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ABSTRACT

A sigma-coordinate, primitive equation ocean circulation model is used to explore the problem of the resonant
generation of trapped waves about a tall, circular, isolated seamount by an incident oscillatory barotropic
current. The numerical solutions are used to extend prior studies into the fully nonlinear regime, and in particular
to quantify and interpret the occurrence of residual circulation. Specific attention is also devoted to the dependence
of the resonance and rectification mechanisms on stratification, forcing frequency, and choice of subgrid-scale
viscous closure.

Resonantly generated trapped waves of significant amplitude are found to occur broadly in parameter space;
a precise match between the frequency of the imposed incident current and the frequency of the trapped free
wave is not necessary to produce substantial excitation of the trapped wave. The maximum amplification factors
produced in these numerical solutions, O(100) times the strength of the incident current, are consistent with
previous studies.

In the presence of nonlinear advection, strong residual currents are produced. The time-mean circulation
about the seamount is dominated by a strong bottom-intensified, anticyclonic circulation closely trapped to the
seamount. Maximum local time-mean current amplitudes are found to be as large as 37% of the magnitude of
the propagating waves. In addition to the strong anticyclonic residual flow, there is a weaker secondary circulation
in the vertical-radial plane characterized by downwelling over the top of the seamount at all depths. Maximum
vertical downwelling rates of several tens of meters per day occur at the summit of the seamount. The vertical
mass flux implied by this systematic downwelling is balanced by a slow radial flux of mass directed outward
along the flanks of the seamount.

Time-mean budgets for the radial and azimuthal components of momentum show that horizontal eddy fluxes
of momentum are responsible for transporting net radial and azimuthal momentum from the far field to the
upper flanks of the seamount. There, Coriolis and pressure gradient forces provide the dominant balances in
the radial direction. However, the Coriolis force and viscous effects provide the primary balance for the azimuthal
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component.

1. Intreduction

Observational studies have now documented en-
hanced subinertial currents over isolated topographic
features at a variety of locations in the world’s oceans.
Amplified currents of diurnal frequency have, for ex-
ample, been identified over Rockall Bank ( Huthnance
1974), the Yermak Plateau (Hunkins 1986), and Fie-
berling Guyot (Genin et al. 1989). A recent illustration
of this phenomenon has emerged from the results of
TOPO, a multi-institutional program supported by the
U.S. Office of Naval Research to study the physical,
chemical, and biological properties of oceanic flow near
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abrupt topography. The specific focus of TOPO is Fie-
berling Guyot, a tall, isolated seamount located in the
eastern North Pacific Ocean. Current meter records
obtained as part of a pilot project of TOPO from a
telemetering mooring set atop Fieberling have recently
been shown to be dominated by diurnal frequency
fluctuations of large amplitude (0.2-0.4 m s™') that
exhibit some of the properties of freely propagating
seamount-trapped waves (Eriksen 1991). Significant
mean circulation [O(0.1) m s™'] was also detected
about the seamount, suggesting efficient nonlinear rec-
tification of the diurnal currents.

A considerable body of theoretical evidence suggests
that these oscillations represent freely propagating sub-
inertial frequency waves resonantly excited by the
diurnal oscillating tide. The resonant generation of
seamount-trapped waves by excitation of oscillatory
ambient currents has been explored recently in the
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barotropic and stratified limits by Chapman (1989)
and Brink (1990), respectively. Both studies clearly
demonstrate substantial amplification of a freely prop-
agating, subinertial trapped wave if the forcing fre-
quency is sufficiently close to the natural frequency of
the free wave. In neither model was amplification found
to depend in a sensitive way on seamount size or on
an exact match between forcing and free-wave fre-
quency. Consequently, both authors conclude that res-
onantly generated, topographically trapped motions
may well be a common occurrence in nature.

Though the topographic rectification of tidal currents
has been most often explored in the context of an in-
finitely long ridge or shelf topography, such studies are
clearly pertinent to the issue of mean flow generation
about an isolated seamount. Recent theoretical studies
of tidal rectification include the work of Wright and
Loder (1985) in the unstratified, finite amplitude to-
pography limit, and the analysis by Maas and Zim-
merman (1989a,b) for stratified flow over small am-
plitude topography. These studies demonstrate broad
sets of circumstances under which substantial tidal
rectification can occur and identify several character-
istic features of the rectified flow including a bottom-
intensified structure and net cross-isobath flow directed
radially outward from the topography. However, both
also emphasize the parametric sensitivity of the process,
most importantly to the assumed parameterization of
subgrid-scale viscous effects.

Here, we extend these prior studies into the stratified,
nonlinear, finite amplitude topography limit using a
three-dimensional, primitive equation ocean circula-
tion model. The model is the semispectral sigma co-
ordinate model (SPEM) of Haidvogel et al. (1991b),
which has now been successfully applied to a variety
of regional modeling studies featuring strongly sloping
bottom topography—for example, to cross-shelf ex-
change in the coastal transition zone (Haidvogel et al.
1991a) and to the trapping of fluid parcels near isolated
seamounts (Chapman and Haidvogel 1992 and 1993).
For initial simplicity, we will follow the latter of these
studies in considering a smooth, radially symmetric
seamount, and a purely oscillatory, barotropic incident
current. The additional effects of seamount roughness,
and of horizontal and vertical current shears, are pres-
ently being studied for future presentation.

The plan of the paper is as follows. Section 2 de-
scribes the experimental configuration and solution
procedures employed in this study. Section 3 considers
the forced behavior of the linearized equations, de-
scribes the resulting amplified flow trapped to the sea-
mount, and investigates the parametric sensitivity of
the resonance process. Section 4 addresses the issue of
mean flow generation in the presence of advective
nonlinearity, and describes the dynamical mechanism
involved. Lastly, section 5 offers concluding remarks
and discussion.
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2. Experimental configuration and solution
procedures

The setting for our study is a tall circular isolated
seamount in an initially resting ocean with fixed back-
ground stratification p,(z). The equations of motion
and solution techniques are briefly described next. Ad-
ditional detail on both may be found in the companion
paper by Beckman and Haidvogel (1993; hereafter BH).

a. Configuration

The model configuration is that of a periodic f~-plane
channel; the flow is bounded by two free-slip walls (y
=0, L,), and is assumed to be reentrant (periodic) in
the alongchannel coordinate (0 < x < L,). A Gaussian
seamount is placed in the center of the channel with a
topographic profile given by

h(x,y) = Hy — He A/, (1)

where H, = 4500 m, L = 25 km, and H = 4050 m.
The external dimensions of the channel (L, = 380 km,
L, = 288 km) are more than ten times the radius of
the seamount.

The experiments described below start with initially
level isopycnals around the seamount, and a state of
no motion. As our reference stratification, we prescribe
either a linear profile,

pr= po + 24 — A:p(z/4500 m), (2)
or the exponential stratification,
Pr = Po + 28 — Azpe(z/IOOO m)’ (3)

where A,p in the units of kg m 2 is the density difference

between the surface and the maximum water depth,
and p, is a constant reference density. The two density
profiles (2) and (3) have equal buoyancy frequencies
at a depth of about 1500 m.

The forcing is introduced by varying the boundary
value for the barotropic streamfunction ¢ at one chan-
nel wall,

Wy = Ly, 1) = ¢, sin(2nt/Ty),

while holding the streamfunction value fixed (zero) at
the other. In the central case below, the model is forced
with a sinusoidally varying transport of amplitude (¢,
=) 2.6 Sv (1 Sv = 10° m? sec™"). The forcing period
(Ty)is initially set to one day to simulate a weak diurnal
tidal forcing. In the far-field, this is equivalent to an
incident barotropic flow of amplitude

_
H,L,
To reduce the model’s inertial wave response, the forc-

ing is increased gradually from zero until it reaches its
full strength after about 20 days.

U; =02cms}. C))
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b. Numerical solution

The dynamical model employed is the semispectral
g-coordinate model of Haidvogel et al. (1991b). With
the g-coordinate, ¢ = 2(z/H) + 1, the nonlinear equa-
tions of motion become

h%yt-+V-(huv)—hﬁJ

__p% . 98 [d\oh
hé)x h(1 J)aa(h)6x+D” (5)
h@+V-(hvv)+hfu
ot
-, (9 (¢\oh
hay h(1 U)aa<h)8y+D” (6)
dp _
haz+V-(hpv)—D,, (7)
o0 _ _&h
Py 2. " (8)
and
] a i)
a(ku)+£(hv)+h-6?‘9—0, 9)

where (u, v, Q) are the (x, y, o) components of vector
velocity v, 4 = h(x, y) is the fluid depth, ¢(x, y, o, t)
is the dynamic pressure (p/p,), f(x, y) = f, is the Co-
riolis parameter, and g is the acceleration of gravity.
Lastly, the “vertical velocity” in this coordinate system
is

Q(x, y’ 6’ t)
1

h

where wis the vertical velocity component in the orig-
inal Cartesian system. (For ease of interpretation, the
true vertical velocity w will be referred to exclusively
in the results below.)

Viscous and diffusive processes in the momentum
and density equations—schematically represented
above by the terms D,,, D,, and D,—take on a variety
of forms. In many experiments, a mixing of momen-
tum along sigma surfaces is added in the form of a
biharmonic operator with a constant coefficient v. A
higher-order boundary condition is provided at the
channel walls to ensure no net viscous gain or loss of
momentum within the domain. In contrast, the ma-
jority of our numerical simulations could be conducted
with D, = 0. (We will refer to this as the “adiabatic”
limit). However, a small nonzero coefficient of bihar-
monic diffusivity (directed along sigma surfaces) was
required in the nonlinear runs as described further
below.

oh oh
(1= o)uz-+(1 —G)U@+2w , (10)

HAIDVOGEL ET AL.

2375

With so little known concerning small-scale mixing
in the ocean, particularly in the neighborhood of sea-
mounts, it would be useless to try to defend any specific
frictional parameterization too strongly, and we will
not attempt to do so here with our biharmonic operator
(or any other). An important question of course is
whether the properties of the resonantly generated
waves, and the dynamical pathways that support them,
are qualitatively influenced by the choice of subgrid-
scale closure. In an attempt to answer this question,
we have also experimented quite broadly with bottom
friction and Rayleigh damping as alternatives to bi-
harmonic smoothing.

Prior to numerical solution, the vertical structure of
the model variables is represented using an expansion
in Chebyshev polynomials, which have the advantage
of rapid convergence of the vertical representation. This
choice also results in increased vertical resolution at
the surface and the bottom boundaries. A total of seven
Chebyshev polynomials are used in the vertical expan-
sion. In the horizontal coordinates, a centered, second-
order finite-difference approximation is adopted (an
Arakawa “C” grid; Arakawa and Lamb 1977). The
grid spacing varies smoothly from 4.0 km over the sea-
mount to 8.0 km at the domain boundaries (Fig. 1).

Despite its rather natural treatment of variable ba-
thymetry, the sigma-coordinate approach is now well
known to suffer from potentially large, systematic errors
in the resulting discretized pressure gradient terms. In
particular, spurious accelerations of significant ampli-
tude can be shown to result even in the presence of
initially level isopycnal surfaces (see, e.g., Haney 1991).
Beckmann and Haidvogel have examined the impli-
cations of these pressure gradient errors for the circu-
lation about a tall, isolated seamount. In particular,
they show that for an initially quiescent, unforced ocean
with level isopycnals, and for the experimental config-
uration adopted here, the pressure gradient errors pro-
duce a spurious oscillating current of approximately 1
cm s”! in amplitude and roughly 0.5 days in period.
In the presence of the oscillatory forcing used below,
however, the erroneous current is reduced in amplitude
by destructive interference with the resonantly forced
trapped wave. As a result, artificial currents are at least
an order of magnitude smaller than the resonantly
generated waves.

¢. Nondimensional parameters

Even in this rather idealized setting, there are nu-
merous independently specifiable nondimensional pa-
rameters. Among the most important of these are

the fractional seamount height, é:

(11)
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F1G. 1. Perspective plot of the seamount geometry, and the horizontal numerical grid.

the Burger number, S
_ NoH,
SfoL

where N2 =—gA,p/(p,H,); the nondimensional forc-
ing frequency, w: '

S

(12)

— 27r .

STy’
and the Rossby number associated with the incident
flow, R;:

w

(13)

U;
R, =——=8x10",
13 f;L
Additional nondimensional parameters characterize
the strength of the viscous terms. The dimensional vis-
cous coeflicients have been nondimensionalized as fol-
lows:

(14)

Il

14

v/ foL?,
fd = rd/fonin;
fRa=rRa/f;)a (15)

where », ry, and rr, are the dimensional values of the
biharmonic lateral viscosity, the bottom drag coeffi-
cient, and the Rayleigh damping rate. Note the use of
the minimum depth of the seamount as the nondi-
mensionalizing length scale for the bottom resistance
coeflicient. This choice produces a great degree of sim-
ilarity between the amplification curves for cases with
bottom friction and those with Rayleigh damping. (The
reason is that these solutions are highly bottom trapped.
Hence, the effects of the Rayleigh damping term are

localized at the bottom as they would be for bottom
stress, though their vertical structure is dynamically
determined a posteriori rather than assumed a priori.)

The parameter space represented by these nondi-
mensional numbers is a large one. To expedite its ex-
ploration, we have fixed the values of 6 and R; as in-
dicated in (11) and (14), and have focused attention
on variations in Burger number, the forcing frequency,
and the nature and strength of the assumed subgrid-
scale viscous processes.

d. Experimental overview

Using the experimental configuration outlined
above, approximately 300 numerical solutions have
been obtained to investigate the occurrence of amplified
trapped waves, and to explore the parameter depen-
dence of their generation. Two primary measures of
the amplitude of the forced circulation are used: the
maximum pointwise instantaneous velocity magnitude
at the seamount (the “wave amplitude”), and the
maximum pointwise magnitude of the time-mean cir-
culation (the “mean flow™).

Much of the initial parameter exploration was con-
ducted using the linearized version of Egs. (5)-(10),
obtained by removing the advective terms in both hor-
izontal momentum equations, and by linearizing the
advective terms in the density equation about the ref-
erence stratification p,(z). The resulting system has
the virtue that we are usually able to produce numer-
ically stable solutions to the adiabatic (D, = 0) linear-
ized equations, so that ambiguities about the correct
treatment of subgrid-scale diffusion are lessened. In
addition, the linearized system has been treated by
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TaBLE 1. Overview of the numerical experiments. Other parameters (3, R;) are held fixed or are varied (S, w), as described in the text.

Experiment Physics T (X107%) b, (X107 7y (X107%) Fra (X107%) Comments
1A linear 40.5 constant N
1B linear 128.0 constant N
1C linear 405.0 constant N
1D linear 40.5 5.8 constant N
1E linear 40.5 5.8 constant N
2A linear 128.0 exp. N (OPG)
2B linear 128.0 exp. N (CPG)
3A nonlinear 128.0 constant N
3B nonlinear 128.0 2.55 constant N
3C nonlinear 1.28 2.55 5.8 constant N

Chapman (1989) and Brink (1990), and thus offers biharmonic viscosity (dimensional » = 5 X 10°

the possibility of comparison with these prior studies.

Several sets of experiments will be discussed in detail
in the next two sections. Table 1 provides a brief over-
view of their parametric attributes.

3. Forced response of the linearized system
a. Burger number dependence

An initial suite of experiments ( 1B; Table 1) was
conducted to examine model response as a function
of the strength of the uniform background stratification.
All solutions were forced by a diurnally varying, baro-
tropic alongchannel flow having a far-field amplitude
of 2 mm s™!. The magnitude of the incident flow (2
mm s~') has been chosen subjectively such that the
maximally resonant waves have current amplitudes of
O(10 ¢cm s~ '), comparable to the diurnal currents ob-
served at Fieberling. Damping was provided by a weak

m*s~'). Bottom friction, Rayleigh damping, lateral
diffusion of density, and explicit vertical smoothing of
fields were all absent. The strength of the constant
background stratification (A.p) was varied systemati-
cally to produce Burger numbers in the range 0 < S
< 6. The parameter values used to obtain these solu-
tions are summarized in Table 2 and the resulting wave
amplitudes in Table 3.

Consistent with previous analytic and numerical re-
sults, trapped waves of significantly enhanced ampli-
tude are generated about the seamount after only a few
forcing periods. An oscillatory equilibrium is thereafter
reached by about day 20. Figure 2 shows the resonance
curve for this set of experiments (wave amplitude,
measured at day 25, plotted as a function of Burger
number). Over this range of S, there exist two reso-

TABLE 3. Wave amplitudes (cm s™') for experiments with linearized
physics, forced with 2 mm s™' at 1-day period. An asterisk denotes
a numerically unstable experiment.

TABLE 2. Parameter values used in the central experiments
(experiments 1B). Experiment

Symbol Value Definition S 1A IB 1C ID 1E 2A 2B
1 65 number of points in x direction 0.0 3.0 2.7 2.1 34 2.1 2.7 2.6
J 49 number of points in y direction 0.5 3.7 3.2 2.3 4.1 2.5 3.6 3.6
K 7 number of Chebyshev polynomials 1.0 8.1 6.0 3.4 8.4 4.5 10.9 11.2
Po 1000 kg m~* constant reference density 1.1 11.1 7.4 39 10.8 5.4 13.5 13.8
g 9.8l ms™? acceleration of gravity 1.2 15.3 9.6 44 14.7 6.4 13.0 12.9
Jo 1074 1s7! constant Coriolis parameter 1.3 27.7 13.1 5.1 20.9 7.4 10.6 10.3
v 5X 10° m*s™!  biharmonic viscosity coefficient 1.4 50.1 17.3 5.6 23.9 8.1 8.4 10.4
Hmin 450 m minimum water depth 1.5 442 17.8 6.2 19.7 8.1 6.9 *
Prmax 4500 m maximum water depth 1.6 229 14.0 6.3 14.2 7.6 59 *
L 25 km length scale of seamount 1.7 16.0 10.5 5.9 11.1 6.8 5.1 *
(VA)max 13.7% maximum topographic slope 1.8 12.2 8.4 5.2 8.9 6.1 4.6 *
(A, AY)min 4.0 km minimum horizontal grid spacing 1.9 9.8 6.9 4.6 7.6 5.4 4.1 *
(AX, AY)max 8.0 km maximum horizontal grid spacing 2.0 8.5 5.9 4.0 6.6 4.7 3.8 *
At 432's time step 2.5 5.6 39 25 4.5 3.5 2.9 *
T 1 day forcing period 3.0 5.2 3.3 2.0 4.6 3.7 2.9 *
Yo 2.6 Sv forcing amplitude 35 6.0 3.3 1.8 5.1 39 3.1 ®
5 0.9 fractional seamount height 4.0 8.4 3.7 1.7 5.5 39 * *
S 0.-6.0 Burger number 4.5 8.8 3.6 1.6 5.2 3.5 * C
w 0.727 nondimensional forcing frequency 5.0 5.4 2.7 1.4 35 2.7 * *
R; 8 X 1074 Rossby number of incident flow 5.5 3.4 1.8 1.0 2.4 2.1 * *
v 1.28 x 107* nondimensional viscosity 6.0 37 1.8 1.0 2.6 1.9 * *
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F1G. 2. Wave amplitude in centimeters per second as a function
of Burger number for the central experiment. The incident flow
strength is 0.2 cm s,

nance peaks, one near S = 1.5 and another between .S
= 4 and S = 4.5. The stronger of the two resonances
is associated with a local wave amplitude of approxi-
mately 18 cm s™'. The maximum amplification fac-
tor—defined here as the ratio of the wave amplitude
to the amplitude of the ambient diurnal flow—is
therefore about 90.

The resonant circulation produced at $ = 1.51is a
propagating seamount-trapped wave of diurnal fre-
quency. Brink (1989) has summarized the properties
of stratified, seamount-trapped waves and discussed
their dispersion properties in detail. The wavemode
excited in this experiment has the gravest radial struc-
ture (mode m = 0) and an azimuthal wavenumber of
n = 1. Figure 3 shows the instantaneous structure of
the transport streamfunction field atop the seamount.
The cyclonic and anticyclonic cells that compose the
propagating wave are of comparable intensity, each
carrying a transport of 0.75 Sv. The wavemode prop-
agates in a clockwise sense about the seamount with
the period of the applied forcing.

For the mode at S = 1.5, maximum horizontal ve-
locities are trapped to the top and upper flanks of the
seamount. Figure 4 shows the structure of the hori-
zontal velocity field at a depth of 400 m (just above
the seamount summit) where maximum horizontal
velocities are approximately 14 cm s, [See also Fig.
2a in Brink (1989), showing the expected velocity
structure for the m = 0 mode.] Below the summit,
along the flanks of the seamount, velocities are similar
in pattern but weaker in amplitude (Fig. 4b). At in-
terior levels near the top of the seamount, the pertur-
bation density and vertical velocity fields show the azi-
muthal phase dependence expected for a linear prop-
agating wave (Fig. 4a,b). In the vertical, density
fluctuations are bottom trapped, with the strongest
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vertical velocities also occurring near the bottom (Fig.
5; cf. Brink Fig. 1a). Maximum vertical velocities are
O(500-600) m day !, indicating substantial deflection
of the isopycnals. (It is noteworthy that even the max-
imum vertical velocity signal over the seamount ex-
ceeds the magnitude of the incident horizontal current.)

By contrast, the more weakly resonant mode near
S = 4, though also of azimuthal wavenumber n = 1,
has a more complicated radial structure. Alongchannel
sections through the seamount at day 25 of the central
experiment at S = 4.3 are shown in Fig. 6. (The max-
imum resonance in the interval 4 < § < 4.5 occurs at
S = 4.3.) The density anomaly associated with the wave
(Fig. 6d) is suggestive of radial mode number 1 (m
= 1), and in fact the occurrence of an m = 1, n = 1
resonant mode at these parameter values will be con-
firmed below by comparison to the Brink (1989) dis-
persion results. However, the numerical wavemodes
produced at S = 4.3 have some additional vertical
structure near the surface. Though we are not able to
reduce our lateral viscosity to zero, this additional
structure is likely an artifact of our particular choice
of subgrid-scale viscosity. This is a first indication of
sensitivity to the choice of viscous closure.

b. Exponential stratification

Neither the qualitative nor quantitative behavior of
the resonantly generated waves appear to be a sensitive
function of the detailed structure of the N?(z) profile.
For example, a set of solutions (experiments 2A; Table
3) has been obtained using the exponential background

Streamfunction at Day 26

288 km

Contours from -0.76 Sv to 0.756 Sv

F1G. 3. Transport streamfunction at day 25 of the central exper-
iment at S = 1.5. The solid circle indicating size and location of the
seamount has a radius of 25 km. The contour interval (CI) equals
0.1 Sv. (The contour lines have been symmetrically shifted about 0;
hence, the first curves represent £0.05 Sv.)
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Horizontal Velocity and Density Anomaly at 400 m.

<——‘—‘——'— 80 km

80 km

Horizontal Velocity and Vertical Velocity
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at 1000 m.

110 km

Contours from -.003 to .0034

—_—>
20 cmfs

110 km
Contours from -212.5 to 237.5 m/day

e
§omfs

FIG. 4. Horizontal velocity vectors at day 25 of the central experiment at .S = 1.5 at a depth of (a) 400 m [ maximum vector length

(MVL): 14.1 cm s™'] and (b) 1000 m [ maximum vector length (MVL): 4.6 cm s™'] with the seamount’s location and size indicated by
the solid circle. Plotted on top of the vectors are (a) the density anomaly, CI = 4 X 10~* ¢,, and (b) the vertical velocity, CI = 25 m day'.
For clarity, only the inner 110 X 80 km of the horizontal domain has been plotted.

200 M —mM>

FI1G. 5. Alongchannel (x-z) sections through the seamount at day 25 of the central experiment
at S = 1.5: (a) alongchannel velocity, CI = 1 cm s™; (b) cross-channel velocity, CI = 0.4 cm s~!;
(c) vertical velocity, CI = 0.5 mm s™'; (d) density anomaly, CI = 2.5 X 10~*¢,. For clarity, only
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v
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the inner 110 km and the upper 2000 m are shown.
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Cross-Channel Velocity

b

Vertical Velocity

&—— 2000 M — >

< N0 km ————>
X

F1G. 6. Alongchannel (x-z) sections through the scamount at day 25 of the central experiment

at § = 4.3: (a) alongchannel velocity, CI = 0.1 cm s~

!5 (b) cross-channel velocity, CI = 0.2

cm s™'; (c) vertical velocity, CI = 0.05 mm s~'; (d) density anomaly, CI = 2.0 X 10™%,. For
clarity, only the inner 110 km and the upper 2000 m are shown.

density profile, Eq. (3). The resulting dependence of
wave amplitude on the bulk Burger number S is seen
in Fig. 7 to be comparable to that for constant strati-
fication. In both cases, the maximally resonant circu-
lation is the lowest mode (m = 0, n = 1) seamount-
trapped wave. Instantaneous pictures of the density and
velocity structure of the wave produced with variable
N (not shown) are qualitatively similar to those with
constant N,

There are, however, several small differences between
the resonance properties of the uniformly and variably
stratified solutions. Perhaps most importantly, the lo-
cation of the maximum response is slightly shifted from
S = 1.5 to a Burger number of approximately 1.1. The
shift of the response peak to a somewhat smaller S
value can be understood by recalling that for identical
Burger numbers the exponentially stratified fluid will
have a somewhat larger value of N near the top of the
seamount where the currents are most pronounced.
Thus, a Burger number computed on the basis of the
local value of N at the seamount summit would be
larger for the exponential profile. This suggests that the
resonance properties of the seamount-trapped waves

are responsive to the local environment at the top and
upper flanks of the seamount.

Note also that the computed amplification factors
for exponential stratification are somewhat smaller
than those obtained for constant N. The maximum
amplification in Fig. 7 [O(70)] is nonetheless sub-
stantial. Lastly, although there is no reason not to ex-
pect a secondary maximum at higher Burger number
to exist with exponential stratification, numerical in-
stability of the solution to the adiabatic linearized sys-
tem prevents computations beyond .S = 3.5.

c. Alternate pressure gradient algorithm

In BH, various alternative pressure gradient algo-
rithms were devised and tested in the search for a more
accurate numerical formulation. In particular, a cor-
rected pressure gradient algorithm (called CPG), based
upon high-order vertical interpolation of the pressure
field, was shown to have a dramatically reduced pres-
sure gradient error level; unfortunately, its range of
stable numerical application proved to be much more
limited than the traditional gradient algorithm (OPG).
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FiG. 7. Wave amplitude in centimeters per second as a function
of Burger number for experiments 1B (constant N; solid line) and
2A (exponential N; dashed line). The incident flow strength is 2

-1
mms~!,

Despite the stability barrier restrictions of CPG, we
are able to reproduce many of the resonance results
obtained in experiments 2A using OPG. Table 3 (ex-
perimenis 2B) shows the results of using CPG in the
case of exponential stratification. As expected, the use
of CPG is restricted to a narrower range of Burger
number (S < 1.5). Nonetheless, this range is large
enough to span the resonance peak at § = 1.1. The
amplification factors produced by the two pressure
gradient treatments are virtually identical near reso-
nance. This is additional assurance that the amplified
waves seen here are not numerical artifacts.

d. Dependence on forcing frequency

Motivated by the observed enhancement of diurnal
currents at the locations mentioned in the Introduction,
we have thus far held the frequency of the applied forc-
ing fixed at the diurnal frequency. Substantial reso-
nances are possible at other forcing frequencies as well,
however, so long as there is a “close enough” match
between the forcing frequency and the frequency of an
admissible free wave. Exactly how close is close enough
is of course one of the important issues, in that the
breadth of the resonance phenomenon will dictate in
part the likelihood of its observance in nature.

Figure 8 summarizes the results of a set of solutions
in which forcing frequency and Burger number were
simultaneously varied. The results confirm the exis-
tence of significant amplification of currents over the
seamount for a wide range of subinertial frequencies
and Burger numbers. As expected, the maximum am-
plification occurs for .S/w combinations corresponding
to freely propagating waves. The amplification factor
decreases rapidly as it approaches the superinertial re-
gime in which no free waves are possible.
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e. The effects of dissipation

It is to be expected in this resonantly forced system
that the specific choice of dissipation will matter a great
deal. In particular, it is dissipation that limits the am-
plification of the free wave. This is an unfortunate cir-
cumstance, since the “proper” parameterization of
subgrid-scale mixing of momentum and density in nu-
merical ocean circulation models is highly uncertain.
Our prejudice here has been to use as little explicit
smoothing as necessary to obtain stable solutions, and
where smoothing is required to use “traditional” op-
erator forms. In the linearized solutions, these forms
include a biharmonic viscosity formulation applied
along sigma surfaces, a linear bottom drag applied as
a body force at z = —h, and a depth-independent Ray-
leigh damping on the horizontal velocity components
u and v. [Scale-selective lateral mixing is now a com-
mon choice in large-scale numerical ocean modeling;
bottom friction and/or Rayleigh damping have been
more traditionally employed in theoretical studies—
for example, Wright and Loder (1985) and Maas and
Zimmerman (1989a,b).]

In the presence of biharmonic lateral smoothing
alone, relatively modest changes in the coefficient of
biharmonic viscosity have a proportional effect on the
strength of the resonance mechanism. For example, an
increase (decrease) of the coefficient by a factor of

10 produces a roughly equivalent decrease (increase)
in the amplitude of the resonance peak (Fig. 9; Table
3). Uncertainty in » of an order of magnitude is thus
associated with a comparable variation in the maxi-
mum amplification of the free wave. Given the wide
range of values for v currently used in ocean circulation
modeling, not to mention the associated issue of the
choice of operator form, this is a substantial sensitivity
indeed. :
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FIG. 8. Wave amplitude in centimeters per second as a function
of Burger number and forcing frequency for the linearized equations.
The incident flow strength is 2 mm s™'. Values greater than 14 cm s™'
are shaded.
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F1G. 9. Wave amplitude in centimeters per second as a function
of Burger number for experiments 1B (dashed curve), 1C (dotted
curve; increased viscosity), and 1A (solid curve; decreased viscosity).
The incident flow strength is 2 mm s™'.

Some scale-selective viscosity is necessary for the
stable execution of these resonance simulations.
Nonetheless, if either bottom friction or Rayleigh
damping are added, the coeflicient of biharmonic vis-
cosity can be reduced substantially, to the point where
lateral mixing is secondary to the momentum balance.
(This is quantified below when we consider the time-
mean dynamic balances.)

Figure 10 summarizes the amplification factors ob-
tained for two sequences of experiments, one employ-
ing a combination of bottom and lateral friction, and
a second using Rayleigh damping and lateral friction.
In the former, the dimensional bottom drag coefficient
is rg =26 X 1073 ms™!; in the latter, rr, = 1/(2
days). The resulting nondimensional viscous param-
eters are shown in Table 1. The important point made
by Fig. 10 is that the resonant waves produced here
can be equilibrated equally well by the various com-
binations of viscous processes that we have tried. In
all cases, the qualitative properties of the trapped waves
are similar. Maximum amplification factors range be-
tween 40 and 120 for these choices of subgrid-scale
parameters.

f. Comparison with prior analytic studies

The excitation of subinertial free waves about iso-
lated topographic features has previously been studied
in the linearized limit by both Chapman (1989) and
Brink (1990). The former work considered a simple
model of an oscillating, rectilinear, barotropic current
flowing over a radially symmetric topographic bump
and damped by bottom friction. The latter model in-
cluded continuous density stratification, and consid-
ered the case of horizontally and vertically sheared in-
cident flow. The model adopted here is dynamically
analogous to these, except for the inclusion of lateral
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subgrid-scale mixing of momentum. (Also, we focus
exclusively on barotropic forcing.)

Various quantitative and semiquantitative compar-
isons with these prior studies are possible. The most

- unambiguous of these is a comparison of the location

of the resonance peak with the location implied by the
dispersion relation for freely propagating seamount-
trapped waves. Brink (1989) has discussed the effects
of stratification on the propagation of seamount-
trapped waves, and computed the dispersion properties
of the waves for a wide range of Burger numbers. We
have duplicated his dispersion calculations here, using
his original code, to verify that the numerically deter-
mined wave resonance lies on or near the appropriate
dispersion curve.

The results of these dispersion calculations indicate
for linear stratification that the maximum resonance
should occur at a Burger number of S = 1.45 £ 0.01.
The numerical solutions (experiment 1B; Table 3) in-
dicate a resonance peak somewhere between the Burger
number values of 1.4 and 1.5, though perhaps some-
what closer to the latter value. Nonetheless, the agree-
ment with the dispersion estimates is quite good. The
analogous comparison for an exponential background
stratification is also favorable. The solutions obtained
here suggest that the resonance occurs between S
= 1.1 and 1.2; the computed dispersion properties of
the waves place the resonance at an S value of 1.17
+ 0.01. In both cases, the resonant modes are identified
to have wavenumbers m = 0 and #n = 1. Lastly, a sec-
ondary resonance is found with linear stratification to
occur at S = 4.32 + 0.01, also in agreement with the
numerical results; the structure of this latter mode is
confirmed to be m = 1 and n = 1. The existence of
only two resonant modes (m = 0 and m = 1) within
our range of S'is consistent with Brink’s (1989) analysis,

Wave Amplitude (cm/s)

0.0 20 4.0 6.0
Burger Number

FiG. 10. Wave amplitude in centimeters per second as a function
of Burger number for experiments 1B (dashed curve; lateral viscosity),
1D (solid curve; bottom friction), and 1E (dotted curve; Rayleigh
damping). The incident flow strength is 2 mm s™*.
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which shows that the higher radial modes occur only
at much higher Burger numbers for a diurnal forcing
(e.g., see his Fig. 4).

The magnitude of the amplification experienced by
the propagating wave is another important measure of
the free wave excitation mechanism. Although precise
quantitative comparisons are not possible, the maxi-
mum velocity amplification factors produced near res-
onance in the numerical solution [O(100)] are con-
sistent with those computed by Brink (1990). (In
Brink’s study, the primary amplification measure was
kinetic energy. The KE of the free trapped waves near
resonance was found to be 10 to 10° times greater
than that of the incident flow. This corresponds to a
velocity amplification of 100 to 300.) The maximum
amplification factor obtained in the central experiments
are somewhat smaller than the largest factors produced
by Brink’s analysis; however, they are highly sensitive
to the assumed values of our viscous coeflicients.

All studies show a strong enhancement of the exci-
tation as frictional parameters—the bottom resistance
coefficient in the Chapman and Brink studies, and the
biharmonic viscosity coeflicient here—are reduced in
magnitude. Our results are also consistent with these
prior studies in suggesting that for horizontally uniform
incident flow the lowest-mode seamount-trapped waves
will be excited preferentially over the higher modes
(Brink 1990). This appears to be true despite the rather
different dissipative assumptions adopted in the re-
spective studies.

4. The effects of nonlinearity

Next, we consider the effects of retaining nonlinear
advection of density and momentum in the governing
equations. In the presence of nonlinearity, additional
processes are possible. Among these is the generation
of significant residual (time mean) circulation about
the seamount. The occurrence of permanent circula-
tion in the neighborhood of the seamount is a matter
of considerable concern. For example, such systematic
circulation patterns are clearly consequential to the lo-
cal redistribution of chemical and biological properties.
We investigate the issue of residual circulation next in
the context of the fully nonlinear system of equations

(5)-(10).

a. Preliminary considerations

It is obvious that the linearized versions of the con-
tinuum equations, forced in a purely oscillatory man-
ner, should yield a purely oscillatory response having
no pointwise residual circulation. Unfortunately, this
result is not true of the discretized version of the equa-
tions of motion, which may {(depending on the ap-
proximation procedures utilized ) produce a nontrivial
mean flow even in the linearized limit. A necessary
condition for avoiding spurious time-mean flows is that
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an initially resting ocean with level isopycnal surfaces
should be a stationary solution of the discretized equa-
tions. Spurious accelerations can arise for several rea-
sons. A first has already been mentioned: the sigma
coordinate system is known to be associated with sys-
tematic errors in its representation of the pressure gra-
dient forces. As discussed by BH, these errors may ac-
cumulate to produce mean flows of nontrivial mag-
nitude. Fortunately, for the numerical parameter
settings used here, BH show that the mean flow errors
are quite small, being of order 10 °ms™.

Errors in the pressure gradient estimates are not the
only means of generating unanticipated residual cur-
rents, however. Particular forms for subgrid-scale dif-
fusion may also have this property. In particular, ad-
dition to the density equation of diffusion oriented
along sigma surfaces will produce a mean anticyclonic
circulation about the seamount even in the absence of
forcing. The circulation arises because diffusion along
sigma surfaces is equivalent to a spatially variable ver-
tical mixing of the density field, which acts to produce
upwardly tilted isopycnals at the seamount. The re-
sulting geostrophically balanced mean flow need not
be insignificant. For exampile, if we add a small amount
(1 X 108 m* s~!) of biharmonic diffusion to the central
experiment at .§ = 1.5 (experiment 1B), the maximum
wave amplitude is virtually unchanged but a mean flow
of O(1) cm s™! is produced. This effect—which if not
spurious, is undesirable in these calculations—can be
avoided by diffusing the perturbation density only, that
is by diffusing the difference between the instantaneous
density field and the resting stratification p,(z). This
ensures that a resting initial state with p = p, is a sta-
tionary solution of the equations, and rules out the
occurrence of appreciable time-mean flow as an artifact
of the subgrid-scale diffusion operator.

TABLE 4. Wave mean amplitudes (cm s™', cm s™%) for experiments
with nonlinear physics, forced with 2 mm s™' at 1-day period. An
asterisk denotes a numerically unstable experiment.

Experiment
S 3A 3B 3C
0.0 2.7, 0.0295 2.7, 0.0295 2.2, 0.0191
0.2 2.7,0.0312 2.7,0.0313 2.3, 0.0208
0.4 3.0, 0.0381 3.0, 0.0382 2.5,0.0270
0.6 3.5, 0.0554 3.5, 0.0555 3.1, 0.0493
0.8 4.4, 0.0978 4.3,0.0982 4.0, 0.1243
1.0 6.0, 0.2192 6.0, 0.2199 5.9, 0.3865
1.1 7.5, 0.3681 7.4, 0.3687 7.3,0.6738
1.2 9.7, 0.6823 9.6, 0.6730 9.0, 1.1785
1.3 * 13.0, 1.3383 11.2,2.2413
1.4 * 17.7, 2.6261 13.8, 4.2449
1.5 * 19.7, 3.3795 16.1, 5.8768
1.6 * 15.5,2.3154 13.4, 4.9474
1.7 * 11.3, 1.3177 10.8, 3.7593
1.8 * 8.8, 0.8446 9.3, 2.9931
1.9 7.9,0.7724 7.3, 0.6015 8.3, 2.4883
20 6.5, 0.5263 6.2, 0.4637 7.7,2.1339
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F1G. 11. Wave amplitude and mean flow strength in centimeters
per second for the nonlinear experiments 3B (solid curves; lateral
viscosity ) and 3C (dashed curves; Rayleigh damping). The incident
flow strength is 2 mm s™',

b. Parameter dependence of the mean flow amplitude

Table 4 summarizes three of the sequences of non-
linear solutions we have obtained. As in the linearized
experiments, solutions were determined for a wide
range of Burger number, and for a variety of subgrid-

Instantaneous Streamfunction
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scale viscous closures. A small amount of btharmonic
diffusion (v, = 1 X 10® m* s™') acting on the pertur-
bation density field was required in the nonlinear runs
to produce numerically stable integrations across the
full range of Burger number 0 < § < 2. However, where
duplicate experiments could be carried out both with
and without density diffusion, the differences in wave
and mean flow amplitudes were observed to be small
(cf. Table 4, experiments 3A and 3B). As above, com-

~ parable results are obtained for both linear and expo-

nential density profiles. We will explicitly discuss only
the constant N? case here.

‘The nonlinear solutions confirm that appreciable
time-mean currents can be generated in the neighbor-
hood of the seamount. The mean flows increase rapidly
in magnitude as resonance is approached, reaching
peak values as great as 37% of the free-wave amphitude.
Figure 11 shows both the wave and mean flow ampli-
tudes as a function of Burger number for experiments
3B and 3C. Experiments 3B are identical to the central
set of experiments 1B except for the aforementioned
addition of nonlinearity and a weak diffusivity. Ex-
periments 3C have a greatly reduced (by a factor of
100) value of lateral viscosity plus a nonzero Rayleigh
damping term. (Table 1 summarizes the parameter
values.)

Diurnal Streamfunction

Semi-Diumal Streamfunction

288 km

380 ki —_—

FIG. 12. Spectral decomposition of the transport streamfunction of the nonlinear experiment 3B at § = 1.5,
(a) Instantaneous; CI = 0.1 Sv, (b) diurnal period; CI = 0.1 Sv, and (c) time mean; CI = 0.01 Sv, (d) semidiurnal
period; Cl = 0.001 Sv. All other frequency components are significantly smaller.
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The inclusion of advection of momentum and per-
turbation density produces a slight increase in the in-
stantaneous amplitude of the currents atop the sea-
mount. Compare, for example, experiments 1B and
3B at .S = 1.5, which produce wave amplitudes of 17.8
and 19.7 cm s™!, respectively. The location of the
maximum resonance (S = 1.5), and the breadth of
the resonance peaks are also largely unaffected. Sig-
nificant residual circulation has, however, been gen-
erated; maximum mean flows are found to be 3.4
cms~! and 5.9 cm s”! for experiments 3B and 3C.
This represents a “rectification efficiency”—the ratio
of maximum mean flow to wave amplitude—of 17%
and 37%, respectively.

¢. Frequency decomposition of the instantaneous
circulation

The instantaneous transport streamfunction asso-
ciated with the propagating nonlinear wavemode is
shown in Fig. 12a. It is qualitatively similar in ampli-
tude and structure to the results of the linearized model
(cf. Fig. 3); however, whereas the linearized wavemode

Along-Channel Velocity
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was composed of cyclonic and anticyclonic cells of ap-
proximately equal amplitude, the nonlinear waveform
is now asymmetric. The cyclonic cell has been reduced
in transport amplitude by roughly 15%, and the anti-
cyclonic circulation augmented by a similar amount.
Nor is the external (depth integrated) flow field the
only feature to be rendered asymmetric by advection.
Vertical slices taken through the seamount (Fig. 13)
show significant asymmetry in all fields. (Compare with
the linearized results in Fig. 5.) Note the strengthening
of the downwelling circulation, and the appearance of
a largely positive density anomaly over the seamount.

The time-evolving structure of the circulation may
be better understood by performing a frequency-space
analysis of a time series of instantaneous streamfunc-
tion fields. We have done so by analyzing a time series
of 128 ¢ fields uniformly spaced in time over days 25
to 29 of experiment 3B (S = 1.5). The amplitude and
spatial structure of the three dominant frequency com-
ponents are shown in Figs. 12b-d.

Overall, the diurnal frequency component is dom-
inant, and largely unchanged in either structure or am-
plitude from the patterns arising in the linearized ex-

Cross-Channel Velocity

b

Density Anomaly
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[+]
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F1G. 13. Alongchannel (x-z) sections through the seamount at day 25 of the nonlinear exper-
iment 3B at S = 1.5: (a) alongchannel velocity, CI = 1 cm s™'; (b) cross-channel velocity, CI
= 0.5 cm s7'; (c) vertical velocity, CI = 0.5 mm s~'; (d) density anomaly, CI = 5 X 10 ~*g,. For
clarity, only the inner 110 km and the upper 2000 m are shown.
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periment (cf. Fig. 12b with Fig. 3). The zero frequency
circulation is next most intense, and corresponds to an
azimuthally invariant high pressure cell (a net anti-
cyclonic circulation; Fig. 12¢) atop the seamount. The
diurnal and time-mean frequency components together
account for the major features of the instantaneous
circulation—that is, it is the residual circulation that
causes the asymmetry of the instantaneous wave. The
next most intense frequency component, the semidi-
urnal, has a quadrupole structure (azimuthal mode
number n = 2, Fig. 12d) but is weaker by an order of
magnitude than the time-mean circulation.

d. The residual circulation: Kinematic structure

The time-mean transport streamfunction (Fig. 12¢)
is dominated by a single anticyclonic circulation. The
lateral scale of the residual barotropic circulation is
narrow, comparable to that of the seamount itself. The
mean transport for the central parameters is roughly
0.25 Sv. A set of four weak ancillary anticyclonic cells
surrounds the inner region of anticyclonic flow. It is
not certain whether these weaker circulation features
are inherent in the continuum problem (at least, we
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see no way to rule them out) or a consequence of the
Cartesian grid used to obtain the numerical solution.

Vertical sections through the center of the seamount
(Fig. 14) indicate that the time-mean horizontal cir-
culation is bottom intensified, with the strongest flows
occurring along the flanks of the seamount at depths
of 800 to 1000 m. Maximum residual flows exceed 3
cm s~! at these levels but are small just above the sea-
mount summit at 400 m. This is in contrast with the
structure of the free wave, which was enhanced near
the top of the seamount relative to deeper levels
(Fig. 5).

Although the primary circulation is directed in a
clockwise sense about the seamount, a strong secondary
circulation exists in the vertical-radial plane as well.
In particular, on average there is downwelling over the
top and upper flanks of the seamount, with weaker
upwelling somewhat farther out (Fig. 14c). The con-
vergence of fluid associated with this systematic vertical
downwelling is balanced by net radial export of fluid
near the top of the seamount and by a weaker import
near the surface (Fig. 14a). Isopycnals are depressed
in the upper water column by the persistent down-
welling (Fig. 14d); however, they are upwardly tilted

Along-Channel Velocity

Cross-Channel Velocity
NI

Density Anomaly

2000 m —mM8m8m—>
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< /70 km /04— >
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FIG. 14. Time-mean alongchannel (x-z) sections through the seamount of the nonlinear ex-
periment 3B at .$ = 1.5: (a) mean alongchannel velocity, CI = 0.1 cm s~; (b) mean cross-channel
velocity, CI = 0.25 cm s™'; (c) mean vertical velocity, CI = 2 m day '; (d) mean density anomaly,
Cl = 5 X 10~*4,. For clarity, only the inner 110 km and the upper 2000 m are shown.
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near the seamount itself, as required by local geostrophy
of the strong azimuthal flow. The positive density
anomaly, though geostrophically consistent with the
anticyclonic residual flow, might seem at odds with the
net downwelling over the seamount. The positive
anomaly is maintained against vertical advection of
lighter fluid by the radial flow, which acts to restore
the positive anomaly.

e. The residual circulation: Dynamical interpretation

To explore the dynamical basis for the residual cir-
culation we have computed the time-mean momentum
balances that give rise to the strong residual anticyclonic
flow about the seamount. Given the geometry of the
seamount and the inherent interest in the production
of rotary mean currents, it is most natural to examine
the mean momentum balances in terms of their radial
and azimuthal components, rather than in their Carte-
sian (x and y) form. Although the numerical model
has utilized the latter in its solution procedure, we are
nonetheless able to produce an approximate set of ra-
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dial and azimuthal time-mean momentum balances in
the following way.

Written in vector form, and after time averaging,
the Cartesian equations of motion can be written as

0=—-hfkXv—hV¢— (hv-V)v+ D,, (16)

which merely requires a balance between the vector
sum of all Coriolis, pressure gradient, advective, and
viscous forces. To produce azimuthally averaged bal-
ances appropriate to the radial and azimuthal velocity
components, respectively, we evaluate an approxi-
mation to the following azimuthal integral:

1
2nr,

f A [-ATEXY - T8

— (hv-V)v+ D,1do, (17)

where A is either the unit vector in the azimuthal
(clockwise) or radial (outward) direction. The ap-
proximation used here is expedient, but accurate
enough for the balances presented below. We have ap-
proximated the azimuthal integral by a sum over four
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FiG. 15. Time-mean and azimuthally averaged momentum balance terms for the radial com-
ponent of velocity as a function of depth (—2000 m < z < 0) and radial distance (r < 55 km)
from the seamount summit from experiment 3B at .S = 1.5: (a) Coriolis force, (b) pressure
gradient force, (c) total advective terms (mean plus eddy; horizontal plus vertical ), and (d) lateral

diffusion. CI as noted on the panels.
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radial sections on the two cross-channel and two
alongchannel flanks of the seamount. This eliminates
the need for any interpolation between model grid
points, which itself might be a source of approximation
error.

The resulting time-mean radial and azimuthal mo-
mentum balances for experiment 3B (S = 1.5) are
shown in Figs. 15 and 16, respectively. The time-mean
radial momentum balance is geostrophic to leading or-
der, with both the Coriolis and pressure gradient forces
(Fig. 15a,b) showing the bottom-intensified pattern of
the time-mean azimuthal velocity component. Despite
the tendency toward geostrophy, however, the geo-
strophic residual (the difference between the Coriolis
and pressure gradient terms) is not small, being roughly
15%-20% in amplitude as large as either of the dom-
inant terms. The deficit in the time-mean radial balance
is made up mutually by total (mean plus eddy) ad-
vection of momentum and by lateral viscous effects.
The former, entirely dominated by lateral eddy trans-
port of momentum, acts to systematically transfer pos-
itive (outward ) radial momentum from the far field to
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“the upper flanks of the seamount (Fig. 15¢). The latter

acts to redistribute the radial momentum from the up-
per seamount to slightly deeper levels (Fig. 15d). The
sum of the four time-mean momentum balance terms
is small, O(0.1%) of the largest individual terms,
showing that the time-averaging interval is sufficient
for accurate recovery of the mean dynamical balances.

The azimuthally averaged balances in the azimuthal
direction cannot be geostrophic at leading order. In the
limit of perfect resolution, the azimuthal integral of
the pressure gradient force in the azimuthal momen-
tum equation must vanish exactly since it represents
the integral around a closed loop of a tangential deriv-
ative of pressure. Indeed, the approximate azimuthal
balances show that the net pressure gradient force (Fig.
16b) is more than an order of magnitude smaller than
the Coriolis force. (Also note that the Coriolis force in
the mean azimuthal balance is weaker by roughly a
factor of five than in the radial balance.) The resulting
geostrophic residual term is large and has the same
form as the Coriolis tetm and therefore as the time-
mean radial velocity component. Of the remaining
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FIG. 16. Time-mean and azimuthally averaged momentum balance terms for the azimuthal
component of velocity as a function of depth (—2000 m < z < 0) and radial distance (r < 55
km) from the seamount summit from experiment 3B at .S = 1.5: (a) Coriolis force, (b) pressure
gradient force, (c) total advective terms (mean plus eddy; horizontal plus vertical), and (d) lateral

diffusion. CI as noted on the panels.
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terms, lateral viscosity (Fig. 16d) plays the dominant
role in balancing the geostrophic residual. Note that
viscous effects act to remove clockwise momentum
from the upper flanks of the seamount. This viscous
removal balances both the geostrophic residual term
and the slow accumulation of clockwise momentum
provided by horizontal eddy flux convergence (Fig.
16¢). The sum of terms in the time-mean azimuthal
balance is again small.

The importance of viscous forces in the time-mean
momentum balances is hardly surprising since some
viscous process is necessary to achieve an equilibrium
circulation. However, given the uncertainty over how
to parameterize small-scale mixing processes, it is re-
assuring to note that the time-mean momentum cycle
Jjust described for experiment 3B (S = 1.5) is qualita-
tively similar if lateral viscosity is reduced in impor-
tance and Rayleigh damping substituted [experiment
3C (S = 1.5)]. The resulting time-mean momentum
balance in the azimuthal direction (Fig. 17) is again
characterized by a large Coriolis force (Fig. 17a) as-
sociated with a radial flow outward along the flanks of
the seamount. With no net (azimuthally averaged)
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pressure gradient force (Fig. 17b), the momentum
balance is maintained by lateral advection of momen-
tum (Fig. 17¢) and by Rayleigh damping (Fig. 17d).
The principal difference with the results of experiment
3B is that net azimuthal momentum is extracted, rather
than contributed, by horizontal eddy fluxes. The con-
tribution of lateral viscosity is a factor of 5 smaller than
that of the Rayleigh damping. The momentum cycle
associated with the time-mean radial component of
flow (not shown) is also qualitatively unaltered with
Rayleigh damping.

Despite the degree of qualitative similarity seen in
Figs. 16 and 17, there are some interesting differences
as well. We note in particular that the residual circu-
lation produced with Rayleigh damping is more highly
bottom intensified than that which appears at higher
levels of biharmonic lateral smoothing. The rather large
rectification efficiency seen with Rayleigh damping, as
large as 37% for experiments 3C, is related to the ability
of the fluid in the absence of strong lateral smoothing
to concentrate net azimuthal momentum in a thin re-
gion surrounding the seamount. However, there is no
indication of compensation between current strength
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FIG. 17. Time-mean and azimuthally averaged momentum balance terms for the azimuthal
component of velocity as a function of depth (—2000 m < z < 0) and radial distance (r < 55
km) from the seamount summit from experiment 3C at S = 1.5: (a) Coriolis force, (b) pressure
gradient force, (c) total advective terms (mean plus eddy; horizontal plus vertical), and (d) lateral

diffusion. CI as noted on the panels.
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and the thickness of the time-mean bottom boundary
layer: the net azimuthal transport in experiment 3C is
smaller by a factor of 10 than in experiment 3B.

f. Comparison with prior theory

Topographic rectification of tidal currents in the
coastal oceans has been addressed analytically by a va-
riety of authors beginning with the barotropic theories
of Huthnance (1973) and Loder (1980). In these early
studies, a rectification mechanism involving continuity
and Coriolis effects, but regulated by bottom friction,
was demonstrated and found to be strong enough to
produce residual currents of strength comparable to
those observed (e.g.) on the sides of Georges Bank. In
this mechanism, alongisobath mean flows are generated
by the Coriolis force in response to cross-isobath (ra-
dial) particle displacements. However, radial wave
motions are asymmetric in the presence of bottom
stress effects, since the latter are weaker for outwardly
directed flow. The introduction of bottom stress there-
fore breaks the inherent symmetry of the inviscid non-
linear equations, and allows the production of net mean
flow about the seamount.

The more recent theoretical contributions of Wright
and Loder (1985) and Maas and Zimmerman
(1989a,b) have reexamined the issue of nonlinear gen-
eration of residual currents with particular attention
to the vertical structure of the residual currents, and
the roles of friction and stratification, respectively.
Wright and Loder assumed a homogeneous fluid, finite
amplitude topography, and a frictional parameteriza-
tion combining vertical viscosity with a linear bottom
drag law. Maas and Zimmerman explored the response
of a uniformly stratified fluid to weak bottom variations
in the presence of a spatially uniform modal damping
term similar to our Rayleigh damping. Both studies
assumed weak nonlinearity.

Despite the differences in formulation between these
two studies, together they do portray a consistent pic-
ture of the residual circulation. In particular, the pri-
mary circulation is expected to be anticyclonic and
bottom intensified, though with vertical structure de-
pendent on the details of stratification and the frictional
processes employed. Further, both studies suggest that
the deep flow should be radially outward from the to-
pographic feature. For our studies, these results suggest
downwelling above the seamount. (Wright and Loder
find these results only in the limit of “weak” friction
which we would argue is ours as well.) The numerical
experiments here demonstrate that these properties of
the residual flow persist into the stratified, finite am-
plitude topography, three-dimensional, nonlinear re-
gime, and that they are qualitatively (though not
quantitatively) insensitive to frictional parameteriza-
tion.

Lastly, we note a final point of comparison and pos-
sible disagreement with Wright and Loder (1985).
Their analysis shows some tendency, but no universal
argument, for cross-isobath bottom currents to be down
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the mean cross-isobath pressure gradient. In contrast,
in the nonlinear runs for which we have produced mean
momentum balances we always find a high correlation
between bottom-intensified outward radial motion and
the outwardly directed pressure gradient. The ratio of
these two terms has never been observed to change
sign nor to deviate in value by more than a factor of
2. Whether this more promising result is a property of
the fully nonlinear, finite amplitude limit or merely an
artifact of an overly narrow parametric exploration
cannot be settled by our limited number of experi-
ments.

5. Summary and discussion

Using the semispectral, primitive equation ocean
circulation model of Haidvogel et al. (1991b), we have
revisited the problem of the resonant generation of
seamount-trapped waves by weak oscillatory ambient
currents, and the closely associated issue of the pro-
duction of residual circulation about the seamount.
The idealized context of the present study has been a
tall, circular, isolated seamount in an initially resting
ocean with fixed background stratification. The forcing
is provided by an oscillatory barotropic current with
no horizontal shear. Specific attention has been focused
on the parametric sensitivity of the resonance and rec-
tification mechanisms to changes in the vertical de-
pendence and strength of the stratification, as well as
to alternate subgrid-scale viscous closure assumptions.

The intent has been twofold. First, we have sought
to extend prior analytical and numerical studies—lim-
ited to weak nonlinearity, small amplitude topography,
or both—into the fully nonlinear regime, and to deduce
and dynamically interpret the structure and strength
of the residual circulation. Second, we seek (eventually)
to more thoroughly account for the observed currents
at abrupt topographic features such as Fieberling
Guyot.

Numerical solutions obtained with the linearized
versions of the equations of motion correspond closely
to analytical results obtained previously by Chapman
(1989) and Brink (1990). In particular, resonantly
generated trapped waves of significant amplitude are
found to occur broadly in parameter space; a precise
match between the frequency of the imposed incident
current and the frequency of the trapped free wave is
not necessary to produce substantial excitation of the
trapped wave. For horizontally uniform incident flow,
the lowest mode seamount-trapped waves are prefer-
entially excited.

The time-mean circulation about the seamount is
dominated by a strong bottom-intensified, clockwise
circulation closely trapped to the seamount. The trans-
port carried by the residual circulation is a significant
fraction of a Sverdrup for the central parameters used
here. Maximum local time-mean current amplitudes
are found to be as large as 37% of the magnitude of
the propagating waves. In addition to the strong anti-
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cyclonic residual flow, however, we find a weaker (but
perhaps equally important) circulation in the vertical—
radial plane. This secondary circulation is characterized
by persistent downwelling over the top of the seamount
at all depths. Maximum vertical downwelling rates of
several tens of meters per day occur at the summit of
the seamount. The vertical mass flux accompanying
this systematic downwelling is balanced by a slow radial
flux of mass directed outward from the seamount.

Time-mean budgets for the radial and azimuthal
components of momentum have been constructed to
identify the dynamical balances that maintain the re-
sidual circulation. The resulting balances show that
.horizontal eddy fluxes of momentum are responsible
for exchanging net radial and azimuthal momentum
between the far field and the upper flanks of the sea-
mount. There, Coriolis and pressure gradient forces
provide the dominant balances in the radial direction.
However, Coriolis and viscous forces jointly balance
horizontal eddy fluxes for the azimuthal component
of the residual currents.

Although our long-term goal is to produce regional
models of sufficient realism as to be directly comparable
with observations, the simplified aspects of the model
studied here preclude such a direct comparison. Much
potentially important dynamics is missing, including
the generation of mean circulation by net correlation
between bottom pressure and topographic roughness
(i.e., topographic form stress), and the effects of hor-
izontal, vertical, and temporal variability in the am-
bient currents (i.e., the effects of mesoscale eddies).
These processes need further study.

Even so, this study supports prior conjecture that
the resonant enhancement of trapped waves should be
a relatively common phenomenon, and that the effi-
ciency of the generation process should be capable of
accounting for the magnitudes of the observed diurnal
currents at locations such as Fieberling Guyot. The
effectiveness of the production mechanism for residual
circulation in our solutions, judged by mean flow
strength as a fraction of wave amplitude, is less likely
to account for all of the mean flow signals observed at
Fieberling [perhaps as large as 50%; see Eriksen
(1991)]. (However, many parametric changes which
enhance the resonance will strengthen the mean relative
to the oscillatory flow.) Nonetheless, this does suggest
that there may be additional dynamical mechanisms
at work (e.g., eddy-topographic interactions) produc-
ing substantial local mean flows in the neighborhood
of Fieberling.

In principle, “realistic”” simulations of the time-
varying and residual circulations about features such
as Fieberling Guyot are possible. To carry out such
simulations would require better estimates of several
local environmental parameters such as the strength
of the ambient tidal signal, and the space/time prop-
erties of the large-scale and mesoscale eddy fields. Es-
timates of all of these statistics can be obtained from
observations made during the TOPO field program. A
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much more serious issue, likely to persist for the fore-
seeable future, is the need for better observations, the-
ories, and ultimately parameterizations of small-scale
mixing near steep topography. This is likely the rate-
determining step for realistic modeling of ocean cir-
culation-topography interaction.
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