From Tides to Mixing Along the
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The cascade from tides to turbulence has been hypothesized to serve as a major
energy pathway for ocean mixing. We investigated this cascade along the
Hawaiian Ridge using observations and numerical models. A divergence of
internal tidal energy flux observed at the ridge agrees with the predictions of
internal tide models. Large internal tidal waves with peak-to-peak amplitudes
of up to 300 meters occur on the ridge. Internal-wave energy is enhanced, and
turbulent dissipation in the region near the ridge is 10 times larger than
open-ocean values. Given these major elements in the tides-to-turbulence
cascade, an energy budget approaches closure.

Turbulent mixing in the ocean interior has
been observed to be too weak (/-3) to ac-
count for observed large-scale thermohaline
structure (4-6). One hypothesis to account
for this discrepancy posits that mixing is
enhanced near rough topography. Elevated
turbulence is found near seamounts (7, §),
ridges (9, 10), and passages (/7). A likely
source of energy for much of this mixing is
the ocean tides. Recent inferences (/2) from
satellite altimeter data suggest that half of the
2 TW (1 TW = 10'2 W) (13) required for
ocean mixing can be derived from the tides.
Mixing is envisioned as a cascade from sur-
face tides, through internal tides and breaking
internal waves, to turbulence.

Observing the tides-to-turbulence cascade
in the ocean is a considerable challenge. Spa-
tial scales range from megameters (the size of
topographic features) down to centimeter
scales, where molecular diffusion occurs. We
approach this problem through an integrated
program of modeling and observation fo-
cused on the Hawaiian Ridge. The Hawaii
Ocean Mixing Experiment (HOME) includes
observational components to survey the en-
tire ridge, as well as to study far-field and
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near-field regimes. The numerical modeling
of surface and internal tides and the analysis
of historical data complete the experimental
approach. Here, we present key findings from
a comprehensive survey of the ridge and from
modeling of the internal tides.

The first element in the cascade is extrac-
tion of energy from the surface tide. The
energy flux convergence of the surface tide is
estimated from satellite altimetric measure-
ments of surface height assimilated into a
numerical tidal model (/2, /4). The Hawai-
ian Ridge is one of the most prominent areas
of deep-ocean surface tidal energy loss, at
20 = 6 GW. A larger total energy loss is
observed in some other deep-ocean regions,
such as the Mid-Atlantic Ridge, but the en-
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ergy loss per unit of volume is considerably
higher over the Hawaiian Ridge, which oc-
cupies a much smaller volume of ocean.

A convergence of surface tidal energy flux
implies a divergence of internal tides and/or
locally dissipated energy. Here, the internal tidal
energy flux is estimated from full-depth profiles
of velocity, temperature, and salinity collected at
14 stations along the 3000-m isobath to the north
and south of the ridge. Stations sampled regions
spanning a broad range of internal-energy fluxes
as predicted by numerical simulations of the
interaction between the surface semidiurnal tide
and topography along the Hawaiian Ridge (/5).
Large depth-integrated energy fluxes F; in the
semidiurnal band (/6) are found at French Frig-
ate Shoals (8 to 39 kW m™!), Kauai Channel (5
to 21 kW m™ '), and south of Nihoa Island (5 to
16 kW m™") (Fig. 1). Weaker energy fluxes are
found at Necker Island (1.5 to 2.8 kW m™!) and
north and southeast of Nihoa (1.3 to 4 kW m™ ).
In comparison, an average flux along the Hawai-
ian Ridge of 2.8 kW m™! is predicted from a
linear tidal scattering model (/7). Observed en-
ergy fluxes at each station generally agree to
within 50% or 1 kW m™!, whichever is larger,
with those deduced from numerical simulations
(15). The few model-data disagreements that
exist are the result of one or more of the follow-
ing factors: (i) inadequately resolved small-scale
topography in the numerical simulations, (ii) the
use of only semidiurnal principal lunar (M,) and
solar (S,) constituents in the model simulations,
(iil) contamination by nontidal internal waves in
the observations, or (iv) low-frequency temporal
variations in the semidiurnal energy near the
ridge (18).

If the energy fluxes were driven by the tides,
one might expect a fortnightly modulation with
the spring-neap tidal cycle. A station located
southeast of French Frigate Shoals that was
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Fig. 1. Vertically integrated internal-wave energy fluxes from in situ profiles of velocity and density (red
arrows), and from fortnightly semidiurnal tidal numerical simulations (blue arrows) in kilowatts per
meter. Ellipses around the tips of the observational flux arrowheads denote jackknife standard errors
calculated from the down profiles; ellipses around the numerical fluxes are the standard errors
based on the closest model grid points and their four nearest neighbors. Fluxes range from 1.3 kW
m~ " southeast of Nihoa Island during neap to 39 kW m~" southeast of French Frigate Shoals
during spring tide. The yellow cross marks the position of the mooring from which data are shown

in Fig. 2.
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occupied twice shows such a modulation. Both
occupations of this station confirm the large
energy fluxes at this site. However, there is a
marked difference in the flux direction between
the observations and the model, and higher
fluxes in the observations. Repeated measure-
ments southwest of Nihoa Island also indicate
larger fluxes at both spring and neap tides than
the model predicts.

Internal waves are an intermediate step of
the tides-to-turbulence cascade. Moored obser-
vations (/9) on the ridge reveal internal waves
with peak-to-peak amplitudes as large as 300 m
at the semidiurnal period (Fig. 2). In addition,
there are notable asymmetries in the semidiur-
nal oscillation, indicative of tidal harmonics and
nonlinear dynamics. Variability extends up to
frequencies of 1 cycle per hour. Spectral anal-
ysis indicates that amplitudes of these high-
frequency waves are about a factor of 10 greater
than open-ocean values (20, 21). Temporal and
vertical structure in temperature contours sug-
gests large vertical strain. At times, regions of
very weak vertical temperature gradients are
observed. In the active region extending 150 m
above the bottom, temperature inversions with
a vertical scale of 24 m or larger are present
about 10% of the time.

Internal waves generated at the ridge
propagate offshore to form a region of high
internal-wave energy surrounding the ridge.
Wide-ranging measurements of isopycnal
displacement were obtained with SeaSoar, a
towed vehicle that profiles over the upper
400 m. The total length of the SeaSoar tow
exceeds 9000 km, allowing the calculation of
internal-wave statistics in the upper 400 m as
a function of position. The largest internal
waves, during the spring tide, typically had
peak-to-peak amplitudes of 60 m. Surveys of
the Hawaiian Ridge in the Kauai Channel
show large isopycnal displacements within
about 100 km of the ridge (Fig. 3). This
internal-wave energy is larger to the south.
Isopycnal displacements are greatest about 50
to 100 km from the ridge crest, consistent
with internal-tide propagation upward and
southward from the southern edge of the
ridge. The displacement maximum has vari-
ances at least a factor of 10 greater than
open-ocean values, and they are most pro-
nounced at depths below 200 m (22).

Whereas isopycnal displacements are
dominated by large vertical-wavelength inter-
nal waves, it is through short vertical-wave-
length shear that turbulence is generated.
Shear was measured with a 50-kHz (12-m
resolution) shipboard Doppler sonar. Shear
shows the same asymmetry as does displace-
ment, with larger variance to the south (Fig.
3). However, the largest shears, which are
about four times as large as open-ocean val-
ues, are more tightly confined to the ridge.
The across-ridge decay scale is shorter for
shear than it is for displacement. This is
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consistent with shear being dominated by
short vertical wavelengths, which propagate
more slowly and are dissipated locally.

The final stage of the energy cascade is the
generation of small-scale turbulence. Turbulent
energy dissipation rates € were directly mea-
sured with a collection of profiling and towed
instruments. These dissipation measurements
were then averaged in across-ridge bins to de-
fine the structure of mixing at French Frigate
Shoals (Fig. 4), a “hot spot” of especially strong
dissipation along the Hawaiian Ridge. Diapyc-
nal diffusivity is estimated from dissipation €
(23)as K, = 02 € N"2, where N* = —g p, ™'
dp/dz is the square buoyancy frequency, p is
potential density, and p,, is a reference density.
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Diffusivity at a depth of 500 m peaks at about
3 X 107* m? s7! over the ridge and then
decays to background levels of 107> m? s!
[typical of open-ocean diffusivity away from
topography (7)] at a distance of 60 km from the
shoals. The Hawaiian Ridge is thus a site of
enhanced mixing, a conclusion supported by an
analysis of historical data (24). Vertical profiles
of dissipation are largest at the surface, have a
minimum near 2000 m, and grow near the
bottom. The resulting diffusivity shows a strong
increase toward the bottom (Fig. 4), consistent
with previous observations (9, 10), caused by
increasing dissipation and decreasing buoyancy
frequency. The turbulent diapycnal density flux
K dp/0z is directly proportional to €, so turbu-

Fig. 2. Temperature as
a function of depth
and time, measured
on a mooring on the
flank of the ridge in
water with a depth of
1453 m during spring
tide. The position of
the mooring is shown
by the yellow cross in
Fig. 1. At the semidi-
urnal period, the peak-
to-peak displacements
are 300 m.
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lent density fluxes are largest near the surface.

The suite of observations and models al-
lows an estimation of the terms in the tides-
to-turbulence energy budget. There is a loss
of 20 = 6 GW from the M, surface tide along
the length of the Hawaiian Ridge, as estimat-
ed from satellite altimetry assimilated into a
tidal model (/4). The 6-GW error in surface
tidal loss is based on self-consistent errors in
a Monte Carlo simulation (/4). Encouraged
by the comparison between the observed and
modeled tidal internal-energy fluxes (Fig. 1),
model results (25) are integrated to find an
outgoing energy of 10 £ 5 GW (6 GW of
which is associated with mode one, the ver-
tical normal mode with one zero crossing in
horizontal velocity) at the 4000-m isobath.
The error estimate of 5 GW is based on the
observed and modeled tidal internal-wave
fluxes agreeing to within 50%.

Because 20 = 6 GW are lost from the surface
tide at the ridge and 10 = 5 GW radiate away as
internal tides to be dissipated elsewhere, the
remainder is presumably dissipated locally. Cal-
culation of the total local turbulent dissipation is
challenging because dissipations are extremely
variable and the sampling is sparse. An upper
bound can be obtained by extrapolating mea-
surements from French Frigate Shoals, where
dissipations are strong, uniformly along the

ridge. Integrating the French Frigate Shoals dis-
sipation across ridge and over depth, we obtain 4
kW m~'. With a ridge length of 2500 km (26),
an upper bound for local dissipation of 10 GW is
implied. The local dissipation fortuitously makes
up the balance between power supplied by the
surface tide and that radiating away as internal
tides, but it is an upper bound because most of
the ridge is not as turbulent as French Frigate
Shoals. Indeed, there are theoretical reasons to
suspect that the bulk of the surface-tide loss will
radiate away as internal waves with long vertical
wavelengths (27), leaving only a small fraction
to be lost locally to turbulence.

The HOME results have important implica-
tions for global ocean mixing. The 20 GW
extracted from the surface tide at the Hawaiian
Ridge is 1/50 of the global deep-water tidal loss
of 1 TW, and thus tidal conversion at ridges is
an important source of energy for mixing. A
relevant question then is whether local mixing
at isolated ridges is a major contributor to an
average effective diffusivity of 107* m? s!
implied by large-scale budgets (4—6). Because
the average eddy diffusivity observed at the
especially energetic French Frigate Shoals and
other isolated rough topography (7-10) is at
most about 2 X 107%t0 3 X 1074 m?s™ !, and
the volume of the ocean occupied by rough
topography cannot be more than 10%, the an-
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Fig. 4. Turbulent kinetic-energy dissipation rate & and diapycnal diffusivity K , obtained across French
Frigate Shoals over the depth range of 400 to 600 m (upper left panel; note the logarithmic axes). These
measurements were made with four unique turbulence vehicles: AMP, AVP (28), and Chameleon are
vertical profilers, and Marlin (8) is a towed vehicle. The solid line indicates the mean value of all of the
data in 20-km lateral bins. The dashed line is the value of € associated with the canonical abyssal
diffusivity K, = 107> m? s~ and square buoyancy frequency N* = 3 X 107° s~ Bottom depth and
measurement locations (lower left panel) are shown as a function of cross-ridge distance. Vertical
profiles of K and € are shown in the upper and lower right panels, respectively.
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swer seems to be no. We conclude that isolated
ridges are important sinks for surface-tide en-
ergy and sites of elevated mixing, but cannot
account for a global eddy diffusivity of 1 X
104 m?>s 1.
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