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ABSTRACT

Two-dimensional and three-dimensional tide models were used to simulate the M, tide in the Gulf of Maine.
Model estimates of changes to the tide caused by a tidal barrier in the upper Bay of Fundy were made and
compared. Tidal amplitudes in the presence of a barrier increased 30-50 cm for both models, corroborating
the results of previous studies by Greenberg and by Duff. The three-dimensional model uniformly produced
postbarrier elevations of 3.5 ¢cm less than the two-dimensional model in the Gulf of Maine.

A comparison of model amplitudes and velocities with data for the existing M, tide is provided for both
models. Total frictional dissipation is also calculated for each model and compared. Finally, the postbarrier
amplitudes as predicted by each model are compared.

Root-mean-square errors of M, tidal amplitude and phase at 45 locations in the Gulf of Maine were 7.9 cm
and 6° for the two-dimensional model and 5.7 ¢cm and 7° for the three-dimensional model. Both models
predicted essentially identical frictional dissipations for the Gulf of Maine of 4.8-4.9 X 10'° watts. Spatial
differences in dissipation did not alter model predictions of well-mixed regions in the gulf based on a vertical
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mixing parameter used by Garrett et al. for the same region.

1. Introduction

The Gulf of Maine (Fig. 1) is a coastal sea approx-
imately 400 km long and 200 km wide and forms the
U.S. coastline from Cape Cod to New Brunswick. The
Bay of Fundy is an extension of the northeast corner
of the Gulf, and together the Gulf of Maine and Bay
of Fundy form a tidal system in resonance with the M,
amplitudes at the head of the Bay of Fundy of over
5 m.

The Canadian government, and in particular the
Tidal Power Corporation of Halifax, Nova Scotia, have
plans to build a tidal power dam in the upper reaches
of the Bay of Fundy. The enormous tides of that region
could provide a substantial amount of electrical power
to eastern Canada as well as to the New England states.
Previous modeling studies (Garrett 1974; Greenberg
1977, 1979; Duff 1981), however, have indicated that
the construction of a barrier in the Bay of Fundy would
increase the tidal amplitudes in the Gulf of Maine as
far away as Boston on the opposite side of the gulf. Of
these studies, the Greenberg study is regarded as the
most accurate assessment of the effects of barriers on
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the tides. He reported a 20-cm increase in the tidal
amplitude at Boston for a barrier placed across Minas
Channel. It is presently the position of the Tidal Power
Corporation that the possibility of increased tides on
the New England coast remains a “potential project-
stopper.”

Previous modeling studies of the effects of barriers
on the tides in the Gulf of Maine have used two-di-
mensional vertically averaged models. Garrett (1974)
used the “resonance iteration” numerical method of
Platzman, which neglects friction, with a grid size of
approximately 25 km to determine the normal mode
frequencies of the gulf and estimate changes to the tides
by tidal dam construction. He concluded that a barrier
placed in the Bay of Fundy would raise the M, tide in
the Gulf of Maine because the new system would be
in closer resonance with the tide, and because of a
change of shape of the normal mode. Garrett estimated
an increase of 25% in the M, amplitude at Boston for
an impermeable barrier placed across Minas Basin.
Greenberg (1977, 1979) used a conventional two-di-
mensional tide model with a nested finite-difference
grid of 21-, 7-, and 2.3-km grid scale to simulate the
existing and postbarrier tides. The Greenberg model
incorporated friction by use of a quadratic bottom stress
law based on vertically averaged velocities. Greenberg’s
results corroborated the Garrett study and provided
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FIG. 1. Features of Gulf of Maine bathymetry constructed from
model grid of approximately 5-km resolution.

greater spatial resolution. Greenberg estimated that an
impermeable barrier placed across Minas Basin would
increase the M, tide at Boston by 33%. Duff (1981)
used a two-dimensional global tide model that incor-
porated the entire North Atlantic into the model area
in order to examine the relative effects of the open
boundary on the model solutions. Duff’s model also
incorporated friction using a vertically averaged qua-
dratic bottom stress law. Duff’s study contains impor-
tant results related to the open boundary problem, but
the model resolution was too coarse in the western Gulf
of Maine and over Georges Bank to make reliable es-
timates of the effect of a tidal barrier on the tide in
those regions.

To date, a three-dimensional tide model has not been
used to investigate the effect of a tidal barrage on the
Gulf of Maine tides. The primary goal of this research
was to determine whether differences in the specifica-
tion of bottom friction between two-dimensional and
three-dimensional tide models would affect model re-
sults. Bottom friction for the two-dimensional model
is parameterized as a function of the vertically averaged
velocity, while for the three-dimensional model bottom
stress is a function of the velocity at the top of the
bottom boundary layer. In the Gulf of Maine, the near-

bottom M, tidal velocity differs from the vertically av- |

eraged velocity in both magnitude and direction
(Brown 1984). The three-dimensional bottom stress
parameterization should thus provide a more realistic
estimate of the phase and direction of the actual bottom
stress.

Davies and Furnes (1980) found that the specifi-
cation of bottom friction in terms of the vertically av-
eraged velocity rather than the velocity at the top of
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the boundary layer introduced significant errors in a
tide model solution for the North Sea. Davies compared
the results of a three-dimensional tide model of the
North Sea with a two-dimensional tide model by
Flather (1976). The tidal amplitudes and vertically av-
eraged velocities calculated by the two models were
comparable. The distribution of errors was markedly
different, however. The two-dimensional model con-
sistently overestimated the phase error, while the three-
dimensional model errors were symmetrically distrib-
uted. Davies concludes that the bias for error distri-
bution in the two-dimensional model is due to the poor
representation of the bottom stress. A tide modeling
study of Puget Sound by Chu et al. (1989), however,
showed no significant difference between elevations or
phases calculated by a three-dimensional and two-di-
mensional model. The three-dimensional model used
for this study was a layered model that used only two
layers in the vertical and may have lacked sufficient
vertical resolution.

The question to be addressed in the present study is
the behavior of a three-dimensional model after the
inclusion of a tidal barrier in the Bay of Fundy. Brown
(1984) pointed out that the near-resonant physics of
the Gulf of Maine is probably sensitive to dissipation
rates. The different formulation of bottom friction in
a three-dimensional model could thus produce spatially
different dissipation rates and correspondingly different
predictions of tidal amplitudes in the presence of a tide
barrier. A three-dimensional tide model was thus used
to determine both the spatial variability in dissipation
rates between the two- and three-dimensional model
and each model’s comparative prediction of M, tidal
elevations in the presence of a barrier.

A secondary goal of this study was to provide an
independent tide model to corroborate the Greenberg
study. Justification for providing an additional, inde-
pendent model study was based on the sensitivity of
numerical tide models of this region to grid resolution,
geometry, and bathymetry. In fact, Guif of Maine tide
models are extremely sensitive to bathymetry, because
of the unique proximity of the free period of the Gulf
to the forced M, tidal period (Sucsy et al. 1990). A
similar sensitivity was found for small errors in grid
size of the same order as the distortion in dimensions
from Mercator projected charts of the gulf (Sucsy
1990). Grid resolution affects the models ability to re-
produce sharp horizontal gradients in amplitude and
phase and also affects the quality of model bathymetry
and geometry.

We thus implemented both a standard two-dimen-
sional, vertically averaged tide model similar to the
Greenberg model (Greenberg 1977, 1983 ) and a three-
dimensional spectral tide model. The models were then
applied to an independently constructed grid of the
region. This was a uniform finite-difference grid with
approximately 5.0 km X 5.5 km cells over the entire
region. Greenberg used a nested finite-difference grid
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with cell dimensions of 21 km in the Gulf of Maine
that was reduced to 7 km in the outer Bay of Fundy
and near 2.3 km in the upper Bay of Fundy. The
bathymetric dataset was independently constructed
from navigational charts and the models tuned by ad-
justing the bottom friction factors and coefficient of
horizontal and vertical eddy viscosity (for the three-
dimensional model) to match the existing M, tide at
45 locations of known data. The target accuracy was
10% error for amplitudes and 20° for phase. Each
model was then run with an impermeable barrier
placed across Minas Basin, a scenario identical to one
that resulted in the largest alteration to the tide at Bos-
ton in the 1977 Greenberg study. The results confirmed
Greenberg’s original study, that a tidal barrier placed
in the Bay of Fundy would increase the tidal amplitudes
along the U.S. East Coast.

The three-dimensional model did not differ from
the two-dimensional model in ability to replicate the
existing tide. The rms error for existing M, amplitude
and phase at 45 stations throughout the Gulf of Maine
was 7.9 cm and 6 deg for the two-dimensional model,
and 5.7 cm and 7 deg for the three-dimensional model.
Computed M, tidal amplitudes were slightly less af-
fected by the addition of a tidal barrier for the three-
dimensional compared to the two-dimensional model
for elevations along the coast of Maine. In general, the
three-dimensional model elevations along the Maine
coast, after inclusion of the barrier, were about 3.5 cm
less than the corresponding two-dimensional model
elevations.

The next section describes both the two- and three-
dimensional model equations used to numerically solve
for the tidal elevations and velocities. This section is
followed by the model results (section 3) for the existing
tidal elevations, velocities, and frictional dissipation,
followed by the results of placing an impermeable bar-
rier across the narrow channel entering Minas Basin
in the upper Bay of Fundy. The discussion (section 4)
follows the results and is arranged in the same order
of topics as the results section: elevations, velocities,
frictional dissipation, and effects of a tidal barrier. Sec-
tion 5 provides conclusions, and section 6 recommen-
dations for future research.

2. Model equations

For the purpose of intermodel comparison, a two-
dimensional and three-dimensional tide model was
applied to the Gulf of Maine. The two-dimensional
model used was a conventional finite-difference solu-
tion of the vertically averaged equations of motion on
a staggered rectangular grid. The three-dimensional
model used a sigma coordinate system in the vertical
and an expansion of orthogonal cosine functions to
approximate the vertical variation of horizontal veloc-
ities. The method used for the three-dimensional model
is based on a formulation by Davies (1986 ) with some
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alterations to the treatment of the nonlinear convective
terms in the momentum equations. The equations of
motion used in the formulation of each model as well
as a brief description of the three-dimensional model
formulation are shown below. For a more complete
description of the numerical technique used to solve
the two-dimensional equations, the reader is referred
to Greenberg (1977, 1983). A description of the ap-
plication of this same finite-difference technique to the
solution of the three-dimensional model equations is
found in Cooper and Pearce (1977) and Pearce and
Cooper (1981).

a. Two-dimensional model equations

The depth-averaged equations of motion used for
the two-dimensional tide model are:

O AH+mU]  OH+ V] _

0, 1
ot ax ay (1)
oUu U oU
=+ U—+V——fV
ot U&x oy S
_a_n_k_q___ W+AV2U )
fox (H+n HY
14 149 ;14
—t U—+V—+
ot +U ax + ady JU
—_a_n_,k_V_____ W+AV2V (3)
dy  (H+n) A

In the preceding equations:

n=n(x,y,1) the deviation of the free surface
from mean sea level (m),

H=H(x,y) the undisturbed water depth (m),

U=U(x,y,t) the depth-averaged velocity in the
x direction (m s7'),

V=V(x,y,t) the depth-averaged velocity in the
y direction (m s7'),

=) the Coriolis parameter (s™}),

g the acceleration due to gravity
(ms™?),

k the quadratic bottom friction fac-

tor (dimensionless),
the horizontal eddy viscosity coef-
ficient (m?s™!).

Ay = Au(x, y, 1)

The horizontal eddy viscosity coefficient was further
parameterized as Ay = 0.5aAxH, where a, the reduced
horizontal eddy viscosity coefficient, is a constant. This
formulation of horizontal eddy viscosity is used by both
Greenberg (1983) and Schwiderski (1980).

b. Three-dimensional model equations

The three-dimensional tide model used for this study
was a spectral-type model using the Galerkin method
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to separate the depth-averaged flow equations from the
equations that determine the velocity structure in the
vertical. The set of equations is linked through bottom
friction. The numerical technique is an extension of
the earlier work of Pearce et al. (1979) and Pearce and
Cooper (1981) coupled with a method developed by
Davies (1986) for separating the external (vertically
averaged ) and internal (vertically varying) components
of the flow. In addition we follow the work of Lardner
and Cekirge (1988) in the sense that the advective terms
in the momentum equations are retained only for the
vertically averaged mode. This last simplification pro-
vides a savings in computer time over the fully devel-
oped nonlinear equations. For the Gulf of Maine, this
simplification altered the numerical solution of the M,
tidal amplitudes less than 1/4% as compared to a nu-
merical solution that retained these terms. The equa-
tions used for the three-dimensional model are the
three-dimensional shallow-water equations (Gill 1982):

Oy  O(H+m)U]  (H+ n)V]
+ +

ot dx dy =0 @
ou u ou
5}- ua+vé———fv
on 8%u Pu  d%u
=T N, A il B
& ax 922 ”( ayz) ()
» @+v—9+f
o Yax TPt
L VAL Y L) B
Bay TN tAm oz T 552

The equation variables are as defined for the 2D model,
and in addition,

the horizontal velocity in the x di-
rection (m s™'),

the horizontal velocity in the y di-
rection (m s™'),

N, = N,(x, y,t) the vertical eddy viscosity coeffi-

cient (m?s™!).

u=u(x,y,z,1)

v=0v(x,y,2z,1)

The depth-averaged currents U and V are related to u
and v by

n

D

where D = H + 9, the total depth of the water column.

Bottom and surface boundary conditions are re-
quired aldbng with Eqs. (4)-(6). The appropriate
boundary conditions for the case of no wind stress at
the surface are:

du

N—:
PN, =~ 0,

n
udz, V=lf vdz, (7a,b)
D J-y

pN, i =0 at z = gy (surface), and

¥z
(8a,b)
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ou av
= —pN, 'é; = Thy

at z = —H (bottom). (9a,b)

A quadratic bottom stress relation is used with bottom
stress related to the bottom velocity as

Tox = —kupVud + v}, 74, = —kvyVu} + v3. (10a,b)
Relating (10) with (9) gives, as the final bottom
boundary condition,

ov
— = kupVu? + v3, N, P kvyVui + v,

at z=-—H. (llab)

The equations of motion and surface and bottom
boundary conditions were transformed to a sigma co-
ordinate system. This transformation of the z coordi-
nate simplifies the solution of the equations by the
Galerkin method. The new vertical coordinate, o in
terms of z, is

H+z H+:z
H+n D

o= (12)
This relation maps the variable interval [ — H, n] into
the constant interval {0, 1].

The transformation of the vertical coordinate to a
fixed interval facilitates the evaluation of integrals that
arise from the use of the Galerkin technique for nu-
merically solving the momentum equations. The map-
ping complicates the original momentum equations;
however, additional terms involving the partial deriv-
ative of the velocity component with respect to sigma
arise. Nihoul (1982) has shown by order of magnitude
arguments that for large coastal seas these new terms
are small compared to the acceleration terms du/dt
and dv/d¢. In the present study, we numerically esti-
mated the values of these terms at a location in the
upper Bay of Fundy where these nonlinear terms would
be greatest. These terms were at least two orders of
magnitude less than the vertically averaged convective
acceleration terms and thus were neglected for subse-
quent model calculations. The momentum equations
were thus simpliﬁed to

ou ou
—+u— ——v
o Yax T Y
dn N, 0%u *u  0*u
=—g—+=—+ +
ax T D ag? T A 5 62)’ (13)
av dv

—+u—+va—+fu
at ax ay

o, Md (P P
ay T D2ag2 T A 552 T gy
which are nearly identical to the original nontrans-
formed momentum equations (5) and (6) except the

=-g- ) (14)
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vertical friction term is reduced by a factor of the total
depth squared as the vertical derivative is now with
respect to o.

The Galerkin technique can now be applied to the
momentum equations (13) and (14) to separate these
equations into a vertically averaged mode and a series
of higher modes that determine the vertical structure
of the horizontal currents ( Davies 1986). For this study
we have retained only the vertically averaged part of
the convective acceleration terms. Calculations of tidal
elevations in the Gulf of Maine were made both with
and without the convective terms added to the higher
modes. The additional terms had a negligible effect on
model elevations and velocities. In the larger Gulf of
Maine changes to tidal amplitudes were of less than 1
millimeter with the additional terms. The largest
change in model amplitude occurred in the upper Bay
of Fundy where a difference of 8 mm was observed,
representing a net change of less than 1/4%.

The separation of the momentum equations into
modes is accomplished by writing the depth-dependent
horizontal velocity components u, v as expansions of
a set of basis functions f. Then
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N
u(x,y, 0, t) = 2 a(x,y, ) fi(e),

I=1
N

U(x, YV, o, l)= 2 d](-xa Y, l)ﬁ(U). (lsa’b)
I=1

For this study,f, = cos[a;(1 — ¢)], where a; = 0, =,

2w, 3w, ««+, (I — 1)w, for I = 1, N. With this choice
of basis functions the first coefﬁcient in the velocity
expansions represents the vertically averaged velocity,
since

1
o= [ udo e
0
and
1
V=f vdo = d. (16a,b)
0

Substituting the velocity expansions (15a,b) into the
x momentum equation ( 13) and applying the Galerkin
technique gives for the x momentum equation:

folgz(é czfz)ﬁca’«r+fol (% cIﬁ)%(é ij})ﬁcdo+f (2 d,f) (2 c,ﬁ)ﬁda

I=1

—le(édlﬁ)ﬁda=—g%Llﬁda+AHJ;l[az (z c,f)+a—(2 c,f)}fkda

The last integral on the right-hand side is integrated
by parts (Davies 1986) to obtain

192y fido = kuqu%+v§
do do? D

N,
DZ

= #(0)

(2 szl)fkdtf, (18)

where the primes denote a partial derivative with re-
spect to ¢. The surface and bottom boundary condi-
tions are thus explicitly entered into the model for-
mulation.

The second and third terms in (17) represent the
convective acceleration terms and now involve double
summation of the model variables inside the integrals.
Unlike the other terms of (17) these integrals cannot
be simplified to contain only variables of a single mode.
Retaining the complete set of convective acceleration
terms dramatically increases computer time. An alter-
native, however, is to retain only the vertically averaged
part of these terms. This simplification was also used

N, ['d%u
+__

D2 s 2ﬁ<dak 2,3, -

N, (17)

by Lardner and Cekirge (1988) for their vertical / hor-
izontal splitting model, which uses a conventional two-
dimensional solution of tidal elevations as forcing for
a solution of two horizontal momentum equations that
determine the vertical structure of the flow.

The momentum equations thus simplify to a set of
N equations involving successive time derivatives of

the coefficients ¢, for kK = 1, 2, ,N.Fork =1,
the Galerkin equation (17) becomes
361 6 36‘; 677
Lt =M =—g—
a o @ =g 5
_kuqu,,+vb+A 6%,_{_@ (19)
D Aaxr " a2 )’

which is nearly identical to the vertically averaged mo-
mentum equation (2) with the important exception
that the bottom stress is determined from the calculated
three-dimensional bottom velocity (u,) instead of the
vertically averaged velocity. (Recall that ¢, = U, the
vertically averaged velocity.)
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Fork=2,3, - N, (17) simplifies to
3 2kuVul + vicos(a N,a?
—cl-(—fk— _ KV Up b (ax) aka (20)

D D?
and represents the equations determining the velocity
structure in the vertical. Here we have neglected the
horizontal eddy viscosity term in the higher modes.
This term could easily have been retained, but a nu-
merical experiment on the Gulf of Maine with this
term included did not alter the elevations to the ac-
curacy of the model output of 1 mm. It is interesting
to note that the higher modes are not directly affected
by the external pressure gradient, but are forced instead
by the bottom friction term. The last term of (20) rep-
resents frictional losses to internal dissipation.

The analogous set of equations for the y momentum
equation are

6d| 6d1 d _ 617
a +c dl +f1 = gay
V 2 2
_kvb ub+vb+AHad1+6d, C@n
D x? = 9y?
8_dk+f _ _ 2kvsVui + v cos(a) N.,aid
o kT D p* e
k=23, +++,N. (22)

¢. Three-dimensional numerical scheme

The common explicit leapfrog scheme used to solve
the two-dimensional equations was also used to solve
the momentum equations (19)-(22) along with the
continuity equation (4) using the same staggered finite-
difference grid. The additional bottom velocities re-
quired, u, and v, are determined from the velocity
expansions (15a,b) with ¢ = 0. Then,

N

ub(ia.ja t) = Z C](i,jy t) Cos(al)i
I=1
N

vb(i5.].! [) = Z dl(i’j’ Z) COS(a]).

I=1

(23a,b)

In all other respects the conventional two-dimensional
numerical technique can be extended to solve the three-
dimensional set of equations (Pearce and Cooper
1981).

3. Results for Gulf of Maine tide model

The three-dimensional and two-dimensional tide
models were used to simulate the existing M, tide in
the Gulf of Maine. For this purpose, the Gulf of Maine
was divided into 120 X 120 grid cells. The grids were
oriented along latitude and longitude lines and had
dimensions of 3’ latitude in the north (y) direction and
4'longitude in the east (x) direction. This grid division
produces a Ax of ~5 km and a Ay of ~5.5 km. Depths
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were taken from various navigational charts at the cen-
ter of each grid. Figure 1 shows the Gulf of Maine
bathymetry and geometry as modeled with this reso-
Iution. The figure shows the shallows of Georges Bank
and Browns Bank enclosing the interior Gulf of Maine
with the only deep entrance from the Atlantic Ocean
through the Northeast Channel. Three deep basins
within the gulf are also clear: Georges Basin directly
to the north of Georges Bank, Jordan Basin farther to
the north, and Wilkinson Basin to the west.

The models were forced by specifying the elevation
of the M, tide along the 400-m-depth contour at the
shelf break. The M, amplitude and phase data were
obtained from Moody (1984) and linearly interpolated
along the model boundary where no data existed. The
simple interpolation of the data along the model
boundary is felt to be sufficiently accurate because the
M, tide is essentially in phase and of nearly constant
amplitude along the edge of the Northeast continental
shelf of North America. There are only minor devia-
tions in M, amplitude and phase along the 400-m con-
tour of the model open boundary.

The models were independently tuned by adjusting
the bottom friction factor, horizontal eddy viscosity
coeflicient, and vertical eddy viscosity coefficient (for
the three-dimensional model only) to obtain an ac-
ceptable fit of M, amplitude and phase at 45 locations
of known amplitude and phase. Thirty-eight of these
locations were taken from Moody (1984), and 7 lo-
cations in the upper Bay of Fundy were taken from
Greenberg (1977). Tidal velocity data at nine locations
were also used to tune the three-dimensional model,
particularly with respect to modeling the phase lag be-
tween surface and bottom currents. Parameters com-

- mon to both models were g = 9.81 m s™2, p = 1025

ke m™3, and At = 60 s.

For the two-dimensional model the quadratic bot-
tom friction parameter was 0.002. The reduced hori-
zontal eddy viscosity coefficient a was 0.012. This value
for a gives horizontal eddy viscosity coeflicients in the
range of 102 to 10* m? s~! with a typical value (at 100-
m depth) of approximately 3 X 10° m?s™'.

The quadratic bottom friction parameter used for
the three-dimensional model was 0.006, and the re-
duced horizontal eddy viscosity coefficient was 0.018.
Horizontal eddy viscosity coeflicients for the three-di-
mensional model were thus 50% larger than for the
two-dimensional model. The vertical eddy viscosity
coefficient was 0.07 times the square of the vertically
averaged velocity, and so varied accordingly in hori-
zontal space and time. Parameterizing the vertical eddy
viscosity coefficient as a function of velocity squared
is dimensionally consistent, as shown by Prandle
(1982). The resultant values for vertical eddy viscosity
coefficients compare well with values estimated from
a relation by Csanady (1976) used by Garrett et al.
(1978) to estimate tidal mixing in the Gulf of Maine.
Wright and Loder (1985) used vertical eddy viscosity
coefficients of 0.0185-0.0353 m?s™! for a model of
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F1G. 2. Correlation between calculated and observed
M, amplitudes for both 2D and 3D models.

tidal rectification over Georges Bank. These values
compare to the range 0.0175-0.0360 m? s ! in the same
region for the present model. Finally, ten cosine func-
tions were used to approximate the vertical variation
of velocity.

a. Comparison of model amplitudes and phases to
data

Figures 2 and 3 show the correlation between ob-
served and calculated M, amplitude and phase, re-
spectively, for both the two-dimensional and three-di-
mensional models. A perfect match with data, then,
would lie along the line y = x. The station names,
designated number, elevation data, and corresponding
model calculations for the 45 stations from which these
plots were constructed are listed in the Appendix. The
M, component of the model tidal elevations was de-
termined using a NOAA harmonic analysis program
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FIG. 3. Correlation between calculated and observed
M, phases for both 2D and 3D models.
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by Dennis and Long (1978). Figure 4 shows the geo-
graphical location of each of the 45 stations used for
comparison by designated number.

In general, the model elevations were accurate to
within 10% of amplitude and 20° of phase with a few
exceptions. The greatest errors for amplitude occurred
at stations to the west of Georges Bank over Nantucket
Shoals where the gradient of the coamplitude and co-
phase lines of the M, tide are relatively steep (Fig. 5).
Errors due to model grid scale are likely to be important
in this region where relatively large changes in ampli-
tude and phase occur across a single grid. Additionally,
this area contains an amplitude minimum with am-
plitudes less than 30 cm. Absolute errors in amplitude
thus produce much greater percent errors compared
to the same absolute errors in the interior of the Gulf
of Maine where the amplitudes are some five times or
more larger.

The rms error of amplitudes and phases for all 45
locations in the Gulf of Maine and Bay of Fundy was
7.9 cm and 6 deg for the two-dimensional model and
5.7 cm and 7 deg for the three-dimensional model.
The greater overall accuracy for the three-dimensional
model for amplitudes is due to slightly greater accuracy
for stations in the upper Bay of Fundy. Overall rms
error, however, is not an indication that the three-di-
mensional model was more accurate then the two-di-
mensional model because of the relatively poor model
resolution in the upper Bay of Fundy. The rms error
for both models, omitting stations 39-45 in the upper
Bay of Fundy and stations 10-16 on Nantucket Shoals,
was 5.0 cm in amplitude and 5 deg in phase for the
two-dimensional model and 4.9 ¢cm in amplitude and
5 deg in phase for the three-dimensional model.
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FIG. 4. Locations of stations used for model tuning and comparison.
Numbered stations (1-45) are locations of M, elevation data and
italicized lettered stations are locations of velocity data. Location
names for numbered stations are listed in the Appendix.
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FiG. 5. Coamplitude (cm) and cophase (degrees) lines of the
M, tide as calculated by the three-dimensional model.

The arithmetic difference of amplitudes and phases
between the two- and three-dimensional models is
contoured in Figs. 6 and 7, respectively. For these and ,
all subsequent plots of model differences, we have taken
difference = 2D model data — 3D model data, so that
a positive value of difference represents a greater value
for the two-dimensional model. Figures 6 and 7 show
that the M, tide calculations for the two models gen-
erally agree to within 3 cm of amplitude and 3 deg of
phase. The greater differences between the models are
found for the Nantucket Shoals, the upper Bay of
Fundy, and the Nova Scotia side of the mouth of the
Bay of Fundy where amplitude and phase differences
reach 10 cm and 10 deg.

A contour plot of M, amplitudes and phases cal-
culated from the three-dimensional model is shown in
Fig. 5. This plot can be compared with available con-
tour plots of the region as constructed from data, such
as that found in Moody et al. (1984 ). The model-con-
structed coamplitude and cophase lines in Fig. 5 rep-
resent the features of the M, tide in the Gulf of Maine
well. The model correctly shows the amplitude mini-
mum of less than 30 cm over Nantucket Shoals, the
convergence of co-amplitude and co-phase lines to the
south of Cape Cod, the broad separation of the 50- and
60-cm amplitude contours south of Nova Scotia, the
bending of the 120-cm amplitude contour toward the
Maine coast, and the rapid increase in amplitude to-
wards the head of the Bay of Fundy. The model also
correctly shows the rapid change in phase around the
western side of Nova Scotia, and the sharp hook of the
90-deg phase contour to the north of Georges Bank.

Table 1 compares amplitudes and phases from the
two- and three-dimensional models to the 1977
Greenberg model at 19 stations common to both model
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studies. The Greenberg model is generally more ac-
curate than either of the two models used for this study,
which we attribute to Greenberg’s greater model res-
olution in the Bay of Fundy.

b. Comparison of model velocities to data

Model velocities were compared to data at nine lo-
cations throughout the model area. These data were
also taken from Moody (1984). The approximate lo-
cation of each station, indicated by the italicized station
name, is shown in Fig. 4.

We used a simple numerical integration to estimate
average velocity at each station. These estimates may
be somewhat crude because of the lack of velocity
measurements with depth at some stations. Brown
(1984), however, made average velocity estimates at
stations CP, MO, CL, M3, and M4 based upon esti-
mates of the velocity profiles at each station. Brown’s
average velocity estimates compared well with our own,
and for station M3, where only one depth location was
available, we used Brown’s estimate of the vertically
averaged velocity directly.

Table 2 compares the observed vertically averaged,
east and north component of the M, current with the
corresponding results from both the two- and three-
dimensional model. Table 3 compares the observed
components of M, velocity at each depth where data
were available with the calculated velocity from the
three-dimensional model for the nine stations. The M,
component of the model velocities was determined us-
ing a NOAA harmonic analysis program by Dennis
and Long (1978).

Model-calculated vertically averaged velocities dif-
fered from observed values by no more than 3 cm s ™!

70°W 68°W
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FIG. 6. The M, amplitude differences (cm) between 2D and 3D
models. Positive values of difference are greater for the 2D model.
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FIG. 7. The M, phase differences (degrees) between 2D and 3D
models. Positive values of difference are greater for the 2D model.

at all stations except BED64 in the Bay of Fundy, where
model velocities were about 10% higher than observed.
The rms error for averaged velocity amplitude and
phase, regardless of direction, was 3 cm s™! and 7 deg
for the two-dimensional model and 3 cm s™! and 9 deg
for the three-dimensional model. The greater velocity
at BED64 is consistent with the overestimate of model
elevations in the upper Bay of Fundy. The similarity
between the two models for vertically averaged velocity
is expected, given the modest differences in model ele-
vations. Continuity of volume dictates that the aver-
aged velocities will be correspondingly similar.
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The comparisons of the observed velocity structure
to three-dimensional model velocities in Table 3 show
greater variability than the comparisons of averaged
velocities, although the rms errors for velocity are a
comparable 3.5 cm s~! in amplitude and 10 deg in
phase. In general, the three-dimensional model predicts
essentially uniform velocity profiles with little change
in phase at the deeper stations in the Gulf of Maine
(CL, MO, and CP). The observational data, however,
indicates considerably greater variability with depth
particularly with respect to phase. At station NECI, a
deep-water station in the Northeast Channel, the model
failed to show the large near-bottom amplitude of the
northward component of the tidal velocity observed at
200-m depth. The model generally produced a good
match with data at the shallower stations on Georges
Bank (M4, A, K, and M3). The near-bottom velocity
gradient at stations A and K is somewhat steeper than
that predicted by the model, so that the model under-
estimates the velocity amplitude several meters above
the bottom at those stations, while the velocity ampli-
tudes 1 m above the seafloor are more accurate. This
error is likely a numerical problem of approximating
a steep curve with a limited set of cosine functions.

An important aspect of the velocity comparisons for
the three-dimensional model was to model the phase
lag between the vertically averaged and bottom current
in order to have confidence in dissipation calculations.
At stations M4, A, and K the model matched this dif-
ference to within 11° with an average error of 6 deg.

¢. Frictional dissipation

The total frictional dissipation over a tidal cycle was
calculated at each grid for both the two- and three-
dimensional model. This calculation was done in order

TaBLE 1. The M, amplitude (m) and phase (degrees) from observation and as calculated by Greenberg (1977) and the 2D and
3D models for stations common to the 1977 Greenberg model.

Data Greenberg model 2D model 3D model

Station Amplitude Phase Amplitude Phase Amplitude Phase Amplitude Phase
17. Seal Island 1.20 52 1.24 44 1.29 52 1.35 50
18. Pinkney 1.55 59 1.52 59 1.55 62 1.61 60
19. Yarmouth 1.63 63 1.60 61 1.67 69 1.74 67
20. Port Maitland 1.85 66 1.85 69 1.83 74 1.90 72
22. Bar Harbor 1.55 93 1.60 89 1.46 93 1.50 93
24. Rockland 1.50 98 1.47 96 1.40 99 1.42 97
28. Portland 1.33 103 1.34 101 1.31 102 1.33 100
31. Portsmouth 1.30 107 1.29 102 1.27 105 1.29 103
32. Boston 1.35 111 1.33 109 1.32 108 1.34 111
34, Margaretville 3.87 92 3.88 94 4.02 108 4.01 110
36. Centreville 2,61 92 2.65 87 2.66 98 2.70 97
38. Eastport 2.61 99 2.67 91 2.54 105 2.50 107
39. Cape Enrage 4.36 104 4.38 102 4.60 118 4.56 123
40. Hopewell Cape 4.96 109 4.76 111 5.02 123 498 130
41. Port Greville 4.61 109 4.64 106 4.83 122 4.68 129
42. Dilligent River 4.88 112 4.81 111 4.98 124 4.82 131
43. Five Islands 5.42 130 542 135 5.68 134 5.44 146
44. Burntcoat Head 5.64 141 5.53 152 5.91 135 5.68 147
45. Scots Bay 4.67 106 4,68 107 4.89 119 4.77 126
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TABLE 2. East and north M, components of observed vertically averaged velocity at nine locations and as calculated by the 2D and 3D
models. Observed vertically averaged velocities were estimated by a simple numerical integration. Averaged velocity at station M4 is from
Brown (1984).

East amplitude (m s™') East phase (deg) North amplitude (m s™') North phase (deg)

2D 3D 2D 3D 2D iD 2D iD
Station Data model model Data model model Data model model Data model model
NECI 0.40 0.40 0.41 157 175 173 0.36 0.33 0.33 13 22 20
CL 0.06 0.05 0.05 227 230 221 0.08 0.10 0.11 359 7 7
MO 0.04 0.03 0.03 312 303 303 0.06 0.07 0.07 13 6 5
BED64 0.80 0.90 0.89 22 36 44 0.48 0.59 0.59 26 34 41
M4 0.26 0.29 0.29 144 139 140 0.31 0.34 0.32 33 31 31
A 0.26 0.28 0.28 130 135 135 0.33 0.34 0.33 21 26 25
K 0.39 0.40 0.41 136 135 137 0.47 0.50 0.49 27 26 26
CP 0.02 0.03 0.03 234 218 212 0.04 0.06 0.05 . 336 348 348
M3 0.51 0.52 0.54 129 132 133 0.66 0.67 0.65 22 29 30

to determine whether or not there were any significant
differences in the spatial distribution of frictional dis-
sipation as modeled by the two different techniques.
In addition, it was assumed that since the two models

of the associated vector bottom stress and the total ve-
locity. For the two-dimensional model the associated
velocities used to determine the bottom friction dissi-
pation were vertically averaged while the associated

were tuned to produce nearly identical surface eleva-
tions, the total global model dissipation would be es-
sentially the same for both models. The calculation of
the model dissipation thus provides corroboration of
this assertion.

The frictional dissipation associated with the bottom

three-dimensional model velocities were at the bottom
(o = 0). The final quantity of dissipation rate had units
of watts per square meter. The bottom frictional dis-
sipation for the two-dimensional model at each grid is
thus

friction stress in each model is simply the dot product 15 Q = —kp(U? + V?)3/2 (24)
TABLE 3. East and north M, components of velocity from observation and calculated by the 3D model at available depths.
The mean depth of each station is indicated under the station designation in column 1.
East amplitude North amplitude
Depth of (ms™) East phase (deg) (ms™) North phase (deg)
Station and . observation
depth (m) (m) Data 3D model Data 3D model Data 3D model Data 3D model
NECI1 233 103 0.42 0.44 162 175 0.33 0.34 18 24
153 0.45 0.44 157 174 042 - 0.35 18 25
207 0.28 0.29 141 164 0.41 0.29 350 351
CL 190 33 0.08 0.05 233 219 0.12 0.11 10 9
68 0.06 0.05 240 220 0.07 0.11 16 8
118 0.06 0.05 218 218 0.09 0.11 346 10
MO 98 33 0.04 0.03 287 303 0.08 0.07 356 5
68 0.03 0.03 338 303 0.04 0.07 32 5
BED64 50 10 1.01 1.04 16 52 0.61 0.69 27 38
25 0.86 0.95 25 ° 45 0.51 0.62 25 42
M4 77 10 0.31 0.31 158 146 0.36 0.34 46 38
36 0.29 0.32 151 143 0.33 0.36 41 36
69 0.21 0.21 123 124 0.27 0.26 11 11
A 85 15 0.28 0.30 137 141 0.34 0.34 27 31
45 0.29 0.31 134 138 0.36 0.36 26 29
75 0.28 0.21 119 121 0.31 0.28 8 6
84 0.14 0.12 108 116 0.21 0.17 360 356
K 61 10 0.44 0.51 142 142 0.51 0.57 34 34
15 0.42 0.49 139 140 0.50 0.56 30 32
34 0.44 0.44 142 136 0.51 0.53 34 26
54 0.32 0.30 125 128 0.42 0.38 15 11
58 0.30 0.21 129 126 0.39 0.28 19 6
60 0.22 0.19 116 126 0.30 0.25 8 5
CP 98 33 0.03 0.03 228 212 0.06 0.05 334 348
68 0.01 0.03 240 212 0.03 0.05 337 348
M3 44 36 0.47 0.40 129 130 0.55 0.50 22 23
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and for the three-dimensional model at each grid is

7o a5 = —kp(u} + v3)%2. (25)

The eddy viscosity terms also contribute to the total
dissipation rate and were treated in an analogous man-
ner as molecular viscosity in producing a dissipation
rate, commonly designated as ¢ (Gill 1982). The dis-
sipation rate resulting from the horizontal eddy vis-
cosity parameter at each grid is

AU\? QU\? v \? v \?
€4y = pDAH(a) + (5) + (a—x) + (5) ] .
(26)

The analogous expression for the dissipation rate pro-
duced by the vertical eddy viscosity term in the three-
dimensional model involves an integral over the depth
in order to arrive at the dissipation associated with each
grid. Rather than computing this integral numerically,
however, the expression can be simplified by first sub-
stituting the cosine expansions (21a,b) for the three-
dimensional velocities and then simplifying the resul-
tant expression. The dissipation rate associated with
the vertical eddy viscosity at each grid is then

N 1 N
pN, 22f .2 pN, 2.2
cia sin“[a;(1 — do = ciai.
Dzlllo [ai( c)ldo ZDzzll

(27)

This final expression (37) was thus used to calculate
the internal dissipation rate due to vertical eddy vis-
cosity.

The dissipation rates were summed over both the
Gulf of Maine and Bay of Fundy for both two- and
three-dimensional models. The total dissipation rates
averaged over one tidal cycle for the two-dimensional
model were 1.1 X 10'° W for the Bay of Fundy and
3.8 X 10'® W for the Gulf of Maine. For the three-
dimensional model, the corresponding dissipation rates
were 1.2 X 10'° and 3.7 X 10 for the Bay of Fundy
and Gulf of Maine, respectively. Greenberg (1979) es-
timated corresponding average dissipation rates of 1.9
X 10'° and 3.6 X 10'© W from his two-dimensional
nested grid model. The dissipation due to horizontal
eddy viscosity represents 18% of the total dissipation
for the two-dimensional model and 26% of the total
dissipation for the three-dimensional model.

The calculated total average dissipation rate (W m ™2
X 1072) for the three-dimensional model is shown in
Fig. 8. The features and magnitudes of the distribution
of dissipation is essentially identical to that shown by
Greenberg (1979) for his two-dimensional model.
There are four primary areas of dissipation outside the
Bay of Fundy. These are on Georges Bank, over Nan-
tucket Shoals, off southwest Nova Scotia, and at the
mouth of the Bay of Fundy.

The differences in dissipation rate between the two-
and three-dimensional models are shown in Fig. 9. In
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this figure, positive numbers indicate greater dissipation
rate for the two-dimensional model. This plot shows
that the two-dimensional model produces greater dis-
sipation on a broad area over much of Georges Bank.
The three-dimensional model produces greater dissi-
pation toward the north side of Georges Bank and ex-
tending along the steep slope into Georges Basin. The
three-dimensional model also produces greater dissi-
pation in the regions of large total dissipation men-
tioned before. It is tempting to speculate that greater
tidal mixing might thus be predicted by the three-di-
mensional model in these regions, but we will show in
section 4 that this is not likely to be the case.

d. Simulation of a tidal barrier

The effect of a tidal barrage in the upper Bay of
Fundy was simulated by simply specifying a no-flow
boundary condition through the narrows of Minas Ba-
sin. Thus, the entire Minas Basin was cut off from the
Gulf of Maine. This barrier scenario corresponds to
Greenberg’s impermeable barrier case at Blomidon,
and was found by Greenberg (1977) to produce the
greatest increase to the tide in the Gulf of Maine among
all barrier schemes tested. This idealized condition does
not reflect changes to the tide that would result from
the actual planned barrier scenario. As we are interested
in the differences between the two- and three-dimen-
sional models, and not the absolute effect of various
barrier schemes on the tides, we chose the condition
that resulted in the greatest alteration to the tides in
the Greenberg study. Therefore, these results should
be interpreted in this light and are not predictions of
absolute amplitude alterations caused by the Tidal
Power Corporation’s proposed barrier schemes. These
model results should also not be used for estimating
quantitative changes to the tide because of the lack of
grid resolution in the upper Bay of Fundy.

The inclusion of the barrier in Minas Channel re-
sulted in an increase in tidal amplitudes throughout
the model region for both the two- and three-dimen-
sional models. Both models predict an increase of 30-
50 ¢cm in amplitude in the Gulf of Maine. Contours of
amplitude increases for both the three- and two-di-
mensional models are shown in Figs. 10 and 11, re-
spectively. The two-dimensional model predicts slightly
greater amplitudes throughout the Gulf of Maine than
the three-dimensional model, although the spatial fea-
tures of the response are similar. The three-dimensional
model predicted greater amplitude increases in the up-
per Bay of Fundy than the two-dimensional model.
The differences in amplitude increase between the
models are shown in Fig. 12, where positive values
indicate greater amplitude changes for the two-dimen-
sional model. This plot shows that the two-dimensional
model produced greater amplitude differences over the
entire Gulf of Maine, outside of the Bay of Fundy, but
these differences were nowhere greater than 4 cm.

Table 4 compares pre- and postbarrier amplitudes
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FIG. 8. Total M, dissipation rate (W m~2 X 10~2) averaged over
a tidal cycle for the 3D model. Dashed lines indicate the 50-m and
200-m depth contour. Total average dissipation rate summed over
the entire grid was 4.9 X 10'° watts.

at four stations as predicted by the 1977 Greenberg
model (impermeable, Blomidon barrier), and the two-
and three-dimensional models of this study.

4. Discussion
a. Elevations

The two- and three-dimensional models performed
equally well in replicating the tide in the Gulif of Maine,
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FIG. 9. Difference in M, dissipation rates (W m™2 X 1072) for 2D
and 3D models. Positive values indicate greater dissipation for 2D
model.
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FiG. 10. Change in M, amplitudes (cm) after inclusion of imper-
meable barrier in upper Bay of Fundy as predicted by 3D model.

as is evident from the correlation plots of observed and
calculated model amplitudes and phases (Figs. 2 and
3). Neither model achieved the overall accuracy of the
1977 Greenberg model and we attribute this to t

better grid resolution of the Greenberg model in the
Bay of Fundy. The Greenberg model had a gridreso-
lution of approximately 2 km in the Bay of Fundy
compared to 5 km in the present study. Other model
studies have documented the importance of grid scale
in the upper Bay of Fundy as well as the importance
of including the extensive sandflat regions there
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FIG. 11. Change in M, amplitudes (cm) after inclusion of imper-
meable barrier in upper Bay of Fundy as predicted by 2D model.
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F1G. 12. Difference in M, amplitude changes (cm) caused by barrier
for 2D and 3D models. Positive values indicate greater postbarrier
increase of amplitude for 2D model.

(Greenberg 1983; Duff 1981). The fact that both the
present models, despite having fundamentally different
ways of approximating friction, behaved in essentially
the same fashion for the Gulf of Maine also indicates
that for M, tidal prediction in the gulf attention to
bathymetry and geometry are extremely important.
This result is not surprising as bathymetry and ge-
ometry are fundamental to modeling free period, which
in turn determines the degree of proximity of the M,
tidal forcing to resonance.

b. Velocities

The two- and three-dimensional models produced
nearly identical average velocities (Table 2) and both
compared well with data. This result is a consequence
of the two models producing similar results for eleva-
tion.

The three-dimensional model showed greater vari-
ability in matching observed velocities at individual
depths than for matching average velocity. In general,
the model produced a closer match with data for the

SUCSY ET AL.

1243

shallower stations over Georges Bank, than for the
deeper stations in the interior of the Gulf of Maine.
For the deeper stations, the model predicted virtually
uniform velocity profiles with little change in phase
with depth while the observations indicate considerably
more variability with depth, particularly with respect
to phase. This result could be explained by the greater
extent of stratification at the deeper stations for which
the model takes no account. Greater stratification
would decrease the value of the eddy viscosity coefhi-
cient at these locations which would increase the ver-
tical structure of the velocities by reducing damping of
the higher modes. Vertical structure could also be in-
creased by increasing the bottom friction, however, as
this term damps the vertically averaged mode and
forces the higher modes. Thus, a mechanism that in-
creases bottom friction in these areas, such as the non-
linear interaction of relatively larger nontidal velocities
near the bottom, could also explain the model mis-
match with observation.

Based on an analytic solution for the vertical struc-
ture of tidal currents (Prandle 1982), we estimated
that the vertical eddy viscosity coefficient would need
to be reduced to 5 X 107* m? s~! (from 1.75 X 107*
m? s™') to approximate the observed vertical structure
of the tide at the deep-water stations in the Gulf of
Maine. This value for eddy viscosity is a reasonable
reduction based on the eddy viscosity reduction factor
of 0.3 (85 H™') used by Loder and Wright (1985) for
Georges Bank.

David Brooks (personal communication ) has noted
the possible presence of internal waves of tidal fre-
quency in the interior Gulf of Maine, which would
produce velocity observations at the deeper stations
for which the constant density model cannot account.
The presence of internal waves could also explain the
model mismatch with data at station NECI1 in the
Northeast Channel, where the model underestimated
the amplitude of the northward component of velocity
at 207 m depth by 40%.

¢. Frictional dissipation

The total dissipation rates averaged over a tidal cycle
for the two models agreed to within 4%. Predicted total
dissipation in the Gulf of Maine compares well with

TABLE 4. The M, amplitude (cm) of existing tide and of postbarrier tide as predicted by Greenberg (1977) and the 2D and 3D models.
Percent increase in amplitude predicted by each model for each station is also shown.

No barrier With barrier Percent change
) Greenberg Greenberg Greenberg
Station Data model 2D 3D model 2D iD model 2D 3D
Boston 134 133 132 134 172 165 165 29 25 23
Bar Harbor 155 160 146 150 198 200 199 24 37 33
Cape Enrage 436 430 460 456 470 505 523 7 10 15
Yarmouth 163 160 167 174 180 202 205 10 21 18
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Greenberg (1979) [3.7-3.8 (X10'°) compared to 3.6
X 10'® W]. The total dissipation rates for the Bay of
Fundy were less for the present models (1.1-1.2
(X10'%) compared to 1.9 X 10'° W), The discrepancy
in the Bay of Fundy is, again, attributable to model
resolution. For total dissipation over the entire system
the two- and three-dimensional models differ by 2%.
Total dissipation for the Greenberg model was 15%
higher than the present models. The Greenberg model
must then have a corresponding greater amount of
work done across the open model boundary, which is
an indication that the Greenberg model is in slightly
greater resonance with the forced M, tide.

Areas of large tidal dissipation (Fig. 8) correspond
with heavily mixed frontal areas observed by satellite
(Yentsch 1981). The correlation between tidal dissi-
pation rate and vertically well-mixed regions of the Gulf
of Maine was noted by Garrett et al. (1978). The large
dissipation rate across the mouth of the Bay of Fundy
is of interest because this area contains a relatively deep
passage of 200 m that extends into the Bay of Fundy
from Jordan Basin and is an area of important up-
welling of nutrient rich bottom waters into the photic
zone (Townsend 1987).

As shown in Fig. 9, there were spatial variations in
dissipation between the two models. In order to assess
whether these variations would significantly alter pre-
dicted areas of vertical mixing, we calculated the dif-
ference between the two models for the parameter
log( HD™!) used by Garrett et al. (1979). Here H rep-
resents depth and D dissipation in units of watts per
square meter. Garrett showed that for the Gulf of
Maine well-mixed regions are observed to occur for
log(HD™') < 1.9. Contours of the difference in this
parameter for the models are shown in Fig. 13. This
mixing parameter varies by up to 0.4 units but varies
very little in the regions of high dissipation (Georges
Bank, southwest Nova Scotia, and the mouth of the
Bay of Fundy) where the 1.9 contour of log(HD™!)
would occur. Only in a relatively small region just south
of Cape Cod does the three-dimensional model predict
a greater extent of well-mixed water.

d. Effect of a tidal barrier

An impermeable barrier placed across the channel
into Minas Basin caused an increase in tidal elevations
in the Gulf of Maine of roughly the same magnitude
as predicted by Greenberg (1977) (Table 4). Table 4
shows that the two- and three-dimensional models of
the present study predict amplitude changes within 10%
of the changes predicted by the Greenberg model for
the same barrier case. These minor differences between
our results and the Greenberg model could be due to
differences in grid scale, bathymetry, parameterization
of friction etc., but it is clear that the Greenberg model
and both our two- and three-dimensional model re-
sponded to a tide barrier in essentially the same way.
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The comparison between the two- and three-dimen-
sional model predictions was of greater interest. Here
we had two models using identical grid resolution and
bathymetry and tuned to match the existing tide with
nearly identical precision. Differences in postbarrier
amplitudes between the two- and three-dimensional
models were assumed to be due to the differences in
modeled physics.

The two- and three-dimensional model predicted
very similar postbarrier elevations (Table 4). However,
the three-dimensional model was uniformly less sen-
sitive than the two-dimensional model to the addition
of the barrier at locations outside the Bay of Fundy
and more sensitive to the barrier inside the Bay of
Fundy (Fig. 12). Still, at Boston the three-dimensional
model predicted an increase of only 3 cm less than the
two-dimensional model out of a total increase of about
30 cm.

5. Conclusions

Both a two- and three-dimensional tide model were
used to simulate the existing M, tide in the Gulf of
Maine. These models differ primarily in the specifi-
cation of bottom friction with the three-dimensional
model parameterizing bottom friction in a more re-
alistic fashion as a function of the near-bottom velocity
rather than the vertically averaged velocity. We found,
however, that both models simulated the existing M,
tide with nearly equal precision. There was no apparent
advantage of the three-dimensional model over the two-
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FIG. 13. Difference in vertical mixing parameter, log,o( /D), for
2D and 3D models. There is generally good correlation between areas
of well-mixed water and areas of mixing parameter less than 1.9 for
the Gulf of Maine (Garrett et al. 1978). Negative values of difference
here indicate more energy available for vertical mixing in the 3D
model.
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dimensional model for simulating either tidal ampli-
tudes or average velocities. This result should not be
taken as a generality for other tidal regions, as the Gulf
of Maine is unique in its extreme resonance with the
M, ocean tide. This physical situation means that nu-
merical tide models of this region are more sensitive
to bathymetry and geometry than for other regions and
the importance of model friction is correspondingly
reduced in overall importance. This is not to say that
friction is not important, but only that overall model
accuracy is more likely to be affected by bathymetric
and geometric inaccuracies in the Gulf of Maine than
in regions that are not dominated by extreme resonance
(Sucsy 1990). Both models were generally less accurate
for reproducing the existing tide than the 1977 Green-
berg model. The greater accuracy of the Greenberg
model is likely due to the finer grid resolution in the
Bay of Fundy.

The total frictional dissipation rate averaged over a
tidal cycle was calculated for each model. The calcu-
lated dissipation rates outside the Bay of Fundy com-
pared well between the two models and with the
Greenberg model, confirming that the tidal dissipation
rates for the M, tide averaged over a tidal cycle are
3.6-3.8 (X10' W) for the Gulf of Maine.

The dissipation rate per tidal cycle did differ spatially
for the two- and three-dimensional models by up to
0.15 W m™? over large sections of the modeled area.
This value represents up to 3750 megawatts per grid.
The largest differences in dissipation rates between the
two models also coincided with areas of large frictional
dissipation over Georges Bank, east of Nantucket Is-
land, off western Nova Scotia, and in the mouth of the
Bay of Fundy. These regions are also associated with
regions of tidal fronts ( Yentsch 1981). The spatial dif-
ferences in dissipation, however, were not significant
enough to alter predictions of tidally mixed regions
based upon the tidal mixing parameter used by Garrett
et al. (1978).

Both models predicted an increase of tidal amplitude
in the Gulf of Maine of 30-50 cm when an imperme-
able barrier was placed across the channel entering
Minas Basin in the upper Bay of Fundy. This result
corroborates the earlier Greenberg study (1977) for an
impermeable barrier at Blomidon. There were small
differences for amplitude changes between the two
models of less than 4 cm in the Gulf of Maine. Differ-
ences in amplitude changes between the two models
varied only slightly over the entire Gulf of Maine, in-
dicating that model differences were not due to a sig-
nificantly different alteration of the shape of the normal
mode. We therefore conclude that the different speci-
fication of bottom friction in the three-dimensional
model did not significantly affect changes to the tide
caused by the tidal barrier.

Sensitivity studies with the three-dimensional model
showed that retaining convective terms and horizontal
eddy viscosity terms for only the vertically averaged
mode was a good approximation for the Gulf of Maine.
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In addition, neglecting the nonlinear terms in the mo-
mentum equations that arise from a transformation to
a sigma coordinate system is also a good approxima-
tion, at least for tidal flows.

6. Future research

Grid scale, particularly in the Bay of Fundy, is an
extremely important aspect of tide modeling in the Gulf
of Maine. A systematic study on the affect of grid scale
on model accuracy is thus warranted. Of course grid
scale has traditionally been constrained by computer
resources, but as faster computers and more efficient
numerical techniques become available this aspect of
tide modeling for the Gulf of Maine could be investi-
gated.

The effect of stratification on the eddy viscosity pa-
rameter for the three-dimensional model should be in-
cluded to improve modeled velocity structure, partic-
ularly at deeper stations in the Gulf of Maine. The
effect of a vertically varying eddy viscosity parameter
on calculated velocity profiles should also be examined.
The eddy viscosity parameter varies with depth and
generally obtains smaller values nearer the surface and
bottom than at middepth (Bowden 1959). Tee (1982)
found that a vertical eddy viscosity parameter depen-
dent on z( o) was necessary to match tidal velocity pro-
files in the Bay of Fundy. The incorporation of a ver-
tically varying eddy viscosity into a three-dimensional
model of the Gulf of Maine may be necessary to pro-
duce a better fit of observed velocity profiles.

Numerically, the incorporation of vertically varying
eddy viscosity does not present any difficulties. There
are several numerical methods available that incor-
porate this feature into a tidal model; for example,
Pearce and Cooper (1981), Tee (1982), Davies (1986),
and Lardner and Cekirge (1988) have all dealt with
this problem. The difficulty, however, is that the eddy
viscosity is, in general, an unknown tuning parameter.
Research to estimate this parameter in various regions
of the gulf would thus be warranted. Inverse modeling
techniques, such as the method developed by Panchang
and O’Brien (1989), may also prove useful in deter-
mining the value of the eddy viscosity coefficient from
limited velocity data.
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APPENDIX
Calculated and Observed M, Amplitude and Phase at 45 Locations in the Gulf of Maine and Bay of Fundy

The model amplitudes and phases were compared to data for the 45 stations. Stations marked with an asterisk
are data taken from Greenberg (1977). All other stations are from Moody (1984). The station names are as
found in the original source.

a. 2D and 3D model amplitudes (cm) compared with data

Amplitude
Station Percent 2D model Percent
number Name M, 2D model difference amplitude difference

1 E 0.45 0.44 -2 0.45 -1

2 M7 0.41 0.37 -9 0.39 -5

3 M3 0.40 0.34 —15 0.35 —11

4 M9 0.39 0.38 -1 0.39 0

5 K 0.40 0.37 -7 0.38 —4

6 D 0.77 0.73 —4 0.75 -2

7 Mi 0.78 0.76 -3 0.78 0

8 B 0.26 0.21 -19 0.23 -10

9 R 0.31 0.29 -7 0.31 -2
10 S 0.32 0.23 —28 0.30 -8
11 NSFE1 0.39 0.32 —16 0.34 -11
12 Q 0.39 0.35 -9 0.36 -7
13 NSFE2 0.40 0.36 —11 0.37 -9
14 NSFE4 0.42 0.40 -5 0.40 -5
15 P 0.42 0.37 —-12 0.37 —11
16 BBA 0.54 0.21 —62 0.24 —-56
17 Seal Island 1.20 1.29 7 1.35 12
18 Pinkney 1.55 " 155 0 1.61 4
19 Yarmouth 1.63 1.67 3 1.74 6
20 Port Maitland 1.85 1.83 -1 1.90 2
21 B6 0.88 0.83 -6 0.85 -3
22 Bar Harbor 1.55 1.46 —6 1.50 -3
23 Cashes Ledge 1.20 1.18 -2 1.20 0
24 Rockland 1.50 1.40 -7 1.42 -6
25 Monhegan 1.30 1.27 -2 1.29 -1
26 Nauset 1.03 0.97 —6 0.97 -6
27 Cape Cod 1.16 1.09 -6 1.10 -5
28 Portland 1.33 1.31 -1 1.33 0
29 Cape Porpoise 1.27 1.26 -1 1.28 1
30 Cape Cod Canal 1.24 1.36 9 1.39 12
31 Portsmouth 1.30 1.27 -3 1.29 -1
32 Boston 1.35 1.32 -2 1.34 0
33 Isle Haute 4.19 . 412 -2 4.09 -2
34 Margaretville 3.87 4.02 4 401 4
35 St. Martins 3.69 3.72 1 3.68 0
36 Centreville 2.61 2.66 2 2.70 4
37 Dipper Harbor 2.80 2.66 -5 2.66 -5
38 Eastport 2.61 2.54 -3 2.50 —4
39 *Cape Enrage 4.36 4.60 5 4.56 5
40 *Hopewell Cape 4.96 5.02 1 498 0
41 *Port Greville 461 4.83 5 4.68 2
42 *Dilligent River 4.88 4.98 2 4.82 —1
43 *Five Islands 5.42 5.68 5 5.44 0
44 *Burntcoat Head 5.64 591 5 5.68 1
45 *Scots Bay 4.67 4.89 5 4,77 2
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b. 2D and 3D model phases (degrees) compared to data
Phase
Station E—— Absolute 3D Absolute
number Name M, 2D difference phase difference
1 E 24 24 0 24 0
2 M7 38 43 -5 44 -6
3 M3 22 24 -2 20 2
4 M9 5 6 -1 4 1
5 K 18 18 0 16 2
6 D 92 98 —6 96 —4
7 M1 92 96 —4 93 -1
8 B 47 70 -23 66 -19
9 R 3 6 -3 1 2
10 S 1 19 —18 23 -22
11 NSFE1 356 360 —4 364 -8
12 Q 353 356 -3 359 -6
13 NSFE2 354 355 -1 358 —4
14 NSFE4 353 352 1 353 0
15 P 352 353 -1 358 -6
16 BBA 8 25 -17 -1 9
17 Seal Island 52 52 0 50 2
18 Pinkney 59 62 -3 60 -1
19 Yarmouth 63 69 -6 67 —4
20 Part Maitland 66 74 -8 72 -6
21 B6 87 89 -2 87 0
22 Bar Harbor 93 93 0 93 0
23 Cashes Ledge 98 99 -1 97 1
24 Rockland 98 99 -1 97 1
25 Monhegan 99 99 0 97 2
26 Nauset 102 115 -13 112 -10
27 Cape Cod 113 112 1 110 3
28 Portland 103 102 1 100 3
29 Cape Porpoise 103 103 0 101 2
30 Cape Cod Canal 109 112 -3 117 -8
31 Portsmouth 107 105 2 103 4
32 Boston 111 108 3 331 0
33 Isle Haute 98 112 ~14 114 —16
34 Margaretville 92 108 —16 110 -18
35 St. Martins 102 114 —-12 116 —-14
36 Centreville 92 98 -6 97 -5
37 Dipper Harbor 98 109 —11 107 -9
38 Eastport 99 105 -6 107 -8
39 *Cape Enrage 104 118 —14 123 -19
40 *Hopewell Cape 109 123 —14 130 -21
41 *Port Greville 109 122 —13 129 -20
42 *Dilligent River 112 124 —-12 131 -19
43 *Five Islands 130 134 —4 146 —16
44 *Burntcoat Head 141 135 6 147 -6
45 *Scots Bay 106 119 —13 126 -20
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