Waves, Mean Flows, and Mixing at a Seamount

Charles C. Eriksen

School of Oceanography, University of Washington, Box 357940, Seattle WA 98195-7940

Abstract. Moored array measurements of current and temperature at Fieberling Guyot (32° 25°N, 127° 47'W)
are dominated by internal wave and tidal band fluctuations. Internal wave band variance on the flanks of the
seamount is dominated by amplification of waves by reflection at and near the local critical frequency of the
sloping bottom. Diurnal, slightly superinertial, and semidiurnal band fluctuations exhibit coherent downward
phase propagation. These have the character of a forced evanescent response as opposed to free vertically-
radially standing seamount trapped wave modes. At depths near the summit rim, mean horizontal flows have

a component toward deeper water, while on the flanks mean flows are much weaker but have a component
toward shallower water. In both cases, the mean Eulerian flows appear driven by fluctuations.

Introduction

Until recently, very little was known about the
character of oceanic flow near seamounts, particularly
seamounts that occupy a substantial fraction of the water
column. Most observations and theories were concerned
with distortions of mean flows by isolated topographic
features rather than with wavelike fluctnations found near
them. Theories have addressed the possibility that Taylor
caps may isolate water above a seamount from
surrounding water masses. Chapman and Haidvogel,
1992, considered formation of Taylor caps over large
seamounts, in contrast to much previous work restricted
to considering topography that occupied only a small
fraction of the total depth. By contrast, observations at
Fieberling Guyot, a large seamount in the eastern North
Pacific (32° 25°N, 127° 47°W) show that flows are
dominated by fluctuations rather than the mean. These
fluctuations are predominately tidal (Eriksen, 1991,
Brink, 1995) in the depth range bracketing the summit
and centered at the critical frequency for internal wave
reflection off a slope deep on the seamount flanks
(Eriksen, 1995). Mean flows are generally parallel to
depth contours near the bottom in an anticyclonic sense
but do have slight cross-isobath components. Near the
summit, horizontal flows are in the off-slope sense,
consistent with local downwelling (Eriksen, 1991, Brink,
1995), yet on the steep flanks of the seamount, flows near
the bottom have an onslope (radially inward) sense. This
paper discusses the possibility that these radial mean
flows are associated with the fluctuating flows in tidal
and internal wave bands.

The paper begins with a brief summary of the structure
of internal wave band motions on the steep flank of
Fieberling Guyot and their connection to mixing events.
The description and analysis of Eriksen, 1995, is
extended to include buoyancy and momentum flux

estimates and their spatial structures. The following
section presents a description of motions in diurnal and
semidiurnal frequencies and the band between them,
which includes the inertial frequency. Brink, 1995,
confined his description to motions in tidal bands near the
seamount summit, while motions over a continuum
across the inertial frequency all exhibit a similar
structure, including continuous downward phase
propagation to the bottom on the sloping flanks. As with
internal waves, these motions generate eddy fluxes of
buoyancy and momentum. Kunze, 1995, recognized the
phase structure of flow atop Fieberling in velocity profile
surveys and showed the consistency in several respects of
a vortex trapped internal wave model with these
observations, in contrast to Brink’s seamount trapped
wave model. Here, we offer another possible
explanation: that the motions observed are an evanescent
wave response to forcing across a wide range of
frequencies, both subinertial and superinertial. Finally,
the paper examines the mean flows observed both near
the summit and on the flank of the seamount,
emphasizing the radial component of flow near the
bottom from which vertical motion is inferred. In the last
section, the possibility that internal wave breaking and
evanescent wave rectification generates mean flows is
discussed.

The Field Study

The observations used here were collected as part of a
multi-disciplinary project called TOPO, sponsored by the
U.S. Office of Naval Research. The field program at
Fieberling Guyot included a thirteen-month moored array
of current and temperature sensors at various locations on
and near the seamount. Details of the records are
presented in Wichman e? al, 1993. Records considered
here are from moorings were set near the summit (C), at



the rim of the summit plain (R2 and R3), and on the
seamount flanks (F2, F3, F4, and F5) (Figure 1). These
moorings were located over one quadrant rather than on
all sides of the guyot for reasons of economy.
Seamount bathymetry was surveyed with a multi-beam
depth sounder prior to the deployment cruise and again,
in more detail near the mooring sites, on the recovery
cruise. The cluster consisting of three moorings F3, F4,
and F5, each separated by roughly 300 m on the
southwest flank of the seamount, formed an internal wave
array while the summit, rim, and flank moorings together
formed an array to detect bottom-trapped motions that
propagate azimuthally around the seamount.
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Figure 1. Bathymetry and locations of moorings on the
western summit region of Fieberling Guyot. The moorings
designated C, R, and F were placed near the center, on the rim
of the summit plain, and on the flanks of the seamount. The
triangle of moorings F3, F4, and F5 formed an internal wave
array. The mooring P was from a pilot study one year before
the rest of the array was set (see Eriksen, 1991). Depth
contours are from a partial Hydrosweep survey of the seamount
on the mooring recovery cruise on R/V Thompson. Depth
contours are drawn every 50 m with every tenth contour drawn
with heavy curve. The summit, a rocky spur is at 444 m depth.
The seamount rises from a surrounding region of 4500 m depth.
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Roden, 1991, 1994, allowed use of his conductivity-
temperature-depth (CTD) surveys near Fieberling Guyot
in August, 1989 and May, 1991 to calculate average
temperature and salinity profiles, temperature-salinity
relationships, and buoyancy frequency profiles. These
are used to interpret temperature fluctuations variously as
buoyancy or vertical velocity fluctuations through
assuming that temperature fluctuations are reflect vertical
advection of the mean gradient field.

Standard techniques of spectral analysis were applied
to a common 364-day period subset of the records
starting October 1, 1990. Independent spectral estimates
were formed by averaging over 13 adjacent frequency
bands for periods 12 h and longer and doubling the
amount of averaging for each successive octave above
the semidiurnal band. Complex empirical orthogonal
functions (CEOFs) are used to describe the coherent
structures of variability in each frequency band. This
technique uses the eigenvalues and eigenvectors of a
cross-spectral matrix (or coherence matrix) to describe
variability in terms of the independent coherent structures
ranked by their contribution to the total variance (Wallace
and Dickinson, 1972, Eriksen, 1985). Consideration is
limited to frequency bands in which a single empirical
mode dominates. This has the effect of eliminating
incoherent fluctuations from calculations of eddy fluxes
and their gradients.

Internal Wave Structure

Internal wave band fluctuations on the flank of
Fieberling Guyot are dominated by the process of wave
reflection from a sloping boundary. While linear theory
for the ideal case of reflection off an infinite sloping
plane is consistent with several aspects of this process,
nonlinearities are clearly apparent as well (Eriksen,
1995). Internal waves incident on a sloping boundary are
obliged to change their wavenumber magnitude upon
reflection. For downward rays incident from deeper
water, reflection magnifies the vertical and onslope
components of wavenumber. This magnification is
forced by the requirement to match the projection parallel
to the slope of incident and reflected wavenumbers.
Waves incident at arbitrary orientations to the sloping
boundary are turned more normal to isobaths by
reflection. The energy density of reflected waves is
amplified over that of incident waves by the ratio of the
vertical wavenumber amplification squared because both
ray tube widths and group speeds are inversely
proportional to the vertical wavenumber amplification.
Reflected waves dominate the wave field due to energy
density enhancement and the enhancement is greater
nearer the internal wave critical frequency o, where

incident rays match the bottom slope.
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Figure 2. Spectra of the onslope (northeast) component of
current on mooring F3 on Fieberling Guyot. Spectra are labeled
by instrument number and depth and are arranged in order of
depth from 95 m to 1435 m (where the anchor depth of the
mooring was 1455 m). Scales are correct for the deepest
spectral estimate (F321) and are successively offset by one
decade for spectra at shallower depths. Smooth curves
superimposed are the Garrett-Munk model estimates for the
open deep ocean and serve as references fro the observed
spectra. Their endpoints are at the inertial frequency f and the
local buoyancy frequency N. Spectra are enhanced about the
internal wave critical frequency o, = 0.42 cph. Intervals of
95% confidence are based on frequency averaging of a multiple
of 13 independent spectral estimates.

The spectra of current in the onslope direction (i.e.
normal to local isobaths) calculated from the records on
F3, the heavily instrumented mooring in the internal
wave cluster on the southwest flank of the seamount,
indicate substantial departure from the Garrett-Munk
model spectra that characterize deep open ocean spectra
(Figure 2). The departure is strongest near the bottom
and takes the form an enhancement at the local critical
frequency o, = 0.42 cph. The enhancement around the
critical frequency is evident even several hundred m
above the bottom, while the spectrum from 95 m depth
closely matches the Garrett-Munk prediction. A single

CEOF describes half or more of the variance in each
frequency band in the bottom 300m, from an octave
below to an octave above the critical frequency (Eriksen,
1995). When records from all depths on mooring F3 are
decomposed into CEOFs, two frequency ranges stand out
as being dominated by a single mode: a band from 24
through 16 h and a band from about 4 to 1.5 h (Figure 3).
Discussion of the longer period band motions is deferred
until below. The shorter period band is centered on the
local internal wave critical frequency.
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Figure 3. Spectra of complex empirical orthogonal functions
calculated from the eigenvalues and eigenfunctions of the
coherence matrix of current and temperature records on
mooring F3. The top curve gives the average spectrum and each
curve below it depicts the energy density accounted for by
successively higher empirical mode. A single CEOF dominates
structure over a band from the diurnal peak to a period of
roughly 16 h and also over a band from about 4 to 1.5 h period,
as is evident in the distinct separation of the second curve from
the top from all other curves below it over these ranges.

Both spectra and the complex €igenfunctions that
dominate variance near the critical frequency indicate
that linear theory accounts for much of the behavior of
motions in the internal wave band. Linear features
include the transition between prominent upward and






