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ABSTRACT

A microstructure survey near the head of Monterey Submarine Canyon, the first in a canyon, confirmed earlier
inferences that coastal submarine canyons are sites of intense mixing. The data collected during two weeks in
August 1997 showed turbulent kinetic energy dissipation and diapycnal diffusivity up to 103 times higher than
in the open ocean. Dissipation and diapycnal diffusivity within 10 km of the canyon head were among the
highest observed anywhere ( 5 1.1 3 1026 W kg21; 5 1.0 3 1022 m2 s21). Mixing occurred mainly in« Kr

an on-axis stratified turbulent layer, with thickness and intensity increasing from neap to spring tide. Strain
spectra showed a gentler than rolloff, suggesting that critical reflection and scattering may push energy into21kz

high wavenumbers. Dissipation dependence on shear appears to be much weaker in the canyon than in the open
ocean, with indications that the dependence maybe as low as « } . Coastal canyons may account for a smallÏS
but significant fraction of the internal tide energy budget. A crude estimate of global dissipation in canyons is
58 GW, ø15% of the estimated global M2 internal tide dissipation.

1. Introduction

Coastal submarine canyons are widely expected to be
sites of enhanced mixing. Theory along with limited
observations suggest that internal wave energy is
trapped and energy density increased by canyon topog-
raphy. When internal waves reflect from solid bound-
aries, they preserve their angle relative to gravity (as
opposed to relative to the reflecting surface). This can
result in increased energy density because the distance
between ray paths may decrease upon reflection. Three
classes of reflection are possible depending on the ratio
of bottom slope (b) to the slope of internal wave energy
propagation (g), defined as

2 2k l v 2 fh zg 5 5 5 , (1)
2 2!k l N 2 vz h

where k, l, and v are the wavenumber, wavelength, and
frequency of the internal wave (the z and h subscripts
refer to vertical and horizontal directions, respectively);
N is the buoyancy frequency; and f is the Coriolis fre-
quency. For subcritical reflection, b/g , 1, the internal
waves are reflected into shallower water. For supercrit-
ical reflection, b/g . 1, internal waves are reflected
toward deeper water. At the critical angle, b/g ø 1, the
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linear theory has a singularity with nonlinear effects
and turbulence dominating.

Focusing of internal waves, and hence increased en-
ergy density, toward the floor and head of a submarine
canyon is expected from linear theory. The slope of the
canyon floor is often less than critical for the M2 internal
tide, resulting in subcritical reflection and energy prop-
agation towards the head. Typically, canyon sidewalls
are steep, therefore internal wave energy entering the
canyon from above is reflected down by supercritical
reflection (Hotchkiss and Wunsch 1982; Gordon and
Marshall 1976). Breaking internal waves dissipate their
energy through turbulence. Wave–wave and topography
interactions, which cause internal waves to break, may
be enhanced in a canyon.

Wunsch and Webb (1979) calculated normalized total
energy density for near-bed current-meter deployments
in and around Hydrographer Canyon. Their energy den-
sity values, corresponding to a 5-h period, showed an
almost fivefold increase from the mouth of the canyon
(depth 2106 m) into the canyon (depth 713 m). Two
progressively shallower stations (512 and 348 m)
showed the energy density decreasing to less than twice
the level at the canyon mouth. They report that the shape
of the frequency spectra remained nearly constant with
changing energy density levels throughout the canyon.
No comparison was made with the background open
ocean Garrett–Munk (GM) spectrum.

Hotchkiss and Wunsch (1982) examined energy den-
sity in the internal wave frequency band from a moored
temperature and current-meter array in Hudson Canyon.
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They analyzed 14 temperature–pressure and six current-
meter time series from five moorings. One mooring pair
was 8 km from the canyon head (depth 350 m), a second
pair was at 27–28 km (;780 m depth) and a single
mooring was at 15 km (depth 500 m). Horizontal kinetic
energy normalized by stratification was generally higher
near the bed and at inshore moorings. Their normalized
potential energy density calculations indicate an in-
crease of 100 times toward the canyon head and up to
10 times from the top of a mooring to the bottom. In
both kinetic and potential energy calculations there is
some variation from this general trend.

When linear internal wave theory breaks down (b/g
ø 1), one of the possible nonlinear effects are turbulent
bores. Laboratory (Ivey and Nokes 1989) and numerical
(Slinn and Riley 1996) studies have found that the nature
of the bore evolves with number of wave cycles and
depends of the steepness of the critical slope. Turbulent
bores have been observed in submarine canyons using
moored arrays (e.g., Gardner 1989; Key 1999).

2. Experiment

a. Previous studies in Monterey Bay

Monterey Canyon has bottom slopes ranging from
1.78 to 2.68 between depths from 1000 to 100 m (Ro-
senfeld et al. 1999). The average canyon axis slope with-
in 10 km of the head is 2.18. Measured sidewall slopes
during a cross-canyon survey were 10.88 on the northern
side and 15.78 on the southern. Petruncio et al. (1998)
found that the M2 internal tide, with a characteristic
slope of ;2.38, was dominant in Monterey Bay. There-
fore, from linear theory, we expected energy density
and dissipation to increase toward the head and the bed
with some nonlinear effects such as tidal bores.

Lueck and Osborn (1985) found a high dissipation
layer on the southern flank of Monterey Canyon in
depths from 240 to 450 m, where the axial depth was
600 m. Over two days (3 December 1982 and 21 April
1983), they took nine profiles using expendable dissi-
pation profilers. On the first day they found what they
termed a turbulent bottom boundary layer, up to 170 m
thick, and during the second day this layer’s thickness
was #50 m.1 Within this turbulent bottom boundary
layer, « was #3 3 1026 W kg21, with Kr # 15 3 1024

m2 s21. Above the turbulent layer, the average dissi-
pation rate was ,1028 W kg21.

Petruncio et al. (1998) report that in Monterey Can-
yon the internal tide was best described as a progressive
wave on one occasion and as an alongslope standing
wave during a second experiment. They suggested that
this was due to differences in the density field. In par-
ticular, increased stratification resulted in flatter char-

1 They give the height of the layer for drop 057 as 108 m (Table
2), but from the profiles, we suggest ;50 m and then there is a weaker
midwater-column dissipation patch starting 25 m higher.

acteristics and more reflections to give rise to the alongs-
lope standing wave. Assuming that velocity and density
vary sinusoidally over a tidal cycle, Petruncio et al.
(1998) estimated internal tide energy fluxes at a pair of
CTD/ADCP stations. They considered a boxlike canyon
and that the changes in energy flux were due solely to
dissipation, giving « 5 1.3 3 1027 W kg21. Taking into
account that the canyon cross-sectional area decreased
toward the head, by approximately 8 times, « 5 2.2 3
1026 W kg21. Dissipating all the energy flux from the
shallower station along the remaining 3 km of the can-
yon axis would have required « 5 1.6 3 1026 W kg21.

b. Measurements

Microstructure and internal wave surveys were con-
ducted in the Monterey Submarine Canyon from 8 to 22
August (yeardays2 219–233) 1997. Using expendable
current profilers (XCP) and CTD data, Kunze et al.
(2002) found that internal waves in Monterey Canyon
(offshore of the 500-m isobath) were almost an order of
magnitude more energetic than the open ocean. The M2

and its harmonic tides dominated with near-inertial mo-
tions absent. Horizontal energy fluxes were predomi-
nately up canyon and weaken from 5 kW m21 at the
mouth to ,1 kW m21 near the head, although both con-
vergences and divergences existed. Kunze et al. (2002)
found no evidence of focusing by sidewalls. Importantly,
they suggest that interactions with canyon topography
may transfer energy to small scales more efficiently than
wave–wave interactions, resulting in fundamentally dif-
ferent turbulence production to the open ocean.

Evidence of tidal bores in Monterey Canyon during
the period of the experiment was obtained using upward
looking ADCPs and thermistors tethered 6 m above the
bed (Key 1999). Cold water intrusions were observed on
most tidal cycles. Large tilt values measured by the
ADCP accelerometers were highly correlated with the
most rapid temperature drops. The combination of high
acceleration and a sudden drop in temperature were taken
to indicate the front of a tidal bore passing. Tidal bores
occurred less frequently than cold water intrusions.

The microstructure component (Fig. 1) was surveyed
using the deep Advanced Microstructure Profiler
(AMP), which has a maximum depth of 1500 m, and
the newer Modular Microstructure Profiler (MMP),
which has a maximum depth of 300 m. Both profilers
measure the turbulent kinetic energy dissipation rate «
(Osborn and Crawford 1980; Wesson and Gregg 1994),
temperature, and conductivity. Diapycnal diffusivity can
be computed from

G«
K 5 , (2)r 2N

2 Yearday is defined as decimal days elapsed since the beginning
of the year (UTC); that is, noon on 1 January is yearday 0.5.
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FIG. 1. Map of the Monterey Submarine Canyon. The location of
microstructure drops are marked in red. Those on the submarine fan
outside the bay are part of the Littoral Internal Wave Initiative (LIWI)
and are described in Lien and Gregg (2001). The locations of the
two MBARI moorings are indicated by orange squares. The inshore
one (near the mouth of the bay) is M1 and the outer one is M2.

where G, the mixing efficiency, is taken to be #0.2
(Osborn 1980).

Most of the data were collected with the AMPs after
the loss of an MMP instrument (recovered by the Mon-
terey Bay Aquarium Research Institute after the ex-
periment). Conductivities from the AMPs (Neil Brown
sensors) drifted during the two-week experiment. Off-
set corrections were made by bootstrapping between
conductivity measurements made with SeaBird sen-
sors, using a technique similar to Bacon et al. (2001).
A calibration error required that one of the AMP in-
struments have a linear slope correction applied to the
conductivity.

Figure 2a shows the distribution in time and space of
the microstructure measurements near the canyon head.
The ship alternated between microstructure and internal
wave surveys, resulting in approximately 12-h gaps be-
tween sets of AMP data. The 2.5-day gap (yeardays 224
to 226.5) resulted when measurements were taken out
of the canyon as part of the Littoral Internal Wave Ini-
tiative (LIWI; Lien and Gregg 2001). The majority of
the drops fell along the canyon axis within 10 km of
Moss Landing. [The coordinate system used was dis-
tance in kilometers from the canyon head (Moss Land-
ing) along the deepest part of the canyon axis. Although
the canyon axis lies predominantly east–west, the di-
rection can vary up to 908 meaning that canyon axis
distance cannot be related to longitude.] These drops
form two groups collected during neap and spring tides,
with 111 and 212 drops, respectively. Over a 22-h pe-
riod, 190 drops were made across the canyon 9.1 km
from Moss Landing. An additional 28 drops were made

in a region from 12 to 15 km from Moss Landing, where
the canyon axis ran north–south rather than the pre-
dominant east–west direction.

A 150-kHz broadband vessel-mounted ADCP sur-
veyed the water column from 11 m to ;260 m with 4-
m vertical resolution. Its power supply failed at yearday
227 (0300), but data from a 150-kHz, vessel-mounted
narrowband ADCP with 8-m vertical resolution was
available after yearday 229. Surface tides recorded at
Monterey Harbor as part of the National Oceanic and
Atmospheric Administration (NOAA) National Water
Level Observation Network (NWLON) were also used
in the analysis.

c. Environment

Meteorological data were available from the R/V
Point Sur and from long-term surface moorings. The
Monterey Bay Aquarium Research Institute (MBARI)
established and operates two moorings: M1 at the mouth
of Monterey Bay (36.758N, 2122.038E) and M2 off-
shore (36.708N, 2122.398E). Mooring locations are
marked as orange squares in Fig. 1.

Prior to the experiment (yearday 218), hourly-av-
eraged wind vectors from the MBARI M2 mooring
(Fig. 2a) measured strong equatorward (i.e., upwell-
ing favorable) winds. Between yearday 219 and 222
the offshore winds reversed to become poleward. For
the rest of the experiment, the offshore winds were
mainly eastward with a weak equatorward compo-
nent. Changes such as these in the wind field tend to
be dominated by large scales (.500 km) (Hickey
1998). For example, similar patterns (upwelling winds
followed by poleward then mainly eastward winds)
were observed at the NOAA National Data Buoy Cen-
ter mooring off San Francisco (Fig. 2a). Hourly av-
eraged winds within Monterey Bay were of larger
magnitude and more variable direction than those off-
shore. Wind gusts of up to 16 m s 21 were measured
on board the R/V Point Sur.

The winds along the Californian coast are generally
equatorward during summer (Hickey 1979, 1998). Fig-
ure 2b, daily averaged winds from the MBARI M2
mooring for summer 1997, shows mainly strong, south-
eastward, upwelling favorable winds. Relaxation events
(weakening or reversal of equatorward winds) occur
throughout the summer and generally last 2–3 days. The
period of our experiment, shaded gray, is clearly not
representative of summer wind conditions. This period
is an unusually long relaxation event, taking approxi-
mately 10 days to resume consistent upwelling favorable
winds, and contains the only day of northwestward
winds during the 1997 summer.

Density profiles (Fig. 3) show three distinct states:
the first 24 h of the neap survey, the remainder of the
neap, and throughout spring. Changes in observed u, s
properties (Fig. 4) cannot be explained by mixing (e.g.,
after the first 24 h of the experiment, the top 40 m of
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FIG. 2. (a) Location, in time and space, of microstructure drops near the canyon head (yearday 220 is 9 Aug). The horizontal shading
marks the ebb tide, with reference to the surface elevation (h). Vertical lines mark distances along the canyon axis from Moss Landing,
with the diamonds marking their location on the canyon axis. Fifty-meter contours are shown on the map with the darker line being the
500-m contour. The three right-hand panels show hourly wind vectors. From left to right, San Francisco (NOAA buoy), MBARI M2 (offshore
mooring, Fig. 1), and local winds measured on the R/V Point Sur. The orientation of the vector gives the direction the wind is blowing
toward (true north is up the page). (b) Daily averaged wind vectors from MBARI M2 mooring for summer (1 Jun–1 Oct) 1997. The gray
region indicates the experiment period. The orientation and scale are the same as (a).

the water column becomes fresher), indicating the im-
portance of advection.

1) NEAP UPWELL (YEARDAYS 220 0319–221 0125)

We have labeled the density structure during the first
24 h of the experiment as neap upwell, due to the lo-
cation in the fortnightly tidal cycle and the presence of
an upwelling signature. Near-surface u, s observations
were in qualitative agreement with previously studied
coastal upwelled water within Monterey Bay. Rosenfeld
et al. (1994) showed, using CTD and satellite SST data,
that a tongue of cold water was advected into the eu-
photic zone after being upwelled at a coastal headland.
The near-surface upwelled water that they observed was
relatively cool (,10.58C) and saline (.33.7 psu). The
upper 40 m during the neap-upwell state had a salinity
of approximately 33.7 psu with potential temperatures
between 128 and 158C (Fig. 4).

Drops .4 km from Moss Landing had a small near-
surface density interface that eroded during ebb tide.
The greatest variation, up to 0.5 kg m 23 , was below
depth 150 m. Shallower drops (#4 km), which were

surveyed 12 h earlier, showed a more pronounced pyc-
nocline that grew toward the head of the canyon. The
strength of the pycnocline decreased toward high wa-
ter. The average stratification was 5 6.6 3 10 252N
s 22 . Approximately 25% of the water column was
between 11.58 # u , 11.758C and 33.725 # s , 33.75
psu.

2) NEAP RELAX (YEARDAYS 222 0315–223 1215)

The remainder of the neap tide survey has been de-
noted neap relax as the cold, salty, upwelled water of
the neap-upwell state completely disappeared over a pe-
riod of less than 26 h. The main characteristic of neap
relax was a sharp density interface (dr ø 1 kg m23),
which was observed in two locations and may represent
an M2 oscillation of approximately 60 m peak to peak.
Petruncio et al. (1998) observed an internal tide of sim-
ilar magnitude (70 m peak to peak). The average strat-
ification was 7.5 3 1025 s22.

At 10 km density increased 1 kg m23 over 40 m across
the pycnocline, and near the canyon head the interface
sharpened to only 10 m thick. Above the interface was
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a mixed region with properties between 13.58 # u ,
15.38C and 33.57 # s , 33.65 psu, which became more
homogeneous with increasing pycnocline depth and
away from the canyon head. Below the pycnocline, den-
sity gradually increased to ;0.5 kg m23 greater at the
bed than the base of the pycnocline with properties fall-
ing between 8.98 # u , 10.58C and 33.85 # s , 34.03
psu. The water in the pycnocline fell on a straight mixing
line between these two end points (Fig. 4). Pycnocline
depth appeared to increase toward the head, but most
of the bursts started at the onshore end, so this tilt may
represent temporal change rather than spatial variability.

3) SPRING (YEARDAYS 227–233)

During spring tide (Fig. 3b), all drops between 5 and
10 km from Moss Landing had a similar shape: a surface
mixed layer 10–20 m thick below which the density
smoothly increased with depth. The variance was great-
est above 200 m and was as large as 0.5 kg m23. Toward
the head (#5 km), the shape was less consistent because
of increased variance (up to 1.25 kg m23) in the upper
water column. The densest water occurred during early
ebb and the lightest during early flood. The light water
of early flood, particularly near the head, formed a pyc-
nocline. The difference between surface and bottom
density throughout spring tide was in excess of 2 kg
m23. Average stratification was 6.9 3 1025 s22. Al-
though the u, s curve (Fig. 4) passed through the two
end points we observed during neap relax, the surface
water was lighter, the deep water heavier, and the in-
termediate water more saline than would be expected
from mixing.

During spring tide, the surface water density was
0.25–0.5 kg m23 lighter than the surface water during
neap. The bottom water was only slightly heavier during
spring tide than neap. Within 4 km of the canyon head,
the spring profiles were more variable and profiles taken
during ebb (flood) were heavier (lighter) than those ob-
served during neap. Individual profiles showed that the
homogeneous bottom boundary layer was generally less
than 15 m thick.

3. Observations: Monterey Canyon is an intense
mixing location

a. Average profiles

All microstructure drops plotted in Fig. 2a have been
used to give summary profiles, although the canyon
cannot be considered either spatially homogeneous or
in steady state. These 560 drops cover most of the can-
yon within 15 km of Moss Landing as well as a 22-h
repeated cross-canyon survey. Observed dissipation
ranged from 10210 to .1024 W kg21, with 5 1.1 3«
1026 W kg21, and a 95% bootstrapped confidence in-
terval on the mean of [1.0 3 1026–1.2 3 1026] W kg21.
Diapycnal diffusivity ranged from 7.0 3 1028 to almost

1021 m2 s21, with 5 1.0 3 1022 m2 s21 ([1.02 3Kr

1022–1.07 3 1022] m2 s21). Figure 5 shows profiles of
«, Kr, S 2, and N 2 averaged by depth and by height above
the bed. Near-bed features are averaged throughout the
water column in the depth average, but their relation to
the bottom is preserved in the height average. Mixing
occurred mainly in the lower water column (Figs. 6 and
9). Consequently, « and Kr are best described in the
height average. Shear and stratification, however, are
best described by the depth average.

Depth-averaged stratification showed a nearly expo-
nential decrease from N 2 5 1.7 3 1024 s22 at the surface
to 1.2 3 1025 s22 at 450 m before increasing to near2N 0

the bed (N0 5 0.0052 s21). The increased stratification
below 400 m was from 28 drops between 12 and 15
km, which were over 100 m deeper than those ,10 km.
Depth-averaged 8-m first difference shears decrease
nearly exponentially from S 2 5 6.8 3 1025 s22 to S 2

5 1.9 3 1025 s22 at 260 m. In the upper 260 m, average
8-m shears were always less than stratification. The dif-
ferent slopes suggest that had deeper measurements of
shear been possible, S 2 ø N 2 may have been found in
the lower water column, where mixing is strongest.
Shear profiles from XCP data during the same period
(Kunze et al. 2002) showed elevated shear levels in the
lower water column, particularly as the canyon shoaled
(500 , depth , 900 m).

Height averaging gave nearly constant stratification
and shear profiles. This is entirely an artifact of the
combination of N 2 and S 2 decaying from the surface
and the sloping canyon floor. Near-bed values were
dominated by the high values inshore of 3 km, while
higher in the profile near-surface values dominated. Al-
though height averaging N 2 and S 2 is in many ways
misleading, two important points can be taken from it.
Eight-meter S 2 values are less than N 2 values, in agree-
ment with depth-averaging, which implies that at the
measured depths and resolution there was no shear in-
stability on average. Height averaging indicates that
high dissipation can be associated with high stratifica-
tion. Figure 6 shows this occurs mainly in shallow water.

Depth-averaged dissipation was fairly constant
(;1026 W kg21) from 150 to 350 m before dropping
almost an order of magnitude at 400 m and then in-
creasing toward the bed. The discontinuity, was from
the 28 drops taken between 12 and 15 km. Height av-
eraging was a better representation of the mean « and
Kr state because mixing generally occurred in stratified
water above the sloping canyon floor (Figs. 6, 9, and
10). The height-averaged « profile decreased from 2.8
3 1026 W kg21 at the bed to 1027 W kg21 at 400 mab
(meters above bed). The Kr profile had a similar shape
with a maximum value of 2.7 3 1022 m2 s21 at 22 mab.

Both depth-averaged and height-averaged mixing
profiles showed mid-water-column slope changes. In the
depth-averaged plots, the change in slope occurred at
;180 m, which corresponds to S 2 ø and stratifi-2N 0

cation dropping to about a factor of 2 greater than shear.
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FIG. 3. Density profiles grouped into 1-km along-axis bins: (a) drops during neap tide and (b) during spring tide. The two locations of
the pycnocline during the neap-relax state are plotted separately (section 2c). The tidal phase of the drops is indicated by the location on
the circles, the left hemisphere representing flood and the right hemisphere ebb. The numbers in the circles give the number of drops plotted
for each bin. Arrows mark the 1-km bin between 3 and 4 km used in Fig. 4.

At approximately 200 mab in the height-averaged « pro-
file, a threefold decrease in magnitude and change in
slope may indicate a change in processes between the
lower and upper water column.

b. Mixing higher during spring than neap tide

Averaging the data within 10 km of Moss Landing
into 500-m along-axis bins (Fig. 6) showed large dif-

ferences in dissipation, diapycnal diffusivity, stratifi-
cation, shear-squared, and inverse Richardson number
between neap (yeardays 220–223) and spring tide (year-
days 229–233). The high dissipation (Figs. 6a,b) and
diapycnal diffusivity (Figs. 6c,d) occurred mainly in
stratified water in the lower water column. The thickness
of this elevated turbulence layer varied from 70 to 100
m during neap to ;200 m during spring tide. Although
it defies a precise definition, it is convenient to denote



NOVEMBER 2002 3151C A R T E R A N D G R E G G

FIG. 4. Average volumetric u, s curves for drops between 3 and 4
km from the canyon head. The height of the column gives the amount
of the water column (in meters) that fell within a given u, s bin.
Three curves have been plotted representing the different density
structures observed (Fig. 3), the two different locations of the sharp
neap pycnocline have been combined as they have the same u, s
curve.

FIG. 5. Average profiles of «, Kr, S 2, and N 2 for microstructure
drops taken in Monterey Canyon within 15 km of Moss Landing.
These drops were mainly along the canyon axis but included a cross-
canyon survey (Fig. 2a): (a) depth-averaged and (b) height-above-
bed-averaged profiles. The gray shading gives the 95% bootstrapped
confidence interval for the mean. Here N0 5 0.0052 s21 is the assumed
background stratification level in the Garrett–Munk internal wave
spectra. The Kr axis has been extended to compare Monterey Canyon
with other locations: Carminal Sill, Gibraltar (Wesson and Gregg
1994); Stonewall Bank, OR (Nash and Moum 2001); North Atlantic
Tracer Release Experiment (NATRE; Ledwell et al. 1993); and the
California Current (PATCHEX; Gregg and Sanford 1988).

this lower section of the water column with elevated
mixing as a stratified turbulent layer (STL). There is no
reason to suggest that this stratified turbulent layer is
associated with local boundary friction processes. In
fact, near the open ocean « and Kr values were observed
within 20 m of the bed, below the STL, during neap
tide (between 3 and 5 km, Fig. 6) and the thickness of
the STL argues against local boundary processes. Ob-
served mixing intensity was variable both within and
between the 500-m spatially averaged bins. The varia-
tion between bins was more pronounced during neap
tide.

The average currents corresponding to spring and
neap observations were 0.13 and 0.09 m s21, respec-
tively, which were significantly larger than the O(0.01
m s21) barotropic velocities inferred by Petruncio et al.
(1998). Maximum current speeds we observed were in
excess of 0.4 m s21. Over the same period, a bottom-
mounted ADCP recorded near-bottom velocities up to
0.6 m s21 associated with tidal bores (Key 1999).

During spring tide, dissipation values reached .1024

W kg21 with 5 1.8 3 1026 W kg21 (95% confidence«
interval of [1.5 3 1026–2.2 3 1026] W kg21) and dia-
pycnal diffusivity reached 8 3 1022 m2 s21 with 5Kr

1.3 3 1022 m2 s21([1.1 3 1022–1.6 3 1022] m2 s21).
The turbulence was mainly in the STL, which had a
thickness of ø200 m with ^«& 5 2.3 3 1026 W kg21

and ^Kr& 5 1.9 3 1022 m2 s21. Here angle brackets
denote an average over the STL (200 mab for spring,
100 mab for neap tide), whereas overbars denote an
average over the water column. Below the ;40-m-thick

surface layer but above the STL, Kr approached open
ocean levels. Figure 7l shows an obvious turbulent layer;
there was an increase of 100 times in « from 150 and
170 m, although, in many other drops, the STL was not
sharply defined (e.g., Figs. 7d,h).

During neap tide, 5 2.5 3 1027 W kg21([2.1 3«
1027–3.0 3 1027] W kg21) with a maximum value of
1026 W kg21, and 5 2.6 3 1023 m2 s21([2.1 3Kr

1023–3.1 3 1023] m2 s21) with a maximum .1022 m2

s21. Here the STL was 70–100 m thick with ^«& 5 3.9
3 1027 W kg21 and ^Kr& 5 4.3 3 1023 m2 s21. Between
8 and 10 km increased turbulence was observed
throughout the water column. Nearer the head, the up-
per-water-column dissipation and diffusivity values ap-
proached open ocean levels. A strong STL delimitation
was not obvious in some drops (e.g., Figs. 8d,l) but was
more pronounced in others (e.g., Fig. 8h).
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Spring tide shears (Fig. 6e) were calculated by first
differencing the 8-m narrowband ADCP velocities,
while neap (Fig. 6f) had to be preprocessed to get equiv-
alent 8-m velocities from the 4-m broadband ADCP.3

Some caution should be used in comparing spring and
neap shears because of differences in signal encoding
and variance levels between narrowband and broadband
instruments (RDI 1996). The shear range and mean val-
ues were similar between spring and neap, with areas
of increased shear tending to overlay the strongest strat-
ification. Little correspondence between 8-m shear and
elevated turbulence was observed, although the ADCP
did not penetrate deep enough to survey the STL.

During spring tide (Fig. 6g) the maximum stratifi-
cation (N 2 ø 1023 s21) occurred near the surface (15–
40 m) and decreases with depth to N 2 ø 1026 s22. There
was some horizontal structure, with bands 10–20 m
thick extending for several kilometers. Near the head,
the depth of the pycnocline deepens to almost 70 m
owing to increased mixing at a shear interface 50–70
m deep.

During neap tide, three high stratification layers (0,
70, and 115 m; Fig. 6h) near the head represent the
position of the pycnocline at different times (section
2c). The single deep pycnocline observed between 8
and 10 km was from a single burst and may be time
varying like those closer to the head. Profiles of N 2 (Fig.
8) generally showed low stratification above a pro-
nounced pycnocline.

There was no obvious correspondence between ele-
vated turbulence and 8-m inverse Richardson numbers4

(Figs. 6i,j). For example, one of the largest critical
patches (Ri21 . 4) was during neap tide in low strat-
ification between 8 and 10 km, which had low dissi-
pation (« ø 1028 W kg21). This lack of correspondence
between Ri21 and « is explored further in section 6b.

c. Mixing locations change from ebb to flood

Both dissipation (Figs. 9a,b) and diapycnal diffusivity
(Figs. 9c,d) suggest that the turbulent regions lay more
toward the canyon head during ebb tide than flood. The
largest regions of « . 1025 W kg21 occurred at 2–8 km
during ebb and 6–10 km during flood. Least squares
regression on average « values within each 500-m bin
confirmed this trend. The ebb-average dissipation in-
creased toward the head with a slope of 0.093 W kg21

km21 (the 95% confidence interval on the slope was
[0.022–0.164]), and the flood-average decreased at a

3 ADCPs calculate the bin averaged velocity using 50% overlap-
ping Bartlett (triangular) filters of twice the bin length. Combining
three overlapping 8-m Bartlett filters (4-m ADCP) with weightings
of 0.25, 0.5, and 0.25 is equivalent to one 16-m Bartlett filter (8-m
ADCP). Shears were then calculated by taking first differences of
these equivalent 8-m velocities.

4 In order to best represent the stratification being acted on by the
shear field, 8-m shears and stratifications were averaged across all
the drops in each 500-m bin before taking the ratio.

rate of 20.053 W kg21 km21 (95% confidence interval
of [20.085 to 20.022]). During ebb tide high « and Kr

were confined to within approximately 170 m of the
bed. During flood the high turbulence regions were more
intermittent and spread higher into the water column.
Turbulent values were generally smaller at 12–15 km
than nearer the head.

During the flood phase of spring tide, average dis-
sipation was 5 1.2 3 1026 W kg21 (95% confidence«
interval of [1.0 3 1026–1.4 3 1026] W kg21) and Kr

5 1.6 3 1022 m2 s21 ([1.3 3 1022–1.9 3 1022] m2

s21). During ebb, 5 1.5 3 1026 W kg21 ([1.2 3«
1026–1.9 3 1026] W kg21) and 5 1.3 3 1022 m2Kr

s21 ([1.1 3 1022–1.7 3 1022] m2 s21). So, although
there were differences in the location of turbulent dis-
sipation between flood and ebb, the observed magnitude
can be considered constant, with and being within« Kr

a factor of 2 (Osborn 1980; Oakey 1982).
During both flood and ebb, regions of high « and Kr

corresponded to an M4 characteristic (Fig. 9, white
lines). Frequency spectra in Kunze et al. (2002) show
a definite M4 peak, which was weaker than the dominant
M2 and intensified toward the bed. The M4 characteristic
appeared confined to the fairly straight canyon axis sec-
tion between a sweeping meander at 7.5 km and a sharp
bend at 4 km implying that, if these were characteristics,
the generation may have been from the sidewalls within
the canyon meander.

Contours of 8-m shear are shown in Figs. 9e and 9f;
unfortunately the survey between 12 and 15 km was
conducted in the period when no ADCP data were avail-
able. Both shear and stratification (Figs. 9g,h) showed
the same pattern as the spring data (section 3b); that is,
the largest values were near the surface decreasing with
depth.

Within 3 km of Moss Landing during ebb tide, there
was a strong baroclinic shear layer at depth 50 m that
corresponded to elevated dissipation and 8-m Ri21 be-
tween 1.2 and 2. Initially the velocity structure was two
layered (NE flow above and WSW below 50 m). Once
the velocity structured homogenized, the shear, Ri21,
and dissipation signal disappeared. During flood tide, a
series of elevated Ri21 lay along a diagonal which cor-
responded well with elevated « and Kr and had the slope
of a M4 characteristic (Fig. 9, white lines). Apart from
these two examples, the turbulence was not correlated
to finescale (8 m) shear and stratification.

d. Mixing strongest on canyon axis

A 22-h repeated cross-canyon survey, conducted 9.1
km from Moss Landing between yearday 226 1457 and
227 1225, agreed with along-canyon observations in
that most of the turbulence (Figs. 10a–d) was in a lower-
water-column stratified turbulent layer. However, it also
illustrated that the turbulence tended to be concentrated
at the canyon axis. Unfortunately, the broadband ADCP
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FIG. 6. Contour plots of along-canyon bin-averaged «, Kr, S 2, N 2, and Ri21. The left column shows spring tide and the right column shows
neap. The solid black line is bottom depth measured by the pressure sensor and altimeter on the instrument. The histograms show the number
of drops that went into each 500-m average; only drops within 250 m of the canyon axis were included. The green arrows show the location
of sample profiles plotted in Figs. 7 and 8 and the dashed vertical lines mark the location of major meanders (3.1, 4.0, 7.1–7.5 km) in the
canyon axis.

power supply failed approximately halfway through this
survey. Contours of shear and Ri21 are based on av-
erages prior to the failure.

The average velocity structure (not shown) had south-
eastward flow in the upper 50 m during both flood and
ebb. This flow became stronger and less homogeneous

over the northern rim. During flood tide, there was a
northward flow confined between 50 and 130 m over
the southern wall, which had magnitudes up to 0.3 m
s21. This widened and weakened with distance north-
ward across the canyon. During ebb tide, a weak north-
ward flow layer was observed between 50 and 100 m
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FIG. 7. Spring tide examples of individual profiles of temperature, salinity, potential density, velocity, 8-m shear-squared, stratification,
dissipation, and diapycnal diffusivity. The velocities are aligned so that y is positive toward true north. The displayed drops are (a)–(d)
AMP16853, 2.44 km from Moss Landing with a bottom depth of 166 m; (e)–(h) AMP16940, 5.64 km, 287 m deep; and (i)–(l) AMP16753,
9.52 km, 390 m deep. The corresponding bin locations are marked in Fig. 6 with a green arrow.

across the canyon; the remainder of the water column
contained mainly southwestward flow.

At the canyon axis, the STL was about 130 m thick.
This survey, which took place early in the spring tide,
had an on-axis STL thickness between those observed
during neap and spring tide (section 3b). Off axis, the
stratified turbulent layer thickness was approximately
50 m. The exception was near the southern shelf break
(0.75 km) during flood tide, which was associated with
observed strong northward flow. Visually there seemed
to be more turbulence on the north wall during ebb than
flood; however, no significant trend was found.

During flood, the average observed cross-canyon dis-
sipation was 1.1 3 1026 W kg21 (95% confidence in-
terval of [0.7 3 1026–1.6 3 1026] W kg21) with 5Kr

1.3 3 1022 m2 s21 ([0.7 3 1022–2.1 3 1022] m2 s21).
During ebb, 5 1.0 3 1026 W kg21 ([0.8 3 1026–1.4«
3 1026] W kg21) and 5 9.5 3 1023 m2 s21 ([0.5Kr

3 1022–1.4 3 1022] m2 s21). In agreement with the
along-canyon observations (section 3c), the average
flood and ebb turbulence values are within a factor of
2, indicating no significant difference.

Observed 8-m shear (Figs. 10e,f) was highest along
the surface flow layer interface during both flood and
ebb tides. During flood, elevated shear was also ob-
served between 100 and 130 m above the southern wall,
which corresponded to the strong northward flow re-
gion. Stratification (Figs. 10g,h) followed the same pat-
tern as the spring data (section 3b).

Contours of 8-m Ri21 are shown in Figs. 10i and 10j.
There was a critical region (Ri21 . 4) associated with
the strong northward current along the southern wall
during flood. Most of the shear layer at the base of the
surface flow has Ri21 . 1 during both flood and ebb.
Throughout the center of the canyon there were regions
of elevated Ri21 that correspond to neither high shear
nor high dissipation.

e. Influence of topography and stratification

When internal waves reflect off solid boundaries some
energy must be dissipated and, if the surface is rough,
scattering also occurs (Thorpe 2001). Therefore, when
a propagating internal wave encounters a significant
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FIG. 8. Neap tide examples of individual profiles of temperature, salinity, potential density, velocity, 8-m shear-squared, stratification,
dissipation, and diapycnal diffusivity. The velocities are aligned so that y is positive toward true north. The displayed drops are (a)–(d)
MMP6484, 2.30 km from Moss Landing with a bottom depth of 159 m; (e)–(h) MMP6445, 5.58 km, 249 m deep; and (i)–(l) AMP16284,
9.73 km, 398 m deep. The corresponding bin locations are marked in Fig. 6 with a green arrow. [The altimeter was not working during
AMP16284, so the bottom depth was estimated by maximum depth surveyed plus the median height above the bed profiles were terminated
(5.3 m)].

canyon axis bend, we might expect increased dissipation
and possibly a shadow zone (low dissipation due to
reduced internal wave activity) behind the bend.

Monterey Canyon axis follows a tortuous path, in-
cluding some large bends and contributing canyons (Fig.
1). Within 10 km of Moss Landing, where our study
was focused, there are major bends at 3.1 and 4.0 km,
and a sweeping one between 7.1 and 7.5 km. These
bends are marked with vertical dashed lines in Figs. 6
and 9. Neither « nor Kr contours showed levels at the
bends different from elsewhere in the canyon, suggest-
ing that the mechanisms were more complicated than
an externally generated (linear) internal wave propa-
gating up canyon.

Average dissipation values for each density state were
calculated in relatively straight sections between the ma-
jor bends (Fig. 11a). The three sections, all 2 km long,
were between 8 and 10 km, 4.5 and 6.5 km, and 1 and
3 km. For spring and neap-upwell states average dis-
sipations were essentially constant throughout the last
10 km of the canyon. The spring case showed a slight

increasing trend toward the head, but the total increase
was only 2.5 times. Likewise, there was a slight de-
creasing trend in the neap-upwell case; this state was
not surveyed between 8 and 10 km, so only two points
are available. The neap-relax density state, on the other
hand, showed marked changes in between sections.«
The average dissipation between 8 and 10 km was 3.5
3 1027 W kg21, which decreased by 60-fold to 5.7 3
1029 W kg21 between 4.5 and 6.5 km (after the sweeping
bend) before increasing to 9.2 3 1028 W kg21 after the
bends at 3.1 and 4.0 km.

Normalized distributions of « data within each 2-km
section mainly showed reasonable agreement with a log-
normal distribution based on the mean and variance of
the log10 transformed data. The neap-upwell and spring
distributions have similar along-canyon variances, with
the standard deviation varying by less than 20% between
the sections. The neap-relax data between 1 and 3 km
was visually nonlognormally distributed. Recalculating
the distributions separating the neap-relax data based on
the two observed pycnocline depths (Fig. 3a) suggested
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FIG. 9. Contour plots of along-canyon bin-averaged «, Kr, S 2, N 2, and Ri21. The left column is flood tide (increasing surface elevation)
and the right column is ebb (decreasing surface elevation), using data during spring tide. The spring tide data, in addition to having a stronger
turbulent signal, were more numerous and better distributed throughout the tidal cycle (Fig. 3). Contouring all the data increased the areas
of high S 2 and N 2 without significantly altering « and Kr patterns. The solid black line is bottom depth measured by the pressure sensor and
altimeter on the instrument. The histograms show the number of drops that went into each 500-m average. The dashed vertical lines mark
the location of major meanders in the canyon axis. The white lines in (a)–(d) and (i) indicate the slope of the M4 characteristic.

there were two distinct distributions (Fig. 11b). When
the pycnocline was in the deeper location (yeardays 222
0315–223 0903), average dissipation decreased from 3.5
3 1027 W kg21 between 8 and 10 km to 3.9 3 1029

W kg21 between 4.5 and 6.5 km and remained nearly
constant to the between 1 and 3 km section (6.9 3 1029

W kg21). When the pycnocline was higher in the water
column (yearday 223 0951–1215), there were no ob-
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FIG. 10. Contour plots of across-canyon bin-averaged «, Kr, S 2, N 2, and Ri21. The cross-canyon survey took place over a 22-h period,
9.1 km from the canyon head (Fig. 2a). The left column is flood tide (increasing surface elevation) and the right column is ebb (decreasing
surface elevation). The solid black line is the bottom depth measured by the pressure sensor and altimeter on the instrument. The histograms
show the number of drops that went into each 200-m average. The ADCP power supply failed during this survey so the shear and Ri 21

averages only include half as many drops.

servations between 8 and 10 km, but in the other two
sections average dissipation was elevated above what
was observed with the deeper pycnocline. Between 4.5
and 6.5 km was 1.1 3 1028 W kg21, which increased«
to 5 2.4 3 1027 W kg21 between 1 and 3 km. There-«
fore, within the neap-relax state, the two observed pyc-

nocline depths resulted in an ;35-fold change in av-
erage dissipation. Other analysis (not shown) indicated
that dissipation levels were often lower above the pyc-
nocline (regardless of pycnocline position), although
there was no significant change in the corresponding 8-
m shear distributions.
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FIG. 11. (a) Average dissipation values in 2-km along-canyon sections where the canyon axis is fairly straight but each section is separated
by significant bends. The sections are between 8 and 10 km, 4.5 and 6.5 km, and 1 and 3 km. Averages are plotted for each density state:
neap-upwell (diamond), neap-relax (circle), and spring (star). The thick horizontal lines give a factor of 2 on the smallest «, showing these
values are nearly constant. (b) Distributions of dissipation in the 2-km sections for the two observed positions of the pycnocline during the
neap-relax density state. Gray curves show the corresponding Gaussian distribution with the same mean and standard deviation as the data.
Mean values for each distribution (W kg21) are also shown.

From our limited temporal survey, it would appear that
dissipation during the neap-relax density state was sen-
sitive to canyon axis bends and position of the pycnocline.

f. Comparison to other locations

A key result of this work is that the observed dia-
pycnal diffusivities near the head of Monterey Canyon
( 5 1.0 3 1022 m2 s21) were among the highestKr

observed anywhere, including known hotspots such as
fronts, warm-core rings, and near topography (Gregg
1998; Gregg et al. 1999), as well as being 10–103 times
greater than those observed in the open ocean (Gregg
1998). To date, only observations of hydraulically con-
trolled flows yield similar diapycnal diffusivities, that
is, upper-ocean hotspots: 5 550 3 1024 m2 s21 overKr

Carmarinal Sill, Gibraltar (Wesson and Gregg 1994;
Gregg 1998); 5 37 2 170 3 1024 m2 s21 overKr

Stonewall Bank, Oregon (Nash and Moum 2001); and
inferences at abyssal constrictions: 5 1000 3 1024Kr

m2 s21 through the Romanche Fracture Zone (Ferron et
al. 1998) and Kr 5 5 3 1022 m2 s21 in the abyssal flow
through Samoan Passage (Roemmich et al. 1996).

The high diapycnal diffusivity values in Monterey
Canyon are not simply the result of well mixed water
[low N 2 in Eq. (2)]. The stratification we observed
( 5 6.8 3 1025 s22) was stronger than the N 2 5 1–2N
4 3 1026 s22 associated with enhanced mixing above
the abyssal ocean floor (Moum et al. 2002).

The observed turbulent kinetic energy dissipation
rates ( 5 1.1 3 1026 W kg21) were similar to Stone-«
wall Bank (Nash and Moum 2001), Knight Inlet (J.
Klymak and M. Gregg 2002, manuscript submitted to
J. Phys. Oceanogr.), and slightly higher than the Ro-
manche Fracture Zone where « & 1 3 1026 W kg21

(Polzin et al. 1996). However, Monterey Canyon was
up to three orders of magnitude lower than Carmarinal
Sill, where average dissipations reached 1.8 3 1023 W
kg21 (Wesson and Gregg 1994).

4. Analysis

a. Energy: Fluxes and balance

Spring tide on-axis vertically integrated energy fluxes
tended to be up canyon. Within 10 km of the head,
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FIG. 12. (a) Vertically integrated energy fluxes in 1-km along-
canyon bins for spring tide. The diamond marks the approximate
location of the only downcanyon flux observed by Kunze et al. (2002).
(b) Comparison of vertically integrated flux convergences and di-
vergences to turbulence production rate. Open stars are flux conver-
gences (energy lost from the internal tide), solid stars are flux di-
vergences, and solid circles are vertically integrated turbulence pro-
duction rate. Vertical lines give one-standard-deviation error esti-
mates.

magnitudes were between 0.3 and 1.9 kW m21, con-
sistent with previous estimates (Petruncio et al. 1998;
Kunze et al. 2002), but were smaller than observed close
to the mouth during the same period. Both flux con-
vergences and divergences were observed. The mag-
nitude of the flux convergences were comparable to the
observed dissipation rates. In the flux divergence re-
gions, local production increased the energy flux up
canyon in the presence of strong dissipation.

1) ENERGY FLUXES

The energy flux for an internal wave is

F 5 p9u9, (3)E

where p9 and u9 are pressure and velocity perturbations,
and the overbar denotes the mean over a wavelength
(Gill 1982). Following Kunze et al. (2002), horizontal
energy fluxes were calculated from vertically demeaned
velocity and pressure profiles. The pressure perturbation
profiles were

0 0 0g
p9(z) 5 2g r9 dz 1 r9 dz dz, (4)E E EHz H z

where r9 was the density anomaly around the mean
background state, g is gravitational acceleration, H is
water depth, and z is a dummy variable of integration.

Energy fluxes were calculated on 1-km along-axis
spatial bins (maximum width 500 m). Figure 3, which
includes the tidal phase of the microstructure drops,
shows that only during spring tide were the drops rea-
sonably well distributed throughout the tidal cycle.
Within each spatial bin the drops may have come from
more than one tidal cycle. For the two neap density
states there was not enough tidal representation to allow
reliable flux estimates.

Figure 12a shows that vertically integrated energy
fluxes were aligned with local axis direction. All the
fluxes are up canyon except the one at 9.5 km. The flux
magnitude decreased from 1.5 kW m21 at 8.5 km to 0.3
kW m21 at 6.5 km (after the sweeping bend), then in-
creased to a local maximum of 1.9 kW m21 at 4.5 km;
by 1.5 km the flux magnitude decayed to 0.7 kW m21.
Kunze et al. (2002) calculated energy fluxes for the same
period between the mouth of the bay and 12 km. They
found vertically integrated fluxes of about 5 kW m21 at
the mouth decaying nonmonotonically to ;1 kW m21.
Consistent with our observations, only some bends had
an associated decrease in up-canyon flux. The down-
canyon flux at 9.5 km was positioned on the same ;908
bend as the sole downcanyon flux observed by Kunze
et al. (2002). Although it seems this bend differs from
the rest of the canyon, it was not surveyed by either
experiment. Variability in the fluxes, as well as the pres-
ence of downcanyon fluxes, suggests local internal wave
generation throughout the canyon.

The largest uncertainties in the energy fluxes came
from the difficulties in estimating full-depth background

profiles. All drops with density gaps greater than 20 m,
including at the surface and bed, were discarded. This
resulted in the removal of between 1 and 13 drops from
each bin. An ADCP cannot make valid velocity mea-
surements near the bed (RDI 1996) and the percentage
of water column discarded increases with steep topog-
raphy (section 6b). Gaps of less than 20 m were linearly
interpolated, the first and last values were propagated
to the boundaries. Elevated velocities below the valid
ADCP depth were expected from the elevated dissipa-
tion (Figs. 6a,c) and were observed by Key (1999).
Missing these higher velocities may not be important
in calculating semidiurnal internal tide fluxes as the
highest velocities observed by Key (1999) were asso-
ciated with tidal bores and Kunze et al. (2002) showed
increased contributions from higher harmonics near the
bed. Although it is not possible to estimate uncertainty
from our data, the flux magnitudes and directions appear
to be consistent with Kunze et al. (2002) and Petruncio
et al. (1998).

2) ENERGY BALANCE

Petruncio et al. (1998) infer dissipation of « 5 1.6–
2.2 3 1026 W kg21 from the difference in energy flux
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FIG. 13. Vertical wavenumber spectra of shear (normalized by
depth-averaged stratification) and strain calculated in 1-km along-
canyon bins for the spring data. The Garrett–Munk internal wave
spectra are plotted for reference.

between two CTD stations, which is in remarkable
agreement with our average observed dissipation ( 5«
1.2 3 1026 W kg21; section 3a). This is consistent with
nearly all the energy of the along-canyon internal tide
being lost as turbulence. Kunze et al. (2002) found that
flux convergences in the outer canyon were comparable
to the microstructure dissipation near the head of the
canyon.

The vertically integrated along-canyon balance be-
tween energy flux and dissipation is obtained by assum-
ing steady state and neglecting advection, local shear
production, and energy lost or gained from off axis
(Kunze et al. 2002). The balance is

0 0DFE 22dz 5 r (1 1 G) « dz [W m ], (5)E 0 EDrH H

where DFE 5 D( ) is the upcanyon difference inp9u9
energy flux, Dr is the upcanyon separation distance, G
is the mixing efficiency (0.2), and the right-hand side
gives the vertically integrated turbulence production rate
(i.e., turbulent energy lost to dissipation plus turbulent
energy used to increase buoyancy flux).

Figure 12b compares vertically integrated flux con-
vergences and divergences with vertically integrated
turbulence production rate. Flux convergences (open
stars) represent energy loss from the internal tide (i.e.,
a larger upcanyon flux entering the bin than leaving),
whereas divergences (solid stars) represent a gain of
energy. Flux convergence magnitudes were consistent
with the observed dissipation, suggesting that in these
regions decay of the upcanyon propagating internal tide
may account for the observed (intense) dissipation sig
nal. However, the error estimates [ )/Dr] areÏ2 s(FE

large, so this agreement may be fortuitous. The presence
of flux divergences required either local production or
off-axis advection of energy. Off-axis flux measure-
ments by Kunze et al. (2002) were weak, suggesting
that local production was the major mechanism for in-
creasing on-axis energy flux.

Assuming the weak off-axis dissipations (section 3d)
and fluxes (Kunze et al. 2002) are representative, the
predominant energy balance in Monterey Bay was along
the canyon axis. The on-axis energy balance was com-
plex with strong dissipation possibly balanced by decay
of the internal tide in some regions and local production
required to increase energy flux in the presence of strong
dissipation in other regions.

b. Internal wave spectra

Figure 13 shows vertical wavenumber spectra of nor-
malized shear and strain calculated in 1-km along-can-
yon bins for the spring data. These have been corrected
for lost variance with transfer functions for a Bartlett
filtering (shear) and first differencing (shear and strain)
(Alford and Gregg 2001). The shear spectra were nor-
malized by depth-averaged N 2 and were cut off at 4 3
1022 cpm to avoid instrument rolloff. A Daniell smooth-

ing window (Percival and Walden 1993) was used to
reduce high frequency oscillations in the strain spectra.
Garrett–Munk spectra (GM76 as defined by Gregg and
Kunze 1991) have been plotted as a reference.

Wunsch and Webb (1979) found that velocity spectral
levels increased from the continental rise to the mouth
of Hydrographer Canyon and into the canyon. No in-
tensification towards the head was visible in our data
(i.e., spectral levels from each 1-km bin were similar),
possibly because of the much shorter spatial scales in-
volved. However, spectral levels within 10 km of the
canyon head were approximately 2 times GM76 for nor-
malized shear and 4 times GM76 for strain. In the outer
canyon, Kunze et al. (2002) reported an internal wave
field almost an order of magnitude more energetic than
that in the open ocean. However, this was close to an
upper limit from station averaged kinetic and potential
energy profiles so a direct comparison with our spectral
levels is not appropriate.

Normalized shear spectra for the two neap states (not
shown), which were less reliable because of fewer drops,
were similar to those observed during spring. Similar
levels (2–4 times GM) have been observed in spectra
from below a mesoscale jet during PATCHEX North
(Gregg et al. 1996) where « and Kr were 103 times lower,
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and in the interior of the Straits of Florida (Winkel 1998)
where turbulence was .102 times lower. Gregg et al.
(1996) found « did not appear to be simply related to
shear variance and Kunze et al. (2002) noted the rate
of transfer from low wavenumbers to high wavenumbers
could be important. During COARE leg 3, the rolloff
was steeper than the of GM76 (Gregg et al. 1996),21kz

the dissipation was an order of magnitude lower than
PATCHEX North despite having more low wavenumber
energy. The steeper slope was suggested to be due to
an internal wave field containing only a few dominant
waves rather than a continuous distribution in wave-
number and frequency. The strain spectra rolloff from
Monterey Canyon (Fig. 13) has a gentler slope than
GM76, which we suggest was due to scattering and near-
critical reflection off topography pushing energy di-
rectly into high wavenumbers. Elevated energy at high
wavenumbers required elevated dissipation.

c. Statistical comparison of « to S2, N2, and Ri21

A number of researchers have attempted to relate dis-
sipation to more easily measured finescale shear and
stratification. Using data from six midlatitude locations,
Gregg (1989) suggested dissipation attributed to internal
waves in the open-ocean thermocline could be modeled
as 5 7 3 10210 W kg21, where S10

2 2 4 4« N /N S /SIW 0 10 GM

is the observed 10-m shear and SGM is the corresponding
shear in the Garrett–Munk internal wave spectra. Fol-
lowing the comments of Gargett (1990), Polzin et al.
(1995) extended the scaling to account for changes in
spectral shape, particularly decreasing cutoff wavenum-
ber with increasing energy level. Kunze et al. (2002)
found that the Polzin scaling underestimated dissipation
by a factor of 30 in Monterey Canyon.

Figure 14 plots average « and corresponding 95%
bootstrapped confidence interval in logarithmically even
bins of 8-m shear, stratification, and Ri21. Only bins
with $10 data pairs were plotted. For a coastal com-
parison, data excluding solibores from the 1996 Coastal
Mixing and Optics experiment (CMO96) on the New
England shelf (MacKinnon and Gregg 2002, manuscript
submitted to J. Phys. Oceanogr., hereafter MAG), re-
processed to give equivalent 8-m values,5 have been
plotted.

The spring data has the highest dissipation rates, the
two neap states were similar with slightly higher dur-«
ing neap upwell. CMO96 dissipation was over 102 times
lower than our spring data and over an 10 times smaller
than the neap data. The 95% confidence intervals tended
to reflect the amount of data in each bin.

The «– comparison (Fig. 14a), which excludes most2S 8

5 The 8-m velocities are calculated from a 4-m ADCP by 0.25y i

1 0.5y i11 1 0.25y i12. The 8-m first difference shear from a 4-m ADCP
is then given by [(0.25y i 1 0.5y i11 1 0.25y i12) 2 (0.25y i12 1 0.5y i13

1 0.25y i14)]/8. Equating this with 4-m first difference shears implies
weighting of 1/8, 3/8, 3/8, and 1/8 to get 8-m shears from 4-m shears.

of the STL (no shear measurements), showed a weak
power-law relation. Only neap upwell had a least
squares fit that explained more than 50% of the variance
(R2 5 67%). For neap upwell, the best fit was « 5 4
3 1026 | S8 | 0.56 W kg21. Although this did not explain
a high percentage of the variance, the general trend is
for dissipation to be proportional to the square root of
shear. This implies that dissipation in Monterey Canyon
was less sensitive to shear than either on the New Eng-
land shelf (« } | S4 | 1.2; MAG) or in the open ocean
thermocline (« } | S10 | 4; Gregg 1989; Polzin et al.
1995). This lack of sensitivity may be due to the ADCP
not measuring the shear variance sufficiently. However,
even if this were a resolution issue, it makes the esti-
mation of dissipation in canyons from ADCP or XCP
(Kunze et al. 2002) finescale shears very difficult.

Comparison of « and N 2 (Fig. 14b) shows dissipation
almost independent of stratification for the three density
states. While MAG found «(N 2) had a nonzero slope
for N 2 . 2 3 1024 s22, corresponding to elevated shear,
the weaker dependence on shear observed in Monterey
Canyon would make this effect less pronounced.

The comparison of « and inverse Richardson number
(Fig. 14c), where Ri21 was calculated using 8-m N 2 with
no time averaging, showed « tended to roll off with
increasing Ri21. The spring data, which had a peak be-
tween Ri21 5 2 and 3 influenced by the two highest
shear bins, had very little roll off. In the two neap states
dissipation remains nearly constant until Ri21 ø 2.5
when « levels decreased. The same pattern holds for the
CMO96 data except the cutoff was Ri21 ø 1.5. The
normalized distributions showed the majority of the data
was in the dynamically stable region (Ri21 , 1).

Dissipation appeared to be linked to shear by a weak
power law (« } | S8 | 0.5) but to neither N 2 nor Ri21.
Topography interactions pushing energy directly into
high wavenumbers (section 4b) does depart from the
wave–wave interactions underlying Gregg (1989) and
may account for the observed weaker relation to shear.
This analysis was unable to explain why the spring dis-
sipations were higher than those during neap tide. Not
only were the shear and stratification ranges the same
between the three states but their distributions were also
similar. It is possible that had we been able to calculate
reliable strain spectra for neap tide, the rolloff may have
been closer to because of weaker topography inter-21kz

actions.

5. Summary

Microstructure data showed that dissipations and dia-
pycnal diffusivities near the head of Monterey Canyon
were among the highest observed anywhere ( 5 1.1«
3 1026 W kg21; 5 1.0 3 1022 m2 s21). DissipationsKr

were consistent with earlier inferences from energy flux-
es in Monterey Canyon (Petruncio et al. 1998).

Turbulence was mainly occurred in stratified water in
the lower water column, which we denote as a stratified
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FIG. 14. Dissipation averaged into logarthmically even bins of S 2, N 2, and Ri21. Along-canyon axis data within 10 km of
Moss Landing are separated according to the three density states: neap upwell (green), neap relax (blue), and spring (red).
Data from the CMO96 cruise on the New England shelf (MAG) have been reprocessed into 8-m bins and are plotted in
black. Average « and the corresponding 95% confidence interval are plotted for each bin. Normalized distributions of each
variable are included. Only bins containing 10 or more dissipation values have been plotted.

turbulent layer (STL). The STL was thickest on the
canyon axis and was modulated by the fortnightly tidal
cycle. There was an approximately 5 times increase in
dissipation (^«&neap 5 4.2 3 1027 W kg21 versus ^«&spring

5 2.3 3 1026 W kg21) and diapycnal diffusivity
(^Kr&neap 5 5.1 3 1023 m2 s21 versus ^Kr&spring 5 1.8 3
1022 m2 s21) averaged over the STL from neap to spring
tide. The thickness of the STL was 70–100 m during
neap and ;200 m during spring tide. Elevated turbu-
lence lay more toward the canyon head during ebb than
flood tide; however, water column averages ( and )« Kr

within 10 km of the head could be considered constant
between ebb and flood.

Three distinct density states were observed, with ad-
vection being the major mechanism altering the density
field. During the neap-relax state, which was charac-
terized by the presence of an O(1 kg m23) pycnocline,
on-axis dissipation levels were sensitive to position rel-
ative to axis bends. Dissipation in the other density
states (neap-upwell and spring) remained nearly con-
stant throughout the study region. During neap relax,
two locations of the pycnocline were observed, the shal-
lower location corresponded to an ;35-fold increase in
average dissipation over the deeper location.

On-axis energy fluxes (FE 5 ) were aligned withp9u9
the topography and predominantly up canyon. The flux
magnitudes varied nonmonotonically with along-can-
yon distance, resulting in both flux convergences and
divergences. The flux convergences (loss of energy from
the internal tide) were consistent with dissipation, al-
though large error estimates suggest this agreement is
fortuitous. The presence of flux divergences combined
with weak off-axis fluxes suggest local production must
be important. Vertical wavenumber spectra were ele-
vated above GM by 2–4 times, a level of elevation

similar to that found in locations with 102–103 times
less dissipation. The spring tide strain spectra showed
a gentler rolloff than GM suggesting critical reflection
and scattering at topography may push energy directly
to high wavenumbers. This deviation from wave–wave
dynamics (as described by GM) may account for Mon-
terey Canyon’s much weaker power-law relation be-
tween dissipation and shear (« } ) in comparisonÏ | S |
with the open ocean (« } | S | 4). Despite similar shear
distributions, the spring dissipations were an order of
magnitude higher than the two neap states.

6. Discussion

a. Canyons may be a small but significant fraction of
global internal tide mixing budgets

Estimates of internal tide dissipation range from
;200 GW (Munk 1997) to ;360 GW (Kantha and Tier-
ney 1997). Egbert and Ray (2000) estimate 700 GW for
deep-sea M2 dissipation and, although they do not con-
strain the mechanisms, they suggest a significant role
for internal tides.

We observed a stratified turbulent layer that varied
in thickness between h ø 70 and 200 m, and dissipation
averaged over the STL between ^«& 5 4.2 3 1027 and
2.3 3 1026 W kg21. Assuming these represent the ex-
tremes of a sinusoidally varying process, then the time
averages are 135 m and 1.36 3 1026 W kg21. Hickey
(1995) states that canyons can occupy nearly 50% of
the shelf edge in some regions and account for 20% of
the shelf on the west coast of North America. Estimating
the fraction of global shelf occupied by canyons, we
assume 10% of the globe’s 155 000 km of coastline.
Confining our estimate to canyon depths where the can-
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FIG. 15. (a) Distribution of Thorpe scales from all the data taken
within 10 km of Moss Landing and within 250 m of the canyon axis,
(b) Thorpe scales of spring tide data averaged into 500-m along-axis
bins, and (c) dissipations inferred from Thorpe scales and stratifi-
cation during spring tide. The inferred dissipations compare well with
the measured dissipations plotted in Fig. 6a.

yon incises the continental shelf, we somewhat arbi-
trarily choose 20 km as a representative canyon length,
approximately one-third of the global average shelf
width (Pickard and Emery 1990). These parameters give
a crude estimate for the global dissipation in canyons
of 58 GW or 16% of the global internal tide dissipation
estimate of Kantha and Tierney (1997). This is almost
twice the 31 GW that Lien and Gregg (2001) estimated
for global M2 internal tide dissipation from an observed
tidal beam and four times the 15 GW from the Hawaiian
Ridge (Munk and Wunsch 1998; Egbert and Ray 2000).
Combining our estimate with that of Lien and Gregg
(2001) implies 89 GW or 25%–45% of the global in-
ternal tide dissipation is associated with shelf edge pro-
cesses. Nash and Moum (2001) found 3 3 1024 GW
integrated over a 30 km2 region at Stonewall Bank.
Using an average shelf width of 60 km implies that
small-scale shelf topography could account for up to 3
GW. The remainder is likely due to open-ocean topog-
raphy such as ridges and seamounts.

Open-ocean thermocline mixing is an order of mag-
nitude too low to account for the estimated 2.1 TW
required to maintain abyssal stratification (Munk and
Wunsch 1998). Rough topography is a likely candidate
for generating the required mixing. Enhanced mixing in
a canyon would mix deep water drawn up through the
canyon axis with lighter surface water. A number of
researchers have proposed that this water could be ad-
vected into the deep ocean along isopycnals and weaken
the interior ocean stratification accounting for the large
effective diffusivity (Armi 1978; Ivey and Nokes 1989;
Munk and Wunsch 1998), although the mechanisms in-
volved are not clear. Following Armi (1978), we cal-
culate the effective global diapycnal diffusivity as

K ø A K , (6)r R rglobal boundary

where Ar is the ratio of surface area associated with the
boundary mixing to the surface area of the world’s ocean
(3.61 3 1014 m2; Gill 1982) using 5 1.3 3 1022Kr boundary

m2 s21 (section 3) with an associated surface area de-
fined by 10% of the coastline and one-third of the shelf
width. This would give an effective global diffusivity
of 1.1 3 1025 m2 s21 if canyon-related boundary mixing
could affect the entire ocean.

b. Sampling resolution

One of our most surprising results was the lack of
correspondence between regions of high dissipation and
either S 2 or Ri21 (Figs. 6, 9, and 10). In this section we
speculate on two sampling issues that may have con-
tributed to the observed lack of correspondence.

1) Inadequate resolution of shear variance. The 8-m
vertical resolution of the ADCP may not be able to
sufficiently resolve the shear variance at the scales
where shear instabilities are developing. The Oz-
midov scale, LO 5 , is the length scale where3Ï«/N

buoyancy forces equal inertial forces and is usually
taken as an indication of the largest overturning
scale. Using the average values observed in Mon-
terey Canyon (1.1 3 1026 W kg21, N 2 5 6.8 3 1025

s22) give an overturning length of 1.4 m. The Thorpe
scale (LT) is the rms displacement of a particle in an
overturn from its position in the corresponding stable
water column. The distribution of observed Thorpe
scales (Fig. 15a) shows that the majority are smaller
than 1 m. Both these measures of overturning scales,
the scales containing most of the turbulence, are
small in comparison with the 8-m vertical resolution
of the ADCP. Figures 15b,c show the Thorpe scale
and the corresponding inferred dissipation values
(LTN 3, which assumes LT ø LO) for the spring tide
data averaged into 500-m along-axis bins. The spa-
tial distribution of both LT and N 3 as well as the2LT

magnitudes of N 3 are in good agreement with the2LT

measured dissipations (Fig. 6a), confirming the role
of small overturns.

2) Inadequate temporal resolution. Although we av-
eraged N 2 over the spatial bins before calculating
Ri21, the drops cold have been from different tidal
cycles and often only represented a fraction of the
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tidal cycle (e.g., Fig. 3). This averaging process may
not have lend to an accurate description of the back-
ground stratification that the turbulence was acting
on. In particular, if the background stratification was
underestimated then Ri21 5 S 2/N 2 would be biased
high.

Unfortunately, we were unable to make the compar-
ison in most of the STL (where the turbulence was
highest) as ADCP velocities were not available that
deep. The maximum depth for reliable ADCP velocities
is governed by the first bottom reflection, normally the
vertical sidelobe (RDI 1996), which results in the lowest
15% of the water column being discarded. However,
with the ;158 sidewall slope observed in the cross-
canyon survey, the first bottom reflection is off the side-
wall from the sidelobe 608 from the vertical (308 beam
angle). This leads to unreliable velocities in the lower
30% of the water column.

As this was the first microstructure survey near the
head of a canyon, sampling was necessarily somewhat
exploratory in nature. Energy fluxes, strain spectra,
comparison with Ri21, and description of the pycnocline
during the neap-relax density state all would have ben-
efited from time series over at least a tidal cycle. How-
ever, fluxes and neap-relax dissipation were sensitive to
canyon bends. Therefore future canyon studies need to
balance spatial and temporal as well as vertical reso-
lution considerations.
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