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Abstract

Regions of milky white seas or “whitings” periodically occur to the west of Andros Is-
land along the Great Bahama Bank where the bottom sediment consists of fine-grained
aragonite mud. We present comprehensive measurements of inherent optical proper-
ties within a whiting patch and discuss the potential for monitoring the frequency, extent,
and quantity of suspended matter from ocean colour satellite imagery. Sea spectral re-
flectance measured in situ and remotely from space revealed highly reflective waters el-
evated across the visible spectrum (i.e., “whitened”) with a peak at 490 nm. Particulate
backscattering was an order of magnitude higher than that measured at other stations
throughout the region. The whiting also had one of the highest backscattering ratios
measured in natural waters (0.05—-0.06) consistent with water dominated by aragonite
particles with a high index of refraction. Regular periodicity of 40 and 212 s evident in
the light attenuation coefficient over the sampling period indicated patches of fluctuat-
ing turbidity on spatial scales that could be produced from regular rows of Langmuir
cells penetrating the 5-m water column. We suggest that previously described mech-
anisms for sediment resuspension in whitings, such as tidal bursting and fish activity,
are not fully consistent with these data and propose that wind-driven Langmuir cells
reaching the full-depth of the water column may represent a plausible mechanism for
sediment resuspension and subsequent whiting formation. Optics and remote sensing
provide important tools for quantifying the linkages between physical and biogeochem-
ical processes in these dynamic shallow water ecosystems.

1 Introduction

The Bahama Banks represent an extensive carbonate depositional system that rises
sharply from the deep western tropical Atlantic seafloor to a broad shallow platform
whose water depth ranges from 4-8 m. The tidal range of ~0.5m along these banks
is markedly influenced by the strong winds common to this region. The region west of
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Andros Island on the Great Bahama Bank has relatively low wave-energy and is dom-
inated by fine lime mud and pellet mud sediments (Purdy, 1963). The seas overlying
these muds are well known for episodic, highly turbid sediment events that produce
milky-white coloured waters, historically referred to as “whitings” (Cloud, 1962). Whit-
ings cover from tens to hundreds of km? and have an average suspended sediment
concentration of 10 mg L~ (Shinn et al., 1989). These whitings are so distinct that the
dramatic white waters have been observed and enumerated from photography taken
by astronauts aboard the Space Shuttle (Robbins et al., 1997). However, little is known
about the inherent and apparent optical properties of the particles within whitings and
the mechanism forming these whiting events.

The presence of milky seas or “whitings” in marine and freshwaters can stem from a
variety of causes such as blooms of coccolithophores (Balch et al., 1991) or cyanobac-
terial picoplankton (Ohlendorf and Sturm, 2001), sulfur precipitates (Amend et al.,
2004), resuspension of sediment in association with bottom-feeding or benthic fish
(Sheffer et al., 2003), glacial meltwater (Dierssen et al., 2002), or even night-time biolu-
minescence (Miller et al., 2005). However, the source of Bahamian whiting events has
been controversial and debated extensively in the scientific literature. Some have sug-
gested that Bahamian whitings are spontaneous precipitates of aragonite (Smith, 1940;
Cloud, 1962) while others contend that whitings are resuspended sediment (Broecker
et al.,, 2000). Over 70 years ago, Smith (1940) suggested that supersaturated wa-
ter flowing onto the bank from the adjacent open ocean encountered condensation
nuclei provided by resuspension of sediment and spontaneously precipitated calcium
carbonate. Carbonate precipitation can also occur via microbial calcification and some
have proposed that picoplankton may act as nucleation sites for epicellular carbonate
precipitation in this region (Robbins and Blackwelder, 1992). To date, chemical mea-
surements of alkalinity, pH, and carbon isotopic data show no direct evidence of spon-
taneous (homogeneous) precipitation within whitings and a wide range of geochemical
evidence suggests that whitings largely contain resuspended sediment (Broecker and
Takahashi, 1966; Morse et al., 2003). However, a significant amount of carbonate pre-
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cipitation, for example through precipitation onto suspended sediment (Morse et al.,
2003) or algal particles (Robbins and Blackwelder, 1992), must occur along the Banks
to account for the vast amount of aragonite mud lost in the deep seafloor of the Atlantic
from large storms (Ball et al., 1967; Shinn et al., 1993; Wilber et al., 1990).

No plausible and consistent mechanism has been put forth to describe the forces
responsible for sediment resuspension in whitings (e.g. see discussion in Broecker et
al., 2000). Measured current velocities within whiting areas tend to be well below that
required to erode and suspend bottom sediment, and are often of similar magnitude
to those in adjacent regions outside the whiting areas (Shinn et al., 1989). Boss and
Neumann (1993) propose that whitings may be the result of the “bursting” cycle of
turbulent tidal flow, but this mechanism has not been directly proven (Morse et al.,
2003). Moreover, resuspension mechanisms involving tidal forcing are not consistent
with the observed seasonal patterns of whitings (Robbins et al., 1997). The possibility
that resuspension is caused by fish activity has also been proposed in the literature
(Broecker et al., 2000). However, from sidescan sonar and fathometer imaging, trawls,
remote video and scuba observations coupled with 25 years of casual observation,
Shinn et al., (1989) contend that fish are not involved in the formation of most Bahamian
whitings.

Here, we present some of the most comprehensive measurements of inherent optical
properties within a sediment whiting event and demonstrate the potential for monitoring
not only the frequency and extent of these events, but also the quantity of suspended
matter, from ocean colour satellite imagery. Coincident physical data, wind, sediment
grain size information are presented and used to describe a possible mechanism for
sediment resuspension. Based on the optical data and additional observations from the
larger Bahama Banks, we propose that wind-driven Langmuir cells (Langmuir, 1938)
reaching the full-depth of the water column (i.e., “Supercells”, Garget et al., 2004) may
represent a plausible mechanism for sediment resuspension and subsequent whiting
formation.
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2 Methods

This study was conducted on the Bahama Banks in March 2004 aboard the R/V Wal-
ton Smith (Fig. 1). An ac-9 Plus package (WET Labs, Inc.) was deployed at each
station and allowed to sample for 6 min at a fixed depth of 2-3 m below the sea sur-
face. Salinity and temperature were measured using an SBE 19 (Sea-Bird Electronics)
integrated into the package. The particulate and dissolved absorption and attenua-
tion coefficients, 8pg and Cpg» Were corrected for temperature and salinity (Sullivan,
et al., 2005) and scattering effects (Zaneveld et al., 1994). The proportional correc-
tion method was used for the whitings station. For some stations in the Bahamas,
the proportional method was inaccurate and the baseline subtraction was employed.
Drift offsets were obtained from a post-cruise clean water calibration. Total particu-
late scattering (b,,) was calculated as the difference between c,, and a,,, assuming
that scattering from dissolved material was negligible. The particulate backscattering
coefficient (b,,) refers to all the photons that have been redirected in the backward
direction due to scattering from particles in the water and to a first order positively
corresponds to the total concentration of particles in the water (reviewed in Stramski
et al.,, 2004). measurements at three angles (100°, 125°, and 150°) and three wave-
lengths (470, 532, and 650 nm), corrected for light attenuation effects using concurrent
ac-9 data, and extrapolated using a third-order polynomial (Sullivan et al., 2005). The
backscattering ratio (Ebp) is the ratio of backward particulate scattering (b,,,) to total
particulate scattering (b,). The amount of suspended sediment, often referred to as
“:turbidity,” was assessed both with measurements of particulate light attenuation and
bpp-

g)hlorophyll (Chl) a concentrations were estimated by use of absorption measure-
ments from the ac-9 by dividing the chlorophyll absorption peak height at 676 nm (usin%;
a baseline subtraction from 650 nm) by a nominal specific absorption of 0.014 m? mg-
following the methods of Sullivan et al. (2005).

™
Above-surface radiance measurements were taken with the Field Spec Pro  VNIR-
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NIR1 portable spectrometer system from Analytical Spectral Devices. A sequence
of measurements was made with an 8° foreoptic focused at a 40-45 degree angle
sequentially on a gray plaque, sea surface, and diffuse sky. The reflectivity of the gray
plaque (Kodak gray card) was measured in the lab using the ASD and an integrating
sphere (~15.6%). The measurements were used to derive an estimate of spectral
remote sensing reflectance, R,(1), the ratio of water-leaving radiance normalized to
the plane irradiance incident on the sea surface. Fresnel reflectance for a 40-45°
angle of observation of 0.028 was used (Kirk, 1994). Residual reflected sky radiance
was corrected using the approach presented in Gould et al. (2001) using reflectance
differences between 715 and 735 nm, an approach specifically developed for coastal
waters.

High resolution (1 km) Moderate Resolution Imaging Spectroradiometer (MODIS)
Aqua Level 1A Local Area Coverage (LAC) images were downloaded from the Na-
tional Aeronautics and Space Administration (NASA) for days coinciding with the field
study. Images were georeferenced and warped based on a complete geometry model
of the earth and satellite orbit. Remote sensing reflectance was derived from MODIS
imagery at 1 km resolution across the Bahama Banks. Since standard atmospheric
correction routines are not designed for optically shallow water, we applied an iterative
scheme to first process the image using the multiple-scattering atmospheric correc-
tion algorithm (Gordon, 1997). The atmospheric correction scheme from neighbouring
deep water was identified and the entire image was then reprocessed with SeaDAS us-
ing a fixed aerosol optical depth representative of the region. This type of atmospheric
correction is only an approximation of the atmospheric properties over shallow water
and can lead to consistent biases in retrieved reflectances. In order to account for error
in the atmospheric correction, a single linear correction (slope and offset) was made
to the entire image by comparing R, derived from the MODIS sensor with a selection
of in situ measurements from selected stations (~6) that were spatially consistent over
kilometre scales. The whitings station was not included in the scaling correction.

Wind data at 10-m height from the Nassau International Airport (780730, MYNN)
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and George Town/Exuma (780920, MYEG) were obtained from the National Oceanic
and Atmospheric Administration (NOAA) National Environmental Satellite, Data, and
Information Service, National Climatic Data Center (NCDC) for the period 1999-2004.
Daily mean wind speed and maximum sustained wind speed were calculated from
hourly meteorological by the NCDC to the nearest 0.1 knot. Wind speed was also
measured about the R/V Walton Smith (~7 m height) and corrected to true velocity
(speed and direction).

Sediment grain size was determined by wet sieving of surface sediments collected
by divers, using sieves of the following sizes: 2 mm, 600 um, 125 um and 63 um (see
Hu, 2007 for details). The <63 um fraction was defined as the fine fraction (e.g. Ben-
nett et al., 1990). The frequency of whitings in the Bahama Banks were calculated by
Robbins et al. (1997) from photographs taken from astronauts aboard manned space-
craft as catalogued with the NASA Space Shuttle Earth Observation Project (1965 to
1993) (Tau, 1994). A frequency index was calculated from over 888 identified whitings
as the monthly whitings area normalized to mission day (Robbins et al., 1997). The fre-
quency index allowed normalization of the data to eliminate bias introduced by uneven
distribution of mission days.

3 Results

On 28 March 2004, a whiting event was encountered at 25°03.090' N, 78°42.324' W
16:55 Greenwich Mean Time (GMT) on the western arm of the Great Bahama
Bank, approximately 30 km west of Andros Island, the largest island of the Bahamas
archipelago (Fig. 1a). The water appeared turbid and chalky throughout the 5.3 m wa-
ter column, as assessed by divers and appearance of the profiling package underwater
(Fig. 1b), and the whiting persisted for tens of square kilometres. When we reached
the edge of the whiting, it was easily delimited on the horizon as clearer dark blue wa-
ter contrasted against the bright turquoise water within the whiting (Fig. 1b). The skies
were cloud-free, winds were approximately 7.7 ms™' at the Nassau airport, and the sea
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surface had little to no swell. The water temperature measured 22.3°C with a salinity of
37.51. Wave height was estimated at less than 0.1 m. The location and characteristics
of this whiting event were consistent with previously observed whitings in this region
(Robbins et al., 1997; Shinn et al., 1989).

Sediments in the region are generally unconsolidated carbonate muds and fine
sands, with much less extensive biofilm coverage than that on the sediments along
the Exumas arm of the Great Bahama Bank. Mean sediment grain size was 382 um at
the Andros Station, significantly finer than the mean grain size encountered along the
Exumas (~802 um) (Fig. 2, Hu, 2007; also see similar observations in Bennett et al.,
1990). The percentage of fine-grained material was 10—16% of the total, as compared
to ~1% at the Exumas.

Spectral particulate and dissolved absorption, a,,(4), decreased with increasing
wavelengths for all stations sampled (Fig. 3a). The small absorption peak at 676 nm for
all regions sampled indicated fairly low amounts of phytoplankton in the water column
(~0.4mgChl-a m_S). The magnitude of a,, at the whitings station (solid line) was sim-
ilar to the magnitude measured at the other stations in the Bahamas (dot-dashed line)
and that measured near Lee Stocking Island (Boss and Zaneveld, 2003). The spectral
shape of absorption is consistent with waters dominated by coloured dissolved organic
matter (e.g. produced by benthic vegetation) or detrital/minerogenic particles.

The spectral beam attenuation coefficient, c,, (Fig. 3b), was four times higher

(>1 m‘1) and the particulate backscattering, b,,, was nearly an order of magnitude

higher (0.04-0.06 m_1) at the whitings station relative to the mean observed for the
Bahama Banks (Fig. 3c). The spectral slope of backscattering was negative for all
of the stations measured in the Bahamas ranging from —1.3 for the whiting station
compared to —1.45 for the rest of the Bahama Banks. The particulate scattering co-
efficient, b,(555), was used to estimate total suspended matter (TSM) in the water
column. The relationship between b,(555) and TSM varies depending on the type and
size of particles, but the ratio between the two parameters generally ranges between
0.1 and 2m? g'1 throughout the world’s oceans (Baker and Lavelle, 1984; Kirk, 1980),
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with a mean of around 0.5 m? g_1 for coastal waters (Babin et al., 2003). For turbid
shallow waters of Florida Bay, the b,(555)/TSM relationship measured in waters dom-

inated by carbonate mud was 0.22 m? g_1 (data not shown). Recent determinations of
the mass-specific scattering of small-sized (generally less than 10 um) calcite particles
suspended in seawater obtained from direct measurements were 1 m? g‘1 (Stramski
et al., 2007). Using the measured b,(555) at the Andros Station of 0.85 m~', the

suspended particulate load was on the order of 1-5mg L~ depending on the relative
contribution of aragonite needles to other constituents in the water column.
The backscattering ratio, bbp, was measured across 24 stations of the Bahama

Banks. The highest ratio was measured at the whitings station where Ebp was 0.060,
0.049, and 0.048 for 470, 530 and 650 nm, respectively (Fig. 3d). The backscatter-
ing ratio was also used to estimate the bulk refractive index of particles following the
methods of Twardowski et al. (2001) based on the slope of the particle size distribution
and the backscattering ratio. The slope of the particle size distribution, not measured
directly, was estimated from the wavelength-dependence of the particulate attenuation
coefficient (Boss et al., 2001). The attenuation coefficient measured in the field was
not partitioned into that due to dissolved and particulate materials. For the whitings
station, we assumed that light attenuation due to the dissolved constituents was in-
significant compared to the suspended particles and, hence, ¢, was equivalent to ¢ .
The wavelength spectrum of ¢, for a dispersion medium with negligible absorption of
light, follows a power-law, such that:

cp, = ALY (1)

where A represents the eight visible wavelengths measured by the ac-9, A is a constant,
and y is the hyperbolic slope. At the whitings station, the calculated slope, y for the
whiting station was 0.78 and was related to the slope of the particle size distribution, ¢,
through the relationship (Boss et al., 2001):

¢ =3+y-05exp(-6y) (2)
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Assuming spherical particles and a Jungian particle size distribution, which is generally
applicable to Bahamian waters (Bader, 1970; Gordon and Brown, 1972), the calculated
¢ of 3.77 combined with the backscattering ratio of 0.05 resulted in an estimated bulk
index of refraction higher than the limits of the model (i.e., >1.2) (Twardowski et al.,
2001). We note that error is introduced in this analysis because particles within a
whiting may not be spherical (Shinn et al., 1989) and the particle size distribution may
not be strictly Jungian. Given these limitations, visual extrapolation of this model sug-
gests that bulk refractive indices would be approximately 1.24—1.26. Such high values
are consistent with a water column dominated by aragonite minerals with an index of
refraction of 1.22 relative to water (i.e., 1.632—1.633 in its dry state; Aas, 1996).
Optical data were sampled over a 6-min interval at each station at a fixed depth of
~2m. The time series of water column optical properties collected over time at the
whiting station revealed periodicity and larger variability compared to other stations
from the Bahamas (Fig. 4a—d). The attenuation coefficient, c,,,, was sampled at ~6 Hz
temporal resolution and the backscattering data from the ECO-VSF, shown here as the
volume scattering, 3, at 125° and 532 nm, was sampled at ~1.2 Hz. At the whiting sta-
tion, mean c¢,,(555) was 0.932+0.10 and $(532) was 0.008 +0.001. In comparison,
data from Station 18, sampled 2 h earlier and 24.5 km to the east, revealed significantly
less variability over the time course of sampling and had mean c,,(555) of 0.326+0.004
and ((532) of 0.002+0.0002. Similar low standard deviations were observed in Sta-
tion 21 located 19.6 km to the south and Station 7 located on the arm of the Exumas.
Regular periodicity was also evident in the optical data from the whitings (Fig. 4b
and 4d). A discrete Fourier transform was conducted with the 6-min time series to find
potential frequency components of the signal within the data noise. The data were
detrended using the best straight-line fit linear trend. The single-sided amplitude spec-
trum of the Fourier transform revealed enhanced amplitudes at frequencies of 0.03 Hz
and 0.008 Hz, which correspond to time intervals of 30—40 s and 2 min. Such periodicity
was not evident at the other stations which had similarly low amplitudes for all frequen-
cies. The 6 Hz ¢,,,(555) data had a higher amplitude signal at 30 s periodicity than the
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backscattering data sampled at only 1 Hz. The Nyquist frequency was 2.941 Hz for the
Cpg(555), but little energy was found at high frequencies for all of the stations sampled.

Because of the relatively short time series and the amount of energy at low frequen-
cies, maximum entropy techniques were also applied to the optical time series (Fig. 5).
The graph was truncated at 0.2 Hz because no energy was found at higher frequen-
cies. The c,,(555) data were detrended using a quadratic function which accounted
for about 50% of the variance. Before trend removal the autocorrelation function at lag
1 equals 0.9894 and after removal it is 0.9813. The spectrum was normalized by the
variance of the data after trend removal. The confidence limits were calculated by as-
suming that the data is “red” noise using an AR(1) model with the same autocorrelation
function at lag 1 as that of the data and chi-squared levels. The two large peaks in the
spectrum that rise above the 99% confidence limits are at periods of 212.5 and 42.4 s.

Remote sensing reflectance, R,¢(1), is proportional to the ratio of backscattering to
absorption properties of the water column. The reflectance spectrum, A,4(1), mea-
sured at the whiting station was large in magnitude (>0.05 sr‘1) and peaked at ap-
proximately 488 nm, in the blue/green portion of the visible spectrum (Fig. 6). The
magnitude of reflectance was much higher than that measured over stations of similar
bathymetry (~5m), but with seafloors comprised of sand and the benthic macroalgae,
Colpomenia sp. from the Exumas. The R,4(1) spectrum was similar in shape com-
pared to that from nearby station #18 similarly containing a fine aragonite mud seafloor
with very sparse seagrass, but the reflectance is significantly elevated across the spec-
trum at the whiting station. Such elevated reflectance is consistent with the elevated
backscattering properties found within the whiting and high concentrations of fine sus-
pended minerals (see Fig. 3c). The perceived colour of the water column was modelled
using the reflectance spectrum following techniques in Dierssen et al. (2006) and is re-
produced in the coloured boxes and line colour on Fig. 6. The modelled colour at the
whiting station was a bright turquoise colour that paralleled the colour observed in the
field (see Fig. 1b).

Satellite imagery from the MODIS Aqua sensor was collected from available passes
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over the Great Bahama Bank coincident with the field campaign. Clear sky imagery
was available on 6, 16, 18, 22, 27, and 30 March 2004. The pseudo true colour
images revealed regions of bright turquoise around Andros Island due to the shallow
<2m water depths in this region, darker blue waters to the west of the island where
the whiting was observed, and some green patches to the north that are associated
with seagrass/algal growth on the seafloor (Fig. 7a—f). The black regions along the
Bank indicate areas obscured by clouds where the ocean colour cannot be observed.
Imagery from 16, 18, and 22 March 2004 revealed transient bright white patches of
water in the vicinity of the observed whiting. The whitings patches are generally small
and vary in precise location depending on the day of observation. Brighter white in the
imagery is suggestive of high sediment resuspension events similar to a whiting.

Pseudo true colour imagery from 22 March 2004 was magnified to highlight the water
properties in the vicinity of the whitings station (Fig. 8a). From this image, several paral-
lel patches of whiter water were observed that were oriented roughly in a north-westerly
pattern. Maps of the whitings patches were generated from the atmospherically cor-
rected satellite imagery by matching the magnitude of the retrieved spectral reflectance
in available multi-channel wavebands (412, 443, 488, 551, and 667 nm) to the in situ
spectrum (Fig. 8b). Patches were identified in the vicinity of Station 19 near the lo-
cation of the observed whiting where R, closely matched both the magnitude and
spectral shape of the whitings station. As shown, retrieved R, in the white patches
was nearly coincident with field measurements for 412, 443, and 667 nm. Peak R, oc-
curred at 488 nm in the imagery, but the magnitude was slightly reduced compared to
the measured spectrum. The regions highlighted in red covered approximately 18 km?
(Fig. 8c).

The temporal pattern of whiting observations is consistent with a wind-driven process
such as Langmuir circulation. The wind speed necessary to create Langmuir supercells
across a 5-m depth can be estimated using formulations provided for homogenous
water in fully developed seas (Li and Garrett, 1997). The depth of penetration, d, of
Langmuir circulation is a function of wind speed at 10 m height, v, and water column
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stability, defined as the Brunt-Vaisala or buoyancy frequency (N):

d=17wy,N' (3a)
Wy, ~ 0.008u (3b)
u ~ 73.53dN (3c)

Assuming a buoyancy frequency of 0.02 s, Langmuir cells penetrating 5m in water
depth could be produced from sustained winds of 7.35m s or greater. Such winds
were observed at the study site during the time of the whiting and the Exumas windrow
observations (Fig. 9a). Maximum sustained wind speed obtained from the closest
meteorological station, Nassau airport (Fig. 1a) showed that speeds exceeding this
threshold are common to the Bahama Banks. High winds occur least frequently in
summer (Fig. 9b). Seasonal estimates of whitings determined from low earth orbit
photography obtained sporadically from 1965—-1993, although not temporally coincident
with the wind data, show that whitings on the Great Bahama Bank also occur less
frequently in summer months than at other times of year (Fig. 9c).

4 Discussion
4.1 Optical characterization of whitings

Optical properties measured in the field confirmed the presence of highly turbid
sediment-laden water on the Great Bahama Bank west of Andros Island. The ob-
served whiting occurred over fine mud and pellet-mud sediment facies (Purdy, 1963)
in 5.3 m of water in the same region of the Banks that the majority of previous whiting
observations have been made (Shinn et al., 1989; Robbins et al., 1998). The water
was a turquoise colour and had much higher light attenuation, backscattering, and re-
flectance compared to any of the other stations sampled in the Bahama Banks. The
spectral absorption signatures measured for the whiting and other stations throughout
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the Bahamas were similar in shape and magnitude to those measured near Lee Stock-
ing Island, Bahamas and were consistent with waters dominated by coloured dissolved
organic matter (e.g. produced by seagrass meadows and coral reefs) (Boss and Zan-
eveld, 2003; Otis et al., 2005) or resuspended sediment. The absorption coefficient
was not enhanced for the whitings stations compared to other stations and confirmed
the presence of low-light absorbing minerals. Past studies have shown that particulate
absorption by both calcareous sand and coccolithophores (comprised of a related min-
eral calcite) were low in the visible wavelengths (Ahn, 1990; Balch et al., 1991; Stramski
et al., 2007). Robbins and Blackwelder (1992) found that the centre of the aggregated
aragonite minerals in a whiting consisted of organic material including membranes of
whole picoplankton. Our measurements of particulate and dissolved absorption at
676 nm in the whitings revealed a slight enhancement of chlorophyll-containing parti-
cles (i.e. phytoplankton, ~0.4 mg m‘s) compared to regions outside the whitings. This
is consistent with the presence of phytoplankton debris found in sediment filtered from
whitings (Shinn et al., 1989).

The negative wavelength-dependence of particulate backscattering, b, at the whit-

ing station (/1‘1'3) was consistent with high concentrations of small particles (Morel and
Bricaud, 1981; Morel and Maritorena, 2001). The grain size of the suspended parti-
cles was not measured directly, but previous research has shown individual aragonite
needles from both the sediment and water column to be approximately 0.25 um wide
and 2-3 um long with a rectangular or hexagonal shape (Shinn et al., 1989). Electron
micrographs of particles filtered from whitings also revealed aggregations of aragonite
needles that formed 10—15 um peloids (see Fig. 10 Shinn et al., 1989). High concen-
trations of suspended aragonite particles would enhance the amount of backscattered
light considerably (reviewed in Stramski et al., 2004). Here, we found backscattering to
be nearly 10-fold higher than for other waters along the Bahama Banks. The estimated
mass of suspended matter (1-5mg L'1) in the whiting was not high compared to other
waters where concentrations can reach hundreds of mg L™ (e.g. see Miller and McKee,
2005); however, this mass-specific concentration translates to a considerable number
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of micron-scale particles and aggregated particles suspended in the water column.

The particulate backscattering ratio (5bp) provided additional information about the
composition of particles suspended in the water column, particularly the amount of
inorganic materials (i.e., suspended sediments) with a high refractive index relative to
water (Ulloa et al., 1994; Twardowski et al., 2001). The measured ratio 5-6% is one of
the highest values reported in natural waters and characteristic of water dominated by
inorganic or mineral sediment (Twardowski et al., 2001; Sullivan, et al., 2005; Whitmire
etal., 2007). In turbid coastal waters of the Black Sea, for example, Chami et al., (2005)
found 5bp to be 4%. McKee et al. (2005) found high backscattering ratios around 5%
from one sampling day in the Irish and Celtic Seas similar to these waters. Moreover,
the particles found in whitings are typically non-spherical needles or aggregates of
these needles (Shinn et al., 1989). Particles which deviate from sphericity generally
serve to enhance the backscattering ratio (Clavano et al., 2007).

Little to no spectral dependency is typically found in 5bp measured over a wide range
of natural water types and particle populations (Whitmire et al., 2007), as was evident
in the average measurements for the Bahamas. Under certain conditions, however, en-
hanced Ebp in blue wavelengths has been measured (McKee and Cunningham, 2005),
similar to that found at the whitings station. Conditions that might cause wavelength-
dependence would occur when the particle size distribution contains modes of particles
and the particle size distribution does not closely follow a Jungian or power-law distri-
bution. Such a situation may be possible in these highly scattering waters dominated
by monospecific suspension of micron-scale particles.

The pumped water input system of the instrumentation used to measure the light ab-
sorption and attenuation properties of the whitings can break up or exclude aggregates
from the measurements (E. Boss, personal communication). Hence, the attenuation
and absorption measurements may not properly represent aggregated peloids found
in whitings (Shinn et al., 1989). Additional research is necessary to more fully charac-
terize the optical properties of the particles concentration and size spectrum, volume
scattering function, and the backscattering properties of these unique waters.
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The high backscattering characteristics of whitings were detectable in remote sens-
ing imagery from the MODIS Aqua satellite. White patches were evident in the pseudo
true colour images of the Andros arm of the Bahama Banks throughout the month of
March 2004. Such white patches have also been observed and enumerated using
space shuttle photography (Robbins et al., 1997). Moreover, our radiometric analysis
of atmospherically-corrected imagery showed satellite-derived reflectance across vis-
ible channels comparable to in situ measurements. Specifically, the imagery showed
an 18 km? patch in the vicinity of the whiting station that had elevated R, peaking at
~490 nm with a magnitude near 0.05 sr, Suspended sediment was also observed
as elevated backscattering in regions outside the whitings, but concentrations were not
sufficiently high to appear white to the human eye. Such subtleties in the magnitude of
spectral reflectance, however, could be observed in the imagery and used to routinely
monitor the total suspended particle load from space. However, challenges will exist in
decoupling the contributions of water column properties from the effects of bathymetry
and bottom reflectance in these regions using the limited spectral information currently
available. The whiting R,4(1), for example, is similar in shape and magnitude to that
measured in the Exumas over bright ooilitic sand in clear sediment-free water of only
2.8 m depth (Dierssen et al., 2003).

4.2 Whitings and wind-driven processes

Radiocarbon data of whitings allow for some (less than ~15%) new carbonate mate-
rial (i.e., recent precipitates), but most is “older” material consistent with the radiocar-
bon age of the underlying sediments (Broecker et al., 2000). No single hypothesis for
sediment resuspension has been widely accepted by the scientific community. Re-
sults from this study lead us to suggest a possible wind-driven sediment resuspension
caused by Langmuir circulation in shallow water (Gargett et al., 2004). Langmuir cir-
culation is generally observed as pairs of parallel counter-rotating cells oriented in the
downwind direction and are caused by the interaction between wind-driven shear cur-
rent and the Stokes drift current from surface gravity waves (Thorpe, 2004). Langmuir
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cells can extend in the downwind direction for tens of meters to kilometres in spatial
scale (Tejada-Martinez and Grosch, 2007). Those cells that can extend vertically the
full depth of the water column have been shown to resuspend and transport sediment
(Gargett and Wells, 2007). We propose that wind-driven Langmuir circulation is a plau-
sible mechanism for sediment resuspension in this region that is consistent with our
data and past studies on whitings, particularly the extensive field observations made
by Shinn et al. (1989).

First, Langmuir cells reaching the full extent of a 5-m depth water column were vi-
sually observed earlier in March 2004 on the eastern Exuma region of the Bahamas
as regular rows of the benthic algae, Colpomenia sp., concentrated on the seafloor
(Gargett et al., 2004; Dierssen et al., 2008). In this event, wind-driven Langmuir cells
scoured the benthic algae into regular rows on the seafloor without coincident sedi-
ment resuspension. We postulate that a similar wind-driven mechanism could occur
on the Andros arm, but because the sediments in the Exumas are much coarser than
those west of Andros (Fig. 2), Langmuir cells could scour the bottom sediments and
cause suspension of the fine sediment particles into the water column. Langmuir su-
percells have previously been associated with resuspended sediments off the western
Atlantic shelf in the LEO-15 site (Gargett et al., 2004). Current velocities required
to resuspend the fine aragonite muds on Andros would be less than that required to
suspend sediment in the Exumas. Although not measured here, previous research
using an underwater flume indicates that currents in excess of 20cm s~ are neces-
sary to erode and suspend bottom sediment from the region west of Andros Island
(Shinn et al., 1989). Compared to other types of wind-driven turbulence (e.g. Cou-
ette turbulence), Langmuir cells produce maximum turbulent flow 3—10 greater in all
fluctuating velocity components and significant turbulent kinetic energy in near-bottom
waters (Tejada-Martinez and Grosch, 2007) .

Moreover, Langmuir cells serve to homogenize vertical velocity throughout most of
the water column (Tejada-Martinez and Grosch, 2007) and could serve to resuspend
sediment from near-bottom flows up throughout the water column (Gargett et al., 2004).
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Hence, rather than producing clearly discernable windrows at the sea surface or the
seafloor, Langmuir cells could produce well-mixed suspensions of fine aragonite mud
throughout the water column. Some periodicity may still be evident in the amount of
suspended material occurring along and across the Langmuir cells. In situ optical data
revealed significant periodicity at 40 and 212 s over the 6-min time series sampled at
the whitings station. This periodicity was not due to vertical movement of the profiling
package, which remained at a fixed depth of 2.8+0.047 m throughout the duration of
the time series. We were unable to determine whether the periodicity was due to Lang-
muir directly because no ancillary current measurements were obtained to differentiate
the various components of the velocity field and the expected period of cell crossing.
Our optical in situ data were obtained on an anchored ship that might have had lateral
movement across cells. However, we can conclude that light attenuation and backscat-
tering, both properties related to the amount of sediment resuspension as described
above, showed a periodicity that was not evident in other stations sampled across the
Bahamas. This periodicity indicated patches of fluctuating turbidity on spatial scales
that could be produced from regular rows of Langmuir cells penetrating the full 5-m
water column.

Prior research on Bahamian whitings also give indications of periodicity at the bound-
aries of the whitings patches that may be associated with Langmuir or other types of
wind-driven turbulence. Shinn et al. (1989) describe most whitings as having a “roiling”
nature and billowing downcurrent boundaries composed of “regularly spaced digits”
protruding several tens of meters from the main body of the whiting. They note that if
the wind is at an angle to the drift, the digits will point into the wind and not the current,
which is highly suggestive of a wind-driven mechanism. Furthermore, artificial patches
of whitings created by dragging a net over the muddy bottom settled within six hours.
Natural whitings can persist for 24—45h (Shinn et al., 1989; Cloud, 1962) and would
likely require a forcing mechanism beyond an isolated resuspension event (e.g. fish
activity). The rate of sedimentation previously measured at whitings was as high as
34gm‘2 h™' and would dissipate a whiting in a few hours if the material in suspen-
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sion were not continually being replenished (Shinn et al., 1989). Langmuir presents a
mechanism for continued resuspension throughout the duration of a wind event.

These results suggest a mechanism other than those previously proposed for sed-
iment resuspension. Fish activity was not assessed at the site during our investiga-
tions, but Shinn et al. (1989) spent considerable effort searching for fish in whitings
using sidescan sonar, fathometer imaging, shrimp trawls, and remote video and found
no connection to most Bahamian whitings. The scale of the whitings observed from
space (~18 kmz) seems to be larger than could be produced by isolated shark activity.
Moreover, neither fish activity nor tidal bursting is consistent with the regular periodicity
observed in our optical measurements. Coincident wind speed measurements were
theoretically high enough to produce Langmuir cells covering the full depth of the wa-
ter column. In addition, historical observations demonstrated the lowest prevalence of
whitings during summer months (Robbins et al., 1997), which coincidentally have the
lowest wind speeds. Seasonality in whiting observations may not be evident if tidal
bursting or fish behaviour were the mechanism for sediment resuspension. Langmuir
cells are not readily detectable from traditional current measurements and have been
long overlooked as an important mechanism for processes in shallow water, such as
resuspension events (Garget et al., 2004).

5 Conclusions

Sediment whitings are not merely isolated turbidity events, but have implications for the
formation of aragonitic muds found on the western bank of the Great Bahamas Bank
near Andros Island (Milliman et al., 1993) and the global carbon cycle. Radiocarbon
data published to date suggest that most of the material in whitings is resuspended
sediments, but that some amount of recent precipitation may also occur on the particles
as they are suspended in the water column (Morse, 2003). Certainly high levels of
carbonate precipitation must occur to replenish the considerable amount of sediment
lost off the Banks during storm events (Shinn et al., 1993). However, the amount of
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resuspended sediment in this region and the potential contribution of whiting events
to carbonate precipitation has not been well characterized. The ability to monitor and
quantify resuspension events in this region with ocean colour remote sensing will allow
us to better constrain both regional and global carbon budgets.

The optical characterization of whitings presented here is a first step towards under-
standing the optical properties of these waters and developing robust remote sensing
algorithms. Particulate backscattering was an order of magnitude higher than that
measured at other stations throughout the region. The whiting also had one of the
highest backscattering ratios measured in natural waters (0.05-0.06) consistent with
water dominated by minerogenic particles with a high index of refraction. Combined
with the calculated slope of the particle size distribution of 3.8, the estimated bulk in-
dex of refraction suggested a predominance of aragonite minerals within the whitings.
The composition of particles within whitings has been shown to be a combination of
micron-scale aragonite needles, aggregations of these needles, and assorted other
organic debris (Shinn et al., 1989).

While whitings are dramatic representations of intense sediment resuspension visi-
ble to the human eye, optical measurements from throughout the Andros region sug-
gest that fairly high concentrations of suspended sediments occur outside the whiting
boundaries. For example, estimates of backscattering coefficients and backscatter-
ing ratios at stations within 25 km from the whiting were also high indicating elevated
concentrations of suspended matter in these neighbouring waters as well. The total
amount of carbonate precipitation occurring on these banks will likely be significant
when the total suspended sediment occurring both within and outside of whitings is
tabulated. More measurements are needed to fully characterize the backscattering
properties of aragonite needles and aggregates of needles, quantify amounts of these
particles suspended in the water column, and develop robust remote sensing algo-
rithms.

Distinct white patches were clearly visible and detectable from pseudo-true colour
imagery from the MODIS Aqua ocean colour sensor and revealed periodic whiting
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patches throughout this region during the month of March 2004. Atmospherically-
corrected ocean colour imagery echoed the spectral shape and magnitude of the highly
reflective waters found in the whiting and allowed us to identify the spatial extent of
the whiting patch under investigation. However, challenges exist in decoupling the
contributions of water column properties from the effects of bathymetry and bottom
reflectance given the limited spectral information currently available in today’s ocean
colour sensors. Higher spectral resolution capabilities from future satellite sensors
may allow for detection of slight variations in the spectral shape that would allow better
discrimination of these features. Moreover, high resolution bathymetry will greatly add
in efforts to decouple the bottom from the water column and allow for better remote
sensing retrievals. Methods to remotely sense particle sizes and concentrations in the
water column will allow us to understand the sediment dynamics in this changing region
and related effects on the carbon cycle.

Linking sediment resuspension events to environmental forcings may elucidate how
shallow water banks and bays will be influenced by changes in climate patterns that
govern regional wind and weather patterns. Further understanding of the forces re-
sponsible for creating whitings, such as the potential linkage between Langmuir circula-
tion and whitings described here, is required for elucidating changes in this ecosystem.
Quantifying calcification in relation to sediment processes will be important for deter-
mining how these regions will respond to changes in ocean acidity due to enhanced
atmospheric carbon dioxide (Broecker and Takahashi, 1966; reviewed in Seibel and
Fabry, 2003). Certainly, more research on the optical properties of whitings in relation
to the physical dynamics of the shallow water environments is warranted in order to
asses the potential impact of these biogeochemical processes on coastal ecosystems
and global elemental cycles.
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Florida

Nassau

Fig. 1. (A) Pseudo true colour image from MODIS Aqua of the Bahama Banks showing the
locations of the Whitings Station, Exumas Station, and the Nassau meteorological station.
Bathymetry contours in the region of the whiting from soundings reduced to the lowest astro-
nomical tide (2, 6, 6 m contour intervals shown). (B) Picture of the whitings patch illustrating
the boundary between turbid whiting and darker non-whitings water.
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Fig. 2. Sediment grain size determined from sediment cores collected in the Exumas (Eastern)
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and Andros (Western) regions of the Bahama Banks.
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Fig. 3. Inherent optical properties measured at the whitings station (solid line) compared to
the mean (dot-dashed line) and standard deviation (errorbars) measured at twenty-one other
stations located throughout the Bahama Banks: (A) absorption by particulate and dissolved
material (a,,); (B) attenuation by particulate and dissolved material (c,,); (C) backscattering
of particulate; and (D) particulate backscattering ratio illustrating high mineral content at the
whitings station.
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Fig. 4. (A) Time series of particulate attenuation, c¢,(555), measured at the whitings station
(#19), compared to other stations in the vicinity (#18, 21) and the Exumas station (#7). (B)
Fourier transform of the data from panel A. (C) Time series of the 1.2 Hz backscattering data

from the ECO-VSF, 1250, 532 nm); (D) Fourier transform of data from panel (C).
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Fig. 6. Remote sensing reflectance, R,s, measured over a selection of stations with ~5m
depth and benthic constitutents varying from whitings station, Andros mud, Exuma sand, and
Exumas algal-covered grapestone sediment. Line colour and coloured boxes show the per-
ceived colour of each spectrum quantified following the approach in Dierssen et al. (2006).
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D) 22 March 2004

whiting

Sa

Fig. 7. Pseudo true colour images from the MODIS Aqua satellite obtained on clear sky condi-
tions during the March 2004 field campaign. Patches of turbid white water have been identified

visually in several of the images.

A) 6 March 2004

B) 16 March 2004

E) 27 March 2004
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Fig. 8. (A) MODIS pseudo true colour image from 27 March 2004 showing the location of the
whitings station (white circle) and Andros Island outlined to the east. (B) Highlight of region
from panel A with arrows pointed to the highly reflective regions; (C) Spectral remote sensing
reflectance, R,,, from the whitings patches in the atmospherically-corrected MODIS imagery
(red points with error bars) compared to in situ A, measured at the whitings station (black
line). (C) Red regions identified as having spectral R, closely corresponding to the in situ
whitings A, .
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Fig. 9. (A) Maximum sustained wind speed (m s_1) from the Nassau meteorological station for the month of March . : :
2004 highlighting wind speed during the whiting event. (B) Seasonal frequency index of whitings determined on the Printer-friendly Version
Great Bahama Bank from low earth orbit space shuttle photography obtained sporadically from 1965-1993 (adapted
from Robbins et al., 1997). (C) Seasonal frequency (number of days per month) of maximum sustained wind speeds Interactive Discussion

at the Nassau meteorological station exceeding 7.35m s™", which is the threshold estimated to cause 5-m penetrating

Langmuir cells in waters with low stratification (buoyancy frequency of 0.02 s ).

4811


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/4777/2008/bgd-5-4777-2008-print.pdf
http://www.biogeosciences-discuss.net/5/4777/2008/bgd-5-4777-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

