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This paper reviews recent progress on modeling cross-frontal water exchange on
Georges Bank undertaken as part the U.S. Global Ecosystem Northwest Atlantic/
Georges Bank Study (U.S. GLOBEC/Georges Bank Program). A simple conceptual
model isdescribed first, followed by a discussion of four physical mechanisms associ-
ated with (1) strong nonlinear interaction, (2) asymmetric tidal mixing, (3) varying
wind forcing, and (4) chaotic mixing. Somecritical issuesin modeling studies of fronts
are also addressed. A new unstructured grid, finite-volume coastal ocean ecosystem
model isintroduced. Thismodel combinesthebest of thefinite-difference method for
the simplest discrete computational efficiency and the finite-element method for geo-
metric flexibility. Because the finite-volume method discretizes the integral form of
the governing equations, this approach provides a better representation for the con-
servation laws of mass and momentum are satisfied, which is particularly important

Keywords:
[(Numerical
modeling,
(frontal dynamics,
[ecosystem,

(tidal mixing,
(Finite volume
model.

in the frontal regions.

1. Introduction

Georges Bank (GB) is a shallow submarine bank on
the southern edge of the Gulf of Maine (Fig. 1). GB is
separated from Nantucket Shoalsto the west by the Great
South Channel and from the Scotian Shelf to the east by
the Northeast Channel. In plane view, GB is roughly el-
liptical, with a length of about 200 km and a width of
about 150 km. From south to north, the cross-bank bot-
tom topography rises steeply with a slope of about 0.01
from 1000 m on the upper slope to 100 m at the shelf
break, then increases slowly with a slope of roughly 0.001
to 40 m over adistance of about 75 km towards the crest
of the bank, and then decreases rapidly with a slope of
about 0.03 to adepth of 300 min the deep basin just north
of the bank crest.

Flow over GB is dominated by strong M, tidal cur-
rents. 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 the southern flank and about 100 cm/s at the edge of
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the northern flank (Moody et al., 1984). When a long
barotropic tidal wave propagates from the deep ocean onto
variable bottom topography, a clockwise-rectified flow
is generated over the bank due to the nonlinear transfer
of vorticity and momentum from tidal currents
(Zimmerman, 1978, 1980; L oder, 1980; Greenberg, 1983).
This tidal rectified topographically current moves east-
ward as a current jet of about 20 cm/s on the northern
flank and re-circul ates westward as arelatively broad and
weaker flow of 1-3 cm/s on the southern flank. When-
ever stratification isinvolved, strong tidal-induced verti-
cal mixing creates a well-defined tidally mixed front
(TMF) around the shallow cap of the Bank. During sum-
mer, the TMF is located near the 40-m isobath on the
northern flank and about the 50 to 60-m isobath on the
southern flank (Flagg, 1987; Chen et al., 1995a). During
winter, the TMF disappears over the southern flank as
strong wind mixing and surface cooling homogenize the
local water column on the top and flanks of the Bank (Fig.
2). Because of the TMF, the clockwise re-circulation gyre
over GB varies significantly with seasons, strongest dur-
ing the summer in which the maximum along-bank cur-
rent can reach 30 to 40 cm s on the northern flank, and
about 8 to 10 cm s on the southern flank, and weakest
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Fig. 1. Bathymetry of the New England, Gulf of Maine/Georges
Bank.

during the winter when the very weak tidally driven rec-
tified residual currentsare in competition with wind- and
buoyancy-driven flow (Butman et al., 1982; Loder and
Wright, 1985; Chen et al., 1995a; Limeburner and
Beardsley, 1996).

The unique physical processes of the clockwise re-
sidual circulation gyre, tidal mixing, and tidal mixing front
on GB make it one of the most productive shelf ecosys-
temintheworld (Riley, 1941; O'Reilly et al., 1987; Horne
et al., 1989; Wiebe and Beardsley, 1996; Franks and Chen,
1996, 2001). The total annual production on the bank is
two-to-three times higher than the mean value of the an-
nual production over continental shelves in the world.
Patterns of high plankton patchiness are often recorded
on GB, with an unusually high concentration of chloro-
phyll inthe vertically well-mixed region and frontal zone
(O'Reilly et al., 1987; Horne et al., 1989; Mountain and
Taylor, 1996). Cod and haddock spawn on the northeast
flank of GB in late winter and early spring (Smith and
Morse, 1985). Their eggs and young larvae move follow-
ing the clockwise residual circulation gyre and arrive on
the southern flank in late April and May, with ahigh abun-
dance of cod and haddock larvae found in the stratified
region between tidal and shelf break fronts on the south-
ern flank (Lough, 1984; Townsend and Pettigrew, 1996;
L ough and Mountain, 1996). These larval fishes continue
to move westward and northeastward following the
recirculation and grow to pelagic juveniles on the west-
ern flank in late spring. Demersal juveniles occupy the
mixed region on GB in early summer, suggesting a sig-
nificant cross-frontal onbank transport on GB (Lough and
Manning, 2001) (Fig. 3).
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Fig. 2. A 2-D illustration of tidal mixing and shelfbreak fronts
on Georges Bank.

The U.S. Global Ecosystem Northwest Atlantic/
Georges Bank Study (U.S. GLOBEC/Georges Bank Pro-
gram) is a multi-year interdisciplinary program with ob-
jectives of “understanding the population dynamics of
four key species on the Bank-cod, haddock, and the
zooplankton Calanus finmarchicus and Pseudocalanusin
terms of their coupling to the physical environment and
in terms of their predators and prey. The ultimate goal is
to be able to predict changesin the distribution and abun-
dance of these speciesasaresult of changesin their physi-
cal and biotic environment as well as to anticipate how
their popul ations might respond to climate change” (U.S.
GLOBEC, 1992). This program includes a multi-year ef-
fortswith several phases. The pilot study started in 1992,
and the main field program began in late 1994. Phase |
field work (1995-96) focused on process studies on the
effects of stratification on the target species, phase Il
(1997-98) examined sources, retention, and losses of the
target species on the Bank, and phase |11 (1999-2000)
investigated in detail frontal-exchange processes.

In this paper, we review progress made in model stud-
iesof cross-frontal-exchange processes on Georges Bank
conducted as part of the U.S. GLOBEC/Georges Bank
Program phase 111 study. The remaining sections are or-
ganized as follows. In Section 2, a conceptual model of
tidal and density fronts is described. In Section 3, four
physical mechanismsfor cross-frontal water exchange are
discussed, and in Section 4, some critical issues in
modeling studies are addressed and a new model approach
is introduced. Finally, a summary is given in Section 5.
Since thisis still an ongoing program, our review given
here will not cover all aspects of the phase 111 work, es-
pecially the field measurements. Updates on phase 111
work can be tracked on the U.S. GLOBEC/Georges Bank
Program web site: http://globec.whoi.edu/globec-dir, and
recent results of our modeling efforts can be viewed on
our web site: http://rfac.smast.umassd.edu/MEDM/
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Fig. 3. The diagram showing the motion of alarval fish patch
during the first six months from spawning. Vectors are the
residual currents measured from the long-term moored cur-
rent meters. This diagram was provided by the U.S.
GLOBEC/Georges Bank Program office, which was origi-
nally drawn by Lough et al. (1985).

2. A Semi-Analytical Diagnostic M odel of the Coastal

Front

The structure of the frontal circulation is controlled
by complex physical processes associated with tidal mix-
ing and density gradients. In a quasi-linear, two-dimen-
sional (2D) system where nonlinear advection and along-
front variation can be ignored, the steady current at a den-
sity front satisfy the following equations:
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where p,, Ap, and h(x) = h, — ax are the mean density,
density difference, and water depth, respectively. sis a
parameter that controls the distribution of density. The
mixing coefficient is specified as
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where u. = \/CoU, R = g(Ap/p)h(x)/TU2, and f, Cp,
and U are the Coriolis parameter, bottom drag coeffi-
cient, and ther.m.s. tidal current.

Garrett and Loder (1981) diagnostically calculated
the along- and cross-frontal current using Egs. (1)—(3). If
Apisconstant, R isindependent of z. Therefore we can
analytically solve these equations for agiven density dis-
tribution (4) and mixing coefficient (5). The solution is
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where 0E = /2K, / T isthe Ekman thickness. C,, C,, C;
and C, are the coefficients that can be determined by the
boundary conditions at the sea surface (du/dz = ov/dz =
0: no wind stress) and at the bottom (dv/dz =0 and v = O:
zero net cross-isobath volume flux). Since K, and p are
functions of x, these four coefficients are dependent on x.
They must be determined by solving alinear algebra equa-
tion with four unknown variables for a given x location.

For given parameters s = 0.5, U =05 ms? f=
10%s?, Cy=25x% 1073, p, = 1025 kg m=3, a = 0.0007,
h,=95m, and L = 70 km, we have used Egs. (6) and (7)
and the above boundary conditionsto cal culate the along-
and cross-frontal currents; the resulting density and cur-
rent distributions are shown in Fig. 4. In the along-fron-
tal direction, the current is characterized by a relatively
strong current jet, with stratified region on the left (fac-
ing in the direction of the current on the northern hemi-
sphere) and a maximum speed at a depth of 45 m below
the surface, while in the cross-frontal direction, the cur-
rent consists of double secondary circulation cells with
convergence toward the front near the surface and bot-
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Fig. 4. Distributions of density, along-isobath current and cross-
isobath streamfunction calculated using the semi-analyti-
cal, diagnostic frontal model.

tom. A return flow is found at a subsurface depth along
an intermediate density where the density contours split
upward and downward.

In this diagnostic case, the structure of the frontal
circulation is controlled primarily by two critical param-
eters: the Ekman number (K. /fh?) and s (Garrett and
Loder, 1981). Although the distribution of currents could
differ significantly in cases with different tidal mixing
intensities, distributions of density, and the inclusion of
internal tidal interactions, this simple model provides us
with a general property of TMF in coastal regions where
mixing is dynamically important. When time- and spa-
tial-dependent mixing is taken into account, it may pro-
duce multiple secondary circulation cellswithin the fron-
tal zone over the sloping bottom topography (Chen and
Beardsley, 1995; Chen et al., 1995a, 2001a), and these
double circulation cells may feature convergence towards
the front at the bottom and divergence from the front at
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Fig. 5. Cross-bank distributions of tidally-averaged tempera-
ture, along-bank velocity, and cross-bank streamfunction.
The direction of the along-bank residual current (middle
panel): positive-out of the page; negative: into the page.
The direction of the cross-bank residual current (lower
panel) isdefined as O = -0W/dz; W = dW/0x.

the surface (Chapman and Lentz, 1994; Chen and
Beardsley, 1998) (Fig. 5).

The frontal zone acts as a retention zone or a dy-
namic barrier to the cross-shelf exchange of water, dis-
solved and particulate materials. With no extra forcing,
the water tends to move following the secondary circula-
tion cells, so that no cross-frontal net flux could exist.
Theoretically speaking, no phytoplankton bloom could
occur (or at least could not last for weeks or months) on
the top of the bank during summer since there is no con-
tinuous nutrient supply to the mixed region due to the
existence of tidal mixing front. The fact that the high con-
centration of chlorophyll-a is observed in the mixed re-
gion on GB in summer suggests that there should be a
significant cross-frontal nutrient transport on the bank
(Franks and Chen, 2001). Moreover, the high abundance
of copepods and other dominant zooplankton species ob-



served within tidal mixing frontal zone or sometimes in
mixed region on the top of GB in summer is believed to
be linked with the physical processes associated with the
cross-frontal water movement (Lough and Manning,
2001).

Physical mechanisms by which dissolved inorganic
nutrients can be transferred across the TMF are all re-
lated to the temporal and spatial variations of the front
driven by time-dependent external forcings (such as the
strong nonlinear interaction of tidal currents over vary-
ing bottom topography, asymmetric tidal mixing, time-
varying wind stress, periodic tidal oscillations, and the
occurrence of baroclinic eddies at the frontal boundary).
On GB, the tidally averaged circulation is controlled by
tidal rectification processes associated with strong
nonlinearity and stratification (Loder, 1980; Chen et al.,
1995a). The Lagrangian residual flow (the residual ve-
locity of a fluid parcel) differs significantly from the
Eulerian residual flow (averaged over atidal cycle at a
fix location), and they oppose each other on the northern
flank where the bottom topography is steep (Chen and
Beardsley, 1998; Chen et al., 2001b). A significant cross-
frontal dissolved inorganic nutrient flux could occur due
to astrong on-bank Stokes' drift velocity near the bottom
(Loder et al., 1997; Chen and Beardsley, 1998; Chen et
al., 2001b).

Tidal mixing exhibits temporal and spatial
asymmetries on the southern and northern flanks of GB
(Chen and Beardsley, 1998). It is strongest near the bot-
tom around maximum on-bank tidal flow as a result of
gravitational instability when denser water is advected
upslope over lighter water. Asymmetry of mixing inten-
sity in the flood and ebb tidal currents tendsto produce a
cross-frontal net flux directed from the stratified region
to the mixed region. This flux may account for a portion
of cross-frontal inorganic nutrient flux on GB, especially
during summer (Pringle and Franks, 2001).

Wind tends to cause a migration of the front toward
the direction of the Ekman transport. A significant cross-
frontal transfer of particles (fish larvae plankton) could
occur due to the variation of the wind stress as aresult of
combined Ekman advection and mixing (Chen et al.,
2001c). Moreover, the spring-neap tidal cycle tends to
cause fortnightly and monthly oscillations of the loca-
tion of the TMF. These frontal oscillations act as an ex-
ternal forcing in the nonlinear secondary circulation sys-
tem, and thus can contribute to cross-frontal chaotic trans-
port (Chen, unpublished manuscript). A significant cross-
frontal flux of particles may occur under resonance when
the advective time scale (T,g,) Of the particlesis closeto
the period of the spring-neap tidal cycle.

Eddies often form at the edge of the front as a result
of baroclinicinstability (Pingree, 1979; Garrett and L oder,
1981). Detachment of these eddies from the TMF tends

to intermittently produce a cross-frontal nutrient flux from
the stratified region to the mixed region. A description of
the role of baroclinic eddies in the cross-frontal water
transfer was given in Garrett and Loder (1981).

Here we will focus our discussions on the physical
processes associated with nonlinear tidal interaction,
asymmetric tidal mixing, varying wind stress and mix-
ing, and the spring-neap tidal oscillation. Again, the U.S.
GLOBEC/Georges Bank Program is a large on-going
interdisciplinary research program, and the material pre-
sented in this paper represent just part of the overall
modeling effort undertaken in this program.

3. Physical Processes Controlling Cross-Frontal
Transport

3.1 Nonlinear tidal interaction

We used a 3D primitive equation ocean circulation
model (ECOM-si) to examine the summertime Lagrangian
residual flow on GB (Chen et al., 2001b). The model is
driven by the M, tide and wind stress with an initial con-
dition of the July—August climatologically averaged tem-
perature and salinity fields. The residual Lagrangian ve-

locity V, is defined as

v =t ®

where T is the M, tidal period, X; and X, are the end
and start positions of a particle over T, and the Stokes'
velocity Vg isequal to

Vs = \7L _\7E (9)

where \7E isthe Eulerian residual velocity averaged over
atidal cycle at agrid point. To calculate the Lagrangian
current, we released fluid particles at each grid point at
the beginning of atidal cycle after thetidal motion reached
an equilibrium state and then tracked them over a tidal
cycle. These particleswere al so tracked continuously over
one month and the trajectories used to detect evidence of
cross-frontal water transport.

The model generates awell-defined TMF around GB,
located around the 50-60-m isobath on the southern flank
and around the 40-m isobath on the northern flank, and a
shelfbreak front located near the 100 m isobath on the
southern flank (Fig. 6). Correspondingly, a strong clock-
wise Eulerian residual circulation is found around the
TMF, with amaximum speed of 3545 cm/s on the north-
western flank, 30—35 cm/s on the northern flank, and 5—
10 cm/s on the southern flank (Fig. 7: upper panel). On
the southern flank, the residual flow tends to move west-
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Fig. 6. Distributions of the temperature and salinity near the surface and on a cross-bank section predicted by the prognostic
model run with initial conditions using the July-August bimonthly-averaged temperature and salinity fields. The location of
the cross-bank section isindicated by a heavy solid line in the upper-left panel.

ward along the local isobaths, with several divergence
and convergence zones between tidal and shelf-break
fronts. There are clearly convergence currents onbank
towards the tidal mixing front at about 50-m isobath and
offshore towards the shelfbreak front at about 100-m
isobath on the southern flank. Therelatively strong west-
ward current found on the southern flank is the result of
the summertime intensification of stratification and the
onbank flows at the northwestern and northeastern flanks
from Brown Bank and Northeast Channel, respectively.
The cross-bank residual current features double cir-
culation cells at the northern edge and multiple circula-
tion cells on the southern flank (Fig. 8: upper panel). On
the northern flank, the water tends to converge toward

408 C. Chen and R. C. Beardsley

the TMF near the surface, with a strong onbank flow on
the deep side and a weak offbank flow on the bank. A
strong downwelling exists near the bottom, which tends
to berecircul ated upward in the upper 150 m off the bank.
On the southern flank, the existence of multiple circula-
tion cells between tidal mixing and shelf-break frontsis
consistent with the convergence and divergence flow pat-
tern found near the surface. Downwelling also prevails
near the bottom of the slope at the shelf break.

The model-predicted Lagrangian residual current
differsfrom the Eulerian residual current in both the hori-
zontal and vertical (Fig. 7: middle panel). At the surface,
for example, on the northern and northeastern flanks, the
Eulerian current is characterized by significant onbank



Fig. 7. Distributions of the near-surface residual Eulerian (Vg),
Lagrangian (V, ), and Stokes' (V) velocities for the case
with temperature and salinity fields shown in Fig. 6.

flow, but the Lagrangian current is almost parallel to the
local isobaths. Similar differences also are found on the
southern flank, where the Eulerian current shows multi-
ple convergence and divergence zones in the cross-bank
direction between tidal mixing and shelf-break fronts, but
the Lagrangian current flows mainly along the local
isobaths. Around the outer edge of the TMF at the 60-m
isobath on the southern flank, the Eulerian current mainly
flows along the isobath, but the Lagrangian current con-
verges towards the front.

The disparity in direction and magnitude between
residual Lagrangian and Eulerian currents can be viewed
clearly on the cross-bank distribution of vertical velocity
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Fig. 8. Cross-bank distributions of the residual Eulerian (W),
Lagrangian (W,), and Stokes' (W) vertical velocities for
the case with temperature and salinity fields shown in Fig.
6.

shown in Fig. 8. On the northern flank, the Lagrangian
flow field shows upwelling along the bottom of the slope,
which is completely opposite to the downwelling found
in the Eulerian flow field. On the southern flank, the ver-
tical residual Lagrangian and Eulerian velocities are op-
posite around the 50-m isobath where the bottom slope
changes sharply. Theresidual Lagrangian flow field shows
strong upwelling around the 50-60-m isobath as a result
of the summertime intensification of TMF, and a near-
surface convergence zone on the stratified side of TMF.
Between the tidal mixing and shelf-break fronts, the
Eulerian flow field shows relatively strong multiple sec-
ondary circulation cells, but these features almost disap-
pear in the Lagrangian flow field.

The clear difference between Lagrangian and
Eulerian currents are caused by the Stokes' drift associ-
ated with the bottom slope and stratification (Loder et
al., 1997; Chen and Beardsley, 1998; Chen et al ., 2001b).
On the horizontal plane (Fig. 7: lower panel), the model-
predicted Stokes' velocity varies with water depth, larger
over the top of GB and on the northwestern, northern and
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Fig. 9. The near-surface (a) and near-bottom (b) trajectories of
particles over Georges Bank for the case with tide only forc-
ing and the temperature and salinity fields shownin Fig. 6.
Each dot indicatesthe initial location of aparticle. The par-
ticleswerereleased in the July—August stratified flow field
at the end of the 10th model day and followed for 30 days.

northeastern edges of GB (wheretidal currents are strong-
est or the bottom slope is steep) and smaller in the region
deeper than 60 m on the southern flank where the bottom
slope changes gradually. On the top of GB, the Lagrange-
Euler difference causes acyclonic Stokes' drift, whichis
oppositein direction and comparable in magnitude to the
Eulerian current. This Stokes' velocity isabout 40 to 80%
of the Eulerian current and hence significantly reduces
the Lagrangian current. On the northeastern flank, the
Stokes' velocity is offbank-ward with a comparabl e speed
to the Eulerian velocity. Because of the cancellation be-
tween Stokes’ and Eulerian currents, the Lagrangian cur-
rent is mainly parallel to the local isobaths and also is 60
to 70% smaller than the Eulerian current. On the south-
ern flank, between the tidal mixing and shelf-break fronts,
the Stokes’ velocity field consists of multiple divergence
and convergence zones in the cross-bank direction. The
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Surface

el Botllom

Fig. 10. A 3-D view of selected particle trajectories near the
surface and bottom on the southern flank of Georges Bank
for the case shown in Fig. 9. The dots show the initial loca-
tions of the particles. The particles were tracked for 30 days.

cancellation between Stokes' and Eulerian currents causes
relatively smooth, along-isobath Lagrangian flow in this
area. The Stokes' velocity is relatively smaller near the
shelf break because thetidal current isweak and the mean
flow is almost dominated by the buoyancy flow associ-
ated with the shelf-break front.

In the cross-bank section (Fig. 8: lower panel), the
sharp change in the cross-bank tidal flow over the steep
bottom topography tends to produce strong nonlinear in-
teraction between tidal currents. This interaction is en-
hanced in summer, when internal tides are energetic as
stratification develops (Chen et al., 1995a). As a result,
the vertical component of the Stokes' velocity could be
larger than the vertical Eulerian velocity, causing the
Lagrangian current to oppose the direction the Eulerian
current.

In such astrong nonlinear flow system, the near-sur-
face particles on GB tend to flow clockwise along local
isobaths (Fig. 9a), at speeds of 30 to 40 cm/s on the north-
western edge, 25 to 30 cm/s on the northern edge, and 2
to 10 cm/s near the tidal mixing and shelf-break fronts on
the southern flank. The clockwise recirculation flows back
to the southern flank through three main paths: (1) at the
northwestern edge where the bottom topography varies
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sharply in both along- and cross-bank directions; (2) be-
tween 50- and 60-m isobaths along the tidal mixing front;
and (3) along the 100-m isobath at the outer edge of the
bank. There is no significant cross-frontal water trans-
port near the surface, except at the northwestern edge
where arelatively strong southeastward Lagrangian flow
exists.

The near-bottom particle tragjectories are generally
similar to those observed near the surface, except at the
northeastern slope where particles move westward along
the bank (Fig. 9b). On the southern flank, a significant
frontward convergent flow is found in the center area of
the flank, where the near-bottom particles flow
northwestward between 60- and 70-m isobaths in the
stratified region and southwestard around the 40-m
isobath in the mixed region (Figs. 9-11). They meet at
the tidal mixing front around the 45- to 50-m isobaths,
move upward and then cross the TMF. Another conver-
gence zone is found around the 80-m isobath at the loca-
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Fig. 12. Model-predicted time series of cross-bank current (V),
temperature (0), vertical thermal and diffusion coefficient
(K,,) at aselected site around the 60-m isobath on the center
of Georges Bank. This figure is replotted based on figure
16 in Chen et al. (20014a).

tion of the shelf-break front, where the particles around
70-m isobath and at the outer shelf flow towards the front
and then move upward to mid-depth at the front (Figs. 10
and 11). This indicates that there is a divergence zone
near the bottom between the tidal mixing and shelf-break
fronts on the southern flank. On the northern flank, there
are remarkable onbank flows. The particles near the bot-
tom flow upward on their along-bank eastward journey
and cross the front near the bottom (Fig. 11).

Fluid particle trajectories on GB clearly show evi-
dence of cross-frontal water transport near the bottom.
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Thisisone of the key physical processes for nutrient sup-
ply to the mixed region in summer on GB. Physical
mechanisms driving this on-bank flux are the on-bank
Stokes' drift caused by strong nonlinear interaction of tidal
currents on GB (Loder et al., 1997; Chen et al., 2001b).

3.2 Asymmetric tidal mixing

On GB, particularly in the summer stratified season,
tidal mixing generates a bottom boundary layer in the
stratified region over varying bottom topography. In this
boundary layer, the cross-bank current increases with
height from the bottom and reaches its maximum at the
top of the layer (Chen et al., 1995a; Werner, 1999). In
turn, stronger tidal mixing occurs during the flood tide
(flowing onbank) as a result of gravitational instability
near the bottom (when denser water is advected upslope
over lighter water) (Chen and Beardsley, 1998; Pringle
and Franks, 2001), leading to an asymmetric character of
tidal mixing over atidal cycle (Fig. 12). Thisasymmetric
tidal mixing could directly cause an onbank, cross-fron-
tal net water flux on GB. This process can be demon-
strated using the following simple analytical model.

In the 2D system where the along-isobath variation
of all variables is assumed to be zero (0/dy = 0), the y-
component momentum equation can be rewritten as

URPYP

0
-2 d
at 02, O Jon Uvei2

(20)

where U = If)h(x) udz and V = ﬁ)h(x)vdz are the x and y
components of the horizontal transport; u and v are the x
and y component of the horizontal velocity; and the defi-
nitions of K, and h(x) are the same as above. In the Car-
tesian coordinate frame, x increases northward and z in-
creases upward. For simplification, let us assume alinear
bottom stress as the form of

k.2 =k, (12)
0z z=-h(x)
and divide v into tidal (v;) and residual (V) parts as
V=g 4, (12)

where V satisfies the tidal rectification balance on GB
(Loder, 1980) given as

o _ 00
k(t)v = ™ I_h(x) uvdz. (13)
Integrating Eq. (10) over a M, tidal cycle yields
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fU = —k(t)vy (14)

where () :J'OT( )dt and T is the M, tidal period.

On the southern flank of GB, assume that k(t) is a
periodic function over a M, tidal cycle given as

_[kfsinwt O<st<sn/ w
“Hksnat 1/ wst<2d

k(t)

(15)

where wis the frequency of the M, tide; k; and k, are the
maximum mixing coefficients in flood and ebb tides, re-
spectively, with k; > k.. Let v; be expressed as

(16)

where V7 is the complex representation of v;. Substitut-
ing Egs. (15) and (16) into Eq. (14) yields

v
U —E(VT VT)(ke kf). (17)
Substitution of U = Vg + Vi and V¢ = Vi —V,i into Eq.
(17) gives

™
2af

<l

= 0 (ke ko). (18)

Since k; > k., the asymmetric tidal mixing over the M,
tidal cycle produces an onbank net water flux on the south-
ern flank.

Similar results can also be found on the northern
flank. Since an onbank tidal flow on the southern flank
correspondsto an offbank tidal flow on the northern flank,
k(t) can be expressed on the northern flank as

« kesinat  O<t<nm/ w 19

(t)_g—kfsinax m wst<2 1 w (19)
Substituting Eq. (19) into Eg. (14) and conducting simi-
lar operations as above yields

(20)

Since k; > k., we can see that the asymmetric tidal mixing
over the M, tidal cycle tends to produce an onbank net
water flux on the northern flank.

Thissimple analytical model demonstrates that when
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Fig. 13. Time series of the surface wind velocity vectors and
heat flux on the southern flank of Georges Bank. The wind
data was obtained from the June 1999 cruise around the
tidal mixing front on the southern flank of the center
Georges Bank, and the heat flux data came from the 1995
meteorological buoy measurement on the southern flank.
AQ and Qg are the net surface heat flux and shortwave ra-
diation, respectively.

tidal mixing is stronger during the on-bank (flood) tidal
flow than during the off-bank (ebb) flow, it tends to pro-
duce an onbank net water flux from the stratified region
to the mixed region around GB. This mixing-induced,
onbank net water flux can play an important role in the
summertime onbank, cross-frontal nutrient flux on GB.
A comprehensive discussion of this subject was givenin
Pringle and Franks (2001), who used both 2D semi-ana-
Iytical and numerical models to make quantitative esti-
mates of the mixing-induced nutrient flux acrossthetidal
mixing front on GB.

3.3 Time-varying wind stress

In a steady frontal system, the cross-frontal water
transport is equal to the Ekman flux (/p,f ), where 1 is
the along-frontal component of the surface wind stress.
If areturn flow is taken into account, the net cross-fron-
tal flux should be smaller (Garrett and L oder, 1981). How-
ever, in thereal world, the wind stress not only produces
the Ekman transport but also causes the horizontal mi-
gration of the location of the front in the direction of
Ekman transport. It is not clear how much cross-frontal
water transport would occur in the case of wind forcing,
and estimates of the net transport cannot be simply esti-

Depth(m)
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Fig. 14. Distribution of particles at the initial (the 11th model
day) (upper) and at the 15.5th model day for the cases with
tidal forcing only (middle) and with tidal forcing plus mean
wind (lower). The contours are the model-predicted tem-
peratures

mated using Ekman transport theory on the basis of the
steady frontal dynamics.

Chen et al. (2001c) used a 2D numerical model to
examine the role of the summertime wind stress in the
cross-frontal water transport on the southern flank of GB.
The model was initialized using the June 1999
hydrographic survey datawith awell-defined TMF around
the 50-m isobath and a sharp subsurface thermocline and
thermohaline at about 10-25 m. The model was run first
with tidal forcing only for 10 days. After the tidal cur-
rents and residual flow reached a quasi-equilibrium state,
the wind stress and surface heat flux were added (Fig.
13). Fluid particles were released throughout the water
column in the stratified region around the 60-m isobath
at the beginning of the 11th model day (Fig. 14a), and
then tracked for several M, tidal cycles under different
physical forcing environments with tide only, tide plus
averaged wind stress, tide plus realistic time-varying wind
stress, and tide plus realistic wind and surface heat flux.

In the case with tide only, the model -predicted parti-
cle trajectories show that the water moves onbank in the
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Fig. 15. Distribution of particles at the 12.5th (upper), 14.5th
(middle), and 15.5th (lower) model days for the case with
tidal forcing plusrealistic wind. The contours are the model -
predicted temperatures.

upper and lower mixed layer and offbank in the
thermocline. Thistrajectory pattern isvery similar to the
cross-bank secondary circulation structure predicted by
the semi-analytical, diagnostic frontal model shown in
Section 2. No particleswere found to crossthe TMF over
the time scale of a week (Fig. 14b). When a relatively
weak mean wind stress of 0.023 N/m? directed towards
103.4° was added, the particles near the surface above 5
m exhibited more offbank movement due to the Ekman
transport while deeper particles moved onbank as a re-
sult of thereturn flow. However, no significant cross-fron-
tal exchange of particles occurred in this case over a pe-
riod of 5 days (Fig. 14c).

Inthe case with tide plusrealistic, time-varying wind
stress, asignificant onbank migration of the front occurred
inthe upper 10 min thefirst three days due to a consider-
able, northward Ekman transport. Correspondingly, par-
ticles within the upper mixed layer were carried onbank
along with the onbank frontal migration, but no particles
crossed the front during that period. When the wind stress
decreased and turned northward after June 14, the entire
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water column in the region shallower than 50 m was ver-
tically mixed again. As aresult, the particles, which pre-
viously were within the front, appeared in the mixed re-
gion on the top of the bank (Fig. 15). This process clearly
shows that the appearance of particles in the mixed re-
gion is caused by combined wind-induced advection and
tidal mixing. In other words, if no mixing exists, the par-
ticles should move along the front and no cross-frontal
particle movement would occur. Since random mixing was
not included explicitly in the particle tracking, particles
in these experiments are just the fluid parcels that repre-
sent the center of mass of dissolved tracers or passive
fish larvae (whose swimming can be ignored in compari-
son to the strong tidal currents). These experiments also
imply the importance of time-dependent wind stress and
mixing on cross-frontal water transport in summer on GB.

3.4 Cross-frontal transport due to chaotic mixing

In general, the cross-frontal secondary circulation is
characterized by a pair of closed circulation cells, with
convergence toward the front near the surface and bot-
tom and divergence at a depth above the bottom mixed
layer (Garrett and Loder, 1981). In the surface-bottom
mixed front caused by strong tidal mixing over steep bot-
tom topography (Chen et al., 1995a, 20014) or river run-
off (Chapman and Lentz, 1994), the cross-frontal second-
ary circulation may consist of double circulation cellswith
convergence towards the front at the bottom and diver-
gence away from the front at the surface. As we men-
tioned before, the closed circulation cellsusually act asa
retention zone or a dynamic barrier to the cross-frontal
transport of dissolved material or passive particles. When
an extraperiodic forcing is applied, however, the particle
trajectories can become chaotic and cross-frontal ex-
change may occur (Oonishi and Kunishi, 1979;
Zimmerman, 1986; Ridderinkhof and Zimmerman, 1992;
Ridderinkhof and Loder, 1994).

The position of the TMF on GB exhibits an oscilla-
tory variation due to the fortnightly or monthly variation
in the strength of the tidal mixing (Loder and Greenberg,
1986; Chen et al., 1995b). Daily satellite SST images
show that the tidal mixing thermal front moves back and
forth with afortnightly period over a scale of about 5 to
10 km (Chen et al., 1995b). This frontal oscillation may
cause a nutrient flux into the frontal zone at arate of

Qu =(Ly / Ty)DC (22)
where L, isthe fortnightly or monthly front’s excursion,
Ty is the fortnightly or monthly period, D is the
pycnocline depth, and C isthe nutrient concentration (see
Loder and Platt, 1985, for derivation). For given C, D
and T, theflux increasesas L, increases, whilefor given
C, D and Ly, the flux should be controlled by the fort-



nightly oscillation.

On the other hand, the fortnightly migration of the
frontal position might act as an extra forcing to cause
chaotic transport acrossthe frontal zone. This process can
be examined using a simple semi-analytical model given
by Chen (unpublished manuscript). The basic features of
cross-frontal currents associated with the fortnightly tidal
oscillation can be captured using a double-cell circula-
tion with streamfunction given as

W =,ysin ()sm [x Xo(t)]. (22)

where x and z are Cartesian coordinates, positive seaward
and upward; y, isthe magnitude of the streamfunction; L
the horizontal scale of the circulation cell; and h(x) the
water depth. xy(t) denotes the periodic migration of the
double-cell circulation pattern. The cells oscillate around
its center position of X, with a frequency «w; and an am-
plitude a,, i.e.,
Xo(t) = X, —ag Sinwt. (23)
Assuming that the fluid is incompressible and
nondivergent, the horizontal and vertical velocities (u =
dx/dt and w = dz/dt) can be expressed using the
streamfunction as

E:_O_Lg Uocosh()sm [x xo(t)] (24)
dz _ oy _
o o TN Lk ()

Laz nz . mn U
_hZ_?X)COS@S'nI[X_XO(t)]% (25)

where U, = @pMH(X); W, = Yp7L; and a = dh(x)/dx. The
phase portrait described by Egs. (24) and (25) contains a
stable“fixed” point at the surface and an unstable “fixed”
point at the bottom at the inter-cell boundary. The bottom
depth is specified as

Ho X<-L
Eb.S(Hd +Hy)
h(x) = -L<x<L,-L
> . ~05(Hg = Ho)cos ™ (x+ L) ;
%_'d ® XZ LS_L

(26)

where Hy = 40 m, Hy = 80 m, Lg = 30 km, and L was
specified as 5 km.

Particletrajectories were cal culated using the fourth-
order Runge-Kutta method with atime step of 50 sec or
less. Our study of cross-frontal exchange of particles fo-
cused on adouble-cell frontal system with an oscillating
inter-cell boundary at X,(t) and in arange of —L — X(t) <
X < L + Xy(t). Outside this range, the currents were speci-
fied as zero. In the numerical experiments, the double
cells started oscillating around the origin of the x-axis,
i.e, x.=0.

The numerical experiments were conducted for the
case with a horizontal oscillation period of 14 days (a
spring tidal cycle). Initially, a; was chosen as 2.5 km,
and later some experiments with avariety of a, were made
to examine the sensitivity of the cross-frontal chaotic
transport to the horizontal migration scale of the front.
The results obtained from these studies can be easily ex-
tended to the cases with monthly and seasonal variation
scales.

An advection time scale T4, was used as areference
time scalein this study. It was defined as an averagetime
scale for particles to move around the closed streamlines
at the outer edge of the cell, i.e.

HO 4H

T""’V"ZHJ_ wH W

(27)

In the case with a steady front (ag = 0) and a given
magnitude of the streamfunction g, = 0.35 m?s, all par-
ticles, which are released initially near the surface at the
center of each circulation cell, travel exactly along the
streamlines with an advective time scale of 8.4 days or
less. No particles cross the inter-cell boundary during an
integration period of 14 days or even much longer (Fig.
16a).

In the case with the same ¢, but a; = 2.5 km and the
front moved back and forth with a period of 14 days, the
trajectories of some particles became chaotic. Intheright
cell, two particles move across the instantaneous inter-
cell boundary near the bottom close to the unstable “fixed”
point between cells (Fig. 16b), even though most parti-
cles move counterclockwise and recircul ated around the
oscillatory trajectories. In the left cell, all ten particles
move seaward and crossed the instantaneous inter-cell
boundary during the first migration cycle. Although six
of these particles turn clockwise and moved back to the
left cell in the second cycle, four of them escaped and
joined theright-cell circulation (Fig. 16c). The pattern of
the inter-cell exchange of particles varies with the initial
direction of the oscillation. When the front starts oscil-
lating seaward first, the distribution of the inter-cell ex-
change of particles shown in Figs. 16b and 16c can be
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Fig. 16. Trajectories of 20 particles released near the surface
at the center of the circulation cells for the cases in which
the double cells were steady (@) and oscillated with a pe-
riod of 14 days (b) and (c). In both the cases, ¢, = 0.35
m%sand L = 5km. Inthe oscillatory case, ag = 2.5 km. The
open circles and filled dots in (@) are the initial and ending
positions of particles. The filled downtriangle in (b) and
(c) indicates the starting location of particles. The cross-
shelf distance and vertical depth were scaled by 5 km and
40 m.

reversed.

The cross-cell chaotic transport appearsto be closely
related to the advective time scale T,y,. The transport of
particles from the left cell to the right cell reached its
maximum when T, is close to the period of the oscillat-
ing double cells (Fig. 17a). Such a transport decreases
when T, is either increased or decreased. Similarly, the
transport of particles from the right cell to the left cell
has its maximum when T, is close to 11 days, and also
decreaseswhen T, is either increased or decreased (Fig.
17b). This asymmetric structure of cross-cell transport is
still true in the case with a flat bottom, even though in
this case the residual flow is the same in both right and
left cells. The asymmetric pattern of the cells over the
sloping bottom topography tends to produce a net cross-
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Fig. 17. Thedistribution of the percent of the cross-cell parti-
cles with respect to the amplitude of the cell circulation
(o) and the non-dimensional time scaled by the advective
time scale (T/T,g,) for the sloping-bottom case (a: seaward-
from the left cell to the right cell; b: onshore-from the right
cell to theleft cell). The digital number at the top of (a) and
(b) indicates the advective time scale (days) for agiven y,.

cell flux of particles. When T, iscloseto, or longer than,
the oscillation period of the double cells, the flux isfrom
left to right. Otherwise, the flux isfrom right to left (Fig.
17¢).

The fact that the largest cross-cell chaotic transport
of particles occurs when the advective time scale of the
particlesis closeto the period of the oscillating front sug-
geststhat resonance may be an optimal condition to cause
significant cross-front particle exchange in a determinis-
tic vorticity-dominated flow field. A simple analytical
approach is used here to explore the resonant nature of
cross-cell chaotic transport in an oscillating frontal sys-
tem. For simplification, the water depth is assumed to be
constant, i.e., h(x) = Hy. A coordinate transformation is
introduced of the form



E:Uﬂ;[x—xo(t)]u, n:U%;[x—xo(t)]—z. (29)

Replacing x and z in Egs. (24) and (25) by the transfor-
mation (28), yields

d

E— W, si sin - \%aowcosax (29)
UO

(21"[7_ \A{,sm E+\%a° cosal. (30)
0

Equations (29) and (30) arefirst-order nonlinear dif-
ferential equations, in which the oscillation of the frontal
position acts as an extra periodic forcing. Since the cha-
otic behavior of particles frequently occurs near the bot-
tom close to the unstable “fixed” point between cells, we
can simplify Egs. (29) and (30) by searching for an as-
ymptotic solution near the bottom.

Consider a phase plane near n - Hpand & - —H,
we can replace sinmtryH, and sinrt§dH, by the approxi-
mate functions 7(n — Hy)/2Hy, and —11(& + H)/2H5, which
leads to the following linear system

a& _ + Woagw
& 2n (n—Ho)+ 0, cosat (31)
dn _ % (§+Hp)+ + 630 st (32)

dt ~ 2H, Uo

Eliminating n from Egs. (31) and (32) resultsin the sec-
ond-order wave equation

d?(§+Ho) Wi
(dt2 )+ 4H? (€+Ho)
2
=% ayw’ sin V6 BWTT . (33
Uy 2HY,
A particular solution for Eq. (33) is
_ Whayw . Wyt O
+H, = sin ai + —— cosat 34
¢+ Fo UDZ_v\gnZDEw 2H, 4 (4
oF Tz H

The solution of Eg. (34) suggeststhat the oscillating fron-
tal system may become resonant when

(35)

i.e., wherethefrontal oscillation period T, isequal to the
particle advective time scale T,q,. Although this solution
(35) only represents a special case of alinear oscillating
frontal system, this solution is consistent with the numeri-
cal model results that show a significant cross-cell cha-
otic transport in the case when T, iscloseto T, There-
fore, the large chaotic cross-cell transport predicted in a
fully nonlinear, double-cell oscillating frontal system may
be the result of the chaotic process associated with reso-
nance.

4. SomeCritical Issuesand a New M odeling Approach

To provide an accurate estimation of the cross-fron-
tal water transport, one needs to have a model that con-
serves mass numerically. In general, however, mass con-
servation cannot be guaranteed for the discrete equations
used in numerical simulation. This can be seen clearly in
the example shown below.

Consider the following 1-D advective equation of a
passive tracer

L
ot 0X

(36)
where C is the tracer concentration and U is the x-com-
ponent of the velocity. This equation can be solved nu-
merically using afinite-difference scheme. For simplifi-
cation, let us solve it using an upwind scheme as

ct=cn+ylt ( " -C) (37)

where nisthe n-th time step; i isthei-th grid point in the
x direction, and At and Ax are the time step and spatial
grid size, respectively. This discrete equation preserves
the conservative tracer concentration only if

Uﬂ—l or g=U.
AX At

(38)
This indicates that the conservative law can be guaran-
teed only if the numerical advective velocity Ax/At al-
ways is the same as the true advective velocity U. If U is
constant, then this condition can be easily guaranteed by
choosing Ax to At satisfy (38). However, U generally var-
ies with time and space so that it isimpossible to choose
Ax and At in away that condition (38) is always satisfied.
This means that this numerical scheme in general does
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not conservethetracer, i.e., it isadamping scheme. Simi-
lar problems can be found in other finite-difference and
finite-element approaches, especially in situations with
sharp thermoclines or discontinuous flow at afront. This
problem becomes worse in 3D models with the o-coordi-
nate transformation in the vertical (Chen and Liu, 2001).
Therefore, we consider that the cross-frontal transport
results previously obtained using finite-difference mod-
els are probably only qualitatively meaningful.

Recently, the finite-volume method has been received
more and more attention in the numerical computation of
fluid dynamics (Dick, 1994). Instead of the differential
form, the finite-volume method discretizes the integral
form of the equations, which is a better approach to en-
sure conservation of mass, momentum, and heat. Since
these integral equations can be solved numerically by the
flux calculation used in the finite-difference method over
an arbitrary-size triangular mesh like those in the finite-
element method, the finite-volume method, to a certain
extent, combines the best of the finite-difference method
for the simplest discrete computational efficiency and the
afinite-element method for geometric flexibility.

For a 2D tracer equation, for example, the local
change of the tracer concentration can be numerically
integrated using the flux calculation as

oC _ B(uC) . o(vC)O _

HE dxdy = —J’J’ ET + a—y%jxdy = —fs, V,Cds' (39)
where V,, is the velocity component normal to the sides
of the triangle and s is the closed path formed by the
three sides. If Eqg. (39) is integrated numerically using
the same upwind scheme, it will have a second-order ac-
curacy since the advective term has been expressed in
the integral form of the flux. If a modified fourth-order
Runge-K utta time stepping schemeis adopted, it can sig-
nificantly improve the accuracy of the advective term
computation.

Chen et al. (2001d) have developed an unstructured
grid finite-volume 3D primitive equation ocean model.
The model consists of momentum, continuity, tempera-
ture, salinity and density equations and is closed physi-
cally and mathematically using the Mellor and Yamada
level 2.5 turbulence closure submodel. Theirregular bot-
tom slope is represented using a o-coordinate transfor-
mation and the horizontal grid is comprised of unstruc-
tured triangle cells. The currents, temperature and salin-
ity in the model are computed using the integral form of
the equations. Chen et al. (2001d) have applied this model
to the Bohai Sea, a semi-enclosed coastal ocean, and the
SatillaRiver, an estuary containing numeroustidal creeks
and inlets. Compared with the results obtained from the
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finite-difference model (an updated version of the
Princeton Ocean Circulation Model; called ECOM-si),
this new model provides a better simulation of tidal el-
evations and residual currents, especially around islands
and tidal creeks. This new model seemsto be a good tool
for the study of cross-frontal water transport and ecosys-
tem dynamics where sharp gradients can be poorly re-
solved using finite-difference methods.

5. Summary

The recent progress in modeling cross-frontal ex-
change on Georges Bank has been reviewed and dis-
cussed. Thediscussion isfocused on four physical mecha-
nismsresponsiblefor cross-frontal water transport on GB:
(1) strong nonlinear interaction, (2) asymmetric tidal mix-
ing, (3) time-varying wind forcing, and (4) chaotic mix-
ing. Some critical issues in numerical modeling studies
of the cross-frontal transport also are addressed. A new
unstructured grid, finite-volume coastal ocean circulation
model isintroduced. Thismodel combinesthe simpledis-
crete computational efficiency that characterizes finite-
difference methods and the geometric flexibility that char-
acterizes finite-element methods. Because the finite-vol-
ume method discretizesthe integral form of the equations,
it is a better approach to conserve mass, momentum and
heat, particularly in frontal regions where property gra-
dients can be large.

It should be noted that this review covers only some
of the modeling activitiesin the U.S. GLOBEC/Georges
Bank Program phase 11l studies on the dynamics of the
tidally mixed front (TMF). Several dye experimentswere
conducted on GB in 1999 to examine the cross-frontal
water transport near the bottom on GB. These experiments
have provided clear evidence of the cross-frontal flux of
dyeinthe TMF on GB, which supports the model results
discussed in this text (Houghton and Ho, 2001). Also,
periodic surveys of the distribution of larval fish suggest
that fish larvae are transported onbank across the TMF.
Additional information and data can be obtained at the
U.S. GLOBEC/Georges Bank Program web site, and in
two special issues of Deep-Sea Research Il that focus on
results from the Georges Bank Program.
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