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Island Sound. Journal of Coastal Research, 16(3),551-566. West Palm Beach (Florida), ISSN 0749-0208.
A high resolution (300-400 m grid spacing), process oriented modeling study was undertaken to elucidate the physical
processes affecting the characteristics and distribution of sea-floor sedimentary environments in Long Island Sound.
Simulations using idealized forcing and high-resolution bathymetry were performed using a three-dimensional circulation model ECOM (BLUMBERG and MELLOR, 1987) and a stationary shallow water wave model HISWA (HOLTHUIJSEN et al., 1989). The relative contributions of tide-, density-, wind- and wave-driven bottom currents are assessed and related to observed characteristics of the sea-floor environments, and simple bedload sediment transport
simulations are performed. The fine grid spacing allows features with scales of several kilometers to be resolved.
The simulations clearly show physical processes that affect the observed sea-floor characteristics at both regional
and local scales. Simulations of near-bottom tidal currents reveal a strong gradient in the funnel-shaped eastern part
of the Sound, which parallels an observed gradient in sedimentary environments from erosion or nondeposition,
through bedload transport and sediment sorting, to fine-grained deposition. A simulation of estuarine flow driven by
the along-axis gradient in salinity shows generally westward bottom currents of 2-4 cmls that are locally enhanced
to 6-8 cmls along the axial depression of the Sound. Bottom wind-driven currents flow downwind along the shallow
margins of the basin, but flow against the wind in the deeper regions. These bottom flows (in opposition to the wind)
are strongest in the axial depression and add to the estuarine flow when winds are from the west. The combination
of enhanced bottom currents due to both estuarine circulation and the prevailing westerly winds provide an explanation for the relatively coarse sediments found along parts of the axial depression. Climatological simulations of
wave-driven bottom currents show that frequent high-energy events occur along the shallow margins of the Sound,
explaining the occurrence of relatively coarse sediments in these regions. Bedload sediment transport calculations
show that the estuarine circulation coupled with the oscillatory tidal currents result in a net westward transport of
sand in much of the eastern Sound. Local departures from this regional westward trend occur around topographic
and shoreline irregularities, and there is strong predicted convergence of bedload transport over most of the large,
linear sand ridges in the eastern Sound, providing a mechanism which prevents their decay. The strong correlation
between the near-bottom current intensity based on the model results and the sediment response, as indicated by the
distribution of sedimentary environments, provides a framework for predicting the long-term effects of anthropogenic
activities.
ADDITIONAL INDEX WORDS:

Long Island Sound, estuaries, modeling, currents, tides, sediment transport.

INTRODUCTION
Long Island Sound is a major east-coast estuary located
adjacent to the most densely populated region of the United
States. Because of the enormous surrounding population, the
Sound has received anthropogenic wastes and contaminants
from various sources (WOLFE et al., 1991). As part of its National Coastal and Marine Geology Program, the U.S. Geological Survey conducted a regional study designed to understand the processes that distribute sediments and related
contaminants in the Sound (KNEBEL et al., 1999). Studies of
the sea-floor sedimentary environments (KNEBEL and PopPE, this volume), sediment texture (POPPE et al., this volume)
and contaminants (BUCHHOLTZ TEN BRINK et al., this volume; MECRAY and BUCHHOLTZ TEN BRINK, this volume; VAREKAMP et al., this volume) have revealed basin-scale variations in sediment and pollutant characteristics as well as local variations with scales of several kilometers. Because bottom currents generate the shear stresses that resuspend and

transport material from the sea-floor, knowledge of the bottom-current regime is crucial both in understanding the distribution of bottom sedimentary environments in the Sound
and in predicting the long-term fate of wastes and contaminants which have been introduced there.
Previous work has described many of the major aspects of
physical processes in Long Island Sound. Major reviews can
be found in RILEY (1956), in the Long Island Sound special
issue of Advances in Geophysics (BOKUNIEWICZ, 1980; GORDON, 1980; BOKUNIEWICZ and GORDON, 1980a,b), and in the
Long Island Sound Study final report (SCHMALZ et al., 1994).
The purpose of this paper is to build on this previous work,
using process-oriented numerical studies to: (1) elucidate the
role that tide-, density-, wind- and wave-driven bottom currents play in the formation of sea-floor environments, and;
(2) examine regional and local bedload sediment transport
pathways in the Sound. SIGNELL et al. (1998) reported on the
initial findings of the tide-, wind- and wave-driven components of this study.
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Figure 1. Long Island Sound bathymetry. The average depth is 24 m. Locations of tide gauges used for model assessment are shown as crosses . See
Table 1 for tide gauge station names and locations.

Environmental Setting
Long Island Sound is located between Connecticut and
Long Island, New York, on the east coast of the United States
(Figure 1). It is approximately 150 km long, 30 km wide, and
the average water depth is 24 m. A 30-60 m deep axial depression runs east-west through the central and western
parts of the Sound, and water depths reach more than 100
m at the eastern entrance to the Sound. The Sound connects
to the waters of Block Island Sound on its eastern end,
through a constriction called "The Race" (northeast of PI in
Figure 1). The Sound is connected to New York Harbor
through the East River on its western end (just west of WP
in Figure 1). The system is approximately in quarter-wave
resonance with the semi-diurnal tide, resulting in a threefold
increase in the average tidal range from 0.8 m on the eastern
end to more than 2.2 m on the western end. Freshwater input
is dominated by the Connecticut River (discharge is near SJ
in Figure 1); its average freshwater input is 560 mvs. The
Housatonic and Thames Rivers (near BP and NL in Figure
1) add 130 m 3/s of freshwater, and there is an estimated 1060 mvs input of freshwater to the Sound through the East
River (JAY and BOWMAN, 1975). Winds are generally from
the northwest during winter and from the southwest during
summer, with the most energetic wind events typically occurring during the winter months.

Density Structure
The density structure plays an important role in generating and modifying the bottom currents in the Sound. The vertical density structure varies seasonally with the annual surface heat flux and river inflow cycles (RILEY, 1956; SCHMALZ
et al., 1994). During winter, strong surface cooling prevents
significant vertical stratification in temperature. Thermal
stratification develops during April over most of the Sound,
and by June, top-to-bottom differences of 3-5° C are common.

The exception is near The Race, where vertical stratification
is slight throughout the year due to strong tidal mixing
(BOWMAN and ESAlAS, 1981). Overturning generally occurs
in late August or early September, destroying the thermal
stratification. Slight salinity stratification generally persists
throughout the year, with typical top-to-bottom differences of
0.5-1 ppt. The regional salinity stratification is enhanced in
the spring due to high freshwater discharge, and very strong
localized stratification is associated with thin buoyant freshwater plumes (GARVINE, 1974). Although there is considerable variability and complexity in the distribution of salinity
in the Sound, a longitudinal salinity gradient of 5-6 ppt persists over the length of the Sound throughout the year (KIM
and BOKUNIEWICZ, 1991).

Tidal Currents
Tidal currents are the dominant currents throughout most
of the Sound. The largest tidal current constituent is M 2
(12.42 hour period), and the other semi-diurnal constituents
S2 and N 2 are each about 20% of M2 (Schmalz, personal communication, 1997). At perigean spring tides, therefore, the
tidal currents can be 40% stronger and, during apogean neap
tides, they can be 40% weaker. The diurnal current constituents K1 and 0 1 are quite weak, only about 5% of M2. Early
measurements showed that, due to the large amount of water
that must flow through the constricted opening at The Race,
peak surface tidal currents are typically 120 cm/s and exceed
160 cm/s during perigean spring tides (LELACHEUR and SAMMONS, 1932). The tidal current speeds decrease markedly
westward from the mouth as the width of the Sound expands,
and tidal speeds of 20-30 cm/s are common over much of the
Sound. As part of the EPAINOS Long Island Sound Study
(LISS), acoustic Doppler current profiler (ADCP) data was
collected at 21 different locations (EARWAKER, 1990) and subjected to harmonic current analysis. This analysis showed
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Long Island Sound Model Grid
Grid shown is subsampled by 4
(16 model cells per cell on prot)
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Figure 2. The curvilinear model gri d contains 300
of four for clar ity.

X

100 cells, with typical cell sizes between 200 and 400 m. The grid shown is subsampled by a factor

that internal tides could be present in the vertically stratified
region of the Sound during summer, and act to enhance the
tidal currents at the bottom. Due to the shallow water depths,
strong tidal currents, bottom friction, and the complex geometry, the tides can generate significant residual currents
and ebb/flood asymmetry. In Long Island Sound, as in most
estuaries without substantial mudflats (SPEER and AUBREY,
1985), the frictional decay of the tidal wave causes the flood

Depth-Averaged

2

tide to be shorter than the ebb tide (REDFIELD, 1980). The
flood is about 15 min shorter than the ebb at New London
(NL in Figure 1), and about 30 min shorter at Willets Point
(WP). When"! averaged over any cross section of the Sound,
observed flood tidal currents should be slightly stronger than
the observed ebb currents. In addition to the ebb/flood asymmetry, IANNIELLO (1981) predicted there should be a 2-3 cm!
s bottom flow toward The Race in the eastern Sound, based
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Figure 3. Simulated depth-aver aged M2 major axis ti dal-curre nt magnitude. Locations of NOS "RADS" stati ons are also shown, where velocity data for
model assessment is available via ADCP measu remen ts. See Table 2 for st ation informati on.
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Figure 4. Simulated maximum near-bottom tidal current speed (1 m above bottom) during periods of average tidal range. Spring tides are 20-40%
stronger and neap tides are 20-40% weaker.

on idealized modeling of the tide-induced residual circulation.
Observational evidence for both of these tidal-current effects
have been difficult to establish from current meter measurements, however (SCHMALZ et al., 1994), perhaps due to the
tidal asymmetries and tide-induced residual flow induced by
local topographic features in the vicinity of the current-meter
moorings.
Numerical models have been quite successful at describing
the overall tidal characteristics. KENEFICK (1985) showed
that a l-km resolution, depth-averaged, numerical model was
capable of reproducing most of the phase and amplitude
structure of the M2 tide. SCHMALZ et al. (1994) showed that
a 2.2 km resolution three-dimensional model could also reproduce the phase and amplitude structure of both semidiurnal and diurnal constituents. These models were not of sufficient resolution, however, to describe the strong variations
in tidal currents that occur at scales of a few km or less in
the eastern Sound.

bottom, GORDON and PILBEAM (1975) calculated an average
westward bottom flow of about 5-10 cm/s. Superimposed on
this long-term mean estuarine circulation are density-driven
currents with strong spatial and temporal variability. Variations in river discharge and coupling between the wind and
buoyancy inputs create complex density and velocity structure which makes it difficult to relate residual-current variability to external factors such as wind or river discharge
(GORDON and PILBEAM, 1975; SCHMALZ et al., 1994). For example, RILEY (1956) postulated the existence of a counterclockwise gyre in the western Sound and a clockwise gyre in
the central Sound. Using extensive hydrographic measurements, ADCP data, and modeling from 1988-1990, SCHMALZ
et al. (1994) showed that although gyral structures sometimes exist, they are not persistent and can be destroyed by
moderate winds. River plumes generate intense current variability, but this variability is chiefly limited to the surface
waters as the plumes are typically 2-4 m thick (GARVINE,
1974).

Density-Driven Circulation
The longitudinal salinity and associated density gradient
that exists throughout the year drives an estuarine circulation, where water flows eastward near the surface and westward near the bottom (RILEY, 1956; WILSON, 1976). Using
data from 28 current meter moorings located 2 m above the

Wind-Driven Circulation
In long, semi-enclosed basins, both local and remote winds
drive currents. The local effect is caused by wind along the
axis of the basin that sets up a surface elevation slope; circulation results from the balance of the along-axis wind, pres-
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Tidal Current Speeds Found in Sedimentary Environments
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Figure 5. Distribu tion of maximu m near-botto m ti da l cur rent speed for ea ch of the four major sedimentary environment s described by
POPPE (this volume ).

sure gradient, and bottom friction (CSANADY, 1973). This water flows downwind in the shallows and returns against the
wind at depth. The second process is a remote effect, where
the wind stress acting over the adjacent continental shelf acts
to raise or lower regional sea level. These rising and falling
water levels generate currents within the Sound that are
sometimes correlated with the local wind. In bays with large
surface area and constricted entrances, such as Chesapeake
Bay, these remotely driven currents can produce large fluctuations in the vicinity of the bay entrance (WANG, 1979).
GORDON and PILBEAM (1975), however, could not find any
direct correlation between wind and bottom current in the
Sound, and BOKUNIEWICZ and GORDON (1980a) concluded
that most storms (they note the exception of Hurricane Belle )
do not generate significant residual currents in the lower half
of the water column. Despite the lack of observations showing
a coupling between the wind and bottom currents in the
Sound, there is some evidence of wind influencing the bottom

KNEB E L

and

currents from previous modeling work. SCHMALZ (1993) decomposed the residual circulation for a one-month period
(September 1988) and showed that the local eastward wind
stress contributed significantly to the mean westward bottom
circulation in the central Sound, whereas the contribution of
the remote wind forcing was negligible.
Wave-Driven Currents
In their assessment of sediment transport and deposition
processes in the Sound, BOKUNIEWICZ and GORDON (1980a)
used simple fetch and duration dependent wave theory, developed for reservoirs, to estimate the influence of surface
waves on the sea -floor sediments. They determined that, due
to the limited fetch and short duration of strong wind events,
bottom wave-orbital velocities rarely exceed 10 cm/s in water
depths greater than about 18 m. They concluded that it is
unlikely that sea-floor sediments will be significantly affected
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Tide-Induced Residual Currents (1 m Above Bottom)
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Figure 6. Simulated near-bottom (1 m above bottom) M2 tide-induced residual currents.

by surface waves except around the shallow margins of the
Sound and over shoals, where the water is less than 18 m
deep. They supported these theoretical calculations with
wave observations in the western Sound, where they observed a maximum wave-orbital velocity of 42 cm/s at 12.5 m
water depth during sustained winds of 15 m/s along the axis
of the Sound (the theory predicted 64 cm/s), Analysis of the
seabed in the central Sound after Hurricane Gloria showed
that 1-2 em of muddy sediment had been resuspended and a
5-6 em thick sand layer was deposited over mud offshore of

Bottom Wave Orbital Speed (cm/s)
o

10

New Haven Harbor (RHOADS, 1994). Even when storm waves
do not cause sufficient bottom currents to resuspend material, they can enhance resuspension caused by tidal or other
currents via wave-current interaction (GRANT and MADSEN,
1979).

Sedimentary Environments
KNEBEL and POPPE (this volume) outline the general distribution of modern sea-floor environments in Long Island

Wind: 15 m/s

20 km

Figure 7. Simulated bottom wave orbi tal speed for steady east-northeast wind of 15 mls.
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Percent.of Time Bottom Orbital Speeds exceed 15 cm/s
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Figure 8. Percentage of time that th e root mean square bottom wave orbital velocities exceed 15 crn/s, based of 12 years of wind data from the NOAA
Ambro se Light met eorological stati on .

Sound. They identify four categories of environments based
on an extensive regional collection of sidescan sonar and supplemental verification data. These categories include: (1) erosion or nondeposition; (2) coarse-grained bedload transport;
(3) sediment sorting and reworking; and (4) fine-grained deposition. In the funnel-shaped eastern part of the Sound, they
find a westward progression of bottom environments ranging
from erosion or nondeposition at the narrow eastern entrance
to the Sound, through an extensive area of bedload transport
and sediment sorting, to a region of fine-grained deposition.
The broader central and western Sound, on the other hand,
is comprised largely of depositional environments, except in
local areas of topographic relief where there is a patchy distribution of various other environments. An extensive treatment of the bottom sedimentary environments in Long Island
Sound may be found in KNEBEL et ale (1999) and KNEBEL
and POPPE (this volume). These analyses also indicate that
winnowing of sediments occurs along the shallow margins
and along some segments of the axial depression of the
Sound.
Although previous studies have qualitatively described
many of the relationships between physical processes and
sea-floor characteristics in the Sound, we seek to answer several specific questions: (1) Is there a well-defined boundary
in tidal-current strength at which the transitions between
environments occur? (2) Is there a well-defined boundary in
wave -current strength between environments? (3) What pro cesses prevent the filling of the axial depression with finegrained material? (4) How are the sand ridges in the eastern
Sound maintained in the presence of strong tide- and wavegenerated currents? We use high-resolution (300-600 m)
wave and circulation models to conduct simulations that address these questions.

METHODS
Circulation Modeling
To address the bottom currents associated with tides and
strong wind events, we configured a high-resolution model of
Long Island Sound capable of representing topography at the
1-2 km scale. We used the Estuary Coastal and Ocean Model
(ECOM) (BLUMBERGand MELLOR, 1987 ) with 10 levels (each
10% of the water column) and 300 X 100 grid cells in a curvilinear domain (Figure 2). This resulted in a typical grid
spacing of 200-400 m over most of the Sound.
For tidal open-boundary conditions at the eastern end, we
specified elevation with M 2 tidal constituent data interpolated from the detailed ADCIRC finite-element tidal model of
the East and Gulf Coast (LUETTICH and WESTERINK, 1995).
The ADCIRC boundary conditions were further modified so
that model predictions matched the observed tidal elevation
and phase at Montauk (labeled MP in Figure 1). This required reducing the ADCIRC tidal amplitudes by 15% and
increasing the phases by 9°. For the simulations with wind,
we used a uniform wind stress, and forced the open boundary
of the model with elevations obtained from steady wind runs
with ADCIRC.
The bottom friction in numerical tidal models is usually
treated as a "tuning" parameter, with the value adjusted until the best fit to the major elevation or velocity tidal constituents is achieved. Often a uniform value is used due to lack
of spatial information concerning the nature of the seabed.
In our study, however, we had access to high-resolution maps
of the sedimentary environments, and attempted to obtain a
best-fit bottom friction in each of the four main sedimentary
environments through a parameter search. It turns out, however, that the amplitude and phase of the M2 elevation field
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Figure 9. Distribution of percent occurrence of 15 cm/s bottom wave-orbital speed for each of the four major sedimentary environments described by
KNEBEL and POPPE (this volume).

is completely dominated by the friction in the erosional and
bedload-transport environments in the eastern Sound, and is
insensitive to the friction specified in the depositional environments in the central and western Sound. This is consistent with the finding by BOKUNIEWICZ and GORDON (1980b)
that the frictional dissipation in the eastern Sound is seven
times greater than the dissipation in the central and eastern
Sound. The optimal value of the bottom roughness length Zo
for the erosion and bedload regimes was determined to be 1.0
em, the same value used in the study by SCHMALZ et al.
(1994). Since we could not determine the spatial variability
in Zo from the elevation data, we used Zo = 1.0 em throughout
the Sound. The model was run for 5 tidal cycles to reach
periodic equilibrium, with results saved every 10 lunar min
over the last cycle. An internal time step of 74.52 s was used,
with an external time step of 6.21 s. The coefficient in the
SMAGORINSKY (1963) horizontal viscosity parameterization
was set to 0.05.
For the tide and wind-driven simulations, the model was

run with uniform density. Although vertical stratification exists for much of the summer and can modify both the tidaland wind-driven response, the barotropic tide captures most
of the tidal response, and the strongest wind events typically
occur during the relatively unstratified winter months. For
the simulations of estuarine circulation, the model was initialized with a longitudinal salinity variation of 6 ppt, consistent with the observations analyzed by KIM and BOKUNIEWICZ (1991), and it was allowed to adjust over the 5 initial
tidal cycles. These simulations provide a qualitative representation of the basin-scale gradients in the observed net
westward bottom flow.

Wave Modeling
To better understand the resuspension potential throughout the Sound, we simulated the patterns of bottom orbital
currents in the basin with the numerical wave-prediction
model, HISWA (Hlndcasting Shallow water WAves, HOL-
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Wind-Driven Currents (1 m Above Bottom)
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Figure 10. Simulated near-bottom currents (1 m above bottom) during a moderate westerly wind event (10 m/s ). The tide-induced residual currents
have been subtracted to isolate the re sidual currents due to wind.
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Figure 11. Comparison of subtidal, along-Sound wind and current 4 m above bottom at NOS RADS Station 7 located in the center of the axial depression
(see Figure 3 for location). The majority of the subtidal current variance (62%) is explained by along-Sound wind variations, with an approximate transfer
function of 1 crn/s of current for 1 rn/s of wind.
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Density-Driven Currents (1 m Above Bottom)
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Figure 12. Simulated near-bottom density-driven currents (1 m above bottom). The tide-induced residual currents have been subtracted to isolate the
residual currents due to the along-Sound density gradient.

THUIJSEN et al., 1989). HISWA computes steady-state wave
heights on a rectangular grid over complex topography. It
includes the simultaneous effects of wave generation by wind,
wave propagation including shoaling and refraction, and
wave dissipation through bottom friction and breaking. Incoming wave energy from outside the model domain was assumed to be zero due to the nearly enclosed nature of the
Sound.
A square computational grid was constructed with dimensions 220 X 220 km. The grid spacing was 300 m in the direction with the wind and 600 m in the direction perpendicular to the wind. This grid was centered on Long Island
Sound, allowing prediction of waves generated by wind from
all points of the compass. We computed 144 HISWA simulations of the bottom wave-orbital velocity maximum, U b , for
winds of 2.5,5.0, 7.5, 10.0, 12.5, 15.0, 17.5,20.0 and 22.5 rnI
s, for each of 16 directions equally spaced around the compass.
In order to calculate a long-term climatology of bottom
wave-orbital velocity (Ub ) throughout the region, the set of
144 model simulations of bottom orbital velocity were weighted with the wind distribution over a 12-year period (Nov
1984-Dec 1996) from the NOAA Ambrose Light meteorological station. From this calculation, one can predict the occurrence of orbital velocities exceeding a critical threshold or de-

scribe the distribution of wave-orbital velocities at a given
location.

Bedload Transport Modeling
To investigate potential sand transport pathways and the
maintenance of the sand ridges in the eastern Sound, we calculated bedload transport rates using the empirical formula
presented by GADD et al. (1978):
q = J3(u lOO

-

uc)

3

where q is the sand transport rate in g cm- 1 S -l, J3 is a parameter that depends on grain size with units of g em:" S2,
U 100 is the flow speed at 100 ern above the bed, and u; is a
critical velocity threshold (also dependent on grain size) below which no sediment transport occurs. There are many bedload transport formulas available, and this is a particularly
simple one. It serves to illustrate the combined impact of the
tides and estuarine bottom flow that provide a persistent
mechanism for moving sand in the Sound. We used values
appropriate for medium-fine sand of 0.225 mm grain size, the
same values used by HARRIS et al .. (1992) in their study of
subtidal sand bank evolution in eastern Australia: U cr = 17
crnls, J3 = 5.8 X 10- 5 g cm ? ' S2.
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Figure 13. Simulated bottom bedload transport driven by currents associated with the along-Sound density gradient and M 2 tidal forcing. Arrows are
not sca led to magn itude. Use color legend t o det ermin e magnitude of transport.

RESULTS
Tidally-Driven Bottom Currents
To verify that our simulations have the correct basic tidal
structure in the Sound, we performed harmonic analysis on
the model output and compared the dominant M 2 characteristics at 9 different locations for elevation (Figure 1, Table 1)
and 13 locations for velocity (Figure 3, Table 2). Because we
are representing the barotropic tide in the tidal model, and
because many of the velocity observations were obtained during summer when baroclinic tidal effects were evident, we
compared the modeled M 2 depth-averaged currents to the M 2
depth-averaged currents obtained from the analysis of the
NOS ADCP data. To compute the depth-averaged M2 major
axis from the data, we weighted the analysis supplied by
NOS (Schmalz, personal communication, 1997) for each
depth level by the percentage of the water column it represented.
The results for elevation show that the mean amplitude
error is 1%. The modeled amplitude is within 4 em of the data
at all locations except New Haven, which is off by 8.9 em, or
about 8%. KENEFICK (1985) and SCHMALZ et al. (1994) also
noted New Haven as having anomalously large model-data
error. They attributed this to the fact that the tide gauge is
within a harbor, where it is possible there is a local influence
not resolved by the models. The mean phase error for elevation is 2.2°, and at all locations the phase error is less than
7° (about 15 min).
The results for the M 2 currents show that the model is
within 10% of the observed speeds for 6 of the 8 stations west
of The Race. The model does a good job at representing the

depth-averaged M 2 flows within the central and western
Sound (St ation s 4, 6, 7, 8 and 9) with a mean error of 2.3 em/
s, within 10% of the observed flow speeds. The modeled flows
are slightly weaker than the observations with the exception
of station 8. In the eastern Sound (stations 13, 20, 21 and
22), the tidal flows are stronger, and the geometry and tidal
structure are more complex. At station 13 near The Race and
at station 21 on the south side of Long Sand Shoal, the modeled current is about 20% too weak, whereas at stations 20
and 22 to the west and east of Long Sand Shoal, the tidal
current is only about 6% too weak. East of The Race, the
modeled speeds are within 5% of the data in the passage to
the open ocean (st ations 14 and 16) but are about 50% weaker
than observed in the passage north of Block Island. This is
most likely due to phase errors in the open boundary forcing
that drive the model. The model forcing would need to be
improved if used to assess currents in the vicinity of Block
Island. It is curious that the depth-averaged M 2 currents for
all stations west of The Race (the region of interest) average
about 10% lower than the observed values, because we know
from the comparison of M 2 elevation that the modeled error
in the overall volume of water entering and leaving the
Sound each tidal cycle is only 1%.
With the generally good performance of the depth-averaged
currents established by the model-data comparison, the maximum bottom velocity (1 m above bottom) over the course of
the tidal cycle was calculated as an indicator of the intensity
of currents driven by typical tides. The results show strong
bottom currents in excess of 50 cmfs in the constricted eastern end of the Sound, with the peak speed decreasing westward as the width of the ·S ound increases (Figure 4). In gen-

J ournal of Coastal Research, Vol. 16, No.3, 2000

Sign ell et al.

562

Convergence (em/day ) <==> Divergence (em/day )

Divergence of Bedload Transport

-1

- .01 -.0001 .0001

.01

Expressed as change in
sediment bed thickness per day

Figure 14. Divergence of simulated bedload transport shown in Figure 13. Region s of converge nce (pote ntial sa nd accumulation) are shown as shades
of blue, and regions of divergence (potential sand erosion) are shown as shades of orange.

eral, the eastern third of the Sound has bottom tidal speeds
of 30-60 cm/s, the central third of the Sound has speeds of
20-30 cm/s, and the western third of the Sound has speeds
less than 20 cm/s. Local enhancements of the bottom tidal
currents exist near headlands and atop the cross-Sound shoal
complexes in the western Sound; in places the currents exceed 30 cm/s. The typical spring/neap cycle can generate currents that are 20% stronger or weaker than the M2 speeds
shown. During perigean spring tides, the bottom currents can
be as much as 40% stronger.
There is a clear correspondence between the weakening of
the tidal currents westward of The Race and the westward
progression of sedimentary environments in the eastern part
of the Sound as outlined by KNEBEL and POPPE (this volume). With the high-resolution information on both the sedimentary environments and the tidal currents, we can deter-

mine the distribution of bottom tidal currents within each
environment. For the erosion and sediment sorting/reworking
environments, there is a bimodal distribution of tidal currents, whereas for the bedload transport and depositional environments there is a unimodal distribution (Figure 5). Also,
there is a regular progression of the current strength among
the four environments (see right-most in Figure 5). This progression corresponds to the regular change of sedimentary
environments west of The Race. For the erosion environments, the part of the distribution dominated by currents of
40-50 cm/s corresponds to the large area of erosion at the
eastern entrance to the Sound, whereas the remaining part
of the distribution with tidal currents less than 20 cm/s corresponds mostly to the shallow margins of the Sound, where
wave processes play a dominant role (discussed below). For
the bedload transport environment, the bulk of the distribu-

Tabl e 1. Comparison of data and model M 2 tidal elevation amplitude and phase in Long Island Sound.
Data
Loeation Name and
Abbreviation
Montauk Poin t (MP)
New London (NL)
Plum Island (PI)
Saybrook Jetty (SJ)
Hoadley Point (HP)
New Haven (NH)
Port Jefferson (PJ )
Bridgeport (BP)
Willet 's Point (WP)
1

Source: (a)

MOODY

Longitude

Latitude

71°49'
72°06'
72°12'
72°21'
72°44'
72°55'
73°05'
73°11'
73°47'

41°05'
41°21'
41°10'
41°16'
41°15'
41°17'
40°57'
41°10'
40°48'

et al. , 1984; (b)

W
W
W
W
W
W
W'
W
W

GORDON ,

N
N
N
N
N
N
N
N
N

Model

Amp .

Phase

Amp.

Phase

Source!

(em)

(G O)

(em)

(G O)

(a)
(b)
(b)
(b)
(b)
(b)
(b)
(b)
(b)

34.0
36.0
37.0
51.0
79.0
95.0
94.0
96.0
112.0

11.0
58.0
72.0
92.0
104.0
110.0
113.0
106.0
119.0

31.6
36.6
36.7
51.3
78.4
86.1
94.0
96.7
115.4

11.0
59.5
74.7
87.9
105.3
108.2
115.1
112.3
118.6

1980.
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Table 2. Comparison of data and model M 2 tidal current major axis amplitude in Long Island Sound.
RADS
Station
4
6
7
8
9
13
14
15
16
17
20
21
22

Longitude
73°45.96'
73°39.49'
73°24.60'
73°08.37'
72°54.73'
72°03.58'
71°58.76'
71°46.43'
71°41.69'
71°32.71'
72°15.37'
72°22.33'
72°25.30'

W
W
W
W
W
W
W
W
W
W
W
W
W

Latitude
40°50.41'
40°56.25'
40°59.73'
41°01.32'
41°01.64'
41°14.00'
41°08.65'
41°14.65'
41°07.26'
41°16.99'
41°15.40'
41°13.95'
41°14.48'

N
N
N
N
N
N
N
N
N
N
N
N
N

tion is described by 35-45 cm/s tidal currents, corresponding
to the large region of coarse-grained transport just west of
the large erosional area. Moving to the sediment sorting and
reworking environment, the part of the distribution dominated by currents of 25-35 cm/s corresponds to a large band
of sediment sorting located just to the west of the bedload
transport region in the eastern Sound. The remainder of this
distribution corresponds to areas dominated by local processes, such as on the flanks of shoal complexes, across areas of
subtle elevation variations, and within the axial depression.
Finally, tidal currents between 15-25 cm/s are typical offinegrained depositional·environments. Even though long-term
deposition is dominant in these areas, it is evident that tidal
currents can frequently be sufficient to resuspend the finegrained material, especially when considering the 20-40%
strengthening of the currents during spring tides. This inference is consistent with observations that show persistent benthic turbidity zones extending several meters or more above
the bottom over much of the muddy areas in the central and
western Sound (e.g. RHOADS, 1994).
The harmonics and residual currents generated when oscillatory tidal currents interact with variations in basin geometry can be important factors in net sediment transport.
It is also important to document the tide-induced residual
flow because it can confound attempts to measure or isolate
residuals associated with other processes, such as the density-driven estuarine circulation. The most striking feature of
the near-bed tide-induced residual flow is the 4-8 cm/s clockwise circulation around Long Sand Shoal in the eastern
Sound (Figure 6). Other small-scale tide-induced circulations
are seen in the vicinity of The Race and around coastal headlands. There is little evidence of a broad eastward tide-induced bottom flow in the eastern Sound, predicted by IANNIELLo (1981).

Wave-Driven Bottom Currents
In addition to tidal currents, the orbital currents associated
with waves generated by local winds can be a significant
mechanism of bottom sediment resuspension. An example of
predicted U, for winds of 15 m/s from the east-northeast (typical of a strong winter northeaster) is shown in Figure 7. Under these storm conditions, the significant wave height rang-

Water
Depth (m)

Data

Model

(cm/s)

(cm/s)

35.4
19.2
45.0
42.1
39.0
80.5
26.8
38.4
30.0
39.6
25.6
34.1
16.8

24.8
23.6
32.6
34.3
30.8
136.3
54.4
81.1
50.9
51.7
79.5
78.4
65.3

19.9
21.1
30.2
32.7
31.0
113.4
52.8
39.9
52.7
27.9
74.9
59.8
64.1

es from 1.5 to 2 m, with typical periods of 4-6 seconds. The
bottom velocity ranges from less than 5 cmls in water deeper
than about 20 m to more than 20 cmls in water shallower
than about 10 m, generally found within a few kilometers of
the coast. The wave velocity necessary to resuspend finegrained muds is approximately 15 cmls (KOMAR and MILLER,
1975). Thus wave-induced bottom velocities during strong
wind events could explain the winnowing of fine-grained sediments observed along the shallow margins of the Sound.
Using the climatological approach discussed earlier, we can
compute the percentage of time over the 12 years of wind
observations that the wave orbital velocity is predicted to exceed a certain threshold value. An example is given in Figure
8 for a threshold of 15 cm/s. Similar to the northeasterly
storm example, the percentage of time that U, exceeds 15 cml
s is greatest in a thin strip around the periphery of the
Sound. This threshold value is exceeded less than 0.001 percent of the time (less than 8 hours/yr) in water depths greater
than about 20 m. This is roughly consistent with estimates
of wave influence by BOKUNIEWICZ and GORDON (1980a).
As with the tidal currents, we can use the high-resolution
description of the sea-floor environments and wave model results to reveal the aspects of the wave climate that characterizes each environment (Figure 9). It is clear that the largest wave influence is in the erosion or non-deposition environments, and in particular, in those environments that are
found along the shallow margins of the Sound.

Wind-Driven Bottom Currents
In addition to forcing surface waves, strong wind events in
the Sound generate bottom currents that may influence the
distribution of sedimentary environments. Similar to the
steady wind response in a long lake (CSANADY, 1973), the
currents in Long Island Sound respond most efficiently to the
along-axis wind component. Wind blowing along the axis of
the Sound rapidly sets up a local tilt of the sea surface opposing the wind; circulation is generally downwind in the
shallows and against the wind in the deeper parts of the basin. Figure 10 shows the near-bottom current response to a
10 mls westerly wind blowing along the axis of the Sound.
Subtracting the tide-induced residual circulation has isolated
the wind-driven residual circulation. Along the shallow mar-
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gins there are strong bottom currents in the downwind direction. The deep return flow, opposite the wind, occurs mostly in the axial depression, where the flow speed is 6-8 cm/s.
On either side of the axial depression, flow speeds weaken
dramatically. In most of the central and eastern Sound, there
is only a weak response. This is consistent with theory of
HUNTER and HEARN (1987), who showed that the wind-driven transport in long, shallow lakes is determined largely by
the distribution of depths comprising the channel cross-section. They found weak transport when the variations in depth
were small compared to the mean depth (e.g. when the crosssection is nearly constant depth). Shallow depths and large
variations in depth, such as occur in the axial depression,
lead to large transports and stronger bottom currents.
In the axial depression, winds from the west drive a westward current that adds to the westward near-bottom estuarine inflow. Thus, westerly winds (the predominant wind direction) act to further enhance flows in the axial depression
relative to the flows in the surrounding shallower regions. In
contrast, storm winds from the east drive an eastward-directed bottom current that opposes the estuarine flow and,
therefore, decreases the magnitudes of the currents in the
depression. From analysis of the Ambrose Light wind data,
westerly low-frequency wind events having wind speeds of at
least 10 m/s occur about 10-20 times a year chiefly during
the winter months. Although BOKUNIEWICZ and GORDON
(1980b) could not find a direct coupling between wind events
and bottom currents in the shallower regions of the Sound,
the bottom-current fluctuations in the axial depression are
strongly correlated with the along axis wind. For example, at
the NOS RADS station 7, located in the axial depression, 62%
of the variance in the along axis subtidal flow was explained
(during the summer 1990 deployment) by the along-axis subtidal wind component (Figure 11). The transfer function between wind and current was approximately 1% at this level
(e.g., a 10 m/s wind drives a 10 cm/s current), in rough agreement with our model simulation. Also apparent in Figure 11
is a strong westward mean current of 11.3 cm/s. This strong
mean flow cannot, however, be explained by the mean eastward wind component, which is just under 1 m/s for this time
period. It is most likely the result of the enhanced density
driven circulation that occurs in the axial depression.

Density-Driven Estuarine Circulation
Observations and theoretical studies have established the
presence of westward bottom flow in the lower layer of Long
Island Sound due to the longitudinal salinity gradient. Just
as the pressure gradient established by wind blowing along
the Sound drives enhanced flow in the axial depression, the
estuarine circulation in our simulation indicates strongly enhanced flows due to the along-Sound baroclinic pressure gradient (Figure 12). The strongest response tends to follow the
thalweg of the Sound, with 2-4 cm/s flow running through
the eastern and much of the central Sound, but increasing to
6-8 cm/s in the axial depression. Since this density-driven
circulation persists throughout the year (albeit with much
variability), it plays a crucial role in the long-term net transport of sediment. The local enhancement of flows in the axial

depression by the estuarine circulation, augmented by westerly wind events provides an explanation for the relatively
coarse material found along parts of the axial depression.

Bedload Transport of Sand
Our high resolution, three-dimensional, nonlinear tidal
model gives us the opportunity to predict sand transport
pathways on the scale of 1 km. The persistent currents in the
Sound are the tides and the estuarine circulation. Using tidal
currents driven by M2 forcing and the estuarine circulation,
and the method of GADD et at. (1978), we compute the net
bedload transport of medium sand averaged over a tidal cycle
(Figure 13). As expected, the eastern Sound shows by far the
greatest potential for sand transport, and since tides are significantly stronger in this region and the transport is proportional to the cube of the velocity. The broad-scale transport is westward, with strong transport of .01-0.1 g cm- 1 S-1
in the erosion or non-depositional environment near the eastern entrance and values of 10- 4-10-:3 g cm- 1 SI in the transition zone from sand to mud toward the west. BOKUNIEWICZ
(1980) reported observed sand transport rates of 0.01 g cm- 1
S-I, based on observations of sand-wave migration over 10
km scales in the east-central Sound. Superimposed on this
westward transport is a strong clockwise transport of sand
around the large, longitudinally directed sand ridges, particularly Long Sand Shoal. If we calculate the divergence of the
bedload transport, we can determine the regions where we
would expect sand to accumulate (convergent regions) and
erode (divergent regions), provided there is ample sediment
supply (Figure 14). There is a strong convergence of sand on
most of these ridges, providing an explanation for their maintenance. On top of Long Sand Shoal, sand is predicted to converge at the rate of 0.011 em day 1, or about 4 em yr-l. At
this rate, 20-m high ridges can form in 500 yr. This indicates
that the tidal and density-driven flows provide a continuous
mechanism for supplying sand to sustain the ridges, a process
that is probably balanced by the dispersion of sand off the
ridges due to surface waves during strong storm events.
These simulated transport rates are regarded only as crude
estimates, because bedload transport formulas are probably
accurate within a factor of 2 or so (VAN RIJN, 1984). Moreover, these simulations assume a constant grain size, and we
have not considered variations caused by the spring/neap cycle or other sources of variability. Nonetheless, it is clear that
the combination of tides and estuarine circulation is an effective transport mechanism that is consistent with the seafloor sedimentary environment of the region.

CONCLUSIONS
The results of this study provide a general description of
the distribution and causes of bottom currents in Long Island
Sound and their relationship to the sedimentary environments. In the funnel-shaped eastern part of the Sound, the
gradient of tidal-current speed corresponds to a westward
progression of sedimentary environments (KNEBEL et al.,
1999; KNEBEL and POPPE, this volume). Currents here are
sufficient to move sediments of fine sand and coarser and to
produce coarse lag deposits in areas of erosion or nondepo-
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sition as well as winnowed finer sands in areas of bedload
transport and sediment sorting. Although the tidal-current
regime can explain most general aspects of the distribution
of bottom environments, our modeling indicates that resuspension by waves is important along the nearshore margins
of the Sound. In these shallow regions, the bottom-orbital
speeds associated with surface waves are strong and are sufficient to resuspend fine-grained sediments (muds) about 110% of the time. The frequency of sediment movement drops
dramatically with water depth, and waves have essentially
no effect in water depths greater than about 20 m. Estuarine
circulation and westerly wind events are shown to locally enhance tidal bottom currents along the axial depression of the
Sound, providing a possible explanation for the relatively
coarse sediments found at some locations in the depression.
Simulated bedload-transport patterns, due to the superposition of tidal and estuarine flow, describe broad westward
transport in the eastern Sound. The simulations also show
strong transport around and convergence over the large sand
ridges in the eastern Sound, consistent with their long-term
maintenance. The complex patterns of simulated tideinduced residual circulation and bedload transport in the
eastern Sound illustrate the difficulty in determining largescale behavior from point measurements of currents and sediment profiles in regions of irregular bathymetry.
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