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Abstract. The present comprehensive physical and optical measurements have captured
sediment resuspension associated with two hurricanes, Edouard and Hortense, that passed
over the Coastal Mixing and Optics study site in the fall of 1996. Sediment resuspension
associated with Hurricane Edouard was forced by combined current and wave processes.
Combined current-wave bottom shear stresses exceeded 3.5 dyn cm⫺2, well above the
shear stress for the observed resuspension, which was determined to be 0.8 dyn cm⫺2.
Hortense sediment resuspension, however, was caused primarily by waves with little or no
contribution from subtidal plus tidal currents; combined current-wave bottom shear stress
reached 2 dyn cm⫺2. Beam attenuation data reveal that bottom sediments were
resuspended from ⬃70 m depth to more than 30 m up into the water column during both
hurricanes. The relaxation of sediments to pre-Edouard conditions occurred at about the
same time at all depths, indicating advection and transport by subtidal currents. Analyses
of optical data reveal that the resuspended sediments consisted mainly of detritus and
relict pigments from the ocean bottom.

1.

Introduction

The Coastal Mixing and Optics experiment (CMO) was designed to study the mixing of ocean water on the continental
shelf and the effect of mixing on water column optical properties. Several high-intensity mixing events occurred during the
fall 1996 deployment of the CMO mooring and tripod arrays.
Wave motion, current and hydrographic variability, shear, and
turbulence (dissipation rates) in the bottom boundary layer
were some of the physical aspects relevant to these mixing
events. The relationships between physical processes and the
responses of particles (e.g., particle type, size distribution, and
relative concentrations) were examined to understand the effects of vertical and horizontal mixing on particles in the
coastal ocean. For the present study we investigated physical
and particle relationships via optical properties. This paper
reports on physical processes and optical effects observed during the period August 22 to September 21, 1996, with emphasis
on the passages of two hurricanes, Edouard and Hortense
[Dickey et al., 1998].
An understanding of the processes that control sediment
resuspension and transport can be used to help predict and
possibly control the fate of sediments as well as of pollutants that
are introduced onto the shelf at the coastline, offshore, or at the
sea surface [Biscaye et al., 1988]. The intensity, frequency, and
duration of sediment mixing in the water column and along the
seafloor determine the movement of chemical, biological, and
particulate wastes in the ocean. Sediment and pollutant motion
can influence organic matter and primary production and thus
the base of the food web. The fate of organic matter on
continental shelves is of great interest, especially with reCopyright 2001 by the American Geophysical Union.
Paper number 2000JC900032.
0148-0227/01/2000JC900032$09.00

gard to the impact on the global carbon budget [e.g., Bacon
et al., 1994]. Comprehensive reviews concerning sediment
resuspension and cross-shelf transport are given by Cacchione and Drake [1990] and Nittrouer and Wright [1994].
1.1.

Study Area

The site of the CMO experiment was the “Mud Patch,”
located ⬃110 km south of Martha’s Vineyard, Cape Cod, Massachusetts (Figure 1). The site is located on a broad continental shelf in the Mid-Atlantic Bight (MAB) in ⬃70 m of water.
The two important tidal components in the area are the M2
semidiurnal and the less prominent O1 diurnal [Brown and
Moody, 1987]. Tidal currents are strong over Georges Bank
(⬃60 cm s⫺1; northeast of the Mud Patch), decreasing in
speed (⬃10 cm s⫺1) over the Mud Patch, with bottom tidal
currents approximately half of those at the surface [Twichell
et al., 1987; Butman et al., 1987]. The subtidal currents (36
hour average) in the area are typically 10 –15 cm s⫺1 and
generally flow parallel to the bathymetry, east to west [Brink
et al., 1987]. Typical surface waves are caused by local winds
over the MAB. Winter northeasterly storms and summer
hurricanes occur in the area and can lead to extreme current and
wave conditions. Strong atmospheric forcing drives currents
and waves that increase bottom turbulence and affect sediment
movement over the continental shelf [Twichell et al., 1987].
Bottom sediment on the MAB shelf and slope is mainly
fine-textured, containing more than 30% poorly sorted silt plus
clay [Churchill, 1989]. As much as 95% silt plus clay is found in
the Mud Patch [Twichell et al., 1987]. Coring surveys have
shown that the Mud Patch is a 2–14 m thick deposit of uniform
fine-grained material that overlays coarser, sand-sized sediment [Churchill, 1989]. Primary mineral constituents of the
sediments found in this area are ⬎90% quartz and feldspar,
⬍2% heavy minerals (amphibole and mica), and ⬍5% carbon-
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Figure 1. Geographic map indicating the site of the mooring and tripods used for the Coastal Mixing and
Optics experiment (CMO). Schematic diagrams of the mooring and tripod are also shown.

ate (benthonic foraminifera fragments) [Twichell et al., 1987].
Unlike the rest of the MAB, rock fragments are absent from
the Mud Patch. Sediment deposition rates in the Mud Patch
have been estimated to be 20 –30 cm kyr⫺1 on the basis of
geochemical evidence [Bothner et al., 1981]. Radiocarbon dating has indicated that the fine-grained sediment started accumulating between 8000 and 9000 years ago [Bothner et al.,
1981].
1.2.

Previous Measurements

Tripod, mooring, shipboard, and sediment trap measurements were made previously at or near the CMO site to
determine the frequency and direction of bottom sediment
movement and to identify the major processes that develop
sufficient bottom stress to resuspend sediment [e.g., Butman
et al., 1979; Madsen et al., 1993; Wright et al., 1994]. These
measurements provided data that confirmed the importance
of tides and wind- and storm-induced currents and waves in

intermittent movement of bottom sediment. Advection and
biological processes were found to have an influence on
sediment motion during relatively tranquil periods (e.g.,
summer) [Butman et al., 1979]. Storm-associated bottom
currents and waves produced sufficient bottom shear
stresses to resuspend and transport sediments [e.g., Wright
et al., 1994]. Williams et al. [2001] provided a complementary manuscript, which examined the response of Georges
Bank to the passage of Hurricane Edouard. The findings of
these and several other related experiments at or near the
Mud Patch in part provided motivation for the CMO experiment.

2.

Methods

2.1.

Mooring

Time series of optical and physical data were collected at
several depths at the CMO site (⬃40.5⬚N, 70.5⬚W) (Figure 1).
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During the summer and fall of 1996, three bio-optical systems
(BIOPS) were placed on a subsurface mooring at 14, 37, and
52 m depths from July 8 through September 26, 1996 (Figure
1) [see Chang et al., 1997; Chang and Dickey, this issue]. Water
depth was 70 m. BIOPS sensors used in this study include (1)
WET Labs, Inc., WETStar fluorometer, (2) Sea Tech, Inc.,
transmissometer (660 nm) [Bartz et al., 1978], (3) Sea-Bird
Electronics, Inc., temperature sensor (SBE 3), and (4) WET
Labs, Inc. ac-9 [Moore et al., 1992]. The ac-9 is used to measure
beam attenuation and absorption coefficients at  ⫽ 412, 440,
488, 510, 532, 555, 650, 676, and 715 nm wavelengths. The
sampling rate for the ac-9 was once per hour for 30 s, and the
sampling rate for all other sensors was eight times per hour.
In addition to the BIOPS, M. Levine and T. Boyd (Oregon
State University (OSU)) deployed an uplooking acoustic
Doppler current profiler (ADCP) at 65 m on the CMO mooring from July 8 through September 26, 1996. ADCP data were
recorded every 2 min and binned at 4 m depth intervals. For
more details on subsurface mooring instrumentation, see Boyd
et al. [1997].
2.2.

Optical Tripod

Characteristics of near-bottom particles were measured using optical instruments mounted on a bottom tripod, deployed
⬃400 m southeast of the mooring from August 9 through
September 26, 1996, also at 70 m water depth. An ac-9
mounted on BIOPS was located at ⬃1.5 m above the bottom
(mab) (⬃68 m depth).
2.3.

National Data Buoy Center Buoy 44008

Hourly meteorological data were obtained from National
Data Buoy Center (NDBC) buoy 44008, located at 40.5⬚N,
69.43⬚W, ⬃90 km east of the CMO mooring. Details concerning buoy instruments, data processing, and accuracy estimates
are provided by the National Climatic Data Center (NCDC)
[1990]. Wind measured at 5 m above the sea surface, atmospheric pressure, wave energy spectra, and significant wave
height and period were used for this study. The group velocity
of waves was calculated with NDBC buoy data according to
linear wave theory [Dean and Dalrymple, 1992].
2.4.

Physical Tripod

A second bottom tripod was deployed ⬍200 m to the northeast of the optical tripod in ⬃70 m water depth. Benthic
Acoustic Stress Sensors (BASS) current meters [Williams et al.,
1987, 1997] mounted on the tripod recorded vector velocities
at 0.38, 0.74, 1.1, 2.2, 3.3, 5.4, and 7.0 mab. These data were
burst sampled at 1.2 Hz for 28 min and 49 s every hour and half
hour after the even hour. The average vector current direction
and speed were computed from each half-hour recording of
BASS current meter data. Bottom shear (shb ), subtidal plus
tidal current bottom shear stress (  c ), subtidal plus tidal current dissipation rate ( c ), wave orbital velocity (u w ), combined current and wave bottom shear stress (  c⫹w ), and current-wave dissipation rate ( c⫹w ) were calculated from the
east (u cx ) and north (u cy ) components of velocity derived
from BASS current meter data to investigate sediment resuspension during the CMO.
Bottom shear was calculated between each depth of the
BASS current meters and between the bottom and 0.38 mab
using the following equation:
shb ⫽

冑 关共du cx /dz兲 2 ⫹ 共du cy /dz兲 2 兴.

(1)
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A no-slip condition was assumed for the bottom boundary.
Subtidal plus tidal current bottom shear stress was computed
using the “law of the wall” formulation [Tennekes and Lumley,
1972]:
u c ⫽ 共u c/  兲 ln 共 z/z 0兲,
*

(2)

where  is von Karman’s constant (0.4), u c is current friction
*
velocity, z is the vertical distance above the bottom, and z 0 is
a roughness parameter. East and north components of velocity
were low-pass filtered (36 hours) to remove high-frequency
currents and band-pass filtered (⬃12 hours) to isolate the tidal
components. Tidal currents were then added to subtidal currents and resolved into a scalar representation of subtidal plus
tidal current velocity using
uc ⫽

冑 共u 2cx ⫹ u 2cy 兲

(3)

for velocities at all depths z. Linear regressions (least squares
fit) of velocity against the logarithm of height above the seafloor (depths of the BASS current meters) were used to deduce
u * and z 0 (equation (2)). Subtidal plus tidal current bottom
shear stress was then calculated with the following equation:

 c ⫽  u * c2,

(4)

where  is the density of water. Turbulence dissipation rate due
to subtidal plus tidal currents was computed using [Tennekes
and Lumley, 1972]:
 c ⫽ u c3/共  z兲.
*

(5)

Wave orbital velocity was estimated by integrating the wave
spectrum from 8 to 25 s periods. Bottom shear stress from
combined current and wave motion at 0.38 mab was computed
using the iterative model presented by Christoffersen and
Jonsson [1985]. This model employs the governing equations of
fluid motion (momentum equations and dissipation equation)
in order to describe the velocity field and associated shear
stress in a combined current-wave motion. The momentum
equations are simplified assuming a steady, large-scale current
(small Froude numbers and slowly varying in space), a locally
horizontal bed, and time-independent eddy viscosity and by
neglecting lateral shear stresses in vertical sections, the Coriolis force, and tidal forces. These assumptions result in linearized governing equations, which are then solved inside and
outside the wave boundary layer for the wave motion and the
current motion. This gives formulae for the velocities, shear
stresses, friction factors (introduced in order to split the shear
stress into a steady current part and an oscillating wave part),
and roughness factors. See the appendix for the relevant equations of the model presented by Christoffersen and Jonsson
[1985]. The Christoffersen and Jonsson [1985] model is similar
to the commonly used Grant and Madsen [1979] model and to
several other wave-current bottom boundary layer models
[e.g., Grant and Madsen, 1982; Trowbridge and Madsen, 1984;
Glenn and Grant, 1987]. Differences between the models did
not change the general conclusions presented here. A comparison of several wave-current bottom boundary layer models is
presented by Soulsby et al. [1993].

3.
3.1.

Observations
Weather Conditions

Meteorological data for Hurricane Edouard and Hurricane
Hortense were reported by the National Hurricane Center
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(NHC). Hurricane Edouard was the strongest tropical cyclone
of the 1996 Atlantic season. Edouard reached its maximum,
category 4, status on the Saffir-Simpson Hurricane Scale (132–
155 mph winds) on August 29, 1996. Edouard’s winds reached
a maximum of 140 mph (⬃225 km h⫺1), atmospheric pressure
dropped to ⬃930 mbar, and translational speed peaked at 1000
km d⫺1 (⬃10 m s⫺1) ⬃700 km south of the mooring. Hurricane Edouard maintained category 4 status for ⬃7 days, then
dropped in intensity to category 3 (112–131 mph winds) when
the eye of Edouard passed within ⬃110 km of the CMO mooring on September 2, 1996. On September 13, 1996, Hurricane
Hortense reached category 4 status, ⬃800 km south of the
mooring site. Its winds reached a maximum of 120 mph (⬃190
km h⫺1), atmospheric pressure dropped by ⬃80 mbar, and
translational speed reached 1500 km d⫺1 (⬃15 m s⫺1). The eye
of Hurricane Hortense passed within 350 km of the mooring
on September 14, 1996, with a wind speed of ⬃90 mph (⬃145
km h⫺1). These data illustrate the high intensities of both
hurricanes and distinguish the important difference in separation distance between the eyes of the hurricanes and the CMO
site.
3.2.

Optical Effects

Sediment resuspension was dramatic and is easily seen in the
optical data, in particular, the spectral beam attenuation coefficient c(  ). The time series of c(  ) at nine wavelengths (collected with the ac-9) at 37, 52, and 68 m depths are shown in
Plates 2a, 2b, and 2c, respectively. Because of biofouling, the
14 m beam attenuation data are not useful for analysis during
the period of the hurricanes. Beam attenuation values at
676 nm increased from nearly 1 m⫺1 to ⬎30 m⫺1 at 68 m, from
0.2 m⫺1 to ⬎5 m⫺1 at the 52 m depth, and from 0.2 m⫺1 to
⬎2 m⫺1 at 37 m during the passage of Hurricane Edouard.
Sediment was resuspended more than 30 m up into the water
column. The increase in beam attenuation is seen first at 68 m,
then a half day later at 52 m, and an additional half day later
at 37 m (Plate 1). The large oscillations in beam attenuation at
37 and 52 m during and following the passage of Edouard are
likely the result of large-amplitude internal waves, which can
be seen in the temperature data as well. The relaxation of
sediment concentration (as indicated by beam attenuation) to
pre-Edouard conditions occurred at about the same time at all
depths (September 8, 1996; Plate 1). This suggests that the
resuspended sediment was advected past the mooring site following the passage of the storm. Note that beam attenuation
signals remain slightly elevated at 37 and 52 m following Edouard (more so at 37 m). There are two possible explanations
for this: (1) sediment may have settled on the optical windows
and could have resulted in fouling of the instrument and higher
background measurements of beam attenuation, and (2) finer
particles may have been suspended to shallower depths, possibly resulting in a longer time to fall out of suspension and
higher beam attenuation. ADCP current meter data show high
westward currents (Figure 2) and shear throughout the water
column at the time of sediment relaxation. Tidal currents are
also evident in these time series. Stickplots of 36 hour averaged
ADCP currents (Figure 3) show a net movement of water
toward the northwest in the upper water column. This implies
transport toward the U.S. east coast of high volumes of materials that were previously deposited in the Mud Patch.
Volume concentration data and photographic results reveal
that high levels of bottom and near-bottom turbulence due to
Hurricanes Edouard and Hortense produced high concentra-

tions of smaller, less dense particles due to the break-up of
flocculates (data not shown) [Dickey et al., 1998; Agrawal and
Traykovski, this issue; Hill et al., this issue]. The large particles
(flocs) then reappeared several hours following the passage of
the hurricanes when the intensity of turbulence weakened.
Scatter plots of chlorophyll a (Chl a; derived from the fluorometer using factory calibrations and comparison with chlorophyll a data derived from in vivo bottle samples) versus
beam c (beam attenuation at 660 nm measured with the transmissometer) at 37, 52, and 68 m (Plate 2) were used to differentiate qualitatively the phytoplankton from nonphytoplankton components that were in the water column [Wu et al.,
1994]. High Chl a values with relatively low beam c values are
indicative of biogenic matter, while high beam c values with
relatively low Chl a values imply detrital matter (defined as all
nonliving matter, such as sediment, dead organic matter, etc.).
Data were sorted by time periods: August 26 –28, September
2– 4, and September 8 –10, 1996, for pre-Edouard, during Edouard, and post-Edouard conditions, respectively (Plate 2;
note the differences in the scales of the abscissa axes). Prior to
the passage of Hurricane Edouard, material at the 37 m depth
was mostly biogenic, as evidenced by the high values of Chl a
and relatively low beam c signals (Plate 2a). This is supported
by vertical profiles of Chl a fluorescence measured by W. Scott
Pegau (OSU), which show that the depth of the Chl a maximum varied between 25 and 35 m (data not shown). At 52 m,
approximately half of the material was biogenic, and half was
detrital matter. Optical signals at 68 m at all times are primarily attributed to detrital matter as indicated by the high values
of beam c and relatively low Chl a signals. During Edouard,
Chl a signals decreased at 37 m and increased at 52 m. Chl a
values increased by about a factor of 2 at 68 m. This increase
is hypothesized to be due to downward mixing of phytoplankton from midwater depths (the Chl a maximum) and from
resuspension of relict pigments from the ocean bottom. Beam
c values increased dramatically as compared to Chl a values at
68 m during Edouard (Plate 2b). This implies massive bottom
resuspension of previously deposited detrital matter. About 1
week following the passage of Hurricane Edouard, Chl a and
beam c values at all depths nearly returned to those of preEdouard conditions. This analysis was not performed for Hurricane Hortense because of biofouling of the transmissometers
and ac-9s at 37 m.
Analysis of absorption data shows the change in percent
contribution of each of the important components of seawater
(Table 1) at 68 m with the passage of Hurricane Edouard.
Total absorption data (without water) measured by the ac-9
(a t⫺w (  ), expressed in m⫺1) were partitioned into absorption
due to phytoplankton, a ph(), and detritus plus gelbstoff,
a d ⫹ g (  ), using methods described by Chang and Dickey
[1999]. The percent contribution (at 440 nm wavelength) of
phytoplankton to total absorption increased from 12.3 to
34.6% at 68 m. In addition, the percentage of absorption
due to detritus plus gelbstoff decreased with the storm at
near-bottom (Table 1). This is again from mixing of phytoplankton throughout the water column and resuspended
relict pigments.
Similar analysis was performed for partitioned absorption
during the passage of Hurricane Hortense (Table 1). The percent contribution of phytoplankton at 68 m increased slightly
during the passage of Hortense and then returned to prehurricane values ⬃5 days later (data not shown). Also similar to
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Plate 1. Hourly averaged time series of beam attenuation coefficient at nine wavelengths as recorded by the
(a) 37, (b) 52, and (c) 68 m ac-9. Dates are also presented as decimal year day, with the convention that 00:00
UTC January 1 is day 1.0. E represents the time when Hurricane Edouard was closest to the CMO site. H
represents when Hurricane Hortense was closest to the CMO site.
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Plate 2. Chlorophyll a concentration derived from WETStar fluorescence plotted versus beam c (660 nm;
derived from the transmissometer) at 37 (pluses), 52 (asterisks), and 68 m (open circles) depths over the
period of (a) August 26 –28, 1996, (b) September 2– 4, 1996, and (c) September 8 –10, 1996. Note the
differences in the scales of the abscissa axes.
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Figure 2. Time series of east (u cx ) and north (u cy ) component velocity recorded by the moored acoustic
Doppler current profiler (ADCP) at (a) 35, (b) 39, (d) 51, and (e) 55 m depths and (c) shear calculated
between 35 and 39 m.
the results of Hurricane Edouard, percent contribution of detrital plus gelbstoff absorption decreased.
Two peaks in the 68 m beam attenuation time series records
are noticeable during Hurricane Hortense sediment resuspension (September 14, 1996; arrows in Plate 1c). Advection of
resuspended sediments past the mooring is one possible explanation for this event. However, if this were the case, the increase in beam attenuation would probably be seen at all
depths at the same time. The increase in beam attenuation
occurs first near the bottom, then three quarters of a day later
at 52 m and another three quarters of a day later at 37 m
(Plates 1a, 1b, and 1c). In addition, shear values calculated for
the 37 and 52 m depths were not significantly different from
those during nonhurricane conditions. Beam attenuation val-

ues decreased between each depth from ⬎20 m⫺1 (mean value
was computed to be ⬃0.9 m⫺1, averaged between July 8 and
September 26, 1996) at 68 m to ⬃4 m⫺1 (mean of 0.7 m⫺1) at
52 m and to ⬍1.5 m⫺1 (mean of 0.4 m⫺1) at 37 m. Two distinct
trains of wind-generated surface waves associated with
Hortense possibly caused the successive rise, dip, and rise
sequence in beam attenuation. The results from the combined
current-wave shear stress analysis (see section 3.4) and synthetic aperature radar (SAR) images (not shown) (D. R.
Thompson et al., SAR observations and comparisons with in
situ wave measurements during the passage of Hurricane Edouard in September 1996, submitted to Journal of Geophysical
Research, 2000) provide supporting evidence for this hypothesis.
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Figure 3. Stickplots of currents at (a) 23, (b) 39, and (c) 51 m depths. Current speeds are represented by the
length of the lines scaled to 25 cm s⫺1.
3.3.

Oceanic Conditions

The temperature time series (Figure 4a) shows a highly
stratified water column before the passage of Hurricane Edouard, which is common in the MAB during the late summer
to early fall months. With the passage of Hurricane Edouard
the mixed layer depth (MLD) deepened rapidly with temperature differences from the top (14 m) to the bottom (68 m) of
the water column decreasing from 12⬚ to ⬃4⬚C (Figure 4a).
The MLD was calculated (using a 1⬚ temperature difference
criterion) to be ⬃11 m prior to Edouard, deepening to ⬃70 m
during the passage of the storm. This shows that surface water
temperatures cooled, while bottom water temperatures
warmed. The large oscillations in temperature at 37 m after the
onset of the hurricane are attributed to large-amplitude internal waves, which can be seen in the optical data as well (Plate
1a). The water column began to restratify roughly 6 –7 days
following the passage of Edouard. Hurricane Hortense, which
passed 12 days after Edouard, resulted in the remixing of the
water column with temperature differences from the top (14
m) to the bottom (68 m) of the water column changing from
⬃6⬚ to 3⬚C. The MLD deepened from ⬃18 to ⬃50 m.
The sediment resuspension (as seen in the optical data; Plate
1) caused by Hurricane Edouard was first observed when the
storm was ⬎900 km south of the CMO site on August 31, 1996
(distances were obtained from NHC hurricane “best track”
data). NDBC buoy 44008 recorded decreased wind speeds (0.4
m s⫺1, down from 3.2 m s⫺1 the prior hour), a significant wave
period of 12.5 s, and a significant wave height of 1.74 m at this
time (Figures 4b– 4d). The wavelength for waves associated
with Edouard was computed using linear wave theory and
estimated using SAR satellite wave data to be ⬃230 m. Group
velocity was calculated to be ⬃11 m s⫺1, and wave propagation
speed was ⬃19 m s⫺1. The travel time of the wave group was

estimated to be 2.8 hours. The most dramatic increases in the
optical data occurred 3 hours after the eye of Edouard passed
nearest to the mooring (within 110 km; September 2, 1996),
which is approximately equal to the travel time of the waves.
The major increase in beam attenuation was caused by sediment resuspension, primarily through local wind, current, and
wave forcing of Edouard. The NDBC buoy data show that the
winds peaked at near 25 m s⫺1, the significant wave height
exceeded 9 m, and the significant wave period was 12.5 s at the
time of closest passage (Figures 4b– 4d).
The peak in wave energy density measured by NDBC buoy
44008 increased in magnitude from ⬃1.5 m2 Hz⫺1 at 0.18 Hz
in “calm conditions” to 4 m2 Hz⫺1 at 0.08 Hz at the onset of
resuspension at the CMO site to near 70 m2 Hz⫺1 at 0.08 and
0.12 Hz when Hurricane Edouard was nearest to the mooring
(Figure 4e). These data and SAR satellite images show that
long, low-frequency, high-amplitude waves originated from
Hurricane Edouard and traveled to the CMO site. The bimodal distribution suggests the presence of multiple wave
trains propagating through the mooring site at the peak of the
storm. NDBC wave energy density spectra during the passage
of Hurricane Hortense (September 13–14, 1996) are unavailable.
At the time of the closest passage of Hurricane Hortense,
winds were variable, peaking at ⬃11 m s⫺1, and significant
wave height was 4 m (Figures 4b and 4c). Given a significant
period of 20.0 s recorded by NDBC buoy 44008, wavelength
was computed to be 460 m, wave propagation speed was ⬃23
m s⫺1, and group velocity was ⬃18 m s⫺1 with a wave group
travel time of 5.31 hours. In contrast to Hurricane Edouard,
the wave group travel time for Hortense did not equal the time
between the closest passage of the storm and the highest resuspension event. The sediment response to Hurricane
Hortense was likely primarily caused by remote forcing pro-
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Table 1. Percent Contribution of Phytoplankton and
Detrital Plus Gelbstoff Absorption to Total
Absorption at the 440 nm Wavelength at 68 m
Depth for Hurricane Edouard, Hurricane Hortense,
and Nonhurricane Conditions
68 m

a ph (440), %

a d⫹g (440), %

Nonhurricane
Edouard
Hortense

12.3
34.6
29.5

87.7
65.4
70.5

Here ph is phytoplankton and d ⫹ g is detrital plus gelbstoff.
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cesses (i.e., multidirectional trains of surface waves generated
at a great distance away).
3.4. Currents
ADCP current velocities in the upper water column (35 m)
increased from mean values of ⬃20 cm s⫺1 to values ⬎65 cm
s⫺1 during the passages of Hurricanes Edouard and Hortense
(Figure 2a). Increased velocities continued for nearly 6 days
during Edouard and for less ⬍1 day with Hurricane Hortense.
Shear at 37 and 52 m peaked at ⬃0.045 s⫺1 (from average
values of ⬃0.008 s⫺1; water column shear was calculated using

Figure 4. (a) Temperature time series at 14, 37, 52, and 68 m depths measured by bio-optical systems
(BIOPS); National Data Buoy Center (NDBC) buoy 44008 hourly averaged time series of (b) wind speed
evaluated at a height of 5 m above the sea surface, (c) significant wave height, (d) dominant wave period, and
(e) wave energy density spectra for calm conditions (open circles), the period when sediment resuspension
began at the mooring (pluses), and when Hurricane Edouard was closest to the mooring site (asterisks).
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Figure 5. Time series of half-hour burst-averaged (a) east and north current velocity at 0.38 m above the
bottom (mab), (b) bottom shear between 0.38 and 0.0 mab, (c) subtidal plus tidal current dissipation rate at
0.38 mab (calculated using 36 hour filtered currents added to 12 hour filtered currents), (d) subtidal plus tidal
current bottom shear stress at 0.38 mab (calculated using 36 hour filtered currents added to 12 hour filtered
currents), and (e) 1 hour averaged beam c (676 nm) measured from the 68 m ac-9.

ADCP current data, which were 4 m apart) during the passage
of Hurricane Edouard and, interestingly, did not increase significantly from mean values during Hurricane Hortense (37 m
shear seen in Figure 2c). Subtidal current (36 hours averaged
ADCP data to show mass transport) stickplots in the upper
water column show unidirectional flow of water toward the
northwest at ⬎25 cm s⫺1 during Edouard (Figure 3). Subtidal
current speeds were weaker with Hortense, and the direction
of flow was more variable.
At 0.38 mab, currents increased from average values of 5–10
cm s⫺1 to ⬃30 cm s⫺1 and lasted ⬃4 days with the passage of

Hurricane Edouard. Hurricane Hortense forced peak currents
of 25 cm s⫺1 lasting for ⬃1 day at 0.38 mab (Figure 5a).
Bottom shear increased by greater than a factor of 2 with the
passage of Hurricane Edouard and by approximately a factor
of 1.5 with the passage of Hurricane Hortense between 0.0 and
0.38 mab (Figure 5b). Hurricane Edouard resulted in values of
subtidal plus tidal-current dissipation rates at 0.38 mab increasing from 0.02 to ⬃0.4 cm2 s⫺3. During and following the
passage of Hurricane Hortense,  c did not change significantly
from calm condition values (Figure 5c). Subtidal plus tidalcurrent bottom shear stress increased dramatically with the
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Figure 6. Time series of half-hour burst-averaged (a) wave orbital velocity at 0.38 mab, (b) combined
current-wave dissipation rate, (c) combined current-wave bottom shear stress (shear stress equal to 0.8 dyn
cm⫺2 is labeled and indicated by the horizontal line), and (d) 1 hour averaged beam c (676 nm) measured
from the 68 m ac-9.

passage of Edouard (from ⬍0.05 to ⬃3 dyn cm⫺2) but did not
increase substantially with the passage of Hortense (Figure
5d). Beam attenuation at 676 nm is presented in Figures 5e and
6d as an indicator of periods of sediment resuspension.
Wave orbital velocity increased from ⬃2 cm s⫺1 to ⬎20 cm
s⫺1 during the passage of Hurricane Edouard. Hortense resulted in u w values increasing from 2 to ⬃15 cm s⫺1 (Figure
6a). Peaks in wave orbital velocity coincided with the highest
sediment resuspension seen in the beam attenuation record for
both Edouard and Hortense (Figure 6). Combined currentwave (includes tides) dissipation rates increased from near
zero to ⬎0.4 cm2 s⫺3 during the passage of Hurricane Edouard

and increased again from near zero to ⬃0.2 cm2 s⫺3 during
Hortense (Figure 6b).
Sediment was resuspended at 68 m when shear stress
reached 0.8 dyn cm⫺2 on the basis of a comparison between
the bottom beam attenuation (68 m) and shear stress (0.38
mab) time series. During the passage of Hurricane Edouard,
subtidal plus tidal current bottom shear stress exceeded 0.8 dyn
cm⫺2 (Figure 5d). However, the second major sediment resuspension caused by Hurricane Hortense began when  c was
below 0.8 dyn cm⫺2 (Figure 5d). On the other hand, sediment
resuspension occurred when combined current-wave (includes
tides) shear stress reached 0.8 dyn cm⫺2 during the passage of
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Figure 7. Combined current-wave bottom shear stress plotted versus beam c (676 nm) measured from the
68 m ac-9 for the time period of passage of (a) Hurricane Edouard (August 22 to September 6, 1996), r 2 ⫽
0.81, and (b) Hurricane Hortense (September 6 –21, 1996), r 2 ⫽ 0.73. The dark dashed line indicates the
best fit line. The light lines indicate the 95% confidence intervals.

both Hurricanes Edouard and Hortense. Hurricane Edouard
resulted in  c⫹w increasing from ⬃0.5 to ⬎3.5 dynes cm⫺2
(Figure 6c). Combined current-wave shear stress exceeded 0.8
dyn cm⫺2 for ⬃7 days following Edouard. Values of  c⫹w
during Hurricane Hortense were ⬎0.8 dyn cm⫺2 for 2 days;
values increased from 0.1 to 2 dyn cm⫺2 (Figure 6c).
Regression analyses between  c and beam c and  c⫹w and
beam c (Figure 7a) near the bottom reveal correlations of 0.68
and 0.81, respectively, over the period of passage of Hurricane
Edouard (August 22, to September 6, 1996). These correlations provide strong evidence that the sediment resuspension
during Hurricane Edouard was locally forced by high currents,
tides, and waves at the bottom. However, a correlation of 0.007
was found between  c and beam c during the passage of Hur-

ricane Hortense (September 6 –21, 1996). A correlation of 0.73
was found between  c⫹w and beam c over the same period
(Figure 7b). This suggests that sediment resuspension associated with Hurricane Hortense resulted from remotely forced
bottom turbulence induced by high wave orbital velocities with
little contribution from near-bottom currents.
Grant and Madsen [1979], Glenn and Grant [1987], Lyne et
al. [1990], and many others have shown that sediment resuspension by waves without strong low-frequency currents is not
uncommon. The major physical processes governing the structure of the near-bottom flow on a continental shelf are the
interaction of surface waves with relatively low frequency currents [Glenn and Grant, 1987]. This interaction has been found
to be nonlinear [e.g., Grant and Madsen, 1979; Christoffersen
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and Jonsson, 1985]. As waves approach shallower water, the
values of near-bottom wave orbital velocities are of the same
magnitude as those of strong coastal currents. The boundary
shear stress associated with wave motion, however, is oftentimes an order of magnitude larger than the boundary shear
stress associated with a subtidal current of comparable magnitude [Grant and Madsen, 1979]. This phenomenon is largely
due to the formation of an oscillatory wave boundary layer
within a relatively steady current boundary layer. The result is
that waves are capable of resuspending bottom sediment when
a current of comparable magnitude may be too weak to initiate
sediment motion [Grant and Madsen, 1979]. For example,
Wright et al. [1986] reported sediment resuspension during a
northeasterly storm in the absence of strong currents. The
sediment resuspension coincided with the peak in wave orbital
velocity.

4.

Summary

It has long been recognized that storms can play an important role in mixing, resuspending, and dispersing shelf sediments and pollutants [e.g., Madsen et al., 1993; Nittrouer and
Wright, 1994; Wright et al., 1994]. However, few direct observations had been made previously. The present comprehensive
physical and optical measurements have captured two consecutive hurricanes that passed over the CMO study site within a
2 week period in the fall of 1996. Hurricane Edouard led to
massive sediment resuspension of bottom sediments more than
30 m above the ocean bottom with beam attenuation values
increasing by about a factor of 30. Sediment resuspension was
primarily locally driven through near-bottom current, tidal,
and wave processes. Optical analyses reveal that resuspended
matter consisted mainly of detritus and relict pigments. The
resuspended sediments are hypothesized to have been advected toward the northwest following the passage of the
storm. This is evidenced by the time of relaxation to preEdouard values of beam attenuation throughout the water
column and the intense currents and shear associated with the
passage of Hurricane Edouard. Unlike Edouard, Hurricane
Hortense passed much farther from the experimental site. Sediment resuspension was likely caused by remote wave-induced
forcing with comparatively little contribution from currents.
Hurricane Hortense resulted in resuspension of bottom sediments ⬃30 m up into the water column, with a twentyfold
increase in beam c values at the bottom. Similar to Edouard,
resuspended material was mostly detritus.

Appendix
The necessary equations for calculation of the bottom shear
stress from combined current and wave motion (tides included) are presented below [Christoffersen and Jonsson, 1985]:

 c⫹w ⫽ 0.5 f w u w2 n,

(6)

where f w is a wave friction factor and n describes the relationship between the current and the wave:
n ⫽ 关1 ⫹  2 ⫹ 2  兩cos 共 ␦ ⫺ ␣ 兲兩兴 1/ 2,

(7a)

where (␦ ⫺ ␣) is the angle between the current and the wave
and  is the ratio of the magnitude of current-induced shear
stress at the bed to the amplitude of wave-induced shear stress
at the bed and is represented by

 ⫽ 共 f c/f w兲共u c/u w兲 2,
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(7b)

where f c is the current friction factor. A pure current was
assumed for the first iteration, and the current friction factor
was calculated using the expression
共2/f c兲 1/ 2 ⫽ 共1/  兲 ln 关共30h兲/共ek n兲兴 ⫺ 共1/  兲 ln 共k a/k n兲,

(8)

where k n is the Nikuradse roughness and k a is the apparent
roughness. This assumes that the bed is flat and the scale of the
roughness elements is the grain diameter. Although no bedform data were collected during CMO, we feel that this assumption is valid because bedforms tend to disappear at high
shear stresses in fine, cohesive sediments [e.g., Madsen et al.,
1993]. Next, a pure wave was assumed (n ⫽ 1), and the wave
friction factor was computed:
f w ⫽ 兵关4 ␤ 共2n兲 1/ 2k n 兴/共u wT兲其 2/3,

(9)

where ␤ is an empirical turbulence constant. Measured subtidal plus tidal current and estimated wave orbital velocity and
computed wave and current friction factors were iterated using
(7a), (7b), and (9) to obtain values for n and f w . Then k a was
estimated using the relation
共k a/k n兲 ⫽ 30共 ␦ w/k n兲 exp 关⫺共  / ␤ 兲共 ␦ w/k n兲共  /n兲 1/ 2兴,

(10a)

with

␦ w/k n ⫽ 0.45共  / 冑 2兲共 ␤ J兲 1/ 2 ,

(10b)

J ⫽ 关共1/ 2兲共nf w兲兴 1/ 2关u w/共k n a兲兴,

(10c)

 a ⫽ 2  /T,

(10d)

where ␦ w is the wave boundary layer thickness and  a is the
angular wave frequency. A new value of f c was computed using
(8), and the procedure was repeated until the value for f c
converged. Lastly,  c⫹w was calculated using (6). The combined current-wave dissipation rate was estimated using the
following relationship [Gross et al., 1994]:
 c⫹ ⫽ u

3

* c⫹w/共  z兲.

(11)

Notation
a d⫹g (  ) detrital plus gelbstoff spectral absorption
coefficient (m⫺1).
a ph (  ) phytoplankton spectral absorption coefficient
(m⫺1).
a t⫺w (  ) total minus water spectral absorption coefficient
(m⫺1).
c(  ) spectral beam attenuation coefficient (m⫺1).
e natural logarithm base (⬃2.718).
f c current friction factor (unitless).
f w wave friction factor (unitless).
g acceleration of gravity (m s⫺2).
h water depth (m).
J model parameter (unitless; equation (10c)).
k a apparent roughness (cm; equation (10a)).
k n Nikuradse roughness (0.4 cm).
n model parameter (unitless; equation (7a)).
T significant wave period (s).
u c scalar representation of subtidal plus tidal
current velocity (cm s⫺1).
u cx east component of velocity (cm s⫺1).
u cy north component of velocity (cm s⫺1).
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u w wave-orbital velocity (cm s⫺1).
u * c current friction velocity (cm s⫺1).
u * c⫹w combined current and wave friction velocity
(cm s⫺1).
z distance above the ocean bottom (cm).
z 0 roughness parameter (cm).
␤ empirical turbulence constant (0.0747).
( ␦ - ␣ ) angle between current and wave (assumed to
be 0⬚).
␦ w wave boundary layer thickness (cm).
 c subtidal plus tidal current dissipation rate
(cm2 s⫺3).
 c⫹w combined current and wave dissipation rate
(cm2 s⫺3).
 von Karman’s constant (0.4).
 wavelength for optical instruments (nm).
 density of seawater (g cm⫺3).
 model parameter (unitless; equation (7b)).
shb bottom shear (s⫺1).
 c subtidal plus tidal current bottom shear stress
(dyn cm⫺2).
 c⫹w combined current and wave bottom shear stress
(dyn cm⫺2).
 angular wave frequency (rad s⫺1).
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