
1890 VOLUME 32J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y

q 2002 American Meteorological Society

Internal Waves in Monterey Submarine Canyon

ERIC KUNZE

Applied Physics Laboratory, University of Washington, Seattle, Washington

LESLIE K. ROSENFELD

Naval Postgraduate School, Monterey, California

GLENN S. CARTER AND MICHAEL C. GREGG

Applied Physics Laboratory, University of Washington, Seattle, Washington

(Manuscript received 6 June 2001, in final form 15 November 2001)

ABSTRACT

Velocity, temperature, and salinity profile surveying in Monterey Submarine Canyon during spring tide reveals
an internal wave field almost an order of magnitude more energetic than that in the open ocean. Semidiurnal
fluctuations and their harmonics dominate, near-inertial motions are absent. The ratio of horizontal kinetic to
available potential energy is less than one in much of the canyon, inconsistent with hydrostatic internal waves.
The excess potential energy may be due to isopycnal displacements induced by barotropic tide flow over the
sloping bottom. Removal of the expected barotropic contribution raises the energy ratio to 2.04–2.10, in line
with the semidiurnal internal wave value of 2.13. Finescale shear and strain are also elevated. Finescale param-
eterizations for turbulent eddy diffusivities, which have proven successful in the open ocean, underestimate
upper-canyon microstructure estimates of 100 3 1024 m2 s21 by a factor of 30. Energy fluxes and near-bottom
velocities are strongly steered by the sinuous canyon topography. A vertically integrated influx of 5 kW m 21

at the mouth diminishes to 61 kW m21 toward the shallow end of the canyon. Both sinks and sources of internal
wave energy are indicated by energy-flux convergences and divergences along the canyon axis. Along-axis
energy-flux convergences are consistent with microstructure dissipation rates e. The high diapycnal eddy dif-
fusivities may drive strong nutrient fluxes to enhance bioproductivity.

1. Introduction

Submarine canyons are common features of conti-
nental margins with dozens found off both coasts of the
continental United States (Shephard et al. 1979; Hun-
kins 1988). They incise 20% or more of the Pacific
North American shelf between the equator and Alaska,
approaching 50% at latitudes north of 458 (Hickey
1995). They are often avoided by coastal observational
programs because their short horizontal scales make
them difficult to characterize with a few point mea-
surements.

Far from being backwaters, canyons contain large
physical, geological, and biological signals. They have
been cited as sediment pathways off the shelf (She-
phard et al. 1974; Carson et al. 1986) and argued to
be sites of enhanced species diversity and bioprod-
uctivity based largely on anecdotal evidence of intense
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fishing activity and marine mammal/bird aggregations.
This last is far from certain, however. While Schoen-
herr (1991) and Croll et al. (2001, manuscript sub-
mitted to Ecology) report blue whales feeding on high
concentrations of euphausiids in Monterey Submarine
Canyon, a survey of the northeast U.S. continental
shelf finds no evidence for greater cetacean densities
in canyons (Kenney and Winn 1987). Croll et al. at-
tribute high euphausiid concentrations to the juxta-
position of upwelling upstream to the north (Rosenfeld
et al. 1994a) and a deep water column allowing full
diel vertical migration. Euphausiids may also be con-
centrated by horizontal convergences (Allen et al.
2001).

It has been suggested that bioproductivity in canyons
could be enhanced by upwelling (Freeland and Denman
1982) because upwelling-favorable shelf currents pro-
duce unbalanced upcanyon pressure gradients ]p/]x in
narrow canyons that drive upcanyon flow ]u/]t. Theo-
retical and numerical studies (Klinck 1988, 1989, 1996;
Allen 1996; Chen and Allen 1996) have shown that
strong upwelling occurs on the downstream rim of can-
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yons narrower than half the Rossby radius; in broader
canyons, geostrophic flow is predicted to follow iso-
baths as observed (Kinsella et al. 1987; Maso et al.
1990).

An alternative but unexplored mechanism for sup-
plying nutrients to the euphotic zone is enhanced tur-
bulent mixing. In the stratified ocean, turbulence is
largely controlled by the rate at which energy is trans-
ferred through the internal wave spectrum to high ver-
tical wavenumbers. Enhanced turbulence requires either
an elevated internal wave field or elevated spectral trans-
fer rates.

Canyons may be both effective conduits for funneling
open-ocean internal wave energy onto the inner shelf
(Gordon and Marshall 1976) and sites for generation of
internal waves through topographic scattering of surface
tides (Bell 1975; Baines 1982, 1983). Due to the re-
flection behavior of internal waves off sloping bottoms,
canyon geometry should deflect low-frequency waves
toward the deep ocean while trapping and focusing in-
ternal waves with frequencies v . [( f 2 1 N 2a2)/(1 1
a2)]1/2 toward the heads of canyons (Wunsch 1968,
1969; Cacchione and Wunsch 1974; Hotchkiss and
Wunsch 1982), where f is the Coriolis frequency, N the
buoyancy frequency, and a the canyon axis bottom
slope. Trapping should produce a highly anisotropic
wave field. Waves with frequencies near vc 5 [( f 2 1
N 2a2)/(1 1 a2)]1/2 will be critically reflected toward
high wavenumber (Eriksen 1982). Critical reflection
amplifies internal wave energy, shear, and strain near
the bottom. In Monterey Canyon, the axis slope is ;0.06
in the deep part of the canyon, close to critical for the
semidiurnal frequency, becoming supercritical (steeper)
at axis depths shallower than ;400 m. The canyon walls
are much steeper. Bottom roughness will scatter internal
waves toward high wavenumber (Müller and Xu 1992;
Thorpe 2001).

Internal wave fluctuations dramatically larger than
those in the open ocean have been reported in canyons
(Shepherd et al. 1974; Gardner 1989; Hotchkiss and
Wunsch 1982; Petruncio et al. 1998; Garcia Lafuente et
al. 1999). Hotchkiss and Wunsch (1982) reported avail-
able potential energy increasing by a factor of 10 toward
the bottom and 100 toward the head of Hudson Canyon.
Near-inertial oscillations are suppressed by the prox-
imity of steep topography, while internal tides and their
harmonics are enhanced to velocities in excess of 30
cm s21. In Monterey Submarine Canyon, semidiurnal
oscillations in excess of 20 cm s21 dominate (Rosenfeld
et al. 1994b; Kinoshita and Noble 1995), amplified to-
ward the bottom and head of the canyon (Xu et al. 2002).
Shepherd et al. (1979) reported similar values from cur-
rent-meter measurements in 63 separate canyons. But-
man (1986) found that the dominant semidiurnal oscil-
lations in Lydonia Canyon diminished toward the head
in concert with amplifying higher-frequency fluctua-
tions.

The prominent semidiurnal peak in canyons is con-

sistent with near-critical reflection (Eriksen 1982) or
topographic scattering of the surface tide (Baines 1982;
Craig 1987). Petruncio et al. (1998) describe a bottom-
hugging semidiurnal beam propagating up Monterey
Canyon during one sampling interval but standing in
the along-axis direction during another. They reported
that 90% of the velocity (620 cm s21) and isopycnal
displacement (620 m) variance in the water column
could be explained by semidiurnal oscillations. Because
the axis slope is comparable to the semidiurnal char-
acteristic slope, an amplified internal tidal beam hugging
the axis bottom is expected rather than a vertically stand-
ing mode since modal vertical structure could only set
up after the beam contacts the surface, in water depths
less than 400 m. This is consistent with high-frequency
radar measurements (Paduan and Rosenfeld 1996; Pe-
truncio et al. 1998), which show the strongest semidi-
urnal surface currents inshore of the 200-m isobath.

Enhanced internal wave energy in canyons should
drive elevated turbulence and mixing. Itsweire et al.
(1989) described 10–15-m-thick layers of high shear
and turbulent dissipation rate in upper thermocline wa-
ters of Monterey Canyon but these were not dissimilar
to features found in the open ocean. Lueck and Osborn
(1985) observed up to 170-m thick stratified turbulent
bottom boundary layers on the south wall of Monterey
Canyon with eddy diffusivities of up to 15 3 1024 m2

s21, two orders of magnitude higher than open-ocean
values. These turbulence levels are consistent with
Hotchkiss and Wunsch’s (1982) predictions in Hudson
Canyon based on their inferred upcanyon energy flux.
Based on measured upcanyon energy-flux divergence,
Petruncio et al. inferred turbulence production rates of
(0.13–2.3) 3 1026 W kg21, corresponding to eddy dif-
fusivities of O(100 3 1024 m2 s21). Similar values have
been reported above seamounts (Nabatov and Ozmidov
1988; Lueck and Mudge 1997; Kunze and Toole 1997).

In this paper, internal wave energetics in Monterey
Submarine Canyon are investigated using repeated ve-
locity, temperature, and salinity profile surveys. Mon-
terey Canyon’s channel meanders from within a stone’s
throw of the dock at Moss Landing, across the Monterey
Bay shelf and down the continental slope, extending
hundreds of kilometers offshore. Its width (as defined
by the 150-m isobath) varies from about 15 km at the
shelf break to 2 km at its head. On the shelf, its axis
slope is near-critical for the semidiurnal frequency while
its walls are considerably steeper. The surface tide coos-
cillates across Monterey Bay with barotropic velocities
in the canyon less than 1 cm s21 (Petruncio et al. 1998).
Surface currents of 615 cm s21 are dominated by semi-
diurnal internal oscillations 1808 out of phase with the
barotropic currents and oriented parallel to isobaths
(Paduan and Rosenfeld 1996).

Sampling and data processing to obtain vertical dis-
placements j and energy fluxes ^n9p9& are described in
section 2. Section 3 presents frequency spectra from the
deeper acoustic Doppler current profiler (ADCP) moor-
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FIG. 1. Sampling in Monterey Submarine Canyon. Large red diamonds correspond to XCP–XCTD stations along the canyon axis occupied
eight times during two 12-h periods separated by a day, large red dots to four across-canyon sections occupied four times during 12 h, and
small red dots on the continental slope to the north of the canyon mouth to single XCP–XCTD pairs. Upward-looking ADCP moorings
(white triangles) and CTD time series (orange triangles) were located at the shallow end of the canyon. The deeper ADCP was moored
slightly off axis.

ing; mooring data and numerical simulations are de-
scribed in greater detail in Rosenfeld and Kunze (1998),
Rosenfeld et al. (1999), and Key (1999), emphasizing
an internal tidal bore propagating upcanyon along the
axis and hysteresis effects in the near-bottom tidal flow
due to topographic steering. In section 4, along- and
acrosscanyon sections of larger-scale energy, and fine-
scale shear and strain, are presented. Finescale turbu-
lence parameterizations are found to fall short of direct
microstructure estimates by a factor of 30 in section 5.
Section 6 describes energy fluxes and section 7 an en-
ergy budget comparing energy-flux convergences and
divergences along the canyon axis with microstructure
turbulent dissipation rates. Results are summarized in
section 8 followed by discussion in section 9.

Additional fine- and microstructure data collected at
the shallow end of the canyon are reported by Carter

and Gregg (2001, manuscript submitted to J. Phys.
Oceanogr., hereafter CG) and over a submarine fan
north of the canyon mouth by Lien and Gregg (2001).
Carter and Gregg report that available potential energy
PE decreases toward the head, horizontal kinetic energy
KE decreases then increases, and that turbulent dissi-
pation rates e and eddy diffusivities K do not increase
toward the head. Globally, they suggest that 58 GW
might be dissipated in canyons. Lien and Gregg report
evidence of a tidal beam emanating from the shelf break
to the north of the canyon with elevated turbulent dis-
sipation rates e ; 1025 W kg21 and eddy diffusivities
K ; (10–1000) 3 1024 m2 s21, and a 100-m thick near-
bottom layer of intensified turbulence (e ; 1026 W
kg21, K ; 100 3 1024 m2 s21) driven by hydraulic
semidiurnal flow across the submarine fan. They suggest
31 GW of dissipation for the shelf break globally. Dis-
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FIG. 2. Frequency spectra for velocity from the deeper ADCP mooring (Fig. 1) in (left) log–log and (right) variance-preserving formats;
the lowest resolved frequency 1.8 3 1024 rad s21 is not plotted. Records come from bins 13–173 mab (meters above bottom). Observed
spectra are comparable to the Garrett and Munk (GM; 1979) model (dotted curves) except (i) at the inertial frequency f where a peak is
absent, (ii) at the semidiurnal frequency M2 where there is a strong peak at all depths, (iii) at harmonics of the semidiurnal and diurnal
frequencies where there are smaller peaks that diminish with height above bottom, and (iv) near the buoyancy frequency N where there is
excess energy diminishing with height above bottom. There is no sharp break in the spectra near the buoyancy frequency. There is also
energy at the diurnal frequency K1, which decays away from the bottom, and at periods of 3–4 days, which increases with height above
bottom.

sipation rates e ; 5 3 1028 W kg21 and eddy diffu-
sivities K , 1024 m2 s21 are found on the shelf.

2. Data

a. Sampling

During a two-week period of exceptionally light
winds (CG01) in August 1997, the internal wave and
turbulence fields in Monterey Submarine Canyon were
sampled with a suite of fine- and microstructure instru-
ments. Full-depth profiles of velocity, temperature, and
salinity were collected during the spring tide at 21 sta-
tions along and across the canyon with 101 expendable
current profiler–expendable CTD (XCP–XCTD) pairs
(large red dots and diamonds, Fig. 1) spanning canyon
axis depths of 300–1600 m. The deepest across-canyon
section was at the shelf break, which will be referred
to as the ‘‘canyon mouth.’’ Cross-canyon stations (large
red dots) were occupied four times in 12 h to obtain
statistics of the internal wave field. Stations along the
canyon axis (large red diamonds) were occupied eight
times during two 12-h periods separated by a day. In

addition, 33 single XCP–XCTD pairs were deployed
along the 1000- and 1500-m isobaths on the submarine
fan and continental slope to the north of the canyon
mouth (small red dots).

Two upward-looking ADCPs were deployed at the
shallow end of the canyon (white triangles, Fig. 1) for
36 days bracketing the cruise (Key 1999). Four 12-h
long CTD time series (orange triangles, Fig. 1) were
conducted, two near the 400-m isobath between the
ADCP moorings, and two near axis depths of 800 m.
Finally, 66 expendable dissipation probes (XDPs) were
deployed but these provided no usable data.

The Sippican expendable current profiler measures
horizontal velocity relative to an unknown but depth-
independent constant by measuring the voltage drop
across the probe’s insulating body induced by the elec-
tric field due to the movement of conducting seawater
in the earth’s magnetic field (Sanford et al. 1982, 1993).
Temperature is measured with an XBT thermistor. The
XCP measures from the surface to ;1600 m depth. In
the canyon measurements, all profiles measured to the
bottom. Depth is calculated from a time-dependent fall
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speed formula. At a fall speed of ;5 m s21, velocity
and temperature are sampled every 0.3 m. Typical rms
uncertainties in 2-m binned velocity estimates are 0.5
cm s21. This cruise was the first scientific deployment
of Sippican’s new surface float design. Roughly a third
of the probes failed to drop in the early part of the cruise
until we consulted Sippican and made modifications to
the probe release mechanism. Subsequently, this failure
mode accounted for very little loss of data.

The Sippican expendable CTD measures temperature
and conductivity from the surface to ;1000 m depth.
Quoted uncertainties are 60.038C, 60.03 msiemens
cm21, and 62% for temperature, conductivity, and
depth, respectively.

b. Isopycnal displacements j

Vertical displacement profiles j(z) were constructed
from XCTD density and XCP temperature profiles rel-
ative to averages over the canyon survey, ^z(su)& and
^z(u)&, where 1000 points between minimum and max-
imum observed values were used for the su and u co-
ordinate grids and ^ · & denotes a survey-wide or station
average. The displacement versus density (temperature)
profiles were then assigned to the mean depth ^z& and
interpolated onto the same 2-m depth grid as the pro-
cessed XCP profiles. Simultaneous isotherm and iso-
pycnal displacement profiles from the XCP and XCTD
agree closely for most profile pairs. Isotherm and iso-
pycnal displacements had rms values of 15–30 m while
differing by less than 4–10 m. Differences could usually
be attributed to water mass variability. Near-surface and
-bottom points were included in this analysis since per-
manent well-mixed boundary layers were at most a few
meters thick—that is, the entire water column was con-
tinuously stratified and able to support internal gravity
waves; thicker layers of weak stratification were not
evident in more than one profile of a time series, rem-
iniscent of layering found above Fieberling Guyot,
which was shown to be due to internal wave straining
rather than turbulent mixing (Kunze and Toole 1997).
Station-average profiles differed little from survey av-
erages. For axis depths shallower than 550 m, CG re-
ported similar continuous stratification during the spring
tide, but weaker and more variable layered stratification
during neap. Turbulent mixing could not account for the
change in stratification, which they argued was largely
due to advection.

In the analysis that follows, XCTD isopycnal dis-
placements j are used above 900-m depth, XCP iso-
therm displacements below 1000-m depth, and a
smoothly varying linear combination of the two in the
900–1000-m depth interval. While historical CTD pro-
files from the area (Rosenfeld et al. 1994c) show a tight
T, S relation, vertical displacements below 1000-m
depth may be overestimated because of water mass var-
iability as well as instrument noise coupled with weak
mean gradients.

c. Energy fluxes ^ p̃&fỹ

For internal gravity waves, the energy flux CgE 5
^ p̃&f, where Cg 5 ]v/]k is the group velocity, E theỹ
wave energy, indicates the wave velocity vector, p̃ 5ỹ
P̃/r0 the wave-induced reduced pressure anomaly, ; the
internal wave component, and ^ · &f denotes an average
over wave phase. Baroclinic horizontal energy-flux pro-
files were constructed by combining vertically de-
meaned (baroclinic) horizontal velocity profiles [ũ(z),

(z)] with vertically demeaned (baroclinic) reducedỹ
pressure anomaly profiles p̃(z). Semidiurnal vertical ve-
locity profiles w̃(z) were estimated from semidiurnal fits
to the vertical displacement profiles, w̃ 5 2ivj. The
pressure anomalies were computed from the survey-
average stratification 2(z) and the vertical displace-N
ment profiles j(z) assuming a hydrostatic balance

]p̃
0 5 2 1 b̃

]z

and integrating with depth,

0

p̃(z) 5 2 b̃(z9) dz9 1 p̃(0)E
z

0 0 01
5 2 b̃(z9) dz9 1 b̃(z9) dz9 dzE E EH

z 2H z

0 0 0
2 21

5 N (z9)j (z9) dz9 2 N (z9)j (z9) dz9 dz,E E EH
z 2H z

(1)

where buoyancy b̃ 5 2 2j. The depth average (secondN
term on rhs) is subtracted to satisfy the baroclinic con-
dition for free internal waves of zero depth-average
pressure anomaly; this condition may not hold in regions
of direct forcing. The hydrostatic balance is valid for
frequencies v K N, so should hold for the dominant
semidiurnal fluctuations but might not be valid for the
higher harmonics found near the bottom. A similar ap-
proach was used by Holloway (1996), Cummins and
Oey (1997), and Garcia Lafuente et al. (1999), but their
calculations do not satisfy the baroclinic condition on
pressure. This does not affect estimates of depth-inte-
grated baroclinic energy fluxes but impacts the vertical
distribution, producing fluxes of the wrong sign in the
upper water column and of the right sign but too strong
in the lower water column for a dominantly mode-one
energy flux.

3. Time series

Frequency spectra for velocity at three depths from
the (390 6 5 m isobath) narrowband ADCP mooring
(deeper white triangle, Fig. 1) are shown in (Fig. 2).
This mooring was located slightly off-axis. Half-over-
lapping 4-day segments of the 36-day records were Fou-
rier transformed and averaged together. In the internal
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FIG. 3. Along-canyon sections of station-average (a) GM-normalized horizontal kinetic energy density KE 5 (ũ2 1 2)/2, (b) availableỹ
potential energy density PE 5 2^ 2&/2, (c) dimensional energy densities in cm2 s22 (black 5 KE, red 5 PE) (third panel), and (d) the logN j̃
of their ratio. Numbers along the bottom axis indicate the number of profiles in each average. Turquoise curves in the third panel are energy
densities in station time means. Gray dots denote the canyon rim and prominent ridges.
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FIG. 4. Across-canyon sections of station-average (a) GM-normalized horizontal kinetic energy density KE, (b) available potential energy
density PE, (c) dimensional energy densities in cm2 s22 (black 5 KE, red 5 PE), and (d) the log of their ratio. Numbers along the bottom
axes indicate the number of profiles in each average. Turquoise curves in (c) are energy densities in station time means.
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FIG. 4. (Continued)
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FIG. 4. (Continued)
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FIG. 4. (Continued)
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wave band ( f , v , N), the spectra resemble the [v(v2

2 f 2)1/2]21 Garrett and Munk (GM) (1979; Cairns and
Williams 1976; Munk 1981) model except for (i) the
absence of a near-inertial ( f ) peak, (ii) a dominant semi-
diurnal (M2 and S2) peak with 150 cm2 s22 in 0.8M2

, v , 1.2M2 corresponding to roughly half the total
variance, (iii) the presence of semidiurnal and diurnal
(nM2 1 mK1) harmonics, and (iv) excess energy near
the buoyancy frequency. The semidiurnal peak is pre-
sent at all depths while its harmonics intensify toward
the bottom. At subinertial frequencies, there is a diurnal
(K1 and O1) peak that weakens away from the bottom,
and a 2–3-day period peak that weakens toward the
bottom. There is no break in spectral slope at the buoy-
ancy frequency N due either to instrument noise or ad-
vective contamination (D’Asaro and Lien 2000). Spec-
tra from the shallower (337-m isobath) broadband
ADCP mooring (not shown) are higher at frequencies
above M4, likely a signature of the tidal bores evident
in the records (Rosenfeld et al. 1999; Key 1999), and
show little evidence of a bottom-intensified diurnal
peak. This mooring was closer to the canyon axis. Nei-
ther moorings’ measurements extended above the can-
yon rim so the presence or absence of an inertial peak
above the canyon’s direct influence could not be con-
firmed.

4. Sections

This section describes along- and across-canyon spa-
tial structure of baroclinic energy, and shear and strain
variance based on the XCP–XCTD surveys. The cal-
culation of baroclinic available potential energy PE 5

2^j 2&/2 requires some care. Barotropic flow over aN
slope will uplift isopycnals, jBT 5 vBT · (=h)z/(vh) (Bai-
nes 1982), contributing to available potential energy.
Kinetic-to-potential energy ratios (KE/PE) are close to
one approaching the bottom if available potential energy
is computed without taking this into account. Low en-
ergy ratios were also noted by Petruncio et al. (1998)
and Lien and Gregg (2001), and can be inferred from
the kinetic and potential energies quoted by Hotchkiss
and Wunsch (1982). Petruncio et al. (1998) suggested
that the low energy ratios they observed in Monterey
Canyon were a result of the sidewalls suppressing the
effect of rotation. Here, we argue that the barotropic
tide contributes significantly to the available potential
energy. To remove the barotropic contribution to the
vertical displacements j, a linear fit with zero at the
surface was subtracted ( 5 j 2 jzz) from each verticalj̃
displacement profile. The average energy ratio for the
residual displacement profiles was 2.06–2.10, consis-j̃
tent with the semidiurnal value KE/PE 5 (N 2 2 v2)(v2

1 f 2)/N 2(v2 2 f 2) 5 2.13 (Fofonoff 1969). Barotropic
bottom displacements were less than 75 m, with most
less than 40 m. While there is considerable uncertainty
because of the complicated topography and unknown
O(1 cm s21) barotropic tidal currents, these bottom dis-

placements are consistent with barotropic cross-slope
flows less than 5 cm s21, with most of them consistent
with flows less than 2 cm s21.

a. Baroclinic energy

For each XCP–XCTD pair, profiles of baroclinic hor-
izontal kinetic energy density KE 5 (ũ2 1 2)/2 andỹ
available potential energy density PE 5 2 2/2 wereN j̃
computed where ũ and are the baroclinic velocitiesỹ
relative to depth means. Stratification 2(z) is based onN
the average over all the canyon profiles. Vertical dis-
placements had linear fits with depth subtracted toj̃
remove the barotropic contribution as just described.

Station-average profiles of baroclinic energy for the
one along- and four across-canyon sections (Fig. 1) are
displayed in Figs. 3 and 4, respectively. Energies are
elevated compared to open-ocean (GM) values, partic-
ularly toward the head of the canyon; XCP kinetic en-
ergies are more elevated compared to GM than the factor
of 2 seen in the mooring spectra (Fig. 2) because the
XCP measurements were collected during spring tide
while the mooring spectra are averaged over two fort-
nightly cycles. Toward the canyon head, KE tends to
be larger near the surface and bottom, PE at middepth,
consistent with dominance by mode one. Available po-
tential energy is more enhanced than horizontal kinetic
energy (upper two panels of Fig. 3, Fig. 4a, and Fig.
4b), especially along the canyon axis. Station time-mean
energies (turquoise curves in Fig. 3c, Fig. 4c) are much
weaker than the total energy for the most part, except
near the surface where surface waves likely dominate,
near the bottom where asymmetric tidal velocities (Ro-
senfeld et al. 1999) affect the time means, and at mid-
depth in stations with four or fewer measurements.

As mentioned above, the canyon-wide average energy
ratio (bottom panel of Fig. 3, Fig. 4d) is 2.06–2.10,
commensurate with the semidiurnal 2.13 and lower than
the canonical open-ocean (GM) value of 3.0. Energy
ratios tend to be lower near the canyon axis, and toward
the shallow end of the canyon. Higher energy ratios are
found on the upper sidewalls in the deep part of the
canyon. Reduced energy ratios are consistent with the
absence of a near-inertial peak in the frequency spectra
(Fig. 2).

b. Finescale shear and strain

While energy is dominated by large vertical scales,
most of the internal-wave vertical shear Vz 5 ( 12uz

)1/2 and strain jz variance is contributed by the fine-2y z

scale. Variances for these quantities are estimated spec-
trally below. There is some question of how to interpret
spectra near the bottom and surface. However, perma-
nent well-mixed surface and bottom boundary layers
were at most a few meters thick so the water column
is well stratified and able to support internal waves near
both boundaries. Bottom-trapped topographic waves
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(Rhines 1970) may also contribute to shear and strain
variance near the bottom—recall diurnal motions were
bottom intensified (Fig. 2).

For the spectral estimates, half-overlapping profile
segments 128 m long were Fourier transformed. Gra-
dient Froude number Vz/ and strain jz spectra, cor-N
rected for data smoothing and interpolation, are dis-
played in Fig. 5. In Fig. 5a, periodograms with similar
Froude number variance were bin averaged together. At
low wavenumber (lz ; 100 m), the resulting bin-av-
eraged Froude spectra (solid curves) span over an order
of magnitude from half to 10 times GM. Froude spectra
steepen with increasing spectral level so that the high-
wavenumber end (lz ; 15 m) spans less than a factor
of three. The corresponding strain spectra (dotted
curves) show less variability and are steeper than the
Froude spectra such that the shear/strain (energy) ratio
is smaller at low than at high wavenumbers.

In Fig. 5b, periodograms with similar strain variance
were bin averaged together. The strain spectra span al-
most two orders of magnitude at low wavenumber. They
are slightly blue for GM levels but steepen toward

for higher spectral levels. The corresponding Froude21kz

spectra are more or less flat and indistinguishable for
all strain variances. Comparison of Figs. 5a and 5b sug-
gests that shear and strain levels do not covary in the
canyon.

Station-average alongcanyon (Fig. 6) and across-can-
yon (Fig. 7) sections of GM-normalized shear and strain
variance as deduced from the spectra are elevated com-
pared to open-ocean (GM) values, particularly near the
bottom. Strain is more elevated than shear (second panel
of Fig. 6, Fig. 7b). Enhancement of strain variance by
an order of magnitude is found below 300–500-m depth
at most stations. Though strains below 900-m depth at
the two deepest axis stations (Fig. 6), and on the axis
and its immediate neighbor to the left in the two across-
canyon sections (bottom two panels of Fig. 7b), are
contaminated by instrument noise, elevated strains else-
where are well above the noise.

The finescale analog to the energy ratio, the shear–
strain ratio Rv 5 /( 2 ), is close to the semidiurnal2 2V N jz z

value of 2.13 in the shallow profiles and in the upper
water column of the deeper profiles (bottom panel of
Fig. 6, Fig. 7c) but less than 1 near the bottom in some
of the deeper stations where temperature noise amplified
by weak mean stratification dominates the strain signal.

5. Parameterizations of turbulent diffusion

Four finescale parameterizations for the turbulent ki-
netic energy dissipation rate e and eddy diffusivity K
as a function of finescale shear and strain variance have
emerged in the past decade (appendix). These take the
form KaE 2 based on hydrostatic internal wave–wave
interaction theories (McComas and Müller 1981; Hen-
yey et al. 1986) for wave fields described by the Garrett
and Munk model (Cairns and Williams 1976; Munk

1981; Gregg and Kunze 1991), where E is the level of
the internal wave–band vertical wavenumber spectra.
The first parameterization (Gregg 1989) uses shear only.
Subsequent iterations used strain only (Wijesekera et al.
1993), then shear and strain together (Polzin et al. 1995;
Sun and Kunze 1999) to account for non-GM ocean
frequency spectra. The parameterizations imply that el-
evated turbulent mixing requires elevated internal wave
spectral levels. They have been used to infer turbulent
mixing rates in the stratified deep ocean interior (Gregg
and Kunze 1991; D’Asaro and Morison 1992; Kunze et
al. 1992; Duda and Jacobs 1995; Kunze and Sanford
1996; Polzin and Firing 1997).

Variances from the 128-m spectra were used as input
for the four parameterizations (appendix). To obtain var-
iances, the shear spectra S[Vz](kz) were integrated from
their lowest resolved wavenumber (lz 5 128 m) to an
upperbound wavenumber corresponding to variance
0.7 2 or to lz 5 32 m, whichever came first, followingN
Kunze et al. (1992), Polzin et al. (1995), and Kunze and
Sanford (1996); strain and normalizing GM variances
were computed over the same wavenumber band. This
includes only four spectral points. Inferred diffusivities
from the four parameterizations are scatterplotted
against each other in Fig. 8. Since the shear–strain ratio
must exceed 1.0 for hydrostatic internal waves, the
shear-and-strain parameterizations are unable to cope
with occurrences of shear–strain ratio less than one (tri-
angles in Fig. 8). Shear–strain ratios of 1.01 were sub-
stituted.

The shear-only (Gregg 1989) and strain-only (Wije-
sekera et al. 1993) diffusivities have similar averages
to within a factor of three (^K& 5 0.2 3 1024 m2 s21)
but show no relation to one another (upper-left panel),
forming a diffuse cloud of points. This is consistent with
the lack of correlation between the shear and strain spec-
tra (Fig. 5). This conclusion is unchanged when suspect
strain data from below 900-m depth, near the bottom
and near the surface are excluded from the statistics.
The shear-and-strain parameterized diffusivities are cor-
related with the shear-only diffusivities (upper right,
lower left) for higher shear–strain ratios (dots) but pre-
dict higher diffusivities when strain is elevated (trian-
gles). The Polzin et al. and upper-limit Sun and Kunze
diffusivities are well correlated with averages ^K& 5 0.6
3 1024 m2 s21 to within a factor of three. Because the
Polzin et al. parameterization has been validated against
microstructure measurements in the open ocean, it will
be used in subsequent comparisons with microstructure.

At the shallow end of the canyon, where fine- and
microstructure measurements overlap (Fig. 9), the tur-
bulent dissipation rate parameterization of Polzin et al.
(1995) underestimates microstructure values by a factor
of 30. (Note that diffusivities in Fig. 9 are higher than
the surveywide average in Fig. 8 because Fig. 8 includes
all the profiles, not just the elevated canyon axis values.)
Average microstructure dissipation rates along the can-
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FIG. 6. Along-canyon sections of GM-normalized (top) shear var-
iance , (middle) strain variance , and (bottom) shear–strain ratio2 2V jz z

/( 2 ). Gray dots denote the canyon rim and prominent ridges.2 2V N jz z

Variances were based on integrating spectra from half-overlapping
128-m long profile segments over vertical wavelengths lz 5 32–128
m, then averaging over station occupations. (top) Shear variance ex-
ceeds the GM value throughout the canyon and by almost an order
of magnitude in the bottom 300 m at the shallow end of the canyon.
(middle) Strain variance is even more elevated; values below 900 m
in the two deepest stations are contaminated by instrument noise.
(bottom) Shear–strain ratios are close to the semidiurnal internal wave
value of 2.13 except near the bottom in the deeper stations.

←

FIG. 5. Vertical wavenumber spectra for gradient Froude number Vz/ (solid) and strain jz (dot) in (left) log–log and (right) variance-N
preserving formats. Black solid and dotted curves are GM model Froude number and strain spectra, respectively. The diagonal black line
corresponds to a 21 slope. (a) Periodograms containing the same shear variance have been bin averaged. The lowest bin contains shear
variance (0.2–0.5) GM and the highest (5–20) GM. The Froude spectra steepen with increasing spectral level. There is little spread in the
strain spectra. (b) Periodograms of the same strain variance have been bin averaged. The resulting strain spectra steepen with increasing
spectral level. In this case, there is little spread of the shear spectra. Together, (a) and (b) suggest that shear and strain variances do not
covary.

yon axis during the spring tide are ^e& 5 (700–8000)
3 1029 W kg21, corresponding to eddy diffusivities ^K&
5 (40–700) 3 1024 m2 s21, with no obvious dependence
on along-axis position; neap dissipation rates were two
orders of magnitude smaller (CG). These values are
three orders of magnitude larger than typical open-ocean
values (Gregg 1989; Ledwell et al. 1993; Toole et al.
1994; Kunze and Sanford 1996). By comparison, Lien
and Gregg (2001), MacKinnon and Gregg (2001, man-
uscript submitted to J. Phys. Oceanogr.), and CG report
^e& ; 20 3 1029 W kg21 and ^K& ; 1024 m2 s21 on
stratified continental shelves. Nash and Moum (2001)
found hydraulically driven turbulent diffusivities of 170
3 1024 m2 s21 over a bank. Previous microstructure
measurements on the south canyon wall near axis depths
of 600 m (Lueck and Osborn 1985) revealed a 170-m

thick stratified turbulent bottom boundary layer with
dissipation rates e 5 (70–500) 3 1029 W kg21 and
average eddy diffusivities of 15 3 1024 m2 s21. The
Lueck and Osborn values are also over an order of mag-
nitude higher than those inferred from finescale param-
eterizations in the vicinity of their site. Thus, the fi-
nescale parameterizations underestimate turbulence by
at least an order of magnitude at the shallow end of
Monterey Canyon. Microstructure measurements to
600-m depth along the canyon axis at the canyon mouth
(not shown) are more comparable to open-ocean values
and finescale parameterized estimates. Underestimation
by the finescale parameterizations may arise because
either (i) the methodology used here for the parame-
terizations is flawed, or (ii) mechanisms in the canyon
transfer energy toward small scales and turbulence pro-
duction more rapidly than in the open ocean. These two
possibilities are discussed in turn below.

First, the approach used here may underestimate the
shear and strain variance. To reiterate, half-overlapping
128-m profile segments were Fourier-transformed and
the resulting shear spectra integrated to an upper-bound
wavenumber kz 5 0.2 rad m21 corresponding to a ver-
tical wavelength lz 5 32 m, or where the shear variance
approached 0.7 2, whichever came first (usually thisN
was 0.2 rad m21). One concern is that these segments
may be too short to capture the finescale shear spectral
level (Gargett 1990). If the parameterizations KaE 2 are
valid, microstructure diffusivities 1000 times open-
ocean values of 0.1 3 1024 m2 s21 should imply internal
wave spectral levels E that are 30 times open-ocean
(GM) values. Atmospheric (Smith et al. 1987) and oce-
anic (Duda and Cox 1989; Gregg et al. 1993) vertical
wavenumber spectra (see Fig. 5) suggest that the cutoff
vertical wavenumber kc associated with finescale steep-
ening of the shear spectral slope from flat at low wave-
numbers to (Gargett et al. 1981) behaves roughly21kz

as Ekc 5 constant. For a GM level spectra, the corre-
sponding vertical wavelength is lc 5 10 m so spectral
levels 30 times GM imply lc 5 300 m! Consistent with
this, the spectral slopes steepen with increasing variance
in Fig. 5. This suggests that the 128-m profile segments
used for Figs. 6–8 may be too short to resolve shear
variance from wavelengths larger than the cutoff. How-
ever, using 512-m segments did not alter the results.
While 512-m also may be too short to resolve the shear
variance, longer segments will not fit into the water
depth in most of the canyon profiles. Therefore, the
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FIG. 7. Across-canyon sections of GM-normalized (a) shear vari-
ance , (b) strain variance , and (c) shear–strain ratio /( 2 ).2 2 2 2V j V N jz z z z

Variances were based on integrating spectra from half-overlapping
128-m long profile segments over vertical wavelengths lz 5 32–128
m, then averaging over the station occupations. (a) Shear variance
exceeds GM throughout the canyon and by almost an order of mag-
nitude in the bottom 300 m at the shallow end of the canyon. (b)
Strain variance is even more elevated. (c) Shear–strain ratios are close
to the semidiurnal internal wave value of 2.13 in the upper water
column but are below one near the bottom in some of the deeper
stations because of instrument noise contamination of the strain es-
timates.
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FIG. 8. Scatterplots of turbulent eddy diffusivity inferred from four parameterizations (appendix) using finescale spectral shear and strain
variances from overlapping 128-m profile segments. Dots correspond to shear/strain ratios greater than one, triangles to shear/strain ratios
less than one. The cross in each panel shows the mean eddy diffusivities with standard deviations. Solid and dashed lines are least squares
linear fits and standard deviations, respectively. (upper-left) Shear-only (Gregg 1989) and strain-only (Wijesekera et al. 1993) parameterizations
reveal no correlation between shear and strain variances. Compared to Gregg’s shear-only parameterization, the two shear-and-strain param-
eterizations (Polzin et al. 1995; Sun and Kunze 1999) are elevated due to excess strain in the canyon. The shear-and-strain parameterizations
are consistent with each other (upper right, lower left).

regime may fill the water column in much of the21kz

canyon (see Fig. 5) so that there is no wavenumber band
corresponding to weakly nonlinear internal waves
(D’Asaro and Lien 2000).

Gregg (1989) originally used 10-m first-difference
shears in his parameterization. This scale is likely too small
for the reasons given above (Gargett 1990). However, first-
difference shear and strain estimates over 20-, 50-, 100-,
and 200-m intervals normalized by GM variances derived
in the same way were in close agreement with each other
and with the 128-m spectral estimates. We conclude that
turbulence in a canyon is produced in a fundamentally
different manner than in the open ocean.

Interactions within the canyon internal wave field

may transfer energy from large to small vertical scales
more rapidly than in the open ocean, enhancing tur-
bulence production. The open-ocean parameterizations
are based on a hydrostatic GM model spectrum, while
the canyon internal wave field is decidedly non-GM,
having no near-inertial waves, dominance by semidi-
urnal fluctuations (and their harmonics, Fig. 2), and tidal
bores near the bottom (Rosenfeld et al. 1999; Key 1999).

Interactions with canyon topography may transfer en-
ergy to small scales more efficiently than wave–wave
interactions. These interactions may include (i) internal
wave critical reflection (Eriksen 1982), (ii) scattering of
the barotropic tide and internal waves off small-scale
topography (Baines 1973, 1982; Bell 1975; Craig 1987;
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FIG. 9. (top) Depth-averaged turbulent dissipation rates e and (bot-
tom) eddy diffusivities K along the canyon axis. Large dots are in-
ferences from the Polzin et al. finescale parameterization (Fig. 8),
triangles at the shallow end (r . 30 km) are direct microstructure
estimates. Over the range where the measurements overlap, micro-
structure diffusivities are (30–700) 3 1024 m2 s21, a factor of 30
larger than values inferred from the finescale parameterizations.

Thorpe 2001; St. Laurent and Garrett 2002, hereafter
SG), (iii) internal lee wave generation by smallscale
topography (Bell 1975; Thorpe 1996), and (iv) eddy
shedding (MacCready and Pawlak 2001). Bottom slopes
near critical at the semidiurnal frequency are found
throughout the bay’s continental shelf, on the rim, be-
tween the 800- and 2000-m isobath of the submarine
fan north of the canyon mouth, and along the canyon
axis (see Fig. 10). Canyon walls are much steeper. The
Baines (1982) forcing function ¹2(1/h) is strongest
along the canyon rim and at the shelf break. It is also
large inshore throughout Monterey Bay because of the
shallowness of the water.

6. Energy fluxes

While there is some uncertainty about the definition
of along canyon because of the many twists and turns
in the canyon axis, station-average vertically integrated
horizontal energy fluxes #^ p̃&f dz appear to be steeredỹ
by the sinuous canyon topography (Fig. 10). Uncer-
tainties in these flux estimates are difficult to evaluate
as only a single tidal cycle was sampled and fluxes
naturally fluctuate between zero and their maximum as
cos2(vt). Comparison with fluxes from neighboring
deep cross-canyon stations suggest uncertainties of at
most 20%. In Fig. 10, the pressure anomaly was cal-
culated from the full displacement profile without re-
moving the barotropic contribution (section 4) so the
full energy flux is represented, not just the internal wave
contribution. Removing the barotropic displacement
profile reduces fluxes at the deepest cross-canyon sec-
tion across the mouth and at the shallowest station (not

shown), possibly indicating internal tide sources at these
sites, but elsewhere changes the fluxes little.

Fluxes are upcanyon and about 5 kW m21 at the
mouth, diminishing to O(1 kW m21) toward the shallow
end and even reversing at the shallowest station (Fig.
10). Correlations | p̃ | /( ) typically exceedỹ Ïỹ · ỹ Ïp̃p̃
two thirds in profiles with vertically integrated fluxes
greater than 1 kW m21, indicating that the bulk of the
variance is participating in the upcanyon flux. The fluxes
are large compared to O(0.1 kW m21) estimates of
across-slope internal tidal fluxes elsewhere (Torgrimson
and Hickey 1979; Holloway 1984, 1996; Sherwin 1988;
Garcia Lafuente et al. 1999).

The decrease in upcanyon energy flux toward the
shallow end of the canyon is not monotonic. There is
little change between the two deepest axis stations, de-
spite a sharp bend in the axis between them, while there
is a dramatic drop at the next axis station, then an in-
crease, followed by another increase, then comparable
fluxes until the shallowest axis station where the ver-
tically integrated flux is downcanyon. Flux magnitudes
are generally weaker off axis. The shallow fluxes of 1
kW m21 are consistent with Petruncio et al.’s (1998)
inferences based on plugging vertical and horizontal
wavelength estimates into the group velocity relation
CgE.

Flux orientation is roughly independent of depth (Fig.
11) at most axis stations with exceptions near the bot-
tom. At the deep end of the canyon, energy fluxes are
directed upcanyon at all depths while, in the shallower
reaches of the canyon, energy fluxes are upcanyon in
the upper water column and downcanyon near the bot-
tom. In the vertical plane, flux vectors are either parallel
to semidiurnal ray paths (solid and dotted curves in the
top panel of Fig. 11b), or flatter as might be expected
for a superposition of up- and downgoing waves. Near-
bottom fluxes in the deep profiles are parallel to the
bottom slope (Fig. 11b). Flux magnitudes exhibit min-
ima at middepth, consistent with dominance by low
modes. While Sherwin and Taylor (1990), Holloway
(1996), and Garcia Lafuente et al. (1999) found energy
fluxing onshore at depth and offshore near the surface,
their results may have been biased by failing to ensure
that the depth-average pressure anomaly vanishes in
their calculations (section 2c).

No obvious source for the influx at the mouth can be
identified in Fig. 10. Assuming that the fluxes could not
negotiate sharp bends in the canyon, Petruncio et al.
(1998) speculated that either the sharp ridge at 368459N,
122839W or the submarine fan (their smooth ridge) at
358489N, 1228109W could be the source of upcanyon
energy fluxes they found at the shallow end. Fluxes do
not appear to be radiating toward the canyon from either
feature (Fig. 10)—though it is possible that internal tides
are being generated at the base of the submarine fan
facing the canyon mouth at unsampled depths below
1600 m. Fluxes appear to have no difficulty negotiating
the deepest bend in the canyon axis (Fig. 10) so that it
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FIG. 10. Depth-integrated station-average horizontal energy fluxes # ^ p̃&fdz (red arrows). Solid arrows are based on four or more profileỹ
pairs, so represent a reasonable average over a semidiurnal cycle while open arrows are based on less than four profile pairs and are less
reliable. In the canyon, fluxes appear to be steered upcanyon by topography (with the exception of downcanyon fluxes at the shallowest
station), diminishing from about 5 kW m21 at the mouth to 61 kW m21 toward the head. Fluxes tend to be weaker off axis. On the submarine
fan to the north of the canyon mouth, fluxes are largely alongslope to the NNW or SSE, and appear to be directed away from sites of near-
critical bottom slope for semidiurnal frequencies (yellow patches). Submarine fan fluxes are based on single XCP–XCTD pairs so may not
be representative. Bottom slopes were calculated over the 250 m 3 250 m grid spacing. Near-critical slopes are found over the shelf, on
the flanks of the submarine fan, and along the canyon axis.

may be possible for internal tides generated deeper
along the canyon axis to propagate all the way to the
canyon head; canyon walls are sufficiently steep that
internal tides should reflect from them as from a vertical
wall. On the other hand, fluxes weaken dramatically at
the second deepest bend (Fig. 10), signifying an energy
sink. Upcanyon fluxes pick up again farther up canyon,
suggesting local generation by scattering of the surface
tide from canyon topography (Prinsenberg and Rattray
1975; Baines 1982; Craig 1987). Local sources are also
indicated by the downcanyon flux at the shallowest sta-
tion. Thus, both sources and sinks for internal tide en-
ergy seem to be present along the canyon axis.

Over the submarine fan to the north of the canyon
mouth, stronger and more variable fluxes are found than
in the canyon (open arrows in Fig. 10). However, these
estimates are based on single XCP–XCTD pairs so have
not been averaged over a tidal cycle. Thus, these esti-
mates may range from zero to their maximum value as
cos2(vt) in the direction of propagation, and fluctuate
around zero in the orthogonal direction as cos(vt)
sin(vt). Moreover, the California Undercurrent is a po-
tential source of contamination in many of the profiles.
Nevertheless, some general trends are evident. Slope
fluxes tend to run northwest or southeast, parallel to (i)
the continental slope and (ii) the surface tide’s propa-
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FIG. 11. Along-axis profiles of station-average energy flux ^ p̃&f based on semidiurnal fits to velocity, pressure, and vertical displacementỹ
(from which vertical velocity is deduced). (a) Compass roses are color-coded for fractional depth (black, blue, green, and red for successive
quarters of the water column) with 0.05 kW m22 diameter circles and gray wedges indicating the range of canyon axis orientation. (b) Profiles
of along-axis energy flux are plotted only if they lie within 6458 of the upaxis (plotted positive) or downaxis (plotted negative) directions
and are also color-coded by depth. Solid and dotted black curves denote semidiurnal ray paths. (c) Energy-flux orientations u relative to the
canyon axis direction are only plotted if the flux magnitude exceeds 0.001 kW m22. Dotted vertical lines separate quadrants. Black vertical
bars indicate the quadrant corresponding to upcanyon orientation (red flux orientation), gray vertical bars the quadrant corresponding to
downcanyon orientation (green flux orientation). Flux orientations neither up- nor downcanyon are blue. Most flux orientations are parallel
to the canyon axis and are upcanyon except for downcanyon orientations in the bottom 300 m at the shallow end of the canyon. Numbers
along the bottom axis indicate the number of profiles going into each average. At the second deepest and two shallowest stations, orientations
are similar for the two occupations on successive days.

gation up the coast. Fluxes are largest in the upper and
bottom 300 m, and appear to be directed away from
regions where the bottom slope is near critical for the
semidiurnal frequency (yellow patches); for example,
the ;15 kW m21 northward energy flux on the north-
west flank of the fan (westernmost hollow arrow) can
be traced to near-critical slopes due south on the west
flank. The fluxes show no relation to the Baines forcing
function (not shown). Fluxes may also arise from scat-
tering of the surface tide from smallscale topographic
features (Bell 1975). In contrast, Thorpe (1996) finds
that internal lee waves generated by a mean flow over
an undulating continental slope tend to propagate up-
slope.

7. The energy balance

The energy flux ^ṽp̃&f and turbulent dissipation rate
e estimates can be used to test the hypothesis that in-
ternal tides entering the canyon mouth lose their energy
to turbulence as they propagate toward the head of the
canyon in an internal surf. In support of this idea, depth-
integrated energy fluxes are steered upcanyon and di-
minish toward the head of the canyon (Fig. 10). Pe-
truncio et al. (1998) used the energy-flux difference be-
tween their two stations to infer turbulence production
rates of 1026 W kg21, consistent with the microstructure
estimates (Fig. 9). Mathematically, the hypothesis can
be expressed from conservation of energy assuming
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FIG. 12. (top) A test of the hypothesis that turbulence production
ep along the canyon axis arises from alongcanyon convergence of
upcanyon energy fluxes (2). Values integrated over the full water
column are compared. Open diamonds correspond to vertically in-
tegrated energy-flux convergences # (]^ p̃&f/]r) dz (i.e., an internalỹ
wave sink), solid diamonds to divergences (an internal wave
source)—the solid diamond at 38 km was estimated assuming zero
flux at the canyon head. Triangles denote vertically integrated mi-
crostructure turbulence production rates # ep dz, and dots Polzin et
al. parameterized turbulence production rates (appendix) assuming
mixing efficiency g 5 0.2. Vertical bars about the symbols correspond
to one standard deviation about station means. Flux convergences are
similar to those inferred by Petruncio et al. (1998) and microstructure
turbulence production rates ep. They are 30 times larger than param-
eterized estimates. (bottom) Vertically integrated energy fluxes along
the canyon axis.

steady state, weak advection, and neglecting local sourc-
es and leakage across the canyon sides

D^ỹ p̃&f
=F . 5 « 5 « 2 ^w9b9& 5 «(1 1 g), (2)E pDr

where FE 5 ^ p̃&f is the station-average upcanyon en-ỹ
ergy flux, p̃ the internal-wave reduced pressure pertur-
bation, Dr the along-axis station separation, ep the tur-
bulence production rate, e the turbulent kinetic energy
dissipation rate, ^w9b9& the turbulent diapycnal buoyancy
flux, and g 5 0.2 the assumed mixing efficiency (Os-
born 1980; Oakey 1982).

Depth-integrated, station-average versions of (2) are
tested in the upper panel of Fig. 12. In the absence of
fluxes across the canyon sides, which are not evident
in Fig. 10, upcanyon energy fluxes decreasing up canyon
(flux convergences, open diamonds) are an unambigu-
ous signature of a turbulent sink (though, in the presence
of sources, convergences provide at best a lower bound
for the sink). Flux convergences are comparable to the
microstructure estimates of turbulence production rates
ep and a factor of roughly 30 larger than parameterized
XCP–XCTD values. This reaffirms our previous asser-
tion that the Gregg–Henyey–Polzin finescale scaling for
turbulence does not apply in the canyon. Upcanyon en-
ergy fluxes increasing up canyon (flux divergences, sol-
id diamonds) denote a net internal wave source (that
could mask a weaker sink) comparable to the energy
sinks in magnitude.

The canyon internal-wave energy budget in the can-
yon is not simply a matter of an upcanyon flux at the
mouth decaying toward the head. Both sources and sinks
must be present to explain the observed flux divergences
and convergences. Possible energy sources include (i)
internal tide generation by barotropic flow over canyon
topography, (ii) focusing, and (iii) atmospheric forcing.
There is no evidence for focusing of energy fluxes by
the walls in the deep part of the canyon (Fig. 10). Winds
were typically less than 10 m s21 throughout the cruise
(CG01) so seem an unlikely source. If internal tide gen-
eration is important, turbulence production rates may
be controlled by this rate rather than an internal wave
rate of transfer of energy toward small scales.

8. Summary

• Internal gravity waves in Monterey Canyon are an
order of magnitude more energetic than typical open-
ocean fields (Figs. 3 and 4). Available potential energy
is especially elevated. Care must be taken to exclude
the barotropic contribution to isopycnal displacements
when calculating the baroclinic available potential en-
ergy. When this is done, the energy ratio KE–PE is
close to the semidiurnal value of 2.13. The inferred
barotropic displacements, found by least squares lin-
ear fitting the profiles with zero at the surface, are
larger than expected for the reported 1 cm s21 baro-
tropic flows in the canyon.

• Near-inertial motions are absent; semidiurnal internal
tides and their harmonics dominate (Fig. 2).

• Shear and strain levels do not covary (Figs. 5 and 8).
• Shear and strain are elevated by as much as an order

of magnitude along the canyon axis in a stratified
bottom boundary layer a few hundred meters thick
(Figs. 6 and 7). Shear–strain ratios are consistent with
a semidiurnal internal tide or a frequency spectrum of
GM shape except near the bottom where strain esti-
mates are contaminated by instrument noise because
of the weak mean gradients below 900-m depth.

• Microstructure-inferred diffusivities are 100 3 1024

m2 s21 (Fig. 9), 30 times larger than those inferred
from finescale parameterizations (Polzin et al. 1995;
Sun and Kunze 1999). The parameterized results are
robust to several approaches for estimating finescale
shear and strain variances.

• The internal wave field is highly anisotropic. Phase-
averaged horizontal energy fluxes ^ p̃&f are steeredỹ
by canyon topography throughout the water column
and are predominantly upcanyon (Figs. 10 and 11);
fluxes are 5 kW m21 at the mouth of the canyon (near
the shelf break), weakening to about 61 kW m21

toward the shallow end. There is little indication of
fluxes across the canyon sidewalls so that the internal
tide energy balance in the canyon is approximately
1D. Fluxes increase upcanyon between some axis sta-
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tions and, at one shallow station, are downcanyon,
signifying local sources.

• Along-canyon energy-flux convergences (]FE/]r , 0)
are consistent with the microstructure turbulent dis-
sipation rates e (Fig. 12), suggesting a balance be-
tween flux convergence and a turbulent sink. However,
comparable internal wave energy sources are indicated
by along-canyon energy-flux divergences (]FE/]r .
0). Likely candidates are local internal tide generation
along the canyon axis and by rough topography. The
sharp ridge and submarine fan proposed by Petruncio
et al. (1998) do not appear to be sources.

9. Discussion

The crude energy budget attempted here (Fig. 12)
raises a number of questions. We could not identify the
source for the energy entering the mouth. Neither the
sharp ridge nor the submarine fan proposed by Petruncio
et al. (1998) appear to be viable candidates. Flux di-
vergences imply both (i) generation farther down the
continental slope that is focused up canyon, or (ii) local
generation along the canyon. The decrease of upcanyon
energy flux toward the canyon head is not monotonic,
there even being downcanyon fluxes at the shallowest
occupied station, indicating local energy sources within
the canyon. These sources are unknown but doubtless
involve interaction of surface tidal currents with rough
topography. Both near-critical bottom slopes and large
Baines (1982) forcing function ¹2(1/h) are found at the
canyon rim. However, there was no evidence for energy
radiating from the rims; isopycnal displacements and
turbulence are not elevated there, and the strong back-
scatter signal is thought to be due to euphausiids
(Schoenherr 1991; CM). Near-critical bottom slopes are
also found along the deeper canyon axis. Bottom scat-
tering of the barotropic tide off the canyon’s complicated
topography is also likely but extant theories are based
on either subcritical slopes (Bell 1975; Müller and Xu
1992; SG01) or two-dimensional topography (Prinsen-
berg and Rattray 1975; Baines 1982; Craig 1987; Müller
and Liu 2000) and so cannot be applied here.

It is unclear from our coarse spatial sampling whether
upcanyon-propagating internal tides can negotiate sharp
bends in the canyon axis. Fluxes appear to negotiate the
deepest bend with little loss (Figs. 10 and 12) but are
dramatically reduced at the next bend. Shallower sta-
tions are too close to bends to interpret. Webb and Pond
(1986) showed that internal tides had no difficulty ne-
gotiating a right-angle bend in Knight Inlet with little
back reflection. However, their channel was sufficiently
narrow that they considered internal Kelvin waves (en-
ergy ratio 1) while, based on energy ratios of ;2, we
are dealing with free internal waves in Monterey Can-
yon. They suggested strong dissipation at the bends
while CG found no enhancement of dissipation at the

sharp bends at the shallow end. It is possible that up-
canyon energy flux is lost at the deepest bend then lo-
cally regenerated before the next cross-canyon section.
An observational program designed to address how in-
ternal waves negotiate bends would be useful.

Turbulence in canyons is orders of magnitude stron-
ger than that on the shelf away from banks (CG; Nash
and Moum 2001), providing a potential pathway for
nutrient fluxes into the euphotic zone. Given turbulent
eddy diffusivities K 5 100 3 1024 m2 s21, water can
communicate diffusively over 100 m in the vertical in
only 10 days (as compared to a year or more in the
open ocean). This timescale is comparable to the fre-
quency of upwelling events.

The turbulent sink of internal wave energy was 30
times larger than predicted by open-ocean internal
wave–wave interaction theory, indicating that the rate
of energy transfer toward small scales is much larger
in the canyon than in the open ocean. The canyon in-
ternal wave field differs from that of the open ocean.
Rapid transfers to high wavenumber may also arise from
reflection and scattering off the rough bathymetry; the
barotropic tide can transfer energy directly to small
scales by interacting with small-scale topography (Bell
1975). For 0.01 m s21 barotropic flows (Petruncio et al.
1998), the response will be linear and semidiurnal for
ktU , v corresponding to topographic wavelengths lt

k 500 m, but become increasingly nonlinear at smaller
topographic wavelengths.

A better understanding of the generation, propaga-
tion, and dissipation of internal waves is clearly im-
portant for quantifying turbulent mixing and nutrient
fluxes in canyons. Interactions with the complicated to-
pography of naturally occurring canyons need to be bet-
ter understood. Given the apparent strong topographic
steering of tidal currents (Rosenfeld et al. 1999; Key
1999), past estimates of up- and downcanyon mean
flows based on Eulerian time means are suspect; from
63 measurements, Shephard et al. (1979) found 43
downcanyon and 26 upcanyon mean flows. Tracer-re-
lease experiments (e.g., Houghton and Ho 2001) are
probably necessary to understand where water really
goes in canyons.
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APPENDIX

Finescale Parameterizations for Turbulence

Recent open-ocean studies have established a rela-
tionship connecting finescale vertical shear ^ & 5 ^ &2 2Ṽ ũz z

1 ^ & and strain ^ & variances with turbulent dissi-2 2ỹ j̃z z

pation rates e and eddy diffusivities K based on weak-
triad (McComas and Müller 1981) and ray-tracing (Hen-
yey et al. 1986) internal wave–wave interaction theory.
These parameterizations imply that elevated turbulent
mixing requires internal wave shear or strain variances
above GM levels. In what follows, it is assumed that
the eddy diffusivity K 5 ge/N 2 (Osborn 1980) with
mixing efficiency g 5 0.2 as is customary for high-
Reynolds-number shear-driven turbulence (Oakey
1982).

a. Gregg (1989), shear only

Gregg (1989) was the first to verify the theoretical
predictions of the form e ; E 2N 2 using fine- and mi-
crostructure data. For the spectral level E, he used 10-
m first-difference shear variances and found that

4VzK 5 K , (A1)1 4VGM z

with empirical coefficient K1 5 0.052 3 1024 m2 s21

lying between McComas and Müller’s and Henyey et
al.’s predicted values. Gregg found that this scaling col-
lapsed the data to within a factor of 2 for internal wave
fields with GM frequency spectra. Gargett (1990) raised
a number of issues about the appropriateness of using
10-m shear to estimate spectral level that have lead to
using finescale spectral levels to quantify E.

b. Wijesekera et al. (1993), strain only

Wijesekera et al. found that Gregg’s scaling under-
estimated the microstructure turbulent dissipation rate
above the Yermak Plateau where tides and high-fre-
quency wavepackets dominated the internal wave field.
They suggested an ad hoc scaling in terms of strain
variance,

4jzK 5 K , (A2)2 4jGM z

where K2 5 0.052 3 1024 m2 s21. Parameterization
(A2) has not proven successful elsewhere, possibly be-
cause of a greater role for permanent finestructure (vor-
tical mode) in strain than shear (Polzin et al. 2001, sub-
mitted to J. Phys. Oceanogr.).

c. Polzin et al. (1995), shear and strain

Polzin et al. (1995) followed up a theoretical exten-
sion by Henyey (1991) that the rate of spectral transfer
to high wavenumber depends on the ‘‘average’’ aspect
ratio ^kh/kz& of the wave field. The wave aspect ratio

2 2 2 2 1/2k /k 5 [(v 2 f )/(N 2 v )]h z

is related to wave frequency v, which in turn is related
to the shear–strain ratio

2 2 2 2 2V (N 2 v )(v 1 f )zR 5 5v 2 2 2 2 2N j N (v 2 f )z

(Fofonoff 1969). The shear–strain ratio is thus a measure
of the aspect ratio for single profile measurements. They
derived a relationship depending on finescale shear and
strain variance

4VzK 5 K f (R ), (A3)3 v4VGM z

where K3 5 0.07 3 1024 m2 s21, GMRv 5 3.0, and

3 2 2 2R 1 1 R [1 2 R 1 Ï(R 2 1) 1 8R f /N ]v GM v v v vf (R ) 5 .v
3 2 2 2!R 1 1 R [1 2 R 1 Ï( R 2 1) 1 8 R f /N ]GM v v GM v GM v GM v

This scaling collapsed oceanic variability to within a
factor of two for wave fields with weakly non-GM fre-
quency spectra.

d. Sun and Kunze (1999), shear and strain

Sun and Kunze reevaluated Henyey et al.’s (1986)
ray-tracing simulations including test–wave interactions
with background vertical divergence as well as vertical
shear. They also obtained a parameterization in terms
of finescale shear and strain variance,

4VzK 5 K g(R ), (A4)4 v4VGM z

where K4 5 (0.0012 2 0.003) 3 1024 m2 s21,
2R 1 1 N r arccos( f /N )v 1g(R ) 5 arccosh 1v 1 2 1 2[ ]R f ÏRv v

and r1 5 10–25, depending on the degree of vertical
and horizontal scale separation between the test waves
(kh, kz) and the background wave field (KH, Kz). The
upper limit, found for vertical scale separation kz . Kz,
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reproduces the Polzin et al. (1995) results, which were
observationally verified. The lower limit (for kz . 2Kz

and kh . KH) produces turbulence production rates a
factor of four smaller. Upper limits are used in the scat-
terplot (Fig. 8).
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