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Abstract

A field experiment was carried out in Massachusetts Bay in August 1998 to assess the role of large-amplitude

internal waves (LIWs) in resuspending bottom sediments. The field experiment consisted of a four-element moored

array extending from just west of Stellwagen Bank (90-m water depth) across Stellwagen Basin (85- and 50-m water

depth) to the coast (24-m water depth). The LIWs were observed in packets of 5–10 waves, had periods of 5–10min

and wavelengths of 200–400m, and caused downward excursions of the thermocline of as much as 30m. At the 85-m site,

the current measured 1m above bottom (mab) typically increased from near 0 to 0.2m/s offshore in a few minutes

upon arrival of the LIWs. At the 50-m site, the near-bottom offshore flow measured 6mab increased from about

0.1 to 0.4–0.6m/s upon arrival of the LIWs and remained offshore in the bottom layer for 1–2 h. The near-bottom

currents associated with the LIWs, in concert with the tidal currents, were directed offshore and sufficient to resuspend

the bottom sediments at both the 50- and 85-m sites. When LIWs are present, they may resuspend sediments for as

long as 5 hours each tidal cycle as they travel westward across Stellwagen Basin. At 85-m water depth, resuspension

associated with LIWs is estimated to occur for about 0.4 days each summer, about the same amount of time as caused by

surface waves.
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1. Introduction

The distribution of surficial sediment in Massa-
chusetts Bay (Fig. 1) reflects the topography, the
processes that resuspend and transport sediments,
and the geologic history of the region. Stellwagen
Bank and Jeffreys Ledge are shallow banks
(20–40m water depth) covered with sand and gravel
that have been winnowed by waves and currents
since the last rise in sea level. Similarly, the inner
shelf along the western shore of Massachusetts Bay
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Fig. 1. Backscatter intensity (colored area) and shaded relief topography of the coastal region to the east of Boston (from Butman et al.,

2004a). Red indicates high backscatter intensity material (typically sand, gravel and rock); blue indicates low backscatter intensity material

(typically silt and clay). A, B and C are the locations of the moorings deployed as part of MBIWE98. LT-A and LT-B are the USGS/

MWRA long-term monitoring sites. NOAA 44013 is the location of the surface wave measurements.
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at water depths shallower than 40–50m is covered
with sand, gravel and rock. Stellwagen Basin, the
deepest part of Massachusetts Bay, is 80–90m deep
and is floored with fine-grained mud. The basin is
generally considered to be a tranquil long-term
depositional site for sediments winnowed from the
inshore areas and the shallow banks (Tucholke and
Hollister, 1973; Knebel and Circe, 1995). Sediment
accumulation rates are about 0.001m/year (Crusius
et al., 2004). Along the western shore of Massachu-
setts Bay, the transition from mud to coarser
sediments occurs at about the 50-m isobath. This
transition is especially abrupt, occurring over a few
hundred meters, along a 8-km section of the coast
centered near 421 14.50N, 701 33.50W (near Site C,
Fig. 1).
A well-recognized mechanism for the resuspen-
sion of bottom sediments in shallow coastal areas is
bottom stress associated with surface waves. In
Massachusetts Bay surface waves associated with
winter storms, particularly waves that enter from
the Gulf of Maine generated by storms with winds
from the northeast, are sufficiently large to resus-
pend bottom sediments in water depths shallower
than about 50m. It is hypothesized that these waves
resuspend sediments along the shallow western
shore of Massachusetts Bay and from the top of
Stellwagen Bank. Along the western shore, the
currents driven by the winds from the northeast
carry the sediments southeastward toward Cape
Cod Bay and offshore into Stellwagen Basin where
they accumulate (Butman et al., 2005b). Elevated
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levels of contaminants, hypothesized to be trans-
ported from the Boston metropolitan region in this
transport pattern, are found in the sediments of
Cape Cod Bay and Stellwagen Basin (Ravizza and
Bothner, 1996).

The existence of large-amplitude internal waves
(LIWs) in Massachusetts Bay was first described by
Halpern (1971), with further investigations by
Haury et al. (1979, 1983), Chereskin (1983), Trask
and Briscoe (1983), and Scotti and Pineda (2004).
The waves are generated by interaction of the
barotropic tide with Stellwagen Bank in summer
when the water column is stratified. LIWs propa-
gate westward into the bay on the flood (westward
flowing) tide at about 0.5m/s; these waves of
depression are observed in packets of 5–10 waves,
have periods of 5–10min, and cause downward
excursions of the thermocline of as much as 30m.
Signatures of the internal wave packets have been
observed in Synthetic Aperture Radar (SAR)
images but not in water shallower than about
40m, approximately where the thermocline depth
reaches half the water depth (Trask and Briscoe,
1983). Scotti and Pineda (2004) observed waves of
elevation at 25-m water depth, presumably morphed
from the waves of depression observed in Stellwa-
gen Basin.

The Massachusetts Bay Internal Wave Experi-
ment (MBIWE98) was carried out to characterize
the LIWs near the generation region, in the area of
propagation, and in the area of dissipation, and to
investigate the resuspension and transport of
bottom sediments caused by these waves. This
paper addresses three questions: (1) do the
LIWs resuspend the fine-grained sediments occur-
ring in Stellwagen Basin; (2) do the LIWs trans-
port sediments and associated contaminants off-
shore to Stellwagen Basin; and (3) do the LIWs
play a role in the sharp transition from coarse to
fine-grained sediments at about 50-m water depth
that occurs along the western shore of Massachu-
setts Bay? This is the first investigation of the role
of the LIWs in resuspending and transporting
sediments.

Several papers present additional analyses and
interpretations of the data collected in the
MBIWE98. Scotti et al. (2005) present a beam-to-
earth coordinate transformation to determine the
currents measured by an ADCP in a field of short-
wavelength internal waves like those observed in
Massachusetts Bay. Descriptions of the MBIWE98
moored array and hydrographic data may be found
in a data report by Butman et al. (2006). Grosen-
baugh et al. (2002) report on the performance of the
MBIWE98 horizontal array.

Internal waves are ubiquitous in the coastal ocean
and have been observed using moored instrumenta-
tion and by remote sensing (Global Ocean Associ-
ates, 2004). However, direct observations of near-
bottom currents and sediment resuspension and/or
transport by these waves are limited. Butman et al.
(1979) documented near-bottom offshore currents
associated with LIWs in the mid-Atlantic Bight, but
they were not strong enough to resuspend the
bottom sediments at 65-m water depth. On the
southern flank of Georges Bank, Butman (1987)
measured near-bottom flow and documented episo-
dic sediment resuspension and ripple formation by
LIWs at 85-m water depth. At other locations on
Georges Bank, the currents associated with LIWs
were almost never strong enough to cause sediment
movement alone, but when superimposed on tidal
and other currents, they were a major cause of
infrequent sediment movement in summer. In both
these studies, the near-bottom currents associated
with the LIWs were directed offshore. In Santa
Monica Bay, CA, Noble and Xu (2003) describe
near-bottom off-shelf transport by internal bores
with near-bottom velocities of 0.3–0.4m/s and
attribute the coarse sediments found in a band
along the shelf break to winnowing by these
currents. Shorter-term observations of LIW events
on the Palos Verdes shelf (Bogucki et al., 1997), on
the Oregon shelf (Klymak and Moum, 2003) and
offshore of Oceanside California (Johnson et al.,
2001) show increased near-bottom suspended-sedi-
ment concentrations associated with the passage of
various LIWs.

Several characteristics of sediment transport by
LIWs emerge from these field observations. First,
the currents associated with LIWs are typically
aligned in the cross-shelf direction, as the waves
typically propagate across the shelf from deep to
shallow water. The near-bottom currents are usually
asymmetric (offshore for a wave of depression,
onshore for a wave of elevation), and thus the LIWs
provide an organized mechanism for onshore/off-
shore transport of sediments and materials. These
characteristics are in contrast to the wind-driven
currents where the strongest currents are typically
along-shelf, or the symmetrical cross-shelf tidal
currents. Second, the effect of LIWs may be
stronger on the outer and mid-shelf region and
weaker in shallow water inshore of a dissipation
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region. The LIW dissipation region may be parti-
cularly energetic. This decrease in strength is in
contrast to the influence of surface waves, a well-
established major cause of sediment resuspension on
the continental shelf, that is typically largest in
shallow water. Third, although the currents asso-
ciated with LIWs have generally been observed to
occur a small fraction of the time, they are often
large enough, especially in concert with tidal and
other flows, to episodically scour the sea floor and
resuspend bottom sediments. Finally, although the
ability of LIWs to resuspend and transport sedi-
ments is established, the relative rates and long-term
effects of these processes on the regional geology
(such as Cacchione et al., 2002; Noble and Xu,
2003) or on the long-term fate of particles or
animals (for example Pineda, 1991) have received
less attention.
2. Field experiment

The MBIWE98, carried out from August 3 to
September 2, 1998, consisted of a moored array
experiment and hydrographic surveys. Sediment
sampling and bottom photography were carried
out in July 1999.
Fig. 2. Cross section of Massachusetts Bay showing location and type

packets of LIWs as they propagate westward from Stellwagen Bank ac

Currents were measured with four types of instruments: RDI acoustic

vector-measuring current meter (VMCM), and BASS acoustic travel ti

were deployed at Sites B and C.
2.1. MBIWE98 moored array

The moored array consisted of instrumented
moorings deployed at 3 stations spaced across
Massachusetts Bay aligned along 55–2451 (Figs. 1
and 2). Site A, located at 42119.90N, 70123.50W
about 5 km from the western edge of Stellwagen
Bank at 90-m water depth, was placed to provide a
description of the LIWs near the generation region.
Site A was instrumented at 10, 20, 30, 40 and 50-m
depth with temperature and conductivity sensors on
a surface mooring. Site B, located at 421 17.50N, 701
27.30W, was in the center of Stellwagen Basin at 85-
m water depth, approximately 12 km from the
western edge of Stellwagen Bank and 7.1 km from
Site A. Site B is near the location of previous
observations of the LIWs made by Halpern (1971)
and Haury et al. (1979). Site B was instrumented
from the surface to 1m above bottom (mab) with an
array of temperature, conductivity, current, light
transmission and pressure sensors deployed on
surface and subsurface moorings and on a bottom
tripod. A ‘horizontal’ mooring deployed at Site B
provided closely spaced measurements in both the
horizontal (order 20m) and vertical (5m) (see
Grosenbaugh et al. (2002) for a description of this
mooring). Site C was located at 42114.70N,
of instruments deployed at sites A, B, C and LT-B to observe the

ross Stellwagen Basin to the western shore of Massachusetts Bay.

Doppler current profiler (ADCP), FSI acoustic current meters,

me sensors. The near-bottom instruments discussed in this paper



ARTICLE IN PRESS
B. Butman et al. / Continental Shelf Research 26 (2006) 2029–2049 2033
70133.20W at 50-m water depth, just offshore of the
transition from coarse to fine-grained sediments and
9.5 km from Site B. Temperature, conductivity,
current, pressure, and light transmission sensors
were deployed on a surface and subsurface mooring,
and on a small bottom tripod. Time-series photo-
graphs were obtained every hour at Site C by means
of a 35mm camera on the bottom tripod. In order
to resolve the high-frequency motions associated
with the LIWs, instruments in the array were set to
sample every 15 s (for some temperature and
conductivity observations), or every minute (for
most current observations and other temperature
and conductivity observations). The ADCP mea-
surements were processed to account for the spatial
differences in the current over the spacing of the
acoustic beams during passage of the LIWs using
the method described in Scotti et al. (2005).

2.2. Long-term observations

Moorings were also in place during MBIWE98
at two additional sites in western Massachusetts
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transect from the western edge of Massachusetts Bay to Stellwagen
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sediment sample could be obtained.
Bay (Site LT-A at 42122.60N, 70147.00 W and
Site LT-B at 4219.70N, 70138.40W) (Fig. 1) as
part of a long-term monitoring program carried
out by the USGS in cooperation with the Massa-
chusetts Water Resources Authority (Butman et al.,
2004b). Instrumentation at Site LT-A included a
subsurface mooring with a vector measuring current
meter (VMCM), temperature, conductivity, and
transmissometer at 10mab, and a bottom tripod
with upward-looking ADCP and near-bottom
current, temperature, conductivity, pressure, and
light transmission sensors and camera. On several
deployments a McLane Labs Water Transfer
System (WTS 6-24-47FH) was deployed on the
tripod at Station A to collect in situ suspended
particulate matter. An upward looking ADCP
was deployed on a bottom tripod at Site LT-B.
The sampling rate of the near-bottom instru-
ments (VMCM and tripod sensors) at LT-A
was 3.75min, the ADCP’s at LT-A and LT-B
sampled for 5min every 15min. Observations have
been made at LT-A since 1990 and at LT-B since
1997.
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2.3. Hydrography

Three hydrographic cruises were conducted dur-
ing the moored array experiment to map the
temperature, salinity, and suspended-sediment fields
across Massachusetts Bay. Sections of temperature
and salinity were made along a transect through the
moorings (Fig. 1) on August 6 and August 20, 1998
on the FV Christopher Andrew, and sections of
temperature, salinity and light transmission were
made between August 31 and September 2, 1998,
during mooring recovery, on the RV Argo Maine.
Temperature and salinity on the RV Argo Maine

were measured with a SeaBird 9/11CTD and light
transmission with a 0.25-m path-length Chelsea
AlphaTrackA transmissometer. Beam attenuation
(1/m) was computed as �ln(% light transmission).
2.4. Wave and wind observations

Surface wave observations from NOAA Buoy
44013, located at 42121.230N, 70141.480W (Fig. 1),
were obtained from the National Data Buoy Center
Fig. 4. Photographs of the sea floor at Site A (90-m water depth), Site B

C (35-m water depth). The pink color on the cobbles at the site inshore o

water depths shallower than about 25m where sufficient light reaches th

not frequently overturned. The black rectangle on the right side of the
for the period 1996–2005. Bottom wave-orbital
velocities were calculated from the surface wave
spectra using linear wave theory and then used to
calculate bottom stress following Madsen (1994).

2.5. Synthetic Aperture Radar (SAR) images

SAR images of Massachusetts Bay at 25-m
resolution were obtained by the Radarsat-1 satellite
on August 17, 27 and 30, 1998 at 10:57, 22:37, and
22:24 h GMT, respectively. Under favorable condi-
tions, changes in the sea surface roughness caused
by the divergence in the surface flow associated with
the LIWs can provide a picture of the spatial
distribution of the waves (Gasparovic et al., 1986,
1988). LIW features in the SAR images were
identified, traced by hand and combined into a
composite figure.

2.6. Site characterization

The sea floor of Massachusetts Bay has been
mapped using a multibeam sea floor mapping
(85-m water depth), Site C (50-m water depth) and inshore of Site

f Site C is a calcareous algae that grows on cobbles or boulders in

e sea floor; the presence of the algae suggests that these cobbles are

images is a photo identifier.
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system, providing bathymetry and backscatter
intensity at a spatial resolution of 10m (Butman
et al., 2004a) (Fig. 1). Photographs, videos, and
samples of the sea floor were obtained in July 1999
from the FV Isabel S (Gutierrez et al., 2001) along a
transect (Fig. 1) between the MBIWE98 mooring
locations using the USGS SEABOSS sampling
system (Valentine et al., 2000). Sediments were
processed according the procedures outlined in
Poppe et al. (2000) and classified according to the
scheme of Shepard (1954).

2.7. Suspended-sediment concentration

The beam attenuation calculated from the trans-
missometers deployed on the moorings and used for
the hydrographic section are used to provide a
qualitative measure of the change in suspended-
sediment concentration over time and space. The
attenuation of a suspension of particles increases
with the inverse of the diameter of the suspended
sediment, and attenuation is most sensitive to the
finest sizes in the population of suspended sediment
(Baker and Lavelle, 1984; Moody et al., 1987;
Wiberg et al., 1994). A quantitative measure of
sediment concentration from the transmission
measurements at a minimum requires knowledge
of the distribution of grain sizes in suspension and
was beyond the scope of this study. For a given
sediment size, however, attenuation increases line-
arly with increasing sediment concentration. The
pumped water samples obtained during resuspen-
sion events at LT-A suggest about 4mg/l sus-
pended-sediment concentration per m�1 of beam
attenuation (M. Bothner, personal communication).
Field calibrations of a Sea Tech transmissometer
(identical to that used in MBIWE98 moored array)
based on hydrographic profiles obtained during
calm conditions in the New York Bight (Harris
et al., 2003) suggest a proportionality of about 2mg/
lm�1 of beam attenuation. Using these calibrations
as a guide, changes in beam attenuation of 1–2m�1,
as measured in MBIWE98, indicate sediment
concentrations of a few mg/l.

3. Results

3.1. Geologic setting

Backscatter intensity from the multibeam sonar
surveys shows generally high backscatter intensity
on the shelf in water depths less than about 50m
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along the western shore of Massachusetts Bay, and
low backscatter intensity in deeper water (Fig. 1).
Along the mooring transect, sediment texture
becomes increasingly finer offshore (Fig. 3). On
the shelf at 40-m water depth (station 5132), the
sediment is about 15% gravel, 78% sand and 8%
mud (mean j of 1.8, gravel 410%). Photographs at
other sites in this area of high backscatter intensity
show a gravel pavement that could not be sampled
with a grab sampler. At Site C at 49-m water depth
(station 5134), located about 300m offshore (north-
eastward) of the sharp transition from high to
moderate backscatter intensity, the sediment is
about 81% sand and 19% silt plus clay (mean j
of 3.7, classified as sand). At Site B at 84-m water
depth (station 5140) and at Site A (station 5142)
near the deepest part of Stellwagen Basin at 95-m
water depth, backscatter intensity is low and the
sediment is about 3% sand and 97% silt plus clay
(mean j of 6.8, classified as clayey silt). Bottom
photographs (Fig. 4) show a gravel pavement on the
shelf (inshore of Site C) with patches of sand, sand
with numerous tubeworms at Site C (station 5134),
and muddy burrowed sediments in Stellwagen Basin
near Sites A and B.
3.2. Hydrography

The hydrographic section made across Massa-
chusetts Bay on September 1, 1998 shows a water
column stratified by warm fresher water near the
surface and colder saltier water near the bottom
(Fig. 5) and is similar to the sections made on
August 6 and 20, 1998. The pyncnocline is centered
between 10 and 15m; the mean Brunt-Vasaila
frequency at this depth for all stations occupied in
the September cruise near Site B was about 0.002 1/s
(period of about 8min). The depression in the
thermocline observed near Site A was due to a LIW.
At Site C, an LIW was observed about 3 h prior to
the hydrographic observations, so the structure
Fig. 6. (a) Temperature at Site B, August 7–30, 1998, contoured from o

the surface mooring), 45 and 70m (on the subsurface mooring) and

observed on August 22 shown in Figs. 6b,7b and 7c; (b). Temperature at

is a time-series of current along 70–2501 (positive offshore toward 701; ne

84m (white lines) and current every 15min from the upward-looking AD

C, August 20, 0700–1000, contoured from observations obtained from

41m (on the subsurface mooring) and at 49m (on the bottom tripod).

offshore toward 701; negative onshore toward 2501) at 15m from the AD

current every 15min from the upward-looking ADCP deployed on the

Site B approximately 4 h earlier (Fig. 6b).
reflects conditions following passage of an LIW.
The beam attenuation section (Fig. 5) shows beam
attenuation greater than 1.3 1/m in the surface
waters shallower than about 15m, a core of lower
beam attenuation water (less than 0.9 1/m) between
about 20 and 50m in Stellwagen Basin, and an
increase of beam attenuation of about 0.2 1/m
(corresponding to an increase in suspended-sedi-
ment concentration of perhaps 0.2mg/l) from about
50m to the bottom. The core of low-beam-attenua-
tion water extends to the western flank of Stellwa-
gen Bank. In the area surrounding Site C (between
about 40- and 60-m water depth along the south-
western part of the section) warmer saltier water
extends closer to the bottom compared to the water
to the east. The relatively high beam attenuation
near the surface is attributed to biological particles;
the near-bottom increase in Stellwagen Basin is
hypothesized to be the result of resuspension of
bottom sediments associated with LIWs (see
Section 3.4).
3.3. Large-amplitude internal waves

During MBIWE98, the temperature and current
fluctuations observed at Sites A, B and C were
dominated by LIW events (Figs. 6 and 7, Table 1).
These events were characterized by a rapid depres-
sion of the thermocline followed by onshore flow at
the surface and offshore flow at the bottom. The
LIWs propagated to the southwest across Massa-
chusetts Bay, regularly arriving at a fixed location
every semidiurnal tidal cycle (12.4 h) (Table 1).
Forty-nine packets of LIWs were observed at Site B
between August 7 and August 31 (Fig. 7a). To
simplify comparison of the LIW packets at the
different sites, each wave packet was assigned a
sequential event number based on the horizontal
array data at Site B, with event 1 beginning on
August 6 at 22:21 at Site A, August 7 at 1:23 at Site
B, and August 7 at 6:21 at Site C. The packets
bservations obtained from instruments at 0, 10, 20, and 30m (on

84m (on the bottom tripod). The white arrow marks the event

Site B, August 22, 0300–0600, contoured as in (6a). Superimposed

gative onshore toward 2501) from current meters at 15, 45, 75 and

CP on the bottom tripod (black arrows); (c). Temperature at Site

instruments at 10m (on the surface mooring), and at 21, 31 and

Superimposed is a time-series of current along 70–2501 (positive

CP (black line), current at 45m from the VMCM (white line) and

bottom tripod (black arrows). This is the same event observed at
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arrived at Sites A, B and C at 2.170.3, 5.270.5,
and 10.071.1 h after low water at Site B, respec-
tively. The speed of travel of the packets between
Sites A and B and Sites B and C was 0.63 and
0.54m/s, respectively (uncorrected for advection).
At Site B, based on the travel through the
horizontal array, the packets traveled at about
0.64m/s.

At Site B, the LIWs arrive during the last hour of
the flood tide (on average about 5 h after low water)
when the tidal current is weakly westward (on-
shore). When the waves arrive, the current speed
measured 1mab typically changes from less than
0
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the northeast (Figs. 6c,7b,7c). In some cases there
are oscillations in the flow at Site C similar to those
observed at Site B, but in most cases the flow
remains steady to the northeast for 1–2 h following
the arrival of the LIWs. The remarkably strong,
pulse-like near-bottom offshore flow associated
with the LIWs was observed at Site C throughout
MBIWE98 (Fig. 7a).
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Table 1

Summary of characteristics of LIWs and sediment resuspension caused by LIWs and by surface waves in Massachusetts Bay

LT-B (25m) Site C (50m) Site B (85m) Site A (90m)

LIW characteristics

Arrival of LIWs after low water at Site B (hours) Not observed

in MBIWE

10.071.1 5.270.5 2.170.3

Time between arrival of LIWs (hours) n/a 12.571.1 12.570.7 12.470.6

Speed of LIWs (m/s) n/a 0.54 0.64 0.63

(B to C) (A to B)

Current threshold for sediment resuspension (m/s) n/a 0.35 0.2 n/a

(6 mab) (1 mab)

u� threshold for sediment resuspension (m/s) n/a n/a 0.008 n/a

Resuspension by LIWs

Threshold exceeded during MBIWE (%) n/a 2.2 0.7 n/a

Threshold exceeded caused by LIWs (%) n/a 93 87 n/a

Threshold exceeded caused by LIWs (days/summer) n/a 1.3 0.4 n/a

Direction of near-bottom flow while threshold exceeded

during LIWs (1)

n/a Toward 62 Toward 79 n/a

Resuspension by surface waves

Time un
cw40:008m=s caused by surface waves in

winter (%)

39 11.2 1.4 1.0

Time un
cw40:008m=s caused by surface waves in

winter (days)

71 20.4 2.5 1.8

Time un
cw40:008m=s caused by surface waves in

summer (%)

21 3.3 0.2 0.1

Time un
cw40:008m=s caused by surface waves in

summer (days)

38 6.0 0.4 0.2

The u� critical for fine-grained sediment resuspension at Site B was determined from the observed current threshold during MBIWE98

assuming a drag coefficient of 0.003. A steady current of 0.07m/s 1m above bottom (mab) was included in the calculation of bottom stress

caused by surface waves to approximate the effect of tidal currents. To calculate days exceeded, LIWs were assumed present for 60 days in

summer. Winter is defined as the period October through March and summer as the period April through September. n/a indicates not

available.

B. Butman et al. / Continental Shelf Research 26 (2006) 2029–20492040
SAR images collected during the MBIWE98
show ubiquitous surface roughness features asso-
ciated with internal waves throughout Massachu-
setts Bay and the western Gulf of Maine (Fig. 8).
The images on 17, 30 and 27 August were obtained
at 5:20, 7:07, and 9:05 h, respectively, after low
water at Site B. The images show three sets of LIWs
along the MBIWE98 transect; one about 800m east
of Site B on 17 August, one about 5400m east of
Site C on 30 August, and a third about 1100m east
of Site C on 27 August (features 1, 2 and 3,
respectively, in Fig. 8). The waves are ordered in
distance southwestward from Stellwagen Bank by
the time after low water at Site B. Assuming the
average travel speed of 0.64m/s, the waves on 17
August are predicted to arrive at Site B 21min after
the SAR image; they arrived 37min after the image.
Assuming the average travel speed of 0.54m/s, the
waves on 27 and 30 August are predicted to arrive at
Site C 34 and 167min, respectively, after the SAR
images; they arrived at 37 and 191min. Based on
these arrival-time predictions the SAR observations
are in good agreement with the moored observa-
tions and provide information on spatial distribu-
tion of the LIWs. The LIW features 1 and 2 consist
of several waves; LIW feature 3 near Site C contains
only a few waves. The continuous curved LIW
features 3 and 4 suggest that the LIWs generated by
flow over Stellwagen Bank may spread radially,
resulting in waves moving northwestward (feature
4). It is hypothesized that LIW feature 6 on 17
August located about 9 km southeast of LT-A is a
continuation of this spreading from an LIW formed
on the previous tide. If so, these waves are traveling
at about 0.3m/s. The SAR images suggest that
LIWs occur all along the coast near the 40m
isobath from LT-A south to at least 421N. Thus,
while the details may change, the basic processes
described by the measurements along the
MBIWE98 transect are likely to occur along the
entire coast. There also appear to be LIWs entering
Massachusetts Bay from the Gulf of Maine south of
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Fig. 8. Composite line drawing of surface features associated with LIWs observed in SAR images obtained on 17, 27 and 30 August 1998

at 5:20, 7:07 and 9:05 h after low water at Site B. See text for discussion of features labeled 1–8. Bathymetric contours are labeled in m.

B. Butman et al. / Continental Shelf Research 26 (2006) 2029–2049 2041
Cape Ann (feature 5) and north of Cape Cod
(features 7 and 8 in Fig. 8). No images were
available at times following arrival of the LIWs at
Site C (10 h after low water at Site B, Table 1) and
thus the existence of LIWs landward of Site C could
not be examined.

3.4. Sediment resuspension and transport by LIWs

The currents during periods of LIWs were
sufficiently strong to cause sediment resuspension
at Sites B and C. At Site B sediment resuspension
was observed when the current speed exceeded
about 0.2m/s at 1mab (Fig. 7); these speeds were
exceeded primarily during the period August 19–24
(Fig. 7b) when the largest near-bottom LIW-
currents were observed. During this period, the
beam attenuation measured 1.8mab increased from
a background of about 1.4 to 2–3.5 1/m following
arrival of the LIWs and remained elevated for 1–2 h.
Based on these beam attenuation observations, the
concentration of fine-grained sediments in suspen-
sion at Site B are most likely a few mg/l during the
LIW resuspension events. At Site C, the beam
attenuation at 0.54mab increased a few 0.1 1/m
during the offshore flow of about 0.35m/s (6mab)
associated with the LIWs. Beam attenuation gra-
dually increased during the flood tide (Figs. 7b,c);
this increase is hypothesized to be the onshore
advection of turbid offshore water in Stellwagen
Basin toward Site C (Fig. 5). The smaller beam
attenuation signal at Site C compared to Site B may
partially reflect the insensitivity of the beam
transmissometer to the coarser sediments at this
site (80% sand). In addition, Site C is located about
400m offshore (east) of the sharp transition to high-
backscatter intensity material, presumably the
gravel pavement that covers the sea floor in
water depths shallower than 50m (Fig. 4). Thus
there is very little fine-grained sediment ‘upstream’
(onshore) of Site C available for resuspension and
advection past the instrument location (in contrast
to Site B). Time-series bottom photographs at Site C
show scour of the surficial sediment during the
offshore flow events (Fig. 9; see Butman et al. (in
press) for additional time-series photographs of the
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Fig. 9. Sequence of photographs of the sea floor at Site C on August 20, 1998 just before (0612 GMT) and during (0712 GMT) the largest

LIW current event observed during MBIWE98 at Site C. The offshore currents associated with the LIW smoothes the sediment surface

and enhances subtle linear scour marks perpendicular to the direction of current flow, indicating offshore transport. These features are

significantly degraded within 12 h (just prior to arrival of the next set of waves) by bioturbation. See Fig. 7b for times of pictures with

respect to bottom current at Site C.

B. Butman et al. / Continental Shelf Research 26 (2006) 2029–20492042
sea floor at Site C). No observations were made at
Site A during MBIWE98 to assess sediment
resuspension.

At Site B, the increase in beam attenuation
measured 1.8mab lagged the increase in current
velocity measured 1mab by about 10min (Fig. 7c).
This lag is the sum of the time required to vertically
mix the resuspended sediments from the sea floor to
the transmissometer located 1.8mab, plus the delay
in the initiation of sediment resuspension upstream
of the observation site due to the propagation of the
LIWs. A time scale T for vertical mixing in a steady
bottom boundary layer is H/ku�, where k is von
Karman’s constant (0.41) and u� is the bottom
friction velocity. For H of 1.8m (height of
transmissometer) and u� ¼ 0.008m/s (determined
assuming a speed of 0.2m/s and a drag coefficient
of 0.003), the mixing time scale is about 9min.
The sediment observed at the tripod is resuspended
at a location UT away (about 90m), where U is the
near-bottom current velocity (of order 0.2m/s).
Sediment resuspension begins at this location at a
time UT/ULIW after the LIW passes the tripod,
where ULIW is the speed of propagation of the LIWs
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(average at Site B about 0.64m/s). The sum of the
estimates of the vertical mixing lag (9min) and the
advection lag (2.3min) is in good agreement with
the observed lag of 10min.

The sediment resuspension threshold at Site B
was about 0.2m/s (0.18–0.22m/s) measured 1mab
(about 0.064N/m2 (friction velocity u� ¼ 0.008m/s)
assuming a drag coefficient of 0.003) and about 0.35
m/s (0.33–0.38m/s) measured at 6mab at Site C
(Fig. 10). The thresholds were determined from the
maximum current speed associated with the first
wave in a LIW packet and establishing if sediment
resuspension was caused by the LIW as indicated by
an increase in the attenuation observed at 1.8 or
0.54mab at Site B or C, respectively. This strategy
was used because the resuspension threshold was
often passed (and exceeded) during a single 1-min
current measurement, making it impossible to pick
an unambiguous threshold value for an individual
wave. The resuspension threshold determined at
Site B is assumed typical for fine-grained sediments
throughout Massachusetts Bay, and is used to
determine the frequency of sediment resuspension
caused by LIWs and surface waves in this study.

The resuspension threshold was exceeded during
21 of the 49 LIW events observed during MBIWE98
at Site B and during 28 at Site C. During LIW events
(defined as the time period beginning just before the
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first increase in bottom current speed associated with
the first wave and continuing for 2 h) the bottom
current speed exceeded the resuspension threshold
about 4.1% of the time (about 4 h) at Site B and
about 14% of the time (about 14h) at Site C (Fig.
11). Over the entire 680h data record, the resuspen-
sion threshold was exceeded about 0.7% and 2.2%
of the time at Sites B and C, respectively, 87% and
93% of this time during LIW events (Table 1).

The net near-bottom transport during LIW
events when the current was above threshold was
offshore at Sites B and C; the particle excursion at
Site B (1mab) was about 3 km toward 791, and the
excursion at Site C (6mab) was about 23 km toward
621. These excursions are easily large enough to
move particles from the shallow shelf into Stellwa-
gen Basin during a summer season. The offshore
particle excursions result from the offshore near-
bottom flow associated with the LIWs and the
arrival of these waves during eastward (offshore)
tidal flow at both Sites B and C.

3.5. Observations at LT-A and LT-B

Observations at Site LT-A occasionally show the
presence of fluctuations with characteristics similar
to the LIWs observed in Stellwagen Basin (Fig. 12).
However, the arrival of the LIWs was not as
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ximately 0.2m/s (1mab) at Site B and 0.35m/s (6mab) at Site C.
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consistent as at the Stellwagen Basin stations; of the
49 events observed in Stellwagen Basin during
MBIWE98 in August 1998, only 13 were evident
at LT-A. The current speed during these events was
less than 0.2m/s 1mab (including the offshore tidal
current) and there was no indication of sediment
resuspension in the beam attenuation measure-
ments. However, the seafloor at LT-A is a cobble
pavement and there is very little fine-grained
sediment available for resuspension. The arrival
time of these packets was 8.772.5 h after low water
at Site B, or about 1.3 h earlier than the waves arrive
at Site C. The SAR images (Fig. 8) suggest that the
LIWs at LT-A could have evolved from those
observed along the MBIWE98 transect, but from
waves generated two tidal cycles earlier than those
observed at Site C. Given the propagation speed of
0.3m/s between features 4 and 6, the waves would
have to slow further to less than 0.2m/s between
feature 6 and LT-A to arrive 8.7 h after low water.
The long transit from the generation region and the
progressively slower propagation speed could ac-
count for the small amplitude and less frequent
waves observed at LT-A compared to those along
the MBIWE98 transect. Feature 5 (Fig. 8) suggests
that LT-A also could also be influenced by waves
entering Massachusetts Bay from the Gulf of Maine
across the northern end of Stellwagen Bank.

Observations at Site LT-B cannot resolve fluctua-
tions at periods of a few minutes because of the
sampling of the ADCP (a 5min average obtained
every 15min). There is a strong internal tide and a
few occurrences of a sudden shear between surface
and near-bottom flow were observed. Additional
measurements are needed to map the propagation
and dissipation of the internal waves from Site C
inshore. Scotti and Pineda (2004) have observed
strongly nonlinear waves of elevation along the 25-
m isobath in this region that are formed when the
waves of depression observed at Site C impinge on
the shoaling bottom. The presence of trapped cores
in these waves that transport parcels of water
shoreward make them a prime candidate for
sediment transport. However, at present, it is not
known how frequently they develop.

3.6. Resuspension by surface waves

Bottom stress (ru�2cw, where un
cw is the current-

wave friction velocity) caused by the oscillatory
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currents associated with surface waves and tidal
currents was calculated from the wave spectrum
collected at NOAA buoy 44013 (Fig. 1) for
the period 1996–2005 assuming a bottom rough-
ness of 0.00067m (equivalent to a bottom drag
coefficient of 0.003) and a steady current speed
of 0.07m/s at 1mab. The steady current is in-
tended to represent the bottom tidal currents in
the central part of Massachusetts Bay of about
0.10m/s (Butman et al., 2005a), adjusted so
that squared value of the steady current matches
the squared value of the varying current over a
tidal cycle. The percent of time that un

cw exceeded
0.008m/s, the critical friction velocity deter-
mined from the current measurements in Stellwagen
Basin, was larger in winter than in summer
and decreased with water depth (Table 1, Fig. 13).
At 25-m water depth, the threshold was exceeded
about 39% of the time (about 71 days) in winter
and about 21% of the time (about 38 days) in
summer. At 50-m water depth, un

cw exceeded
0.008m/s about 11% of the time (about 20 days)
in winter and about 3% (about 6 days) in summer.
At 85-m water depth, un

cw exceeded threshold less
than 2% of the time (about 3 days) in winter and
less than 0.5 days in summer. Only 4 of the 10
summers examined had un

cw above threshold at 85-m
water depth.

4. Discussion and summary

Based on the MBIWE98 observations LIWs can
be expected to occur across a broad area of
Stellwagen Basin and Massachusetts Bay during
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the summer (Fig. 14). The LIWs are predictably
formed every tidal cycle and can be traced from Site
A to Site C. Because the LIWs are formed over the
generally linear feature of Stellwagen Bank, it is
assumed that they also occur to the north and south
of the MBIWE mooring transect. The north–south
extent of the surface slicks in the SAR images
associated with the LIWs in the MBIWE (Fig. 8)
supports this assumption. The ubiquitous surface
features observed in the SAR images also suggest
that LIWs generated in other locations affect
Massachusetts Bay; however, their strength and
frequency are unknown.

At both Sites B and C, the bottom sediments were
episodically resuspended by the offshore near-
bottom currents associated with the LIWs super-
imposed on the offshore-flowing tidal current. The
largest near-bottom currents associated with the
LIWs were observed on the western shore of
Massachusetts Bay at Site C near the 50-m isobath.
Near-bottom transport during LIW-induced resus-
pension at both Sites B and C was offshore. At Site
A the LIWs arrive during the flood (westward-
flowing) tide, so the speed of the offshore (eastward)
near-bottom current associated with the LIWs
would be reduced by the tidal current (about
0.1m/s), most-likely reducing the frequency and
intensity of LIW-induced resuspension in the east-
ern part of Stellwagen Basin. The near-bottom LIW
currents begin to add to the offshore tidal flow near
Site B. LIWs were observed at LT-A at 34-m water
depth, but they were less frequent and not as
predictable as in Stellwagen Basin and the currents
during LIW events were not strong enough to
resuspend sediments. Sediment resuspension by
LIWs in water depths shallower than 50m in the
region to the west of the MBIWE transect remains
to be explored.

In the deeper parts of Stellwagen Basin, sediment
resuspension by LIWs or by surface waves is
infrequent (Figs. 13 and 14, Table 1). For example,
in summer at 85-m water depth, sediment resuspen-
sion was caused by LIWs about 0.7% of the time
and by surface waves about 0.2% of the time. In
winter at 85-m water depth, sediment resuspension
was caused by surface waves less than 2% of the
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Fig. 14. Map of Massachusetts Bay summarizing areas affected by resuspension caused by LIWs and surface waves. The area affected by

LIWs in summer generated by tidal flow across Stellwagen Bank, based on observations in MBIWE98, is outlined by the dashed black line.

The extent of this area is somewhat uncertain, as indicated by question marks at the northern and southern boundaries. SAR images (Fig.

8) suggest that other areas of Massachusetts Bay may also be affected by LIWs. Arrows at Sites B and C show inferred direction (offshore)

of near-bottom sediment transport caused by the LIWs at these locations. Areas that are predicted to experience sediment resuspension by

surface waves more than about 10% of the time in winter (water depths shallower than 50m) are shown in light gray; areas relatively

unaffected by surface waves that experience resuspension less than about 10% of the time in winter (water depths greater than 50m) are

shown in dark gray. This analysis assumes that the surface waves measured at the NOAA buoy are representative of the waves throughout

Massachusetts Bay and the western Gulf of Maine.
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time. Although observations of the MBIWE were
limited to August, LIWs are likely to be present for
perhaps two months during the year, from mid-July
to mid-September, when the water column is
stratified. Over an entire year, resuspension at
85-m water depth is estimated to be caused by
surface waves about 3 days during winter (October
through March), by surface waves about 0.4 days in
summer (between April and September), and by
LIWs about 0.4 days in summer (between mid-July
and mid-September). An important difference
between LIW and surface wave-induced resuspen-
sion is the duration, frequency, and spatial extent of
the event. At a fixed location, LIW-induced a
sediment resuspension may occur for only a few
minutes each day, but in total LIWs may resuspend
sediments for 5 hours or so each tidal cycle as they
transit westward across Stellwagan Basin. In con-
trast, surface-wave induced resuspension may occur
across the entire basin for several hours during
infrequent stroms. LIW-induced resupension most
likely occurs every summer, whereas surface-wave
induced resuspension may only occur every few
years during large storms. The most tranquil period
is spring (April, May and June) when the surface
waves are small and LIWs do not occur. The
infrequent resuspension of bottom sediments in
winter and summer is consistent with the accumula-
tion of fine-grained sediments in Stellwagen Basin.

This study provides insight into the importance of
sediment resuspension and transport caused by
surface and internal waves to the formation of the
transition from coarse to fine-grained sediment at
about 50-m water depth along the western shore of
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Massachusetts Bay. The frequency of surface-wave
resuspension in winter decreases across this transi-
tion from about 18% at the 40-m isobath to about
6% at the 60-m isobath (a distance of about 2 km).
The wind-driven near-bottom flow when surface
waves are largest (winds from the northeast) is
expected to have a downwelling (offshore) compo-
nent that would transport resuspended sediment
offshore. The sediment transition is also where the
currents associated with LIWs observed in
MBIWE98 had the highest percentage of currents
above the resuspension threshold; the net near-
bottom flow was also offshore during these events.
Dissipation of LIWs shoreward of this water depth
may increase near-bottom resuspension. Thus both
LIWs and surface waves exhibit onshore–offshore
gradients in the frequency of resuspension as well as
an offshore flow during resuspension that would
winnow fine-grained sediments from the landward
side of the transition and deposit them on the
seaward side. Further investigation would explore
the rates of sediment transport caused by LIWs and
winter storms, not just the frequency of resuspen-
sion as presented here, as well as the fate of the
LIWs shoreward of the 50-m isobath.
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