneveld et a. 2001), we measured the CDM absorption
within and above the sediment in three different types of
sediment all located within 150 m of each other near CM.
Although our method of sampling was far from perfect, in
particular in that it required a relatively large volume of
water, it provided the direction of gradients between the sed-
iment pore waters and the overlying waters (Fig. 3). These
observations were consistent in the direction of gradient
compared with CDM fluorescence measurements of Dr. D.
Burdige at the same sites (D. Burdige pers. comm.). During
flood tide, we found all bottoms, varying from dense grass
beds to sparse grass beds to barren carbonate sediments com-
posed of ooids, to have higher CDM absorption than the
overlying waters. During ebb tide, the barren ooids bottom
was the only type to have less CDM absorption than the
overlying waters (Fig. 3). No significant differences were
found in CDM spectral slope across the sediment water in-
terface (not shown). Similar gradients were observed during
January and May 2000 (e.g., Zaneveld et al. 2001).

Gradients in CDM between banks and Exuma Sound—A
time series in hydrographic and optical properties was ob-
tained at RS during 20-21 May 2000 at 50 cm above the
bottom (average bottom depth, 3 m). RS is atidaly flushed
channel that connects the banks with Exuma Sound (Fig. 1).
Fluxes of CDM were mostly negative (Fig. 4d), which im-
plies that the banks were, on average, exporting CDM to the
sound. CDM concentration, its spectral slope, and the water
salinity were higher over the bank water relative to Exuma
water (Fig. 4). The correlation between salinity and CDM
was high (R? = 0.95) and positive (Fig. 4e).

Discussion

Over timescales of minutes and horizontal scales of tens
of meters, observable horizontal gradients between reefs and
adjacent sand flats and observable vertical gradients above
the reef and sand flats were found on the Exuma Sound side
of LSI (NR SR and HS). Over the bank (CM and RG), it
was not possible to distinguish temporal gradients from spa-
tial gradients of all properties [except at distances of O(10
cm) from the bottom, Fig. 3]. We believe the above differ-
ences between the two environments to be due to the dif-
ference in current velocities (and, hence, mixing) between
both environments.

Processes associated with the bottom substrate create larg-
er variability in particulate and dissolved properties relative
to higher up in the water column (Table 4). Thisis consistent
with biogeochemical processes associated with the substrate
being sources or sinks for particulate and dissolved material.
Variability is higher over the reef relative to sand (Table 2),

Table 2. Number of observations (out of 15) for which each property was higher above the reef or sand. Based on data in Table 1.

a, 3y S [chi] (chl)

[ehi] G (Cog) Cog y (9

Reef/sand 13/2 12/3 6/9 4/11 6/9

12/3 2/13 3/12 11/4 12/3 11/4
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Table 4. Number of observations for which each property was higher at 10 cm versus higher up in the water column (50, 100, or 200

cm). Based on data in Table 3.

a, 8y s [chi] (chl) [chl] Coq (€ Cog v (»
Reef 6/0 6/0 0/6 2/4 2/4 412 15 1/5 412 5/1 5/1
Sand 5/0 5/0 0/5 2/3 14 4/1 32 32 4/1 4/1 4/1

most likely because of the heterogeneity of the reef in both
topography and organisms relative to the sand flat. This het-
erogeneity results in small-scale flow patterns (Abelson et
al. 1993). In addition, fish activity over reefs has been found
to be an important source of variability (Yahel et al. 2002).

We find reefs and seagrass beds to be sources of dissolved
material. This CDM pattern is likely to be due to release of
metabolites from sponges and corals and/or byproducts of
primary production by the microalgae on the reef. Dense
seagrass beds are associated at CM with large mats of de-
composing dead leaves, which are likely to be the major
source of the CDM released over the bank. CDM released
by reef has a lower spectral slope than the water column
above it (Table 4). CDM released by seagrass beds has a
higher spectral slope than the Exuma Sound waters (Fig. 4),
although this slope is relatively low compared with coastal
CDM (where s ~ 0.015, Roedler et al. 1989). Low spectral
slope is characteristic of humic substances which have rel-
atively high molecular weight (Carder et a. 1989; Blough
and Del Vecchio in press).

Above reefs, in general, there was less particul ate material
than higher up in the water column or in the adjacent sand
flats. The [chl] pattern observed was consistent with the re-
moval of [chl]-containing particles just above the reef, which
is probably associated with removal of phytoplankton by the
benthic fauna, as has been observed in other reef systems
(Yahel et al. 1998).

The particulate attenuation decrease towards the bottom
was associated with steepening of the attenuation spectral
slope, which suggests that near the substrate there was re-
moval of the relatively bigger particles compared with higher
up in the water column. This gradient has the opposite sign
of the gradient in attenuation spectral slope observed when

30 +

QO sand a
= Sparse grass 1

20 Dense grass

sediment

sediment

depth relative to sediment-water interface (cm)
S

0.05 0.0 X 0.08 ) 0.06 0.08 0.1 0.12
ag(440) (m-1) ag(440) (m-1)

Fig. 3. CDM concentration across the sediment water boundary
at Channel Marker at (@) flood tide (30 May 1999) and (b) ebb tide
(31 May 1999) in three types of bottom substrate located at a hor-
izontal distance <150 m from each other. Measurements were per-
formed within 45 min and contain between two and four replicates.
Maximum absolute deviation at a given depth was 0.003 m~2.

particulates are resuspended (Boss et a. 2001b); resuspen-
sion and settling of particulate material result in flattening
of the attenuation spectral slope toward the bottom. Note that
even above the sand flat, we observed steepening of the
spectral slope toward the bottom, which suggests that ben-
thic organisms within the sand filter out particles from the
water adjacent to the substrate. Removal of large particlesis
consistent with the [chl] decrease above the reef as phyto-
plankton are optically ‘‘large.”

Grass-covered sediment are found to be sources of CDM
to the water column, whereas ooids sediment (which are
poor in organic content) have a CDM gradient across the
sediment water interface that depends on the phase of the
tide. This reversa suggests that the CDM absorption in the
ooids was due to slow diffusiona flux into and out of the
sediment.

This local, substrate related source of CDM created a
large-scale gradient of CDM absorption between the banks
and Exuma Sound (Fig. 4). Because more evaporation occurs
over the banks, the correlation of salinity and CDM absorp-
tion is positive, in contrast to the negative correlation found
between salinity and CDM in coastal waters affected by flu-
vial inputs (e.g., Blough and Del Vecchio in press). Fluxes
of CDM and its associated absorption from sediment pore
waters to the water column have been hypothesized else-
where to occur over the continental shelf (Boss et al. 2001a)
and were observed here.

Near-bottom optical properties and their variability areim-
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Fig. 4. Once an hour time series of (a) CDM absorption, (b) CDM
spectral slope, (€) across-bank velocity (positive towards the shal-
low banks), (d) across-bank CDM absorption flux per unit area ob-
tained at Rainbow South, and (e) salinity-CDM absorption distri-
bution.




354 Boss and Zaneveld

portant inputs into radiative-transfer models that describe
light propagation in the coastal ocean. Imaging of bottom
structures, flora, and fauna depends on the near-bottom op-
tical properties. The results presented herein (Tables 1, 2)
suggest that near-bottom variability in IOPs is usually small,
although significant. The mean attenuation coefficient in the
blue could vary by 50% between reef and sand (see also fig.
4 of Zaneveld et al. 2001). However, further up in the water
column the differences diminish, consistent with the sources
of variability being close to the substrate.

It can be shown that in a heterogeneous environment, such
as the near-bottom environment, a sensor will be affected by
the mean of the optical properties of the medium (rather than
the median or mode). As seen here (see also fig. 4 of Za
neveld et al. 2001), near the bottom, the mean of attenuation
can be tens of percents larger than the median, which indi-
cates the importance of sampling at scales that encompass
the local variability of interest.

We have shown that the near-bottom optical properties are
influenced by the type of bottom present, which reflects the
biogeochemical processes associated with each particular
benthic environment. The change in IOP can be significant
and may need to be taken into account in radiative transfer
calculations.

In addition, we suggest that local benthic processes can
result in large-scale gradients between environments as ob-
served in CDM absorption between the bank waters and the
adjacent Exuma Sound.

In situ optical measurements have seldom been used to
quantify biogeochemical processes. Our results suggest that
optical measurements are sensitive enough to infer biogeo-
chemical processes associated with bottom substrates.
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