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Tidal mixing and cross-frontal particle exchange over
a � nite amplitude asymmetric bank: A model study

with application to Georges Bank

by Changsheng Chen1 and Robert C. Beardsley2

ABSTRACT
Tidal mixing, internal wave bores, and cross-bank particle transport over a � nite amplitude

asymmetric bank are examinedusing a two-dimensionalprimitive equation ocean model with Mellor
and Yamada (level 2.5) turbulent closure. Driven by the surface M2 tide, the model results show that
tidal mixing exhibits temporal and spatial asymmetries on southernand northern � anks of the bank. It
is strongest near the bottom around maximum on-bank tidal � ow as a result of gravitational
instability when denser water is advected upslope over lighter water. A sharp thermal depression
occurs on the steep northern � ank, which produces large current shear and strong tidal mixing
throughout the upper 50 m of the water column. Dissipation also exhibits a strong tidal variation,
with the largest values (of order 10 2 5 W/kg) occurring near-bottom around maximum on- and
off-bank tidal � ow. Dissipation generally decreases upward, with a distinct phase lag in the vertical.
Fluid particles are advected upslope near the bottom in the upper slope region (depth , 150 m) on
both � anks, with some particles moving across the tidal mixing fronts near the bottom. The
near-bottom residual Lagrangian current is opposite in direction to the residual Eulerian current on
the northern � ank due to strong nonlinearity over the steep bottom slope. The mean upslope
advection of � uid particles near the bottom on both � anks is consistent with model passive tracer
experiments, suggesting that strong tidal forcing of a strati� ed � uid over the bank can provide one
physical mechanism responsible for high concentrationsof nutrients and hence phytoplanktonat the
fronts on Georges Bank. The model predictions of eddy viscosity and turbulent dissipation rates are
in good agreement with estimates based on recent current and microstructuremeasurements made on
Georges Bank.
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1. Introduction

The water motion over Georges Bank (Fig. 1) is controlled dominantly by strong M2

tidal currents. These currents exhibit a rotary character over the bank and increase as the
water becomes shallower. The maximum velocity is about 30 cm/s near the shelf break on

Figure 1. Bathymetry (in meters) of the southern New England continental margin (a) and a cross
section of the 2-D model domain (b). In (a), the heavy solid line and � lled triangle indicate the
locations of the cross-bank section used in numerical experiments (A, B, and C) and anchor
measurement stations (D-H). The model is forced by the M2 surface tide at the southern open
boundary on the right. A radiation boundary condition plus a sponge layer are imposed at the
northern open boundary on the left. The sponge layer at the southernopen boundary is only applied
to the current � eld.
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the southern � ank and about 100 cm/s at the edge of the northern � ank (Moody et al.,
1984). Tidal-induced turbulent mixing across this � nite-amplitude,asymmetric bank varies
temporally and spatially and is closely related to the dynamics of the sloping bottom
boundary layer (Loder et al., 1992; Chen et al., 1995; Horne et al., 1996; Yoshida and
Oakey, 1996). Physical processes controlling the sloping bottom boundary layers on the
northern and southern � anks differ due to the large difference in bottom slope. These
dynamics are not well understood.

Strong tidal mixing creates a well-de� ned tidally mixed front (TMF) around the shallow
cap of Georges Bank. This TMF acts like a barrier separating well-mixed water on the top
of the bank from strati� ed water on the � anks. During late spring through summer, the
TMF is located near the 40-m isobath on the northern � ank and about the 60-m isobath on
the southern � ank (Flagg, 1987; Chen et al., 1995). During winter, the TMF disappears
over the southern � ank as strong wind mixing and surface cooling homogenize the local
water column.

The kinematics of cross-frontal water exchange over Georges Bank have been only
partially examined. For the weak nonlinear case in which the cross-isobath tidal excursion
length is much shorter than the cross-isobath variation scale of the Eulerian velocity, the
Euler-Lagrange transformation can be expanded in the form of a Taylor series. In this case,
the Lagrangian velocity of a � uid parcel is approximately equal to the sum of Eulerian and
Stokes velocities. Here the Stokes velocity is de� ned as the � rst derivative term of the
Taylor series expansion of the Euler-Lagrange transformation (Longuet-Higgins, 1969;
Zimmerman, 1979; Loder, 1980). Based on this assumption, Loder and Wright (1985) used
a 2-D model to estimate the cross-frontal Lagrangian residual current over Georges Bank
and found the predicted Lagrangian � ow pattern was similar to the Eulerian � ow on both
northern and southern � anks. They also noted that their model results may not apply for
Georges Bank because of the likely effect of high-order terms in the Taylor expansion.The
real circulation over the bank is controlled by tidal recti� cation processes associated with
strong nonlinearity (Loder, 1980; Chen et al., 1995). For example, on the northern � ank,
the cross-isobath variation scale of the Eulerian velocity is about 10 km or less, which is
equal to or less than the tidal excursion length (10 km or more), invalidating the key
assumption for the Taylor expansion of the Euler-Lagrange transformation. Thus, impor-
tant and unanswered questions arise about how � uid particles move across topography in
the strongly nonlinear � ow regime over Georges Bank.

The northern � ank of Georges Bank has been identi� ed as a location of complex strong
internal waves (Loder and Horne, 1991; Loder et al., 1992; Marsden, 1986). Internal tides
are generated through the interaction of the barotropic tides with the variable bottom
topography (Wunsch, 1969; Baines, 1982; Chen and Beardsley, 1995). In the deep region
away from the bank, the internal tidal � ow is always subcritical. Over the northern � ank
and top of the bank, however, it can be supercritical during � ood and ebb tides and
subcritical near the tidal transition. The existence of two critical states over the bank
suggests that a hydraulic jump or lee wave may occur at the lee side of the bank during the
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local ebb tide (Farmer and Smith, 1980; Pratt, 1991; Loder et al., 1992). The off-bank tidal
current tends to prevent the internal waves from propagating on-bank, causing an
accumulation of wave energy on the lee side of the bank during ebb tide. The accumulated
wave energy propagates on-bank when tidal currents reverse during local � ood tide
(Maxworthy, 1979).

Internal wave generation over the northern � ank of Georges Bank has been examined by
Lamb (1994). Using a two-dimensional, nonhydrostaticmodel, he reproduced the develop-
ment of a large internal density depression over the northern � ank during off-bank � ow,
with subsequent on-bank internal wave propagationand steeping as the tidal current turned
on-bank. However, the model was inviscid, the numerical computation became unstable
after just a few tidal cycles, and the relationshipbetween internal wave generation and tidal
mixing remains unexplored.

As observational components of the US Global Ecosystem (GLOBEC) Georges Bank
Program, multiple instruments such as Conductivity-Temperature-Depth (CTD), Vector
Measuring Current Meters (VMCMs), a Benthic Acoustic Stress Sensor (BASS) tripod,
Acoustic Doppler Current Pro� ler (ADCP), and the microstructure pro� ler, were deployed
on the southern � ank of Georges Bank to measure currents, temperature, and salinity
within the bottom boundary layer (Werner, 1996; Burgett et al., 1996; Burgett, 1997).
Similar � eld measurements were made on the northern � ank of Georges Bank by Canadian
scientists (Yoshida and Oakey, 1996; Horne et al., 1996). These measurements have
provided the detailed vertical microstructure of turbulence kinetic energy, mixing, and
dissipation, and also given us an opportunity to identify, qualify, and quantify the physical
processes controlling tidal mixing over Georges Bank.

In this paper, we examine tidal mixing, internal wave generation, and cross-bank particle
transport over a � nite-amplitude bank using a two-dimensional version of the Blumberg
and Mellor (1987) numerical primitive-equation coastal ocean circulation model with
Mellor and Yamada level 2.5 turbulent closure (see Chen and Beardsley, 1995 (denoted
C&B) for a detailed description of the 2-D model). The model domain represents an
idealized cross-bank slice of Georges Bank, with no along-isobath variation allowed.
Using this 2-D approach facilitates numerical experiments with high resolution, which is
recognized as critically important in particle tracking and bottom boundary layer simula-
tion (Zimmerman, 1979; C&B). Recently, we have developed a fully 3D model of the Gulf
of Maine/Georges Bank region. Comparison of the 2-D and 3-D model results for the case
of tidal spin-up with summer strati� cation shows good agreement in the structure of the
tidal mixed front, along-front residual current, and secondary cross-frontal circulation
along the 2-D model cross-bank section. This supports the use of the 2-D model to study
speci� c processes in an idealized setting.

The remaining sections of this paper are organized as follows. Section 2 describes the
physical model and Lagrangian particle tracking approach. Section 3 presents the model
results of turbulent mixing and dissipation across the bank and comparison with recent
� eld measurements. Section 4 describes the internal waves over the southern and northern
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� anks. In Section 5, the trajectories of particles released at different locations across the
bank are used to study the cross-frontal exchange of water masses and marine organisms.
An alternative study using a dissolved passive tracer is included to compare with the
particle trajectories.An additionaldiscussion on the up-slope water transport and turbulent
closure model is given in Section 6, and conclusions are summarized in Section 7.

2. The physical model

The physical model used in this study is a modi� ed 2-D version of the Blumberg and
Mellor (1987) prognostic coastal ocean circulation model (C&B). This model includes a
free surface and parameterization of vertical mixing using the Mellor and Yamada (1974,
1982) level 2.5 (MY-2.5) turbulent closure scheme as modi� ed by Galperin et al. (1988).
To better understand the dynamics of the turbulent mixing presented in this paper, we give
next a brief description of the MY-2.5 turbulent closure model.

In the boundary layer approximation where the shear production of turbulent kinetic
energy is assumed to be produced by vertical shear of the horizontal � ow near the
boundary, the 2-D equations for q2 and q2l can be simpli� ed to

(q2)t 1 u(q2)x 1 w(q2)z 5 2(Ps 1 Pb 2 e ) 1 (Kq(q2)z)z 1 Fq (1)

(q2l )t 1 u(q2l)x 1 w(q2l )z 5 1.8l(Ps 1 Pb 2 0.56e W ) 1 (Kq(q2l )z)z 1 Fl (2)

where q2 5 (u82 1 v82)/2 is the turbulent kinetic energy, l the turbulent macroscale, Kq the
vertical eddy diffusion coefficient of the turbulent kinetic energy, Fq and Fl represent the
horizontal diffusion of the turbulent kinetic energy and macroscale, Ps 5 Km(uz

2 1 vz
2) and

Pb 5 (gKh r z)/r o the shear and buoyancy production terms of turbulent kinetic energy, e 5
0.06q3/l the turbulent kinetic energy dissipation rate, W 5 1 1 1.33l2/(k L)2 a wall
proximity function where L 2 1 5 ( z 2 z) 2 1 1 (H 1 z)2 1, k 5 0.4 the von Karman constant,
H the mean water depth, and z the free surface elevation. In general, Fq and Fl were kept as
small as possible to reduce the effects of horizontal diffusion on the solutions.

The turbulent kinetic energy and macroscale equations are closed by de� ning

Km 5 lqSm, Kh 5 lqSh, Kq 5 0.2lq. (3)

Sm and Sh are de� ned as the stability functions

Sm 5
0.39 2 3.89Gh

1 2 34.68Gh(1 2 10.1Gh)
, and Sh 5

0.49

1 2 34.66Gh
, (4)

where Gh 5 [(l2g)/(q2 r o )] r z. In the original MY level 2.5 turbulent closure model (Mellor
and Yamada, 1974, 1982), Sm and Sh were functions of the gradient Richardson number. By
removing a slight inconsistency in the scaling analysis, Galperin et al. (1988) simpli� ed the
MY turbulent closure model so that Sm and Sh depend only on Gh. Gh has an upper bound of
0.023 for the case of unstable ( r z . 0) strati� cation and with a lower bound of 2 0.28 for
the case of stable ( r z , 0) strati� cation. As in C&B, the surface and bottom boundary
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conditions for the turbulent kinetic energy and macroscale equations are

q2 5 q2l 5 0 at z 5 z , q2l 5 0, q2 5 B1
2/3u t b

2 at z 5 2 H, (5)

where ut b is the friction velocity associated with the bottom stress and B1 an empirical
constant equal to 16.6. The boundary conditions for velocities and temperature are given in
details in C&B.

The numerical domain featured a cross-bank section cut from southeast to northwest
across the center of Georges Bank (Fig. 1). The water depth varied from 300 m off the bank
to 100 m at the southern shelf break, and then gradually decreased to 40 m at the northern
edge of the bank. The numerical model used the s -coordinate transformation de� ned by
s 5 (z 2 z )/(H 1 z ) where s varied from 0 (at the surface) to 2 1 (at the bottom). A
uniform grid was used in s , with vertical resolution D s 5 0.011 (91 points in the vertical).
This resolution corresponds to a maximum vertical D z of 3.3 m off the bank and to 0.44 m
at the northern � ank. A nonuniform horizontal grid was used in the cross-bank direction.
The horizontal D x was 500 m near and across the bank and increased linearly over an
interval of 30 grid points to 11.96 km outside the domain of interest. The model time step
was 110.4 sec, corresponding to 405 time steps over a M2 (12.42 hr) tidal cycle.

Particle trajectories were traced by solving the x and z velocity equations

dx

dt
5 u,

d s

dt
5

v

H 1 z
, (6)

where u and v are the x and s components of water velocity, respectively. The relation
between v and w is de� ned as

v 5 w 2 (1 1 s )
dz

dt
2 s

dH

dt
(7)

where w is the vertical velocity in the z coordinate direction. The kinematic equations for u
and v were calculated by means of a fourth-order Runge-Kutta scheme with a truncation
error of order ( D t)5. Particle velocities used in this calculation were obtained using a
bilinear interpolationfrom the four nearest grid points.At each time step, each particle was
checked to see if it was located inside the numerical domain. If a particle hit the bottom, it
was reinitialized to a new position using the theory of wave re� ection on the slope where
the angle of re� ection equaled the angle of incident.An alternative method, which was to
keep the particle at the bottom once it moved out of the model domain, was also tested in
our numerical experiments. No signi� cant differences between these two methods were
found for those cases in which high vertical resolution was used.

The fourth-order Runge-Kutta method requires that the time step D t is chosen to satisfy
the criterion D tK , 0.05, where K is an upper bound of the spatial gradient of velocity. In
our numerical experiments, K can be approximated by v (the M2 tidal frequency), which
yields D t v < 0.016 for D t 5 110.4 sec, a much smaller value than the above criterion. We
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tracked particles in the model space (x, s ) and then converted their trajectories back to the
physical space (x,z). This method avoids the interpolation errors due to repeated transfor-
mations from the s - to the z-coordinate.

Since the � ow is nondivergent in the cross-bank plane, the cross-bank velocity � eld can
be described by a streamfunction de� ned as

c 5 2 e
H

z
udz, (8)

which satis� es u 5 2 c z and w 5 c x.
The model was forced by the barotropic M2 tidal elevation at the southern open

boundary.A gravity wave radiation boundary conditionplus a sponge layer was speci� ed at
the northern open boundary to allow the tidal wave to propagate out of the computational
domain with minimum re� ection (Chapman, 1985). To simulate summertime strati� cation,
the initial temperature distribution was speci� ed as a linear function of z, with a
temperature of 20°C at the surface and 11°C at the bottom. To simplify the numerical
experiments and interpretation of model results, a constant salinity of 35 PSU was chosen
throughout the model domain, so that the model density depended solely on temperature.
To minimize the transient response to sharp initial forcing, the boundary tidal forcing was
initially ramped up to its full value over two tidal cycles, and the model integration
continued in time until a periodic quasi-equilibriumstate was attained, typically after about
20 tidal cycles (C&B). The residual � elds of current and temperature presented here are
taken from the periodic quasi-equilibriumstate.

3. Features of tidal mixing

a. Tidal currents, tidal mixing fronts and residual currents

For the case of strong (summer) strati� cation, the periodic equilibrium state is character-
ized by strong rotary M2 tidal currents over the bank, with a maximum cross-bank surface
current of about 100 cm/s at the bank crest. The model M2 tidal ellipse has a ratio of major
axis to minor axis of 1.44–1.48, consistent with the theoretical value of v / f 5 1.47 for a
Sverdrup plane wave propagating across the bank (Brown, 1984). The model M2 major
axis is oriented about 1 to 3° counter-clockwise from the on-bank direction, so that the
cross-bank component of current is a good approximation for the tidal current along the
major axis. The model M2 tidal current vector leads in time as the bottom is approached;
i.e., the current vectors at all levels rotate anticyclonically (clockwise) with an offset of the
current vector near the bottom as a result of the bottom friction. Thus, the transition
between on- and off-bank � ows occurs � rst in time at the bottom.

The increased tidal mixing over the top of the bank creates the TMFs near the 50 to 60-m
isobath on the southern � ank and the 40-m isobath on the northern � ank (Fig. 2a). These
fronts separate vertically, well-mixed water over the top from strati� ed water over the
� anks. The presence of strati� cation increases the cross-bank density gradient near these
fronts, enhances cross-bank tidal current advection (strati� ed tidal recti� cation), and
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Figure 2. Cross-bank distributionsof temperature, along-bank velocity, and cross-bank streamfunc-
tion averaged over a tidal cycle on the 15th model day for the case of summer strati� cation. Filled
downtriangles labeled A, B, and C indicate the sites where the time-dependent behavior is
examined in detail. The southern � ank, crest, and northern � ank sites correspond to the following
isobaths:A-78 m; B-44 m; and C-67 m. In (b): the direction of the along-bank residual current is
indicated by symbols at the top of the � gure. In (c): the direction of the cross-bank residual current
is indicated by arrows on the streamlines.
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reduces internal friction (C&B). As a result, the along-bank residual current is intensi� ed at
fronts. On the northern � ank, the maximum along-isobath current increases from 16 cm/s
in the case of no strati� cation (Chen et al., 1995) to 32 cm/s in the case of summer
strati� cation presented here. On the southern � ank, the along-isobath residual current
intensi� es at the top of the bottom mixed layer, with a maximum along-isobath current of
8 cm/s at a height of 27 m above the bottom at the front (Fig. 2b).

The model-predicted pattern of secondary cross-bank circulation varies signi� cantly
with different bottom slopes and tidal mixing. On the northern � ank, the model predicts
double closed circulation cells, with horizontal divergence near the surface and conver-
gence near the bottom at the edge of the front and a near-surface convergence in the
strati� ed region near the front (Fig. 2c). The residual Eulerian velocity near the sloping
bottom is characterized by an off-bank downwelling current with a maximum velocity of
10 cm/s in the horizontal and 0.3 cm/s in the vertical. On the southern � ank, the secondary
circulation is characterized by multiple closed cells within the frontal zone between the
50-m and 100-m isobaths. The cross-bank and vertical residual velocitiesvary in a range of
0.5–3 cm/s and of 0.01–0.05 cm/s, respectively (Fig. 2c).

b. Vertical eddy viscosity

In the MY 2.5 level turbulent closure model, the vertical eddy viscosity, Km, is
determined by a product of the turbulent kinetic energy q, the turbulent macroscale l, and
the stability function Sm (Eqs. 3 and 4). Here q and l are functions of the magnitude of the
vertical current shear and vertical gradient of density (here temperature), while Sm depends
on the vertical density gradient. Tide-induced shear production of turbulent kinetic energy,
Ps, exhibits maximum values near the bottom due to the large vertical shear caused by
bottom friction. Since bottom friction increases with the magnitude of the tidal currents,
the shear production should be largest where the cross-bank tidal current component is
largest. The buoyancy production of turbulent kinetic energy, Pb, depends on the local
vertical gradient of temperature (Pb ~ 2  T/ z). As a result of combined shear and
buoyancy productions, the vertical eddy viscosity Km should vary markedly with space and
time over the bank during � ood and ebb tidal cycles. We will now describe the
time-dependent behavior of Km and other variables at three representative sites (A–C) over
the bank (Fig. 2).

Southern � ank (site A). On the southern � ank, at the 78-m isobath (site A), strong turbulent
mixing occurs only in the bottom boundary layer, a 25 to 30-m thick layer with weak
strati� cation (Fig. 3). In this layer Km varies periodically with the magnitude and direction
of cross-bank tidal current, with a maximum Km < 0.04 m2/s occurring within one hour
after maximum on-bank tidal current (40 cm/s) and a minimum Km < 0.015 m2/s occurring
around tidal transition.

The stability function Sm( 5 Km/ql) also exhibits a similar asymmetry in time, with a
maximum value of 0.5 near the bottom about 1 to 2 hours after the maximum Km. Due to
the rotary nature of these tidal currents, q exhibits two maxima during each tidal cycle.
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During on-bank � ow, the largest value of q occurs within a layer of 10 m starting from the
bottom, while during off-bank � ow, it extends upward to cover a layer of 20 to 25 m above
the bottom. The macroscale l also varies periodically and has a maximum value of 5 m at
tidal transition.The largest value of l occurs at a height of 25–30 m above the bottom in the
upper part of the bottom mixed layer.

One striking feature at this site is that the largest q occurs during off-bank � ow and the
largest l at tidal transition. With Km 5 qlSm, it is clear that the weaker secondary maximum

Figure 3. Time series of cross-bank current (u), temperature (T), vertical thermal diffusion coeffi-
cient (Km), stability function (Sm), square root of turbulent kinetic energy (q), and turbulent
macroscale (l) over two tidal cycles at site A on the southern � ank.
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in Km during off-bank � ow is due to the smaller values of Sm and l but not q (which was at
its maximum), while the primary maximum of Km during the on-bank � ow is due to an
enhanced Sm plus increased ql.

What is the explanation of this asymmetric behavior of tidal mixing according to the
model physics? As seen in the temperature time series (Fig. 3), the temperature in the
bottom boundary layer decreases during on-bank � ow. Due to the strong shear of the
cross-bank current near the bottom, the temperature drops more rapidly in the upper part of
the boundary layer than near the bottom, as cooler water is preferentially carried over the
warmer water nearest the bottom. This results in gravitational instability near the bottom in
a period of about 3 to 4 hours during on-bank tidal � ow. The unstable vertical pro� le of
temperature produces a positive Pb, increases Sm, and thus enhances Km. During off-bank
� ow, the vertical shear of the tidal current causes the water to warm up more slowly near
the bottom than in the upper part of the boundary layer, enhancingvertical strati� cation and
reducing vertical mixing.

Crest (site B). Over the top of the bank between TMFs, the water is vertically well mixed
(Fig. 2) and Km is characterized by a parabolic curve in the vertical, which varies in
magnitude as a function of the magnitude of the cross-bank tidal current. At the 44-m
isobath (site B), Km has a maximum value of about 0.07 m2/s at a depth of 25 m, decreasing
upward to the surface and downward to the bottom (Fig. 4). Km varies almost symmetri-
cally in time, with its maximum value occurring about one hour after maximum on- and
off-bank currents.

The symmetric variation of Km over the crest is a result of the basic rotary nature of the
M2 tidal current. In this well-mixed region, turbulent kinetic energy is produced by shear
production. Since shear production is independent of the current direction, the variation of
q is nearly symmetric in time through � ood and ebb tidal cycles. l is largest around
mid-depth and decreases toward both surface and bottom boundaries. This contributes
directly to the largest value of Km found at mid-depth about one hour after maximum � ood
and ebb currents.

Northern � ank (site C). On the northern � ank at the 67-m isobath (site C), Km and other
variables exhibit much more complex time-dependent patterns (Fig. 5). The cross-bank
current is asymmetric in time, with a faster (slower) off-bank (on-bank) � ow over a shorter
(longer) time interval (Figs. 5 and 7). The off-bank current also exhibits a signi� cant
O(1 hour) time lag in the vertical, which is not seen in the on-bank � ow. During off-bank
� ow, mixing is moderate in strength and restricted in a thin bottom boundary layer of
5–10 m during the initial phase. Just after maximum off-bank � ow, the temperature within
the upper 50 m reverses its warming tendency and remains cooler with a much reduced
vertical density gradient for about two hours. This produces a large Km of about
0.01–0.04 m2/s in the upper 50 m.

During on-bank tidal � ow, the temperature within the lower 50 m above the bottom
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decreases monotonically as the on-bank tidal current increases, with a cold core forming
near the bottom about one hour after maximum on-bank � ow. Near the bottom, tidal
mixing also increases upward as the on-bank � ow increases, with a maximum Km of about
0.04 m2/s occurring at a depth of about 58 m (8 m above the bottom), about one hour
before maximum on-bank � ow.

At site C, q generally decreases with height above the bottom, with the largest value near

Figure 4. Time series of cross-bank current (u), temperature (T), vertical thermal diffusion coeffi-
cient (Km), stability function (Sm), square root of turbulent kinetic energy (q), and turbulent
macroscale (l) over two tidal cycles at site B at the crest of the bank.
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the bottom between off-bank and on-bank � ows. This temporal pattern is signi� cantly
different from that observed over the crest or southern � ank where q has two maxima per
tidal cycle. Corresponding to the occurrence of the cold water column in the upper 50 m
during off-bank tidal � ow, q, Sm, and l increases quickly about one hour after maximum
off-bank current and extends vertically to the surface. This leads to the large Km formed in
the upper 50 m water column after maximum off-bank � ow.

Figure 5. Time series of cross-bank current (u), temperature (T), vertical thermal diffusion coeffi-
cient (Km), stability function (Sm), square root of turbulent kinetic energy (q), and turbulent
macroscale (l) over two tidal cycles at site C on the northern � ank.
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Comparisons with observationsand previous model results. The model-predictedasymme-
try of tidal mixing during off- and on-bank tidal � ows is evident in recent observations on
the northeastern � ank of Georges Bank. Combined CTD, ADCP, and microstructure
measurements made at site D (Fig. 1) during summer–fall, 1988 showed a cold core of
temperature near the bottom during on-bank � ow, which resulted in relatively stronger
tidal mixing occurring around maximum on-bank tidal current (Yoshida and Oakey, 1996).
Microstructure measurements made in the bottom boundary layer at the shelf break in the
East China Sea also showed stronger mixing as cold water was advected onto the shelf
during � ood tidal � ow (Matsuno et al., 1994).

Estimates of Km have been made using in-situ data at several sites on Georges Bank.
Using high resolution current pro� le data obtained at a weakly strati� ed site on the 75-m
isobath (site E, Fig. 1) on the southern � ank during February–March, 1995, Werner (1996)
found that Km increased to a maximum value of 0.06 6 0.02 m2/s at a height of 30 m above
the bottom. Based on turbulent dissipation rate estimates and the mean vertical current
shear observed during April–June, 1995, Burgett (1997) calculated the time-depth aver-
aged Km at a mixed site on the 45-m isobath (site F, Fig. 1) to be 0.032 6 0.003 m2/s (with a
depth-averaged tidal range of 0.01 to 0.05 m2/s with an uncertainty of 6 0.003 m2/s, and at
a strati� ed site on the 76-m isobath on the southern � ank (site G, Fig. 1) to be 0.023 6
0.004 m2/s (with a depth-averaged tidal range of 0.003 to 0.044 m2/s with an uncertainty of
6 0.004 m2/s). A similar estimation made by Yoshida and Oakey (1996) showed that Km

was higher than 0.01 m2/s near the bottom around maximum on-bank and off-bank � ows at
the strati� ed site D on the northern � ank.

Model predictions of Km are consistent with these recent � eld estimates. At site A, the
model-predicted, time-depth averaged Km in the bottom mixed layer was 0.023 m2/s with a
depth-averaged tidal range of 0.003 to 0.044 m2/s. This value was in good agreement with
Burgett’s (1997) results at site F. At site C, the model predicted Km near the bottom varied
from 0.01 to 0.04 m2/s, which was in the same range as the observed values estimated by
Yoshida and Oakey (1996).

To compare with Werner’s (1996) results, we re-ran the model with weaker initial
strati� cation to simulate the winter case. At the 76-isobath on the southern � ank, the
model-predicted, tidally averaged Km varies parabolically in the vertical, with a maximum
value of 0.05 m2/s at a height of 30 m above the bottom.This shape and amplitude compare
well with Werner’s pro� le over the lower half of the water column.

Naimie (1996) used a turbulent closure � nite-element model to study the 3-D circulation
over Georges Bank during weak and strong strati� cation periods. He also noticed a dense
lens occurring near the bottom during the � ood tide. Our model results, with an idealized
strati� cation and bottom topography, support the similar � nding by Naimie (1996) and also
provide additional insights into gravitational instability related to enhanced tidal mixing
around the maximum � ood tide.
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c. Thickness of the bottom boundary layer

Physical processes controlling tidal mixing over the southern and northern � anks differ.
On the southern slope during on-bank tidal � ow, the interaction of the tidal current with the
sloping bottom results in a counter-clockwise,cross-isobath circulation cell near the bottom
below 150 m (Fig. 6). This current advects colder water upslope in the interior and warmer
water downslope near the bottom, thus enhancing vertical mixing. When the tidal � ow
turns off-bank, the near-bottom, cross-isobath circulation cell reverses, advecting warmer
water downslope in the interior and colder water upslope near the bottom and thus reducing
vertical mixing. The thickness of the bottom boundary layer is de� ned here as the height
above the bottom where D T 5 T(z) 2 Tb # 0.02°C. Here T(z) is the temperature at z and Tb

is the temperature at the bottom (Lentz and Trowbridge, 1991; Trowbridge and Lentz,
1991). Over the upper � ank in water depths less than 150 m, the counter-rotary bottom
circulation cell disappears but the temporal variation of the thickness of the bottom

Figure 6. The cross-bank streamfunction C at maximum � ood and ebb tides on the southern (right)
and northern (left) � anks. The contour interval for C is 4 m2/s.
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boundary layer is similar to that over the deeper slope. At site A, the height of the bottom
boundary layer increases to a maximum of about 30 m during on-bank tidal � ow and
decreases to a minimum of about 23 m during off-bank tidal � ow, with a co-range of about
7 m over a tidal cycle (Fig. 7).

Figure 7. Time series of surface cross-bankcurrent (top), height of the bottom mixed layer (middle),
and vertical pro� le of temperature (bottom) over a tidal cycle at sites A and C on southern (right)
and northern (left) � anks.
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On the steep northern � ank, however, the off-bank current acts like a waterfall to advect
warmer water downslope with a displacement of 50 m in a narrow region near the bottom
(Fig. 6). As a result, a large cross-isobath temperature gradient forms over the slope. When
the tidal � ow reverses, the upslope current carries colder water upward along the slope,
which decreases the cross-isobath temperature gradient within the bottom boundary layer.
A deep depression of streamlines is found about 15 km away from the northern edge of the
bank at maximum off-bank current. This structure also is observed at maximum on-bank
current, but the depth of the depression is less and its width is wider. At site C, the height of
the bottom boundary layer reaches a maximum of 15 m near maximum on-bank tidal
current and decreases to a minimum of 3 m just after maximum off-bank current. The
bottom mixed layer is poorly de� ned in four hours around the transition time from off-bank
to on-bank � ows due to strong mixing throughout the water column (Figs. 5 and 7). The
bottom mixed layer reappears as the on-bank � ow increases and mixing is restricted to the
bottom.

Over the southern � ank, the bottom boundary layer is characterized by a small gradient
Richardson number (Ri , 0.2) over a tidal cycle. At site A, a negative Ri occurs at
maximum on-bank current, with the maximum absolute value at about 8 m above the
bottom (Fig. 8a), indicative of the unstable density gradient occurring during on-bank � ow.
Over the northern � ank, the vertical structure of Ri is more complex. At site C, Ri , 0.2
occurs up to a height of 40 m above the bottom during the transition from off- to on-bank
� ow, consistent with the large mixing within the water column (Fig. 5). As over the
southern � ank, the near-bottom density gradient becomes unstable during on-bank � ow,
causing negative Ri.

d. Dissipation rate

Temporal and vertical variations of the turbulent dissipation rate e at southern � ank, top,
and northern � ank sites are shown in Figure 9. At site A, e varies periodically with the
cross-bank tidal current, reaching maximum values near the maximum cross-bank current.
e is largest near the bottom and decreases monotonically upward within the bottom
boundary layer (Fig. 9a). e is about 0.5 3 10 2 5 W/kg near the bottom at maximum on- and
off-bank � ows, and about 10 2 7 W/kg at the top of the bottom boundary layer. The time lag
between the occurrence of maximum e at the bottom and top of the boundary layer
(thickness , 40 m) is about 1 hour. This time lag is probably caused by the phase-lagged
local production of turbulent kinetic energy (Simpson et al., 1996).

At site B, e also varies periodically with cross-bank tidal current, with a monotonic
vertical decay (Fig. 9b). The maximum value of e < 8 3 10 2 5 W/kg occurs at the bottom
during maximum cross-bank � ow. The vertical phase shift is still noticeable in Figure 9b
but the time lag at the bottom and surface is less than 0.5 hour, suggesting a quicker upward
transfer rate of the turbulent shear production. A similar time-dependent distribution of e
was found at a mixed site on the northeast � ank of Georges Bank by Naimie (1996) in a
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3-D prognostic modeling experiment over Georges Bank [see Fig. 14 in Horne et al.
(1996)].

The temporal and spatial variations of e are much more complex at site C on the northern
� ank (Fig. 9c). In the bottom 10 m, e is still characterized by two near-bottom maxima
during one tidal cycle. The maximum value e < 1.0 3 10 2 5 W/kg occurs near maximum
on- and off-bank � ows. Large values of e are found throughout the water column around
the transition between off- and on-bank � ows. The maximum value of e in that period
varies from 0.5 3 10 2 5 W/kg near the bottom to 1.0 3 102 7 W/kg near the surface.

Figure 8. Vertical distribution of the gradient Richardson number (Ri) at full ebb, ebb to � ood, full
� ood, and � ood to ebb tides at sites A and C on southern (upper) and northern (lower) � anks.
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Figure 9. Time series of turbulent dissipation rates at site A, B, and C on the southern (a), crest (b),
and northern (c) � anks over two tidal cycles.
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These model-predicted values of e can be compared with recent estimates based on
in-situ microstructure measurements on Georges Bank. Burgett (1997) used power spectra
of the observed velocity shear to estimate e at the mixed site F and the strati� ed site E on
the southern � ank (Fig. 1). At the mixed site, e varied periodically, having a large value
near maximum off- and on-bank currents. The maximum e was about 1.0 3 10 2 5 W/kg at
the bottom and decreased to 1.0 3 10 2 6 W/kg at 35 m above the bottom.The vertical phase
lag of maximum e was less than one hour over the 45-m water column. At the deeper
strati� ed site, the maximum e was about 0.5 3 102 5 W/kg near the bottom and decreased to
1.0 3 102 7 W/kg at the base of the pycnocline, about 40 m above the bottom. The phase
lag of maximum e at the bottom and the base of the pycnocline was about two to two and a
half hours. At site D on the northern � ank, Yoshida and Oakey (1996) also found that e
varied periodically with on- and off-bank tidal � ows, which reached a maximum value as e
exceeded 1.0 3 10 2 6 W/kg near the bottom and decreased to 1.0 3 10 2 7 W/kg at the base
of the pcynocline, about 40 m above the bottom. Horne et al. (1996) found similar results at
the mixed site H, where the maximum e ranged from 1.0 3 10 2 5 W/kg at the bottom to
1.0 3 102 6 2 0.5 3 10 2 5 W/kg at a depth of 10 m below the surface.

A direct comparison between model and observed dissipation rates on the southern � ank
is shown in Figure 10. The observed data used in this comparison were obtained at an
anchor station at site F, at the 45-m isobath on the southern � ank, where the amplitude of
cross-bank tidal current was about 70 cm/s. This site was about 40 km away from the
cross-bank slice used in our model (Fig. 1). The model e shown here was taken at a grid
point at the 54-m isobath on the model southern � ank where the cross-bank tidal current
has the same amplitude as that observed at site F. The comparison is made at the times
when the amplitudes of the tidal � ow is 70 cm/s (Fig. 10a) and of 42 cm/s (Fig. 10b). The
observed dissipation rates were calculated as a 10-sample average over one hour.
Considering the uncertainty of measurements and the idealized 2D nature of the numerical
model, the model dissipation rate agrees well in both magnitude and vertical phase with the
observed e within the water column. The disagreement near the surface is not surprising,
since the large dissipation rate observed near the surface was caused by wind mixing which
is not included in our current model study.

e. Balance of turbulent kinetic energy

The turbulent kinetic energy balance produced by the MY level 2.5 turbulent closure
model for summer strati� cation is presented next. The results show that in the turbulent
kinetic energy equation (1), the shear production of turbulence, Ps, approximately balances
the turbulentdissipation e over the bank (Fig. 11). For example, at 13.3 m above the bottom
at site A, the nonlinear advection [u(q2)x 1 w(q2)z] and vertical diffusion [(Kq(q2)z)z] terms
are much smaller than 2Ps or 2 e , so that they can be neglected in the bottom boundary layer.
Although the buoyancy production of turbulence term Pb is about one order of magnitude
smaller than Ps, it plays an important role in mixing asymmetry during the on- and off-bank
� ows. The local change of turbulent kinetic energy (q2)t is controlled by the approximate
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balance 2(Ps 1 Pb 2 e ). At site B, at 16.7 m above the bottom, Pb vanishes due to vertical
mixing, and u(q2)x 1 w(q2)z and (Kq(q2)z)z also are insigni� cant. The local change of
turbulent kinetic energy (q2)t is controlled by the difference between shear production and
dissipation 2(Ps 2 e ). At site C, at 4.8 m above the bottom, the u(q2)x 1 w(q2)z, (Kq(q2)z)z

and 2Pb are generally at least one order of magnitude smaller than 2Ps or 2 e except during a
two-hour interval after maximum off-bank current when these terms contribute signi� -
cantly to the turbulent energy balance over the northern � ank. The tidally-averaged
turbulent kinetic energy equation (Fig. 12) exhibits a similar approximate balance between

Figure 10. The comparison between model (dashed line) and observed turbulent dissipation rates at
the times that the amplitude of the hourly-averaged, cross-bank tidal current was (a) 70 cm/s (a)
and (b) 42 cm/s. The in-situ dissipation rate estimates were provided by D. Hebert, N. Oakey, and
R. Burgett.
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Figure 11. Time series of terms in the turbulent kinetic energy equation at depths of 64.7 m (13.3 m
above the bottom) at siteA (southern� ank), 27.3 m (16.7 m above the bottom) at site B (crest), and
60.2 m (4.8 m above the bottom) at site C (northern � ank).
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Figure 12. Vertical distribution of major terms in the turbulent kinetic energy equation at site A
(southern � ank), site B (crest), and site C (northern � ank).All terms are averaged over a tidal cycle
on the 15th model day.
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shear production and dissipation, with both Ps and e decaying vertically from maximum
values at the bottom.

These model results suggest that tidal mixing over Georges Bank is driven primarily by
local turbulent production, with a basic balance between shear production and dissipation.
Although buoyancy production is generally much smaller than shear production, Pb

contributes to mixing asymmetry during on- and off-bank � ows. Over the southern � ank
and shallow top, tidal mixing is characterized by a vertical 1-D balance between shear
production,buoyancy production (in the strati� ed region), and dissipation.On the northern
� ank where the bottom slope is large, as a � rst-order approximation,advection and vertical
diffusion of turbulent kinetic energy also contribute to the turbulent kinetic energy balance.

4. Tide-induced internal waves

With sufficiently high vertical and horizontal resolutions, internal waves form at the
edges of the model bank. Characteristics of these waves differ over the � anks. On the
southern � ank, the 19°C isotherm develops a small initial depression over the shelf break
during maximum off-bank current (Fig. 13). This internal feature, approximately stationary
during the period of decreasing off-bank � ow, begins to move on-bank with a speed that
varies over time. The fastest speed co < 103 cm/s occurs during a three-hour period
bracketing the maximum on-bank current (time 5 7 to 11 in Fig. 11). During that period,
the time-averaged, on-bank current over the propagation region is u 5 20 cm/s. The local
phase speed cp 5 co 2 u < 83 cm/s. This phase speed is in the range of 43 to 195 cm/s
estimated for the lowest internal wave mode based on the mean density (temperature)
pro� le and local water depth near site A (C&B).

The amplitude of this internal wave can be estimated from the vertical excursion of the
19°C isotherm. It decays in time as the water becomes shallower and disappears
completely in the TMF (located near x 5 45 km from the southern edge of the bank,
Fig. 2). The maximum amplitude is about 8 m, occurring near x 5 5 km at maximum
on-bank current. The horizontal separation scale is about 15 km. The remarkable vertical
variation of the temperature, which was found at site A near maximum on-bank current
(Fig. 3), is a part of this internal wave feature at a location of the trough.

On the northern � ank, a depression of the 19°C isotherm occurs at the outer edge of the
bank one hour before the on-bank � ow reverses (Fig. 14). This depression becomes sharper
in the early phase of off-bank � ow and then spreads horizontally as the TMF migrates
off-bank. A second depression of the 19°C isotherm forms at the outer edge of the bank
around maximum off-bank current. The maximum vertical scale of this thermal depression
is about 50 m, occurring one hour after maximum off-bank � ow. The amplitudes of these
depressions decrease rapidly as they are advected onto the bank during on-bank tidal � ow.

The formation of the depression at the northern edge of the bank might be a result of
hydraulic jump that occurs on the lee side of the bank where the tidal motion becomes
supercritical. At the 80-m isobath where the sharp depression begins during maximum
off-bank � ow, the vertically-averaged tidal current ub is about 43 cm/s, very close to co 5
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Figure 13. Time sequencesof the cross-bankcurrent (u) at the depth of 30 m on the 70-m isobath and
the 19°C isothermal line on the southern � ank over a tidal cycle. The isothermal line at time n is
offset in the vertical by 10(n 2 1) where n varies from 1 to 16. The mean depth of the 19°C
isotherm at the 70-m isobath is about 35 m.
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45 cm/s, the propagation speed of the 19°C isotherm. At this time, the local wave phase
speed cp 5 co 2 ub < 2 cm/s (essentially zero), causing an accumulation of wave energy
there (hydraulic jump). During maximum on-bank � ow, ub 5 76 cm/s and co 5 68 cm/s, so
that cp 5 co 2 ub < 2 8 cm/s. This suggests that the wave is still propagatingoffshore while

Figure 14. Time sequencesof the cross-bankcurrent (u) at the depth of 30 m on the 80-m isobath and
the 19°C isothermal line on the northern � ank over a tidal cycle. The isothermal line is offset in the
vertical by 40(n 2 1) for 1 # n # 8 and by 40(n 2 9) for 9 # n # 16. The mean depth of the 19°C
isotherm at the 80-m isobath is about 30 m.
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it is being advected back onto the bank. The formation of the depression can be explained
also by mass conservation. During off-bank � ow, the steep bottom topography on the
northern � ank causes the current to converge near the surface at the edge of the bank. The
maximum convergence occurs at maximum off-bank � ow, causing a strong downward
current and thus leading to the sharp depression of isotherms. The strong vertical shears
associated with this depression contribute directly to strong tidal mixing found in the upper
50 m after maximum off-bank � ow (Fig. 5).

5. Cross-bank water exchange

To study the cross-bank water exchange during tidal mixing and recti� cation, we
released passive particles at different depths on both � anks of the model bank. Since the
model tidal forcing increased from zero to full value over two tidal cycles, all particles
were deployed at the time when the model forcing was at full strength and tidal mixing was
just beginning at the end of the second tidal period. The primary experiments were
conducted with summer strati� cation. Particle tracking was carried out for four weeks. In
Figures 15 and 16, we show particle trajectories obtained after about 10.3 model days when
an equilibrium state of tidal mixing is reached. In Figure 17, the particles are traced from
their initial deployment positions. An alternative experiment in which particles were
deployed at the end of the 10th model day were made to examine the sensitivity of particle
trajectories to their initial locations; no signi� cant differences were found for the pattern of
particle trajectories over the bank. To investigate the effects of strati� cation on cross-bank
transport, we also conducted experiments using weaker initial strati� cation and no
strati� cation. In the weak strati� cation case, the initial temperature distribution was
speci� ed as a linear function of z, with a temperature of 13°C at the surface and 11°C at the
bottom (Chen et al., 1995).

a. Cross-frontal particle exchange

For the summer strati� cation case, particles released initially in the strati� ed region in
the bottom boundary layer within the southern frontal zone mainly move in a clockwise
residual circulation cell (Fig. 15) in addition to oscillating within a tidal excursion length of
2U/ v . Some particles near the bottom, however, move on-bank across the TMF with
maximum speeds of 0.6–1.0 cm/s and enter the mixed region on the top of the bank. This
suggests that a net on-bank water � ux through the TMF can occur near the bottom on the
southern � ank. The clockwise pattern of residual particle trajectories is similar to the
cross-bank secondary circulation pattern found by Garrett and Loder (1981), suggesting
that ageostrophic frontal circulation is a predominant factor to the cross-bank � ow on the
southern � ank.

At the northern edge, particles tend to be advected upslope along the sloping bottom and
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Figure 15. Tidal-cycle residual trajectories of particles on the southern � ank for 19.67 days. The
solid circle indicates the particle’s location at which it started to be traced (after 10.3 model days).
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Figure 16. Tidal-cycle residual trajectories of particles on the northern � ank for 19.67 days. The
solid circle indicates the particle’s location at which it started to be traced (after 10.3 model days).
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then recirculate counter-clockwise near the TMF (Fig. 16). Although many particles cross
the front and enter the mixed region, they all tend to move back to the strati� ed region via
gyres. The center of the counter-clockwise gyre is located about 5 km on-bank from the
northern front. No particles leave this circulation cell except near the bottom where a few
particles move onto the top of the bank.

Figure 17. Tidal-cycle residual trajectories of particles on southern (right) and northern (left) slopes
of the bank for summer (top), winter (middle), and homogeneous (bottom) cases. The solid circle
indicates the particle’s initial location (at the end of the second model day). The total track time is
28.98 days.
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b. Particle trajectories over the � anks

On the deep southern � ank, particles released initially in the strati� ed region outside the
sloping bottom boundary layer for the summer strati� cation move in a clockwise residual
circulation cell. Particle trajectories near the bottom consist of two groups. Particles over
the shallow slope (depth less than 250 m) tend to move upslope onto the bank, while
particles over the deeper slope move offbank along the bottom (Fig. 17). The maximum
mean up-slope speed is about 0.2–0.3 cm/s, occurring near the top of the bottom boundary
layer. On the deep northern � ank, the near-bottom particles below 180 m move downslope,
though particles in the upper slope tend to climb along the sloping bottom. The up-slope
velocity near the bottom in the upper slope is about 2 cm/s. At this speed, a particle at a
depth of 74 m could be carried to the surface along the slope in about 4 days.

Particle trajectories in the weak strati� cation case are very different from those in the
summer strati� cation case. On the southern slope, although the pattern of the trajectories is
similar to that found in the summer strati� cation case, particle trajectories in the shallow
slope above 250 m are characterized by a much stronger clockwise gyre with a center at the
depth of 75 m on the 150-m isobath. The particles near the bottom in the deep slope also
move off-bank at a much faster speed. On the northern slope, particles near the bottom in
the upper slope (shallower than 100 m) generally move in a counter-clockwise cell, with an
upslope � ow near the bottom. Particles in the deep slope tend to move along two paths, one
in a narrow, elliptically clockwise cell, and another off-bank along the bottom.

Trajectories of particles in the homogeneous case are very similar to those in the weak
strati� cation case: a single clockwise Lagrangian residual circulation cell on the southern
slope and double Lagrangian circulation cells on the northern slope. However, on the
southern slope, the mean particle displacements are almost zero in the upper layer, so that
the residual movement of particles is restricted to the bottom. This is consistent with the
theory of barotropic tidal recti� cation. That theory suggests that the tidal residual � ow is
signi� cant only over a sloping bottom where nonlinear advection and friction are large
(Loder, 1980; Zimmerman, 1978; C&B). The same applies to the northern slope, where
mean particle motion is restricted in the narrow region over the steep bottom topography
and the mean particle displacements in the deep off-bank region tend to be zero (Fig. 17).

c. The Euler-Lagrange comparison

The particle trajectories described above differ from the patterns of cross-bank residual
Eulerian circulation shown in Figure 2. On the southern � ank, the residual Eulerian � eld
has multiple closed circulation cells within the frontal zone between the 50- and 100-m
isobaths, while particle trajectories show a clockwise cell at the front and more complex
multiple cells within the frontal zone. According to the Lagrangian particle trajectories,
water is upwelled at the edge of the front and moves to the strati� ed region near the surface.
A convergence region exists near the surface in the strati� ed side, which pushes particles to
move downward along the top of the bottom mixed layer. Some of these particles are
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recirculated in multiple cells in the bottom mixed layer or the upper strati� ed region within
the frontal zone.

On the northern � ank, the Eulerian � eld features a clockwise residual circulation cell at
the front with downwelling along the bottom (Fig. 2), while the Lagrangian particle
trajectories suggest a counterclockwise residual circulation cell with upwelling along the
bottom (Fig. 16). These two patterns are completely opposite! To check our model results,
we repeated our experiment by releasing particles after the TMF reached an equilibrium
state. The results of the particle trajectories were almost identical.

The trajectory of a selected particle is shown in Figure 18 to examine particle
displacement over a tidal cycle on the northern � ank. This particle was initially released at
a depth of 82 m near the bottom after 15 model days. During the � rst tidal cycle, the
particle moves over an excursion of about 80 m in the vertical and 5 km in the horizontal.
After one tidal period, the position of the particle shifts about 1.2-km on-bank and 11.4 m
upward. The tidally-averaged Lagrangian velocity of that particle was about 2 3 cm/s in
the cross-bank direction (on-bank) and about 0.03 cm/s in the vertical (upward). The
tidally-averaged,near-bottom Eulerian velocity at the 80-m isobath on the northern � ank is
about 9 cm/s in the cross-bank direction (off-bank) and 2 0.09 cm/s in the vertical
(downward). This suggests that the tidally-averaged Stokes velocity is about 2 12 cm/s in
the cross-bank direction (on-bank) and about 0.12 cm/s in the vertical (upward). Thus the
particle follows a similar pattern in successive tidal cycles and moves up from a depth of
80 m to 25 m over 10 tidal cycles.

These experiments with Lagrangian particle tracking suggest that the residual Lagrang-
ian and Eulerian currents are very different over Georges Bank. Strong nonlinearity on the
northern � ank can cause the cross-bank Lagrangian current to oppose the cross-bank
Eulerian current over the upper slope at the edge of the bank. The different Eulerian and
Lagrangian current patterns were suggested � rst by Loder and Wright (1985) based on the
truncated Taylor series expansion and also were demonstrated in a particle-tracking model
study for homogenous case by Loder et al. (1997). Opposite directions of cross-bank
Eulerian and Lagrangian currents in a strong strati� ed case have not been demonstrated
until this current study.

d. Passive tracer experiments

In the summer strati� cation case, the particle trajectories indicate an up-slope water
transport on both southern and northern slopes of the bank. Cross-isobath � ow is further
examined here using a passive tracer. Experiments were made with two different initial
distributionsof a passive tracer

P 5 5 0 as z , 50 m

1 as z $ 50 m
(case 1) and P 5 5 0 as z , 150 m

1 as z $ 150 m
(case 2),

where P is the concentration of the tracer. To examine the in� uences of advection and
diffusion on the movement of P, we have run the model with pure advection and advection
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Figure 18. The trajectoriesof a particle over three tidal cycle on the northern � ank. That particlewas
released at the beginning of the 15th model day. The � lled triangle and circle indicate the starting
and ending positions of the particle over each tidal period.
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plus diffusion, respectively. For this study, we used the MultidimensionalPositive De� nite
Advection Transport Algorithm (MPDATA) introduced by Smolarkiewicz (1984). The
basic concept of this scheme is the successive application of an upwind scheme with a
correction to the � rst-order truncation error by using a so-called ‘‘anti-diffusion’’ velocity.
The repeated procedure yields a positive de� nite advection algorithm with second-order
accuracy (Smolarkiewicz and Clark 1986; Smolarkiewicz and Grabowski, 1990).

Figure 19 shows the distribution of P at the initial time and the 10th day on the northern
� ank for case 1 and on the southern � ank for case 2. With no diffusion (Kc 5 0), the model
exhibits an up-slope advection toward the TMF on both southern and northern � anks. The
net up-slope advection of P is increased and spread out when tracer diffusion (Kc Þ 0) is
added. These passive tracer experiments are consistent with the basic results of the particle
tracking experiments described in the previous section, and support the suggestion that a
tidally-induced physical mechanism can transport materials (e.g., nutrients) upslope on
both sides of Georges Bank during summer.

6. Discussion

Past � eld work provides evidence of the up-slope intrusion of nutrient-rich slope water
on the southern � ank and nutrient-rich Gulf of Maine intermediate water on the northern
� ank during summer (Hopkins and Gar� eld 1979; Magnell et al., 1981; Pastuszak et al.,
1982). The prevailing winds in summer are northeastward which tend to generate
upwelling on the southern � ank and downwelling on the northern � ank. The fact that
nutrients are advected over both � anks suggests that another physical mechanism besides
wind forcing (which is weak in summer) must be important. The model particle trajectory
and tracer experiments presented above suggest that upwelling can occur near the bottom
in the shallow slope on both sides of the bank during strong summer strati� cation. The
formation of these upwelling currents is associated with strati� ed tidal recti� cation over a
sloping bottom topography.

The 2-D model results presented here are generally consistent with recent 3-D model
experiments conducted by Naimie (1996) using more realistic Georges Bank/Gulf of
Maine topography and climatological hydrographic conditions. Analysis of the turbulent
kinetic equation in our study suggests that tidal mixing over Georges Bank is characterized
to lowest order by a 1-D balance between shear production of turbulence, buoyancy
production (in the strati� ed region), and turbulent dissipation. This result indicates that the
1-D MY-2.5 model used in the 3-D circulation model by Naimie (1996) is a good
approximation for tidal mixing over most of Georges Bank except perhaps the northern
� ank where advection of turbulent kinetic energy can contribute to the local balance. The
1-D nature of turbulence with a basic balance between turbulent shear production and
dissipation found over Georges Bank is consistent with the method that is widely used to
estimate the turbulent dissipation rate from the � eld measurement data (Osborn, 1980). In
that method, the dissipation rate is proportional to the variance of vertical shear of velocity.

Simpson et al. (1996) examined the vertical structure of turbulent dissipation at mixed
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and strati� ed sites in the Irish Sea by using the original version of the MY levels 2.0 and 2.2
turbulent closure models (Mellor and Yamada, 1974). They found that the dissipation rate,
e , exhibited a strong tidal variation with a pronounced phase lag in the vertical. A
comparison of their model results with � eld data suggests that the MY level 2.2 model
provides a better description of tidal mixing than the MY level 2.0 model. Our model
results are consistent with their � nding. Although the shear and buoyancy productions are

Figure 19. Distributions of passive tracer P at the initial time and at the end of the 10th computing
day on the northern (left) and southern (right) � anks for the cases with pure advection and
advectionplus diffusion.The image of P at the 10th day is averaged over a tidal cycle.
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mainly balanced by dissipation in the MY 2.5 model, the vertical diffusion, as a � rst order
approximation, may play a role in the transfer of turbulent kinetic energy upward from the
bottom into the interior.

Our hydrostatic model with a high vertical resolution shows the formation of a hydraulic
jump on the northern � ank similar to that found by Lamb (1994) using an inviscid
nonhydrostatic model. In his experiments, the initial depression evolves into large-
amplitude solitary-like internal waves. This behavior is not seen in our experiments, due
both to the hydrostatic vertical momentum balance and the inclusion of turbulent mixing.

7. Summary

High resolution numerical experiments over a 2-D asymmetric bank provide a detailed
picture of tidal mixing, internal wave generation, and cross-bank particle exchanges. The
model bathymetry represents a southeast-northwest slice across Georges Bank, with a
broad southern � ank, shallow crest, and steep northern � ank. The model results show that
tidal mixing varies in time and space over the bank. On the southern � ank, the strongest
tidal mixing occurs within the bottom boundary layer around the maximum on-bank tidal
� ow. This is caused by a gravitational instability near the bottom when denser water was
advected upslope over lighter water. On the northern � ank, the temporal variation of tidal
mixing near the bottom is similar, except that strong turbulent mixing occurs throughout
the upper 50 m of the water column associated with a deep thermal depression that forms
after maximum off-bank tidal � ow.

The model turbulent dissipation rate, e , exhibits a strong tidal variation with a phase lag
in the vertical. During a tidal cycle, e is generally largest around the maximum on- and
off-bank tidal � ow. In the vertical, e is generally larger near the bottom and decreases
upward, with maximum e occurring � rst near the bottom. At site A in the strati� ed region
on the southern � ank, the maximum e is about 0.5 3 10 2 5 W/kg near the bottom and
decays to about 102 7 W/kg at the top of the bottom mixed layer. The phase lag of the
maximum e between the bottom and top of the bottom layer ( , 40 m) is about one hour. At
site B in the mixed region on the crest of the bank, e varies from a near-bottom maximum
of about 8 3 102 5 W/kg to about 102 6 W/kg at the height of 35 m above the bottom, with a
vertical phase lag of less than 0.5 hour. At site C on the northern � ank, the temporal and
vertical variations of e are much more complex. Within 10 m of the bottom, e is still
characterized by two maximum cores over one tidal cycle, with a maximum value of about
102 5 W/kg. Large dissipation is found throughout the water column after maximum
off-bank � ow, associated with the large thermal depression which forms during off-bank
� ow. The model-predicted dissipation pro� les agree well with microstructure measure-
ments made recently on the southern � ank of Georges Bank during the US GLOBEC/
Georges Bank program.

During strati� ed tidal recti� cation, � uid particles are advected up-slope near the bottom
in the upper slope region (depth , 150 m) on both northern and southern � anks of the bank.
Particles also can move across the TMFs near the bottom. The Lagrangian trajectories of
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particles differ signi� cantly from those predicted by the residual Eulerian current � eld. On
the northern � ank, the near-bottom residual Lagrangian current is opposite in direction to
the residual Eulerian current over the upper slope, suggesting that the Stokes velocity is
comparable or larger than the residual Eulerian velocity due to the highly nonlinear nature
of the � ow there. The model up-slope mean advection of � uid particles is consistent with
an alternative study of passive tracer evolution. With no diffusion, the tracer is carried
up-slope near the bottom toward the TMF on both � anks of the bank. This up-slope tracer
� ux is increased when diffusion is added. Taken together, the model particle tracking and
passive tracer results suggest that strong tidal forcing of a strati� ed � uid over the bank
provides one physical mechanism responsible for high concentrations of nutrients and
hence phytoplanktonat the TMFs on Georges Bank.

This model study focuses on physical processes driven by strong tidal forcing of a
strati� ed � uid over a � nite-amplitude asymmetric bank in a highly idealized setting, with
one objective being to develop better intuition about those processes which may dominate
� ow and strati� cation on Georges Bank. Additional model studies are now underway to
examine the in� uences of surface forcing (both wind stress and heat � ux) and more
realistic 3-D topography and initial strati� cation on the tidally-forced � ow over Georges
Bank. Preliminary results suggest that the basic patterns of near-bottom tidal mixing,
dissipation, and particle motion are similar to those described here. We hope to present the
results of these new numerical experiments shortly in this sequence of idealized model
studies.
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