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Tides and Overtides in Long Island Sound

by Diane C. Bennett1,2, James O’Donnell1, W. Frank Bohlen1 and Adam Houk1

ABSTRACT
Using observations obtained by acoustic Doppler profilers and coastal water level recorders, we

describe the vertical and horizontal structure of the currents and sea level due to the principal tidal
constituents in Long Island Sound, a shallow estuary in southern New England. As expected, the
observations reveal that M2 is the dominant constituent in both sea surface and velocity at all depths
and sites. We also find evidence that the vertical structure of the M2 tidal current ellipse parameters
vary with the seasonal evolution of vertical stratification at some sites. By comparing our estimates
of the vertical structure of the M2 amplitudes to model predictions, we demonstrate that both uniform
and vertically variable, time invariant eddy viscosities are not consistent with our measurements in
the Sound. The current records from the western Sound contain significant overtides at the M4 and
M6 frequencies with amplitudes and phases that are independent of depth. Though the M4 amplitude
decreases to the west in proportion to M2, the M6 amplifies. Since the dynamics that generate overtides
also produce tidal residuals, this provides a sensitive diagnostic of the performances of numerical
circulation models. We demonstrate that the observed along-Sound structure of the amplitude of the
M4 and M6 overtides is only qualitatively consistent with the predictions of a nonlinear, laterally
averaged layer model forced by a mean flow and sea level at the boundaries. Since neither the vertical
structure of the principal tidal constituent nor the pattern of horizontal variation of the largest overtides
can be explained using well established models, we conclude that they are fundamentally inadequate
and should no longer be used for more than a basic qualitative understanding, and even then should
be used with caution. We provide comprehensive tables of the tidal current parameters to facilitate
the critical evaluation of future models of the circulation in the Sound.
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Figure 1. Bathymetric map of Long Island Sound. Diamonds show the location of NOAA tide gauges
(KP = Kings Point, BP = Bridgeport, NH = New Haven, NL = New London, and MTK =
Montauk), dots show LISICOS stations, asterisk shows central sound ADCP location, circles show
LIS NSF stations, and pluses show historical current meter locations. Colors indicate depth in
meters.

1. Introduction

Long Island Sound (LIS) is a shallow estuary located between Connecticut and Long
Island, New York. Figure 1 shows the bathymetry and coastal geometry of the region. The
circulation in the eastern end of LIS is forced by ocean tides through a deep and narrow
channel known as The Race. The western end of the Sound is also connected to the ocean
and the lower Hudson River Estuary through the East River, a dredged strait. The tidal
circulation at the East River has been characterized by Bowman (1976), and Wilson et al.
(1985) described the meteorologically forced motion. While the net volume exchanged at
tidal frequencies is much smaller there than at the eastern boundary, Blumberg and Pritchard
(1997) have shown that there is a strong mean westward volume flux of 310 m3 s−1. This
transport is the net result of a surface layer eastward flux of 260 m3 s−1 and a lower layer
westward flux of 570 m3 s−1. The surface layer brings freshwater from the Hudson estuary
into LIS causing the western Sound to be fresher than the eastern Sound, despite the fact
that the major freshwater source, the Connecticut River, discharges into the Sound near the
eastern boundary.

The high degree of urbanization and land development within the LIS watershed has
significantly affected the Sound’s ecosystem. Since at least the 1970s, the bottom waters of
the western Sound have experienced hypoxia in the late summer as a consequence of nitrogen
discharge from water treatment plants and agricultural practices (Parker and O’Reilly, 1991).
In 1999 the lobster population in LIS experienced a catastrophic decline and investigation
of the cause was hampered by the difficulty in simulating the transport of pollutants and
the variability of stratification (Howell et al., 2005). Well-calibrated circulation models are,
therefore, critical to the wise development of management and remediation strategies.

The strongest tidal constituent in sea level variations in Long Island Sound is the semi-
diurnal lunar, or M2, signal (Swanson, 1976). The amplitude of the M2 is smaller in the east
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Figure 2. Density climatology along the central axis of Long Island Sound for winter (a) and
summer (b).

and increases to the west. Wong (1991) observed that at the western end of the Sound the East
River creates an imperfect reflecting wall at tidal frequencies, and the observed amplification
is consistent with the fact that the length of the Sound is close to a quarter of the M2

wavelength and is therefore near resonance. Few long-term current velocity measurements
are available in LIS, but according to the vertically averaged model of Kenefick (1985)
and the model and observations of Bogden and O’Donnell (1998), tidal currents generally
decrease in amplitude from east to west and have weak lateral variation.

The large scale structure of the hydrography of LIS was first described by Riley (1956).
Since 1988 a comprehensive monitoring program with cruises at monthly (or higher) fre-
quency throughout the Sound has been undertaken by the Connecticut Department of
Environmental Protection (CTDEP). Kaputa and Olsen (2000), Gay et al. (2004) and Lee
and Lwiza (2005) provide a thorough analysis of this data set. Figure 2a shows the along-
Sound structure of the density field in the winter computed by averaging all January and
February observations at CTDEP stations along the central axis of LIS. The July-August
distribution is shown in Figure 2b. The wintertime stratification in the western Sound asso-
ciated with the distribution of freshwater is substantially augmented in the summer by the
thermal stratification. It is therefore important to establish whether this changes the character
of the tidal current structure.
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The evaluation of circulation models for LIS has been hindered by a lack of observations
with which to refine the simulations and evaluate the veracity of the predictions. Mur-
phy (1980) and Kenefick (1985) developed similar two dimensional vertically averaged
barotropic (2D) models of the area and showed that they could simulate the variation in the
sea level observed by coastal tide gages. They also compared predicted vertically averaged
current amplitude and phase to estimates obtained from short current meter deployments in
the central Sound (see Gordon and Pilbeam (1975)).

Skill evaluation of the current estimates was limited because only measurements at a
few near bottom and near surface locations were available. Since discrepancies between the
model and observations could not be separated into measurement errors and real differences
between the vertically averaged current and that at a fixed level, a critical assessment of the
suitability of the model dynamics could not be completed. Bogden and O’Donnell (1998)
combined moored, fixed level current meter observations with ship surveys using an acoustic
Doppler current profiling system (ADCP) to estimate the relative magnitudes of the expected
model-data differences for their implementation of the 2D model and demonstrated that the
model and the mooring data were not inconsistent.

Since it is clear that the vertical structure of the circulation is critical to determining the
transport and fate of material in estuaries, Blumberg and Galperin (1990), Schmalz (1993),
Valle-Levinson and Wilson (1994), and Signell et al. (1998) developed three-dimensional
circulation models for LIS. These models were evaluated using sea level observations and
current measurements from a series of bottom mounted ADCP deployments conducted
in 1988-89 by the National Oceanic and Atmospheric Administration (NOAA), which
was summarized by Earwaker (1990). In this program instruments were cycled among the
stations and long records were only obtained in the East River, the central Sound and the
Race.

The seasonal variation in vertical stratification is the most extreme in the western Sound
(see Fig. 2) and the horizontal gradients in dissolved oxygen are maximal there, and so the
absence of current measurements in this region seriously limits the development and testing
of transport models. In this paper we present a program designed to describe the structure
of the tides in the western Sound and augment this data set with previously unpublished
observations in the eastern and central Sound. We summarize all the observations that
resolve the vertical structure of the tidal circulation in LIS and elucidate the spatial and
temporal variability of the major constituents. We also provide tables that can be used to
evaluate and compare transport models in the future.

This data set provides high resolution of both the vertical and horizontal variations of the
amplitude and phase of the tidal currents in LIS and so we quantitatively assess whether the
classic models of frictional barotropic dynamics are consistent with these observations. In
particular, we assess whether simple vertical eddy viscosity models can describe the vertical
structure of the main semidiurnal constituent (M2), and whether a laterally averaged model
with quadratic bottom friction and a realistic mean transport can describe the amplification of
the M2 and the associated generation of overtides. These models are often used to investigate
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the dynamics of similar systems; recently, the assumption of time-invariant vertical eddy
viscosity was used by Winant (2007) and Li et al. (1998), and Parker and O’Reilly’s (1991)
explanation of the generating mechanisms of tidal harmonics by nonlinear effects, on which
our laterally averaged model is based, has been cited many times, by Hench and Luettich
(2003), Andersen et al. (2006), Valle-Levinson et al. (2007), and Breaker et al. (2008),
among others. Until now it has not been possible to demonstrate that they are based on
invalid assumptions. Therefore, we make use of our extensive data set, which spans a
wide range of stratification conditions, to assess rigorously the accuracy of these models
in an estuarine setting. We also examine how tidal ellipses in LIS are affected by seasonal
changes in stratification in order to assess whether the effects observed in strongly stratified
conditions by Visser et al. (1994), Souza and Simpson (1996) and Codiga and Rear (2004)
also apply in a more weakly stratified estuary.

In the next section we describe the data sources used and in Section 3 we summarize the
models we evaluate. We summarize the distribution of the tidal constituents in Section 4
and then compare the predictions of the models to the observations. Section 5 contains a
discussion of the results and in Section 6 we provide a summary of our conclusions.

2. Observations

A series of ADCPs were deployed on bottom frames in western LIS as a component of
the Long Island Sound Integrated Coastal Observing System (LISICOS). The deployment
locations are shown in Figure 1, labeled EXRCK, FB01, FB02, FB03, and WLIS. The
ADCPs were generally co-located with buoys that measured conductivity, temperature,
pressure, and dissolved oxygen at three levels (near surface, mid-depth and near-bottom)
to observe the variability in stratification. These observations are described in O’Donnell
et al. (2008). Table 1 lists the locations of all the current velocity measurements used in this
analysis together with the mean water depth, deployment times and the ADCP sampling
parameters. During the summer 2005 deployment only, station FB03 was located closer to
the coast than its location in Figure 1.

Five records from 300 kHz broadband ADCPs deployed on the bottom in eastern LIS in
1998 at the locations labeled M01-3 and M05-6 in Figure 1 were available from an earlier
study, two of which were co-located. Data from a similar 600 kHz ADCP deployment in
central LIS were utilized as well. This deployment extended for more than a year, from
2005 to 2006, with four short interruptions. The deployment details of these instruments
are also listed in Table 1.

Finally, several historical observations of current velocities that included harmonic anal-
ysis of the M2 component in Long Island Sound were also utilized for model comparisons.
These are derived from Gordon and Pilbeam (1975) and from Cobb et al. (1978). The
locations of these observations are indicated in Figure 1 by + symbols.

Records of sea surface height are available at several locations in Long Island Sound
from NOAA’s web site (http://tidesonline.nos.noaa.gov). We employ data from stations at
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Kings Point, NY, Bridgeport, CT, New Haven, CT, New London, CT, and Montauk, NY,
which are indicated by diamonds on the map in Figure 1. Measurements from the Battery
in the East River were also used to help understand the tidal dynamics.

3. Theory and analysis

a. Vertical structure

Simple models that are tractable using analytic approaches have proven extremely valu-
able in oceanography. Ianniello (1977a, b) demonstrated this in an early model of the vertical
structure of tides in an estuary. He argued that the effects of advection of momentum and the
baroclinic pressure gradient were small compared to the local acceleration and the barotropic
pressure gradient and that the vertical gradient of the turbulent eddy stress was important
throughout the water column. He then approximated the along-estuary momentum balance
by

∂u

∂t
= −g

∂η

∂x
+ ∂

∂z

(
Az

∂u

∂z

)
(1)

where u is the along-channel velocity in the x direction, z is the vertical coordinate, t is
time, g is the vertical acceleration due to gravity, z = η is the sea surface level, and Az is the
vertical eddy viscosity. This model assumes that the Reynolds stresses can be approximated
by an eddy viscosity coefficient following Proudman (1953).

Ianniello also formulated a linearized continuity equation that allowed along-estuary
variations in bottom depth and channel width. He sought periodic solutions for the structure
of the laterally averaged velocity and sea level in a semi-enclosed channel of length L forced
by a single frequency, ω, with amplitude η0 at the ocean boundary (x = 0). He did not ignore
the Coriolis acceleration but argued that in a channel with a large length-to-width ratio, the
contribution of the lateral velocity to the along-channel momentum budget would be small.
More recently, Winant (2007) noted that even though vertically integrated transports are only
weakly influenced by rotation, the velocity structure can still be significantly affected. He
generalized Ianniello’s model to include the Coriolis effect and his modified along-estuary
momentum equation is

∂u

∂t
− f v = −g

∂η

∂x
+ Az

∂2u

∂z2
. (2)

In this equation, f is the Coriolis parameter and v is the across-channel (y direction) velocity
component. Note that the Winant solution uses a constant eddy viscosity. While this across-
estuary momentum equation is only slightly modified from Ianiello’s solution, Winant also
included the across-estuary momentum equation,

∂v

∂t
+ f u = −g

∂η

∂y
+ Az

∂2v

∂z2
. (3)
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Winant showed that for weak to moderate friction, rotation can drive lateral flows that are
of similar magnitude to the along-axis flow, and therefore cross-estuary tidal flows may be
important in systems where rotation plays a role.

Ianniello showed that the velocity field can be written in the separable form u(x, z, t) =
U(z)a(x) exp(iωt) where i = √−1. Here, a(x) and U(z) are complex functions. a(x)

describes the along-channel variation in the amplitude and phase, and U(z) describes the
vertical structure of the velocity. The tidal velocity amplitude as a function of depth has
a simple analytic solution when Az is constant. The velocity solution is controlled by the
dimensionless variabled0, the ratio of the actual depth to the frictional depth. Asd0 increases,
friction affects a smaller percentage of the water column.

Prandtl (1925) proposed the mixing length hypothesis for the effect of turbulence in a
flow that varies in one dimension and estimated that

Az = l2
m

∣∣∣∣dU

dz

∣∣∣∣ (4)

where the mixing length (lm) was prescribed empirically. The structure of an open channel
flow with a free surface at z = 0 and a rigid boundary at z = −h was found to be consistent
with lm = κ(z + h) where κ ≈ 0.4 is known as the von Karman constant. Subsequently,
there has been considerable literature on the parameterizations of lm and Az (e.g., see Mellor
and Yamada, 1974). Ianniello considered several cases of an algebraic length scale closure
in which Az increases with distance from the bed. He showed that the vertical structure of
tidal flow was only sensitive to the parameterization of Az(z) near the bed where vertical
shear is large, and that d0 ≈ 2 was consistent with the observations of the vertical structure
of tidal flows available to him. This has been confirmed by similar models (e.g. Prandle,
1982).

Using numerical integration to retain flexibility in the form of Az, we solved for u in
Eq. (1) by reducing it to a split boundary value problem in two simultaneous first order
equations. While it is possible to use this technique to test cases where there is no analytic
solution for a particular eddy viscosity profile, we will be discussing the eddy viscosity
cases examined by Ianniello, which do have analytic solutions, in order to re-evaluate these
basic scenarios using our tidal velocity amplitude data. We also solved for u in Eq. (2) and v
in Eq. (3) in a similar fashion while retaining a constant form for Az to evaluate the modified
model of Winant (2007).

Adding rotation to the one-dimensional vertical model for tidal flow allows a more rig-
orous verification of the analytic model; however, we were interested in further quantifying
the effects that rotation has on both the flow and rotational characteristics of the tidal ellipse.
The effects of stratification on the vertical profile of the semidiurnal tidal current ellipse
have been described for a region of freshwater influence in the North Sea by Souza and
Simpson (1996) and Visser et al. (1994). It was observed that during periods in which the
water was relatively well mixed, surface ellipses were nearly degenerate and had a small
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cyclonic component near the seabed. During times when the water was stratified, an anti-
cyclonic rotation was observed at the surface and the cyclonic rotation near the seabed was
enhanced. A change in orientation was also noted during times of higher stratification.

Souza and Simpson (1996) proposed that the change in the rotary motion of the tides
was a consequence of the independent frictional layer depths of the cyclonic (δ+) and
anticyclonic (δ−) rotating tidal components. Following Prandle (1982), the bottom layer
frictional depths can be written as

δ+ =
(

2Az

ω + f

)1/2

, δ− =
(

2Az

ω − f

)1/2

(5)

where Az and ω are the turbulent eddy viscosity and tidal frequency, as before, and f is the
Coriolis parameter.

Eq. 5 implies that the cyclonic component has a smaller frictional depth than the anticy-
clonic component. Souza and Simpson (1996) argued that if the ellipse is degenerate at the
surface (rectilinear flow) where the cyclonic and anticyclonic components are equal, then
the cyclonic component will remain constant with depth until its frictional layer is reached
near bottom, while the anticyclonic component will begin to decay higher in the water
column as a result of its larger frictional depth. This will lead to a near bottom ellipse with
cyclonic rotation. Assuming that the barotropic pressure gradient remains unchanged, strat-
ification should reduce the eddy viscosity in the pycnocline which, they proposed, would
have no substantial influence on the cyclonic component if the pycnocline was already
above δ+, its boundary layer thickness. However, the reduced effect of bottom friction on
the anticyclonic component would allow it to have greater amplitude at the surface, and
would reduce it further in the bottom layer. This argument suggests that during stratified
periods the surface waters would exhibit an anticyclonic rotation of the semidiurnal current
ellipse and a cyclonic rotation near bottom, a prediction found to be consistent with the
observations of Souza and Simpson (1996). By similarly separating our data into periods
of higher and lower stratification, we were able to analyze whether stratification in Long
Island Sound produced the same effects.

b. Along-Sound structure

Parker (1984) presented a very thorough analysis of a one dimensional vertically- and
laterally- averaged model of tides in estuaries and qualitatively described how the nonlin-
earities in the momentum and mass balances lead to the generation of overtides. However,
the absence of current observations means that this theory has yet to be quantitatively eval-
uated. The along-Sound resolution of the data available in Long Island Sound allows for
the evaluation of this simple model by comparing the observed and predicted amplification
of the principal tidal constituent and the distribution of the mean transport on overtides.

Parker addresses two mechanisms that affect the generation of higher harmonics: the
interaction of several major constituents, and the presence of mean flow. The former was
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recently examined by Dworak and Gomez-Valdes (2005) in an estuary where both diurnal
and semidiurnal astronomical forcing were strong. We will use similar techniques to evaluate
the effects of river flow on overtides, the second mechanism.

In the model of Parker (1984) the cross-sectionally averaged along-channel velocity is
written as ū and the estuarine geometry is assumed to be rectangular. The along channel
momentum equation (including the advection of momentum term) is then integrated from
the bottom (z = −h) to the surface (z = η) and across-channel (of width b) to yield

∂ū

∂t
+ ū

∂ū

∂x
= −g

∂η

∂x
− CD

1

h + η
ū|ū| (6)

and the continuity equation can be similarly expressed as

∂η

∂t
+ 1

b

∂

∂x
(b(h + η)ū) = 0 (7)

with imposed boundary conditions of zero surface stress and bottom stress τ(−h) =
ρCDū|ū|, where CD is the bottom drag coefficient. The text of Dean and Dalrymple (1991)
(see Chapter 5) develops this formulation in detail. Note that this form neglects the effect
of horizontal variations in the vertical structure of the horizontal velocity.

This system contains four nonlinear effects: in the momentum equation, the advection of
momentum (ū ∂ū

∂x
), quadratic friction (ū|ū|), and the asymmetry of the friction term at high

and low water (ū|ū|η−1), and the Stokes flux (ηū) in the continuity equation. A substantial
simplification can be achieved by assuming that ε, the ratio of the sea surface fluctuations
to the mean water depth, is less than one and then writing the dependent variables as a
power series (η = η0 + εη1 + ε2η2 + . . . and ū = ū0 + εū1 + ε2ū2 + . . .). This leads to an
infinite series of linear equations that can be solved sequentially. The frictional term can be
simplified with a Fourier expansion of ū|ū| as shown by Proudman (1953). When zero mean
periodic forcing of the sea level is enforced as a boundary condition for η0(x = 0) then,
for simple forms of h(x) and b(x), the lowest order equations have a harmonic solution at
the imposed frequency since they are linear in the dependent variables. Note that Inoue and
Garrett (2007) have recently generalized this approach to two dimensional flows.

The second order equations are also linear in η1 and ū1; however, they are “forced” by
inhomogeneous terms containing products of η0 and ū0 that arise from the expansion of the
nonlinearities discussed above. Parker (1984) provides a clear explanation of the physical
mechanisms that lead to the generation of harmonics. The details of this approach can be
found in, for example, Li and O’Donnell (1997; 2005). Here it is sufficient to appreciate that
the ū ∂ū

∂x
and ηū terms lead to a steady (zero frequency) forcing of η1 and ū1 and oscillatory

forcing at even harmonics of the frequency imposed at the boundary. If, as is the case in
LIS, the ocean tide causes fluctuations at the ocean boundary at the M2 frequency, then the
second order solutions would contain a mean component and the M4,8,12,... constituents. In
contrast, the terms proportional to ū|ū| lead to a mean flow and odd harmonics in the second
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order solution. For M2 ocean forcing, we would then expect to observe M6,10,... constituents
in the basin as well.

When there is a mean flow imposed in an estuary by a river or by a mean pressure gradient
across the boundaries of the basin in addition to an oscillatory tidal constituent, then the
ū|ū| term also generates even harmonics and the forcing of the odd harmonics is reduced.
Parker (1984) shows that for an estuary with constant width and depth, when the amplitude
of the principal tidal current constituent is much larger than the magnitude of the mean
current, the dependence of odd harmonic forcing magnitude on the mean flow is small but
the effect on even harmonics increases rapidly with the mean flow.

Blumberg and Pritchard (1997) present strong evidence of a mean transport through
LIS and conservation of mass suggests that the mean velocity must increase westward
as the cross-sectional area of the Sound is reduced. The analysis of the effects of the
nonlinear interactions then suggest the qualitative prediction that the M4 and M6 tidal current
constituents, and perhaps higher harmonics, should be more energetic in the western Sound
than in the east. Further, if there is seasonal variation in the magnitude of the mean flow,
the M4 amplitudes may reflect that variability.

Since the geometry of LIS is quite complicated, we obtain numerical solutions to the
momentum and continuity equations following the method described by Parker (1984).
We use this model to evaluate whether the observed overtide amplitude and phase distri-
bution can be explained by the long wave equations in order to establish whether a more
sophisticated model is essential.

4. Results

To characterize the tidal variation of sea level in the Sound and to inform model develop-
ers, we present in Table 2 estimates of the amplitude and phase, together with their uncer-
tainties, of the five largest tidal constituents of sea level observed at Kings Point, Bridgeport,
New Haven, New London, and Montauk, using the hourly records made available by NOAA
for the period of 1 January to 31 December, 2005 and t-tide (Pawlowicz et al., 2002), an
efficient and well-tested implementation of harmonic analysis in MATLAB. Comparison
of the results of our analysis to those of NOAA, available at http://co-ops.nos.noaa.gov,
demonstrates that at all stations the M2 amplitudes agree to within 2 cm and the phases
differ by less than a degree. There is no evidence of systematic biases in our estimates. We
also find that the amplitudes of the less energetic constituents are consistent with those of
NOAA. We present the results here both for validation of technique and to provide both sea
level and velocity data for LIS in one location.

Throughout the Sound, the M2 constituent dominates the sea level variability. At Montauk
the N2 and K1 are of equal amplitude and approximately 25 percent of the M2; the S2 and O1

are slightly smaller. The semidiurnal constituents amplify to the west, and at New Haven and
Bridgeport the M2, N2 and S2, the three highest amplitude signals in the sea level records,
are all a factor of three larger than at Montauk. Analysis of the Kings Point record, at the
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Table 2. Amplitudes and phases of five largest constituents at NOAA stations in Long Island Sound.
Phases are relative to Greenwich, and smaller values indicate a phase advance.

Constituent Amplitude (m) Phase (degrees)
Kings Point, NY: M2 1.1608 ± 0.007 115.84 ± 0.3

N2 0.2285 ± 0.006 94.83 ± 1.6
S2 0.1922 ± 0.006 142.73 ± 2.0
K1 0.1033 ± 0.007 192.68 ± 3.5
M6 0.0849 ± 0.006 162.01 ± 3.9

Bridgeport, CT: M2 0.9959 ± 0.005 109.57 ± 0.3
N2 0.1954 ± 0.006 88.39 ± 1.8
S2 0.1577 ± 0.005 136.09 ± 1.9
K1 0.0973 ± 0.006 190.81 ± 3.4
O1 0.0589 ± 0.006 219.21 ± 5.3

New Haven, CT: M2 0.9025 ± 0.004 106.16 ± 0.3
N2 0.1759 ± 0.004 84.86 ± 1.1
S2 0.1417 ± 0.004 132.11 ± 1.5
K1 0.0942 ± 0.005 188.63 ± 3.6
O1 0.0552 ± 0.005 219.28 ± 5.8

New London, CT: M2 0.3615 ± 0.002 59.53 ± 0.3
N2 0.0812 ± 0.002 35.74 ± 1.6
K1 0.0721 ± 0.005 178.56 ± 3.6
S2 0.0640 ± 0.002 71.7 ± 2.1
O1 0.0456 ± 0.004 211.09 ± 5.4

Montauk, NY: M2 0.2832 ± 0.006 47.42 ± 1.5
N2 0.0712 ± 0.006 27.24 ± 5.8
K1 0.0708 ± 0.008 173.14 ± 6.8
S2 0.0594 ± 0.006 60.56 ± 6.9
O1 0.0465 ± 0.007 213.75 ± 9.0

western end of the Sound, shows that the semidiurnal constituents continue to amplify to
the west. At this location the four largest constituents are the same as at the stations to the
east, but the M6 replaces the O1 as the fifth in rank.

The NOAA tidal stations are all located at the coast, and so we also performed a harmonic
analysis of the sea surface level time series at the mid-Sound ADCP frames, which we
obtained from the instruments’ acoustic backscatter data. The amplitude and phase of the
five largest constituents at each station are presented in Table 3. Note that the duration
of these deployments was significantly shorter than the year-long sea level records (see
Table 1); this results in a three fold increase in the uncertainty of the amplitude and phase
estimates. Nonetheless, the five western Sound stations agree well with the coastal stations,
with the amplitudes and phases of the dominant constituents (M2, N2, S2, K1 and O1)
lying between the values at Bridgeport and Kings Point. There is no evidence from our
observations that the tidal response at the coastal stations are substantially influenced by
the local topography and geometry.

The main characteristics of our analysis of the velocity records are summarized in Tables 4
and 5, which contain the tidal ellipse parameters at near surface and near bottom levels for
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Table 3. Amplitudes and phases of five largest constituents at LISICOS stations in Long Island Sound.
Phases are relative to the predicted maximum equilibrium tide at Greenwich, and smaller values
indicate a phase advance.

Constituent Amplitude (m) Phase (degrees)
EXRCK: M2 1.1128 ± 0.031 114.51 ± 1.9

N2 0.2281 ± 0.034 94.99 ± 8.7
S2 0.1971 ± 0.033 146.63 ± 10
K1 0.1381 ± 0.034 194.00 ± 15
O1 0.0759 ± 0.033 226.84 ± 26

FB01: M2 1.1151 ± 0.022 113.69 ± 1.1
N2 0.2294 ± 0.023 93.39 ± 5.4
S2 0.2022 ± 0.021 149.15 ± 6.4
K1 0.1571 ± 0.029 190.90 ± 10
O1 0.0749 ± 0.030 221.79 ± 23

FB02: M2 1.1116 ± 0.026 113.58 ± 1.2
N2 0.2261 ± 0.024 92.34 ± 6.3
S2 0.1859 ± 0.025 149.44 ± 7.7
K1 0.1327 ± 0.030 193.18 ± 12
O1 0.0686 ± 0.027 225.04 ± 25

FB03: M2 1.1113 ± 0.023 113.59 ± 1.2
N2 0.2256 ± 0.021 92.97 ± 5.7
S2 0.1884 ± 0.022 147.37 ± 7.3
K1 0.1303 ± 0.033 184.17 ± 13
O1 0.0686 ± 0.033 226.83 ± 31

WLIS: M2 1.0847 ± 0.028 112.84 ± 1.4
N2 0.2055 ± 0.030 91.71 ± 7.8
S2 0.1945 ± 0.028 145.73 ± 8.8
K1 0.1158 ± 0.031 182.34 ± 19
O1 0.0706 ± 0.032 217.32 ± 28

the five strongest constituents at the eastern and western Sound stations, respectively. We
employ the convention used by Pawlowicz et al. (2002) and represent the tidal current
ellipse in the hodograph plane for a constituent in terms of the semi-major and semi-minor
axes, the orientation in degrees north of east, and the phase delay relative to the maximum
equilibrium forcing at Greenwich.

These tables confirm that the largest amplitude tidal current constituent at all sites is at
the M2 frequency, which is consistent with the sea surface amplitude results. Near surface
velocity amplitudes at the western Sound stations range from 18 to 28 cm s−1. In the eastern
Sound amplitudes are much larger, approaching 1 m s−1 near the surface at station M03.
At all sampling stations the M2 velocities show a substantial decrease with depth. Near
the surface in the eastern Sound, N2 and S2 are the second and third largest amplitude
constituents and are approximately 25 percent of the M2 amplitude. The fourth and fifth
largest species are not consistent across the four stations; however, the three constituents
present are L2, K1 and M4 in varying orders of importance, with amplitudes approximately
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10 to 15 percent that of M2. At station BW, which has the longest record, the low-frequency
constituent MSF , which is a result of interactions between M2 and S2, is of comparable
magnitude to L2, although it is still only 2 cm s−1 in amplitude. Near bottom, the same set
of frequencies dominate the records though the M6 is slightly larger than the M4 at station
M02. The MSF is not among the five largest constituents near the bottom at station BW.

In the western Sound, the M2 tidal current amplitude decreases but it is still the largest
constituent. In this area, the amplitudes of N2 and S2 are also approximately 25 percent
of M2, but the overtide amplitudes become larger relative to M2, and M4 and M6 rank
higher than N2 and S2 at some stations. 2MN6 and MN4 also appear among the five largest
species. MN4 results from shallow water interactions between M2 and N2, and 2MN6 is a
sixth diurnal tide resulting from M4 interacting with N2.

Tables 6 and 7 summarize the vertical structure of the M2 tidal current ellipse properties
in the eastern and western Sound, respectively. Note that FB03a represents the nearshore
location of station FB03 during summer 2005 and FB03 represents the averages of all other
deployments, as seen in Figure 3. This figure also shows the semi-major and semi-minor
axes of the near surface and near bottom M2 tidal current ellipses at all stations along with
bathymetric contours. Figure 3 demonstrates that the M2 tidal currents near the surface are
very nearly along-Sound, and are more aligned with bathymetric contours near bottom. The
amplitude, phase, orientation and ellipticity (defined as semi-minor axis over semi-major
axis) of M2 in the western Sound are also shown graphically in Figure 4. The values for
Table 7 are averaged, while the figure displays individual deployments to reveal the degree
of variability in the observations.

The near surface ellipses in the western-most stations (EXRCK and FB01-3) range
between 36 and 47 degrees which is consistent with the geographic orientation of the
thalweg of the Sound in this area. At the WLIS station Table 7 shows that the orientation
of the near surface M2 ellipse shifts to 24 degrees; at the BW station, in the central Sound,
the orientation is almost exactly east-west. Stations M01-6 lie in a region of complicated
bathymetry and this is reflected in the variability of the ellipse orientations among these
stations. At M02, M05 and M06 the near surface ellipses are aligned within a few degrees of
east but the M01 and M03 major axes parallel the local isobaths. Near bottom the orientation
of the current ellipses appears to be more influenced by the bathymetry. This is particularly
evident at EXRCK where the current meter is located on the flank of a deep channel and
the ellipse orientation changes significantly from the direction of the axis of the Sound at
the surface to align with the bathymetry near the bottom.

The magnitudes of the ellipticity of the M2 harmonic in the western Sound are listed
in Table 7. Values tend to be small and negative (indicating anticyclonic rotation) near the
surface, but close to the bottom they are positive and the magnitudes increase substantially.
Station FB03a is anomalous in the sense that the ellipticity is almost uniform and negative
throughout the water column, with an average value of −0.25. In the central and eastern
Sound the estimates of the ellipticy (see Table 6) at stations M01, M03 and BW show the
same general pattern, small negative values in the upper water column and positive values



2010] Bennett et al.: Tides & Overtides in Long Island Sound 17

Table 6. M2 properties at eastern Long Island Sound stations as a function of depth. Values are
seasonally averaged to represent the mean characteristics for each station. Properties are the same
as those explained in Figure 5.

Depth (m) Amp (cm s−1) Phase (deg) Orientation Ellipticity
BW 3 37 ± 0.6 242 ± 1 181 ± 1 −0.07

6 37 ± 0.6 242 ± 1 181 ± 1 −0.06
9 37 ± 0.5 242 ± 1 180 ± 1 −0.05

12 37 ± 0.5 240 ± 1 179 ± 1 −0.04
15 36 ± 0.5 238 ± 1 177 ± 1 −0.02
18 35 ± 0.5 234 ± 1 175 ± 1 0.01
21 34 ± 0.5 228 ± 1 172 ± 1 0.07
24 31 ± 0.5 224 ± 1 171 ± 1 0.14
27 28 ± 0.5 221 ± 1 171 ± 1 0.17

M01 3 65 ± 6.4 231 ± 6 34 ± 6 −0.11
6 63 ± 4.7 230 ± 5 32 ± 5 −0.08
9 59 ± 5.3 228 ± 5 31 ± 4 0.01

12 54 ± 5.0 225 ± 6 30 ± 5 0.12
15 47 ± 4.5 221 ± 6 29 ± 6 0.23
18 43 ± 4.5 218 ± 6 29 ± 6 0.28

M02 3 74 ± 6.2 229 ± 5 1 ± 2 −0.12
6 72 ± 3.4 226 ± 3 2 ± 2 −0.11
9 68 ± 2.7 222 ± 2 3 ± 2 −0.09

12 62 ± 2.8 220 ± 3 4 ± 2 −0.05
15 56 ± 2.6 218 ± 3 5 ± 3 −0.03
18 52 ± 3.0 217 ± 3 5 ± 2 −0.02

M06 3 70 ± 6.6 227 ± 5 2 ± 2 −0.11
6 69 ± 6.7 226 ± 5 3 ± 2 −0.10
9 66 ± 4.5 225 ± 4 4 ± 2 −0.09

12 63 ± 4.2 224 ± 4 4 ± 2 −0.09
15 58 ± 4.2 223 ± 4 5 ± 2 −0.08
18 54 ± 4.1 222 ± 4 5 ± 2 −0.07

M03 6 89 ± 9.0 233 ± 6 22 ± 6 −0.19
9 86 ± 6.7 233 ± 5 22 ± 4 −0.14

12 82 ± 5.9 233 ± 4 21 ± 3 −0.09
15 78 ± 5.2 233 ± 4 21 ± 4 −0.04
18 73 ± 5.9 233 ± 4 21 ± 4 0.01
21 68 ± 5.2 233 ± 4 22 ± 4 0.06
24 62 ± 4.2 232 ± 4 23 ± 4 0.11
27 56 ± 3.8 231 ± 4 24 ± 5 0.18
30 50 ± 4.0 230 ± 5 25 ± 5 0.22

M05 3 69 ± 7.1 211 ± 6 177 ± 4 −0.04
6 67 ± 7.3 210 ± 6 179 ± 3 −0.05
9 63 ± 5.3 209 ± 4 1 ± 2 −0.06

12 58 ± 4.3 208 ± 5 2 ± 3 −0.07
15 51 ± 3.5 207 ± 4 3 ± 4 −0.07
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Table 7. M2 properties at western Long Island Sound stations as a function of depth. Values are
seasonally averaged to represent the mean characteristics for each station. Properties are the same
as those explained in Figure 5.

Depth (m) Amp (cm s−1) Phase (deg) Orientation Ellipticity
EXRCK 3 18 ± 0.4 247 ± 1 40 ± 1 0.01

6 16 ± 0.3 236 ± 1 39 ± 1 0.01
9 15 ± 0.3 232 ± 1 41 ± 1 0.08

12 14 ± 0.2 234 ± 1 49 ± 1 0.16
15 13 ± 0.2 230 ± 1 56 ± 1 0.30

FB01 3 24 ± 0.4 231 ± 1 42 ± 1 −0.02
6 23 ± 0.3 229 ± 1 43 ± 1 0.03
9 21 ± 0.3 225 ± 1 44 ± 1 0.11

12 19 ± 0.3 218 ± 1 45 ± 1 0.22
FB02 3 24 ± 0.4 235 ± 1 39 ± 1 −0.10

6 23 ± 0.3 235 ± 1 40 ± 1 −0.05
9 22 ± 0.5 232 ± 1 39 ± 1 0.04

12 19 ± 0.4 222 ± 1 34 ± 1 0.23
15 16 ± 0.3 210 ± 2 31 ± 2 0.43

FB03a 3 20 ± 0.5 194 ± 2 47 ± 2 −0.28
6 19 ± 0.5 188 ± 2 49 ± 1 −0.28
9 17 ± 0.4 178 ± 2 49 ± 2 −0.25

12 14 ± 0.2 156 ± 1 55 ± 1 −0.20
FB03 3 28 ± 0.3 232 ± 1 40 ± 1 −0.07

6 28 ± 0.3 231 ± 1 40 ± 0 −0.06
9 27 ± 0.3 228 ± 1 37 ± 1 0.00

12 24 ± 0.3 223 ± 1 37 ± 1 0.11
WLIS 3 28 ± 0.6 217 ± 1 26 ± 1 −0.20

6 26 ± 0.4 216 ± 1 27 ± 1 −0.15
9 24 ± 0.4 214 ± 1 25 ± 1 −0.06

12 21 ± 0.5 207 ± 1 21 ± 1 0.06
15 19 ± 0.6 200 ± 2 17 ± 1 0.18

BW 3 37 ± 0.6 242 ± 1 57 ± 1 −0.07
6 37 ± 0.6 242 ± 1 58 ± 1 −0.06
9 37 ± 0.5 242 ± 1 57 ± 1 −0.05

12 37 ± 0.5 240 ± 1 56 ± 1 −0.04
15 36 ± 0.5 238 ± 1 142 ± 1 −0.02
18 35 ± 0.5 234 ± 1 138 ± 1 0.01
21 34 ± 0.5 228 ± 1 136 ± 1 0.07
24 31 ± 0.5 224 ± 1 171 ± 1 0.14
27 28 ± 0.5 221 ± 1 172 ± 1 0.17

near the bottom. However, the three more northerly stations, M02, M05 and M06, show
small negative ellipticity values at all depths.

In the western Sound the phase of the near surface M2 currents varies little with longitude
and the currents at WLIS lead EXRCK by approximately 20 degrees or 40 minutes. Vertical
variations in the phase have similar magnitudes at most stations with the bottom currents
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Figure 3. M2 tidal ellipses at 3 m depth (heavy line) and near bottom (light line) for ADCP deploy-
ments in the eastern (a) and western (b) Sound. Semi-major and semi-minor axis amplitudes are
shown centered at the location of the deployment. Note the different velocity scales for the two
figures.
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Figure 4. (Continued)
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Figure 4. M2 ellipse characteristics for western and central Sound deployments, shown by station
(a-d). Displayed are the major axis amplitude, Greenwich phase and orientation in degrees, and
ellipticity (minor axis amplitude / major axis amplitude). Analysis was performed separately during
more stratified (Δρ > 1 kg m−3 in the west, and Δρ > 0.5 kg m−3 at station BW), and less stratified
conditions (represented by red and black lines, respectively). Note that there were more individual
deployments in the western Sound (a–c) relative to the central Sound (d).
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leading the surface currents. Station FB03a shows the most anomalous behavior; the near
surface phase there precedes WLIS by 30 degrees and the vertical variation at the station
is almost 40 degrees. Even more remarkable is the phase difference between the surface
currents at FB03a and FB03b; 40 degrees difference at the surface and 65 degrees at 12 m.
This implies considerable lateral and vertical shear in this region.

Among the central and eastern Sound stations the phase variation in the horizontal is
very small with currents at the shallower sites leading. The most significant difference is at
M05, which is in shallow water north of Long Sand Shoal. There, currents lead the southern
stations by approximately 20 degrees at all depths. The phase lag between the nearshore
stations and those along the Sound’s axis is larger than the lag between the BW and M01.
This is consistent with the idea that the M2 tide in the Sound is nearly a standing wave. The
largest vertical phase difference is at the central station, BW, where there is a 20 degree lag
between the tidal velocities at 3 meters and 27 meters. To the east, where currents are more
vigorous and the bathymetry complex, phases vary in the vertical at each station by only 3
to 13 degrees.

Since the current observations in the western Sound and at BW were acquired during both
the summer and winter, we can assess the potential influence of seasonal variations in vertical
stratification on the structure of the principal tidal current constituent, M2. We employed the
measurements of the CTDEP hydrographic survey program (Kaputa and Olsen, 2000), at
their stations A4 (near EXRCK) and H4 (near BW) to describe the evolution of the density
field, and divided the ADCP records into high and low stratification intervals. In the western
Sound a threshold of 1 kg m−3 density difference between surface and bottom was used, and
a greater than 0.5 kg m−3 difference was considered high stratification in the central Sound.
The different thresholds are a result of the decreasing level of stratification moving toward
the eastern Sound (Fig. 2), and the minimum stratification at each site was chosen based on
the seasonal climatology at that location so that a typical winter density profile would be
classified relatively less stratified and a typical summer profile more stratified. Harmonic
analysis was applied to estimate the current ellipse parameters for intervals longer than 13
days. The vertical structure of the M2 ellipse parameters at stations FB01 and FB03 did not
show significant or consistent differences with the level of stratification; therefore, we only
discuss the analyses at the other sites.

Figure 4a shows the vertical structure of the semi-major axis amplitude, phase, orien-
tation and ellipticity at WLIS with the estimates from more stratified periods shown in
red. Though the magnitudes of the uncertainty are comparable to the differences between
the more and less stratified amplitudes, it is evident that the vertical gradient of the major
axis amplitude is enhanced during the more stratified intervals. The estimates also reveal
changes to the vertical structure of the phase. During the less stratified periods the phase
difference between the top and bottom bin averages approximately 20 degrees, and the gra-
dient is almost uniform. During the more stratified intervals, however, the phase changes
approximately 25 degrees in the bottom half of the water colum, and is nearly uniform in
the upper half. When the water column is more stratified the orientation is closer to zero
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in the lower water column, tilting the tidal ellipse clockwise, and the ellipticity increases
substantially at the bottom and decreases at the surface. The difference in the structure of the
ellipse parameters between stratified and unstratified periods at station FB02 is illustrated
in Figure 4b. With the exception of the orientation angle, the changes are similar to those
at WLIS.

At EXRCK Figure 4c shows that increased stratification is again associated with a slight
increase in the vertical shear of the semi-major axis and more structure in the vertical
variation of the phase. The most dramatic difference, however, is in the ellipse orientation
in the lower half of the water column during the more stratified periods; an increase by
almost 40 degrees at the bottom is evident. At this station the instrument is located on the
side of the channel leading to the East River and it appears that increased stratification leads
to an alignment of the lower level current with the topography. There is no visible change
in ellipticity with stratification at this location.

Finally, at station BW in the central Sound (Fig. 4d), periods of higher stratification cause
an increase in the amplitude of the semi-major axis and and an increase in the orientation
at all depths, tilting the tidal ellipse clockwise. At this station there is no significant change
in the phase or ellipticity due to increasing stratification.

The relatively large amplitude of the overtides in the western Sound was a suprising result
of our analyses and we presume this is a signature of the importance of nonlinear mechanisms
in that region. Figures 5a and 5b show the semi-major and semi-minor axis amplitude and
phase of the M4 constituent at the eastern and western ADCP stations respectively. Values are
the average of all deployments at each station. The amplitudes range from 1–6 cm s−1 with
the largest values occuring at M03 in the eastern Sound. This station also has a strong minor
axis component near the surface, of similar magnitude to the major axis amplitude, indicating
that M4 is highly influenced by rotation at this location. There is no consistent pattern to
the depth structure of the amplitudes, and the phases also show no clear depth structure.

The higher frequency M6 component’s amplitude and phase are shown in Figures 5c
and 5d. These amplitudes are higher than M4 in the western Sound and of comparable
magnitude in the eastern and central Sound. Again, amplitudes display minimal vertical
structure. Phases have some consistency between stations in the western Sound and are
more variable to the east.

The depth-averaged M4 velocity amplitudes are highest in the eastern Sound where the
maximum was 3.8 cm s−1 at station M03. In contrast, values in the central and western basins
were closer to 1.0 cm s−1. The M6 velocities show the opposite trend, with a maximum value
of 4.1 cm s−1 in the western Sound, a minimum of 0.2 cm s−1 at the central Sound station,
and a range from 1.2 to 2.7 cm s−1 to the east. Therefore, while the M4 velocities decrease
from east to west in a manner similar to the M2 velocities, the M6 velocities are relatively
larger in the western end of the Sound.

Since overtides are generated by nonlinear processes, it is not surprising that they have
higher amplitudes in the western Sound where the estuary narrows and shoals. The along-
Sound variation of the ratio of the M4 and M6 amplitudes, and the secondary semidiurnal
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Figure 5. (Continued)
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Figure 5. Tidal amplitudes and phases as a function of depth for the constituents M4 (a and b) and M6
(c and d) at all stations. Amplitudes and phases are averaged over all deployments at each location.
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Figure 6. Along-sound variation of depth mean semidiurnal tidal constituents and overtides relative
to M2 from summer 2007.

constituents N2 and S2, to the M2 are displayed in Figure 6. The semidiurnal constituents are
15–25 percent of the M2 amplitude throughout the Sound, showing no along-estuary trend,
and the variation of the relative magnitude of M4 is weak. However, M6 is significantly
amplified in the western Sound, where it becomes larger than the secondary semidiurnal
constituents. The mechanism responsible for this phenomenon is uncertain, and the subject
of on-going work.

Finally, it is important to note that when the tidal signal is removed from the velocity
records, a subtidal flow is revealed. In the western Sound, this flow is generally to the east
(toward the mouth) near the surface and to the west (toward the head) at depth. The net
flow is toward the East River (Gay et al., 2004). This subtidal flow is important, as it can
be partially generated by tidal flows, and can also affect the magnitude of overtides.

5. Discussion

The results presented in the previous section provide the first extensive description of the
vertical and along-Sound structure of the tidal currents in Long Island Sound. In this section
we compare the vertical structure of the M2 constituent to two simple analytic models and
comment on the influence of seasonal variations in the vertical density gradient. We then
compare the observed horizontal variation of the amplitude of the M2 constituent to the
predictions of a one-dimensional, nonlinear layer model with variable channel width and
depth. Since the nonlinear terms in this model generate overtides, we compare the structure
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Figure 7. Tidal current amplitudes (thin line with error bars), normalized to the surface, compared
to the analytical model results (thick line) for the constant viscosity case (solid) and the parabolic
viscosity case (dashed) with the parabolic maximum at mid-depth and the frictional depth adjusted
to produce the best fit. Error bars on data are one standard deviation.

of the predicted amplitudes to observations and comment on the effect of the mean flow
through the Sound.

a. Vertical structure of the M2

In Section 3a we summarized the theory of Ianniello (1977a,b). We then compared his
constant viscosity model to examples of the observed vertical structure of the M2 ampli-
tudes and phases in the western Sound over three deployments at stations WLIS, FB02
and EXRCK. These stations are near the central axis of the Sound and least sensitive to
the local effects of coastal boundaries; therefore, they provide the best comparison to the
one-dimensional models. The results of these comparisons for the constant viscosity case
are shown in Figure 7, in which the tidal velocity data (normalized to the surface) is shown
by the thin line with error bars, and the amplitude of the constant viscosity model is rep-
resented by the solid line. For each station and sampling effort, the eddy viscosity (and
therefore the frictional depth) has been adjusted to produce the best fit with the model in
question.
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Comparison of the model predictions with the estimates of the major axis amplitudes
shows that, though they have the same decreasing trend with depth below the surface, most
(more than 90 percent) of the estimates are separated from the model prediction by more than
one standard deviation. The phases (not shown here) are also inconsistent. Consequently,
we must conclude that the model is flawed. We also evaluated the solution of Winant (2007),
to assess whether the contributions of the Coriolis effect were the cause of the poor model
performance. However, we found that the predicted across-sound tidal amplitudes were
even less consistent with the data than the along-Sound amplitudes, and the along-sound
solution was indistinguishable from the nonrotating case for the parameters appropriate
to Long Island Sound. This does not imply that rotation is not important in Long Island
Sound, rather it confirms that our one-dimensional model is still oversimplified given the
complexities of the system.

Several potential explanations for the failure of the model are plausible. One is that
the model neglects the details of the bathymetry and coastal geometry. However, since the
model failed to describe the amplitude structure at any of the sites we regard this as unlikely.
As proposed by Ianniello (1977a,b) and others, the vertical eddy viscosity may vary with
distance from the surface and bottom boundaries. To evaluate this possibility we adopted
a parabolic form for Az(z). The observations of amplitude and phase were not consistent
with this version of the model for any of the deployments. If only the vertical structure of
the amplitude is used, then the model and data agree for the summer of 2006 and winter of
2007 at station FB02 (see the dashed line in Fig. 7). However, this agreement relies on an
erroneously high vertical eddy viscosity of order 1 m2 s−1. Ignoring the vertical structure of
the phase therefore has the potential to be very misleading since it can lead to estimates of the
eddy viscosity that are three orders of magnitude larger than estimates in the literature. This
comparison of model results and observations demonstrates that the model is inadequate in
all cases when both the predicted amplitude and phase are taken into account.

b. The influence of stratification

In Section 4, we noted that the vertical profile of the M2 tidal ellipse could be separated
by high and low stratification conditions, as shown in Figure 4. The tidal amplitude, phase,
orientation and ellipticity were all affected by stratification for at least one of the stations
in the central and western Sound. We, therefore, investigate possible mechanisms for this
observation.

For the semidiurnal tidal constituents in Long Island Sound, the ratio of δ+/δ− is 0.44,
implying that the frictional layer of the anticyclonic component is almost twice that of the
cyclonic component. To estimate these depths, a value must be chosen for Az. Using the
simple empirical formula of Bowden and Fairbairn (1952), Az = 2.5 × 10−3h0U1R where
h0 is the maximum water depth and U1R is the tidal velocity, we obtain an estimate of Az

for the western Sound of 9 × 10−3 m2 s−1, using a depth of 18 meters and a velocity of
20 cm s−1. This value is similar to those obtained for the magnitude of the eddy viscosity
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using the uniform viscosity version of the model of Ianniello (1977a, 1977b). This estimate
suggests that the anticyclonic rotary component of the M2 tide is influenced by friction over
19.7 meters, most of the water column, while the cyclonic component is only modified by
bottom friction in the lower half of the water column. Following the argument of Souza
and Simpson (1996), enhanced stratification should result in a larger amplitude anticyclonic
current component at the surface (negative ellipticity), and a reduced amplitude cyclonic
component at depth (positive ellipticity). This behavior was observed at stations WLIS and
FB02 (Figs. 4a and 4b), as noted in the previous section, suggesting that the reduction in
vertical turbulent transport by stratification is significant in western Long Island Sound.
However, Figures 4c and 4d show that there is no significant change in the ellipticity
between more and less stratified seasons at EXRCK or BW; only the orientations appear
to be modified at these locations. The local effects of stratification on friction alone can’t
explain these observations; therefore, a much more sophisticated theoretical analysis is
warranted.

c. Overtide generation

Our analysis of velocity observations has shown that the tidal velocity of the semidiurnal
constituents in the Sound decreases from east to west. This is broadly consistent with the
predictions of linear models with frictional dissipation like those of Kenefick (1985) and
Bogden and O’Donnell (1998). However, these models do not predict the structure of the
observed overtides, M4 and M6. As shown in Figure 6, the magnitude of the M6 component
is amplified relative to M2 in the western Sound. In Section 3b, we summarized the model
of Parker (1984), who described how the shelf-forced tide and its nonlinear interaction
with mean flow due to a river generate overtides in Delaware Bay. To assess whether the
dynamics in this model can describe the structure of the tides in the Sound, we compare the
model predictions to the observations discussed in Section 4.

Our numerical implementation of the Parker (1984) model (as described in Eqs. 6 and
7) follows his approach. We chose to specify the sea level at the Race, the junction of
Long Island Sound and Block Island Sound, and to simulate the flow between there and
the East River 140 km to the west. The mean cross-sectional depth is used to approximate
a rectangular basin, and this depth varies linearly along the axis of the Sound. The estuary
breadth is a piecewise linear representation of the more complex along-estuary variations
in width.

The time series ηR(t) is synthesized using estimates for the amplitude and phase of the
M2, N2, S2, K1 and O1 sea level constituents normalized to the values of M2 at the New
London station. As the model’s eastern boundary is to the west of New London, the absolute
magnitude of the M2 amplitude and phase are interpolated to the boundary’s location.
At the East River (ER) boundary we employ three alternative conditions: either no flow,
u(x = 0, t) = uER(t) = 0, or prescribed sea level, η(x = 0, t) = ηER(t), treated in two
ways. For the first prescribed sea level case, we set ηER(t) = ηsemi(t)+Δη where ηsemi(t)
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is computed using semidiurnal and diurnal amplitude and phase estimates from Kings Point
and Δη = 0.034 m, the difference between the mean sea level across the model domain.
For the second case where sea level is imposed at x = 0, we set ηER(t) = ηot (t) + Δη,
where ηot is ηsemi with the addition of the M4 and M6 constituents. Adding the M4 and
M6 constituents to the boundary forcing at the eastern end did not fundamentally change
the model results, and their addition at the western end allows representation of overtides
generated within the East River to propagate into the model of the Sound. These options
allow tidal flow through the East River, enabling us to evaluate the influence of a steady
transport within the Sound on the structure of the tide and overtide amplitudes. The value
for Δη was chosen to produce a volume flux at the western end of 500 m3 s−1, which is
roughly consistent with the estimate of Blumberg and Pritchard (1997) of 310 m3 s−1.

The model contains 50 grid points between the East River and the Race; comparisons
with the analytic model showed that a denser grid did not provide significant improvement
in the solution and greatly increased the run time. Model runs spanned eight tidal cycles,
with the first four considered spinup and the last four used in the harmonic analysis of the
results. The time step depends on the frictionless wave speed, a function of estuary depth.
The frictional coefficient in the model, CD , is set to a constant 0.002 for all locations.

The transport through the Sound has no discernable influence on the predicted sea level
distribution, however it does increase the phase difference across the domain, leading to
closer agreement with the observed values near the western boundary. The agreement
between the model’s sea level M2 amplitude and phase distributions and the observations
are surprisingly good, especially considering that the model geometry only represents the
largest scale structures, that there is only one adjustable parameter, CD , and that we compare
the across-Sound average sea level to measurements at single points. The discrepancy is
largest for the central Sound ADCP comparisons in the eastern Sound, where the ADCP
backscatter estimates appear to be biased low.

The simulated distribution of the vertically averaged M2 current amplitude was compared
to our observations at stations near the center of the Sound, as well as to values reported by
Gordon and Pilbeam (1975) and Cobb et al. (1978), which were at a fixed depth. There is
very little difference between the three solutions except near the western boundary where
the predicted amplitudes for the cases forced by sea level are slightly larger and more
consistent with the observations. Again, the model predictions and observations overall are
very consistent.

For the vertically averaged M4 velocity amplitudes, the best agreement is with the no-
flow case, as seen in Figure 8 where the top panel shows the ratio of M4 to M2 and the
no-flow case is the solid red line. The velocity ratios obtained from data are shown in black.
When the boundary is opened (dashed line), M4 velocities are amplified most notably at
the western end of the model, and this is only slightly reduced when overtides are added
to the forcing at the East River (pluses). By increasing the mean flow we were able to
decrease the M4 amplitude, but even a sea level difference across the domain of 10 cm,
corresponding to a mean westward flow of 62 cm s−1 at the East River, was insufficient to
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Figure 8. Ratio of M4 and M6 depth-averaged velocities to M2 for the three model cases (red) and
for the data (black) as a function of distance along the estuary. This shows that no single model
case is in good agreement with the data in the western Sound for both M4 and M6.

bring the predictions into agreement with the data. Therefore the model, in its current form,
is incapable of representing the M4 velocities measured in the western Sound.

As for M6 (Fig. 8, bottom panel), the no-flow case overestimates its amplitude in the
central Sound, and underestimates it in the western Sound velocities. When sea level forcing
at the diurnal and semidiurnal frequencies is added, the along-Sound structure is modified,
but it remains inconsistent with the data. Adding overtides to the sea level forcing at the
East River increases the M6 velocity amplitude throughout the Sound and is much more
consistent with mooring estimates in the western Sound. However, the model continues to
overestimate M6 in the central Sound, where its measured value is close to zero.

In summary, the model with sea level forced at both ends by M2, N2, S2, K1 and O1

and with M4 and M6 added at the western end can successfully reproduce measured sea
level amplitude and phase and depth-averaged M2 velocity throughout the Sound. While
the model includes the generation of higher frequency harmonics through nonlinear inter-
actions, it can’t produce accurate M6 velocities at the converging western end of the Sound
unless the overtides generated within the East River are added to the boundary forcing. The
nonlinear processes in the model also generate the M4 constituent; however, the mean flow
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and boundary forcing required to produce a reasonable representation of M6 degrades the
simulation of M4. The M4 to M2 ratio is constant when the East River is a closed boundary,
and when the boundary is opened M4 is reduced in the central Sound and amplified to the
west. In contrast, M6 is largest relative to M2 with an open boundary and sea level forcing
at the M4 and M6 frequencies. Something is clearly missing in the model. It is possible that
the model geometry is too simple and that neglecting smaller scale features eliminates a
critical source of nonlinear overtide generation. Alternatively, the vertical structure of the
currents and the interaction between stratification and bathymetry, which would appear in
the model as time variation in the friction term, may be critical.

6. Summary and conclusions

We have presented a set of velocity and sea surface level observations from Long Island
Sound that resolves both along-Sound and water column variations in tidal velocities. These
data are an important resource with which both analytic and numerical models can be
evaluated. The most unexpected result of our analysis is the discovery of relatively large
amplitude M6 overtides in the western Sound and weak M4 amplitudes. Since these are
signatures of nonlinear dynamics, simulating the magnitude and spatial structure of these
constituents will pose a sensitive test of numerical circulation models.

By comparing modeled predictions of the vertical structure of the principal tidal current
constituent (M2) using both constant and parabolic vertically varying eddy viscosities to
the amplitude and phase estimates obtained from measurements, we demonstrated that both
models must be rejected as inconsistent with observations. Since we used observations at
five sites throughout the western Sound spanning both summer and winter, we doubt that
this result is a consequence of the local geometry or variations in stratification. We conclude
that a more sophisticated representation of vertical turbulent transport in Long Island Sound
is essential at the leading order of approximation. This result implies that models which use
either vertically constant or varying, but time-invariant, eddy viscosities may be adequate
for the prediction of tidal sea surface amplitudes and phases along with depth-averaged
velocities, but are fundamentally insufficient for the prediction of tidal currents as a function
of depth. We are aware that the eddy viscosity itself has been shown to vary over tidal cycles,
but these same investigations have often found that while Reynolds stresses vary over a tidal
cycle, they co-vary with velocity, and even taking this into account the velocities can often
be modeled using a steady-flow model (Peters and Bokhorst, 2001; Rippeth et al., 2002).
As a result, our finding that the time invariant viscosity model is insufficient to reproduce
our velocity data is worthy of note and further investigation.

We also tested a laterally and vertically averaged, nonlinear barotropic layer model of the
circulation in a rectangular channel with cross-sectional area variation approximating the
large-scale structure of Long Island Sound. Though the bottom friction coefficient can be
selected so that the model predicts distributions of the M2 amplitude and phase for both sea
level and current that are consistent with the observations, the predicted structure of the M4
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and M6 overtides are much more difficult to reproduce. When the model channel is closed
at the East River, the M4 simulation is acceptable but M6 is underestimated. When sea level
is specified at the East River and a realistic mean flow through the Sound is allowed, the
simulation of the M6 is improved but the M4 is over-amplified. Since the nonlinear terms
in the model generate overtides and mean flow, we conclude that either; (1) they are not
adequately represented in layer models and the vertical structure, and its along channel
variation are critical; (2) the simplification of the geometry distorts the relative importance
of the fricional and advective nonlinearities; and/or (3) the representation of friction by a
constant bed stress coefficient is inadequate. Therefore, any evaluation of nonlinear tidal
constituents must include a more sophisticated model than the one presented here, and our
current intuition for the mechanisms behind the nonlinearly generated overtides must be
re-evaluated in light of these discoveries.

Since we have shown that the vertical structure of the principal tidal constituent is not
described adequately by the time-independent eddy coefficient model in Long Island Sound,
and that a nonlinear layer model does not produce acceptable simulations of the overtides,
we conclude that these models must only be used for pedagogical purposes. They illustrate
important mechanisms and interactions, and they also isolate what is unknown. Parker
(1984) explained how the nonlinearities in the layer model led to overtides and rectification,
however, unsteady eddy viscosity and along-channel variations in the vertical structure of
the principal tidal constituent have a similar effect. To isolate the source of the overtides
in the western Sound requires a detailed examination of these effects in a realistic three-
dimensional model of the circulation in Long Island Sound and the East River.
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