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Abstract

Microstructure measurements taken on the Monterey Bay continental shelf, within 4 km of the shelf break, reveal a

complex mixing environment. Depth- and time-averaged dissipation rates ð�̄ ¼ 7:4255:8� 10�9 Wkg�1Þ and diapycnal

diffusivities ðKr ¼ 6:1237:8� 10�5 m2 s�1Þ were elevated above observations made over other continental shelves with

no significant topography, but were below those influenced by topographic features. The close proximity of the shelf

break/canyon rim, locally generated internal tides, and nonlinear internal waves all contributed to the elevated

turbulence. The complex bathymetry associated with Monterey Submarine Canyon allowed an internal tide to be

generated at depths greater than 1500m, as well as at the shelf break. The observed velocity field was normally

dominated by upward energy propagation from the local shelf break generated internal tide, but near low tide

downward energy propagation from a surface reflection of the internal tide generated below 1500m was observed.

Turbulent dissipation rates were not well parameterized by either the open-ocean Gregg–Henyey model or the recently

developed MacKinnon–Gregg shelf model. Like its application on the New England shelf, the MacKinnon–Gregg

model had the correct functional dependence on shear and stratification (dissipation increasing with increasing shear

and increasing stratification), however, the magnitude and range of values were too small. The most surprising finding

was the presence of what we believe to be large, high-aspect-ratio, downslope-propagating nonlinear internal solitary-

like waves of elevation. Upon reaching the canyon rim, these waves propagated into deep water and transformed into

waves of depression. On the shelf south of the canyon, the waves of elevation accounted for 20% of the observed

turbulent kinetic energy dissipation. Off the shelf, where the solitary-like waves changed to downward displacement,
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their average dissipation increased 10-fold to �̄ ¼ 2:6� 10�6 Wkg�1, and accounted for nearly half the dissipation in the

upper 150m.

r 2005 Elsevier Ltd. All rights reserved.
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1MacKinnon and Gregg (2003b) found that excluding

boundary layers 75% of the dissipation occurred in the

pycnocline with half of that associated with the passage of

solitary waves. Fifty-five percent of the observed dissipation

occurred in the unstratified bottom mixed layer.
1. Introduction

Turbulent mixing on continental shelves is much
more variable than in the open-ocean thermocline.
Although comparatively few direct turbulence
measurements have been made on the shelf,
observed diapycnal diffusivities span more than
four orders of magnitude from almost molecular
levels to over 10�2 m2 s�1 (Gregg et al., 1999;
Gregg and Özsoy, 1999; Nash and Moum, 2001).
A multitude of factors contribute to this increased
turbulent variability including nearby topography,
stronger tidal currents, a large percentage of the
water column in the surface and bottom mixed-
layers, internal tide generation, and the presence of
internal solitary waves. In recent years researchers
have begun examining different regimes, identify-
ing dominant processes, and looking for ways to
parameterize the dissipation (e.g. Simpson et al.,
1996; Horne et al., 1996; Gregg et al., 1999; Nash
and Moum, 2001; Sundermeyer and Ledwell,
2001; MacKinnon and Gregg, 2003a, b).
Mixing on the continental shelf is important

both locally and globally. Nutrients, sediments,
freshwater, and pollutants all enter the ocean from
terrestrial sources via the continental shelf. Tur-
bulent mixing is an important process for redis-
tributing these quantities throughout the water
column (e.g. Shea and Broenkow, 1982; Horne et
al., 1996; Sharples et al., 2001). On a global scale,
Munk (1997) suggests that bays and inlets account
for 100GW of tidal dissipation. Using Topex/
Poseidon altimetry data to constrain a numerical
model, Egbert and Ray (2000) estimated that
European, Northwest Australian, and Patagonian
shelves each dissipate more that 100GW.
The change of slope at the shelf break is an ideal

location for barotropic-to-baroclinic energy conver-
sion (e.g. Prinsenberg et al., 1974; Prinsenberg and
Rattray, 1975; Baines, 1982; Pingree and New,
1989). Energy lost from the surface tide radiates
away as internal waves, with an unknown propor-
tion dissipated locally (Rudnick et al., 2003).
Coastal solitary waves may be formed as part of
this process, and appear to play a significant role in
local mixing. From numerical simulations, Bogucki
et al. (1997) report that up to 73% of the internal
wave field energy could be in solitary waves. Ramp
et al. (2004) note that the most energetic motions
passing a moored array on the South China Sea
continental shelf were highly nonlinear internal
solitary waves. MacKinnon and Gregg (2003b)
estimate that approximately 15% of their observed
dissipation and 50% of the dissipation in the
thermocline occurred during the passage of solitary
waves.1 Moum et al. (2003) report that within a
solitary wave, diapycnal diffusivities were similar to
those observed in internal hydraulic jumps.
Here, we present microstructure and acoustic

data collected on the continental shelf within and
at the mouth of Monterey Bay during August
1997. Section 2 outlines the experiment location
and data collected. The velocity structure suggests
both local and more distant internal tide genera-
tion (Section 3). The turbulence observations are
described and compared to other shelf measure-
ments in Section 4. A recently suggested turbu-
lence scaling for shelf environments (MacKinnon
and Gregg, 2003b) is compared to the Monterey
Bay dissipations (Section 5). In Section 6 we suggest
that turbulent backscatter features could be non-
linear internal solitary-like waves that propagated
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from the shelf out over the canyon. Finally, the key
findings are summarized in Section 7.
2. Location and data

Monterey Bay, located in central California,
features the largest submarine canyon on the west
coast of the United States. The canyon terminates
within 100m of the shore at the eastern end of the
bay. Within the bay, the shelf north and south of
the canyon is 410 km wide (Fig. 1a). Estimates of
the barotropic tidal velocity in the bay range from
0:01m s�1 (Petruncio et al., 1998) to 0:18m s�1

(Breaker and Broenkow, 1994). Inflow through the
canyon means that surface currents are out of the
bay on flood tide (Petruncio et al., 1998).
A microstructure survey was conducted between

8 and 22 August 1997. The data collection
Fig. 1. (a) Map of the complex topography within and offshore of M

Gregg (2001) are shown in orange, and those analyzed in Carter and G

the heavier lines at 1000-m intervals. (b) Detailed map showing the lo

Contour interval is 100m, with the heavier contours marking the 500

microstructure profiles marked.
concentrated primarily on mixing at the head of
the submarine canyon (Carter and Gregg, 2002)
and over a submarine fan at the mouth of
Monterey Bay (Lien and Gregg, 2001). The
microstructure data were collected with the loosely
tethered deep Advanced Microstructure Profiler
(AMP), which was cycled from the stern as the
ship maintained steerage ð�1 knotÞ. The AMP
measures the turbulent kinetic energy dissipation
rate � (Osborn and Crawford, 1980; Wesson and
Gregg, 1994), temperature, and salinity. Following
Osborn (1980), diapycnal diffusivity is given by

Kr ¼
g�
N2

, (1)

where g is the mixing efficiency, taken to be p0:2;
N is the buoyancy frequency.
Although the continental shelf was not the focus

of this experiment, 202 profiles separated into four
spatial regions were collected on the Monterey Bay
onterey Bay. The location of the profiles analyzed in Lien and

regg (2002) are plotted in yellow. Contour interval is 250m, with

cation of the four microstructure sampling regions on the shelf.

-m intervals. (c) Tidal elevation ðZÞ with the times of the shelf
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Fig. 2. ADCP velocity from the second run across the southern
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shelf. Apart from 38 profiles taken during instru-
ment testing at the beginning of the experiment, all
the shelf profiles were taken as part of off-shelf or
cross-canyon survey lines. Eighty profiles were
taken over 34 h (02:05 13 August to 12:21 14
August) on the shelf adjacent to the submarine fan
at the mouth of the bay. A cross-canyon survey
(� 9 km from the canyon head) was conducted for
22 h (14:57 15 August to 12:25 16 August).
Asymmetries in the shelf depth on either side of
the canyon (80m on the north rim and 120m on
the south rim) lead to significantly more profiles
being taken on the southern (74) than the northern
(10) shelf. Data from all four regions were within
4 km of either the shelf break or the canyon rim.
A 150-kHz broadband vessel-mounted ADCP

measured water velocities below 11m at 4-m
intervals, and for most analysis an averaging
interval of 3min was used. Unfortunately, the
ADCP power supply failed on 16 August; thus half
of the cross-canyon surveys do not have corre-
sponding velocity data. Acoustic images were
recorded using a 200-kHz Biosonics single-beam
echosounder with vertical resolution of 0.125m.
Tidal elevations were recorded at Monterey
Harbor as part of the National Oceanic and
Atmospheric Administration (NOAA) National
Water Level Observation Network.
canyon rim (19:12 to 20:18, 15 August 1997). (a) u (east)

velocity component, (b) v (north) velocity component, (c)

velocity magnitude, and (d) velocity direction showing counter-

clockwise rotation with depth. The vertical white stripe results

from an erroneous ensemble being removed.
3. Locally generated IW field

ADCP velocity observations on and near the
shelf showed a complex multilayer flow pattern.
However, only the flow direction, and not the
current speed, was strongly depth dependent. This
pattern, consistent with a propagating internal
wave, was repeated both near the submarine fan
and within the bay. Complex bathymetry allowed
barotropic-to-baroclinic conversion (Munk, 1997;
Holloway and Merrifield, 1999) at abyssal depths
as well as at the shelf break. The combination of
locally and more distantly generated internal tides
led to a complex internal wave field on the shelf,
with both upward- and downward-propagating
internal waves.
Fig. 2 shows u, v velocity components, as well as

the current speed and direction ðy ¼ tan�1ðu
v
Þ, so
y ¼ 0� is north, and y ¼ 90� is east) over the shelf
south of the canyon from our second across-canyon
run. These data were collected during the later
portion of the minor ebb on 15 August, between
19:12 and 20:18 UTC. Magnitudes of up to
	0:25m s�1 were observed in both velocity compo-
nents, and are consistent with our observations at
other times and locations. The current speed (Fig.
2c) shows neither the two-layer structure of the u-
component (Fig. 2a), nor the three-layer structure of
the v-component (Fig. 2b). However, the current
direction (Fig. 2d) shows counterclockwise rotation
with depth. At the surface, flow was south-eastward.
By 75m depth, the flow was northward. Off the
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shelf, where deeper measurements were taken, the
flow was west–northwest.
Counterclockwise rotation with depth implies

upward internal wave energy propagation (Leaman
and Sanford, 1975; Gill, 1982), i.e. an internal wave
generated or reflected off the seabed. The proximity
of the shelf break and canyon rim suggests local
internal tide generation. Lien and Gregg (2001)
report finding a semidiurnal internal tidal beam
directly off the shelf break adjacent to the sub-
marine fan. Within Monterey Canyon fluxes were
consistent with local generation (Kunze et al., 2002;
Carter and Gregg, 2002). Therefore, although our
shelf sampling cannot be interpreted as a time-series
and does not allow an estimate of the frequency of
the wave, tidal forcing seems most likely.
Over half of our velocity observations on the

shelf adjacent to the submarine fan and on the
southern shelf of the bay showed counterclockwise
rotation. At other times, clockwise rotation or no
rotation with depth was observed. Fig. 3 plots
current direction versus depth for the six runs on
the shelf above the fan and the four runs on the
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Fig. 3. Profiles of velocity direction, showing the majority of run

(1,3,4,A,B,C). Near low water the observations were a mixture of cl

across the shelf at the submarine fan and A–D are from the souther

chosen to be consistent with Lien and Gregg (2001). The top panel sh

Only the first four runs across the southern canyon shelf had ADCP
southern shelf that had ADCP data. These profiles
were calculated using vector averaged velocity just
beyond the shelf break, as the directions were
similar to those over the shelf and this approached
minimized the influence of averaging different
amounts of data. For the submarine fan, runs 1,
4, and to a lesser extent 3, showed a counter-
clockwise rotation with depth. Run 5, which was
at high water, had little rotation with depth, except
for a region of counterclockwise rotation between
75 and 100m. The remaining two runs (6 and 7),
which occurred near low water, had both regions
of clockwise and counterclockwise rotation. Run 6
was clockwise above � 50m, and run 7 clockwise
between 40 and 120m. On the southern rim of the
canyon, the first three runs (labeled A, B, C)
showed counterclockwise rotation with depth. The
fourth run (D), which was at the beginning of
flood tide, showed counterclockwise rotation in
the upper half of the water column and clockwise
rotation with depth below 80m.
Downward-propagating internal waves can be

generated by critical topography higher in
15 15.5 16 16.5 17

ugust 1997
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ockwise and counterclockwise rotation. Panels 1, 3–7 are runs

n canyon rim. The numbering on the submarine fan runs was

ows the location of the runs with respect to tidal elevation ðZÞ.
observations due to a power-supply failure.
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Table 1

Mean dissipation rates and diapycnal diffusivities observed in

the four shelf regions

Region �̄ Wkg�1 95% conf. int. Wkg�1

Test 7:4� 10�9 ½6:129:0� � 10�9

Fan 52:9� 10�9 ½44:6263:8� � 10�9

North 49:1� 10�9 ½38:3260:8� � 10�9

South 55:8� 10�9 ½49:0263:9� � 10�9

Region Kr m2 s�1 95% conf. int. m2 s�1

Test 6:1� 10�5 ½4:328:8� � 10�5

Fan 27:0� 10�5 ½18:7239:5� � 10�5

North 14:1� 10�5 ½10:6217:9� � 10�5

South 37:8� 10�5 ½32:7244:8� � 10�5

Data within the surface and bottom mixed-layers has been

excluded. The 95% bootsrapped confidence intervals on the

means are also given.

G.S. Carter et al. / Continental Shelf Research 25 (2005) 1499–15201504
shallower water, or by either reflection or genera-
tion at the surface. The clockwise rotation in run
D was below the shelf break depth, and therefore
may be indicative of local generation. However,
the downward-propagation in runs 6 and 7 is
above the shelf level, and therefore must have been
generated or reflected at the surface. As there were
no strong wind-forcing events (Carter and Gregg,
2002), the most likely source of the downward
propagation would be surface reflection from a
remote generation site. Petruncio et al. (1998)
conclude that an internal tide is generated between
1000- and 1500-m depth on the submarine fan
(Fig. 1a).
Kunze et al. (2002) find no evidence to support

this and suggest the internal tides are generated
deeper on the complex bathymetry associated with
the submarine canyon. Internal tides generated
offshore and focused by coastal topography would
also be consistent with their data. Numerical
models suggest generation at the base of the
submarine fan (O. Fringer, pers. comm.). There-
fore, a possible interpretation of our data is that
the incoming barotropic tide generates an internal
tide deep on the submarine fan or canyon, then a
second internal tide is generated as the barotropic
tide passes over the shelf break or canyon rim. The
incoming deeply generated internal tide reflects off
the surface inshore of its generation region and
propagates downward on to the shelf.
4. Observed mixing

Observed turbulent kinetic energy dissipation
rates on the shelf ranged from o10�10 to
� 10�5 Wkg�1. Diapycnal diffusivity2 ranged over
six orders of magnitude from 10�7 m2 s�1. Con-
siderable variability was observed on the shelf,
2When calculating diapycnal diffusivity (1), the stratification

used should represent the local background density field. The

short spatial scales associated with shelf break processes

combined with our irregular profile spacing meant time

averaging the stratification was not possible. Consequently,

Kr values in this paper were calculated with stratification

derived from a single density profile resort to be monotonically

increasing with depth. The diapycnal diffusivities were calcu-

lated over 1-m vertical intervals.
both in magnitude and depth distribution. Spa-
tially as well as temporally varying environment
factors appeared to be important.

4.1. Average mixing

Mean � and Kr values for the instrument test
drops are about five times lower than the other
three regions (Table 1). The surface and bottom
mixed-layers, which are defined using
Dsy ¼ 0:01 kgm�3, have been excluded from this
analysis. The presence and thickness of the bottom
mixed-layer was highly variable, but the surface
mixed-layer was generally shallower than 10m. It
is unclear why the mixing observed during the test
drops were much lower than other sites, although
there are two notable environmental differences.
The test drops occurred during neap tide (Fig. 1c),
and the density structure (Fig. 4) was consistent
with coastal upwelled water propagating into the
bay (Rosenfeld et al., 1994; Carter and Gregg,
2002).
Averaged profiles of stratification ðN2Þ, shear

variance ðS2Þ, diapycnal diffusivity ðKrÞ, and
dissipation rate ð�Þ for the four shelf locations
are presented in Fig. 5b–i. In order to best
represent the distribution of N2 and S2, the means
and standard deviations were calculated in loga-
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rithmic space (e.g. N2 ¼ 10log10ðN
2Þ), whereas the

mixing variables ð�;KrÞ are dominated by extreme

events so we averaged the variables themselves.
The shape of the stratification profiles varied
between the four regions, although the
average stratification was nearly constant

ðN2 ¼ 4210� 10�5 s�2Þ. Data taken during in-
strument tests showed a nearly exponential de-
Fig. 5. Averaged profiles. (a) Locator map. (b), (d), (f), (h), and

(j) show log-space-averaged 4-m shear-squared, S2, and 1-m

stratification, N2, for the five regions. The shading gives one

standard deviation either side of the mean (i.e. 	s). N2
0 ðð5:2�

10�3Þ2 s�2Þ is the GM open-ocean reference stratification. (c),

(e), (g), (i), and (k) show 1-m � and 4-m Kr averages. The 95%

bootstrapped confidence interval on the � averages are shaded
in light blue. The canyon station is the upper 130m from the

early cross-canyon survey runs, and the black dashed line shows

the later runs (see Section 4.2). The surface and bottom mixed-

layers, defined by Dsy ¼ 0:01 kgm�3, were excluded from all

averages.
crease in stratification, with N2 � 4� 10�4 s�2

near the surface and N2 � 1� 10�5 s�2 near the
bed. The other three regions had nearly constant
stratification with depth, although the data near
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the submarine fan had a � 40-m thick low-
stratification region at mid-depth, and the south
region stratification decreased below 80m. The 4-
m first-difference shear profiles are very similar
across all four regions; the test data is slightly
lower in magnitude.
Averaged profiles of dissipation rate for the fan

and south regions show a local maximum at
35–40m and a near-bed increase, which starts at
100-m depth for the fan but was more gradual for
the south region (starting at 60m). The �=Kr peak
near 60m in the fan average is mainly due to a
single mixing event. To first order, the averaged
profile of the test data showed dissipation that
decreased with increasing depth. Whereas, the
north region showed depth-averaged � increasing
with depth. These two regions are only 5 km apart,
but sampling was separated by 7 days and the
density field differed. The north, south, and fan
regions all had similar near-bottom dissipation
rates ð�410�7 Wkg�1Þ, however, the depth-aver-
aged near-bed dissipation during the test drops
was � 2� 10�9 Wkg�1. Averaged diapycnal dif-
fusivity showed similar patterns.
The two regions that had survey lines run

multiple times (fan and south) showed variability
in average mixing values between runs. Average
dissipation on the shelf near the fan varied as
much as 10-fold between occupations, with con-
siderable patchiness in the location of the turbu-
lence (not shown). Lien and Gregg (2001) report
that in the water column above the submarine fan,
dissipation was stronger during ebb tide. With our
limited sampling (and the fact we often sampled on
the shelf near slack water), we are unable to
comment on any possible links between tidal phase
and dissipation.

4.2. Mixing above Monterey Canyon

The last two panels in Fig. 5 give average
profiles in the upper 130m from the cross-canyon
survey runs conducted �9 km from Moss Landing
(Fig. 5a). Data north of the 200-m isobath of the
northern side of the canyon were disregarded due
to elevated mixing from interactions with the steep
topography. Primarily, Fig. 5j and k shows data
from the first half of the cross-canyon survey
(17:04 15 August to 00:19 16 August), however,
the black dashed lines give the depth-averaged N2

and � profiles after the pycnocline had shallowed
(04:36 to 12:05 16 August) resulting in significant
changes to the average dissipation profiles.
When the pycnocline was between 50 and 80m

depth, the average near-surface dissipation ð�̄ �
4� 10�10 Wkg�1Þ was lower than any of the shelf
regions surveyed. Between 40 and 60m, averaged �
increased to � 10�7 Wkg�1, and below 100m
depth the isolated features associated with high
acoustic backscatter (Sections 4.3 and 6) domi-
nated the average. The stratification and shear-
squared profiles are very similar to those observed
on the neighboring shelves north and south of the
canyon.
Once the pycnocline shallowed (dashed lines),

stratification in the upper 40m increased by a
factor of about 3. The near-surface dissipation,
however, increased by over two orders of magni-
tude to �̄late � 3� 10�7 Wkg�1, and was larger
than our other shelf observations. It appears that
most of the increased near-surface dissipation
occurred near the diurnal maximum high water.
In their study of dissipation along the canyon axis,
Carter and Gregg (2002) also found that dissipa-
tion levels increased by up to 102 times when the
pycnocline shallowed from 120 to 50m.

4.3. Mixing associated with isolated backscatter

events

Turbulent kinetic energy dissipation rates ele-
vated relative to the local background were
observed coincident with isolated high acoustic
backscatter features (Fig. 6). The tall backscatter
features on the shelf (�1:5 to �1:2 km) had
dissipation rates approaching 9� 10�7 Wkg�1,
while above them �t5� 10�8 Wkg�1. Two AMP
profiles sampled through backscatter features in
deeper water (0.11 and 0.47 km), and showed
narrow patches of intense mixing corresponding to
the backscatter. These 10-m thick patches had
dissipations 102–103 times that of the surrounding
water.
The features between �1:5 and �1:2 km had �̄ ¼

1:8� 10�7 Wkg�1 (with a 95% bootstrapped
confidence interval on the mean of [1.1–2.7]
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�10�7 Wkg�1), whereas those at 0.11 and
0.47 km had �̄ ¼ 2:6� 10�6 Wkg�1 ð½1:823:5��
10�6 Wkg�1Þ. Therefore, it appears that the
dissipation rates associated with the offshelf
backscatter features were larger than those on
the shelf. However, we sample closer to the core of
the offshelf features than the onshelf features so
this comparison may be biased.
These features were only observed on the shelf

south of the canyon during the early part of the
cross-canyon survey, with the strongest features
being observed during the first run. During this
time the pycnocline was closer to the shelf than the
surface. The first four cross-canyon runs had this
deep pycnocline and continuous backscatter ob-
servations. Averaging the dissipation rates above
150m depth from these four runs into 100m
horizontal bins, and comparing them to maxi-
mum backscatter over these four runs gives
a rough estimate of the dissipation coinciding
with the backscatter features. Off the shelf (i.e.
0pdistancep1:5 km) 45% of the dissipation was
associated with the backscatter features. This
approach only gave that 20% of on the shelf
dissipation was associated with the features. These
values should be considered lower limits of the role
of the backscatter features. The acoustic back-
scatter records are continuous, whereas, the micro-
structure profiles occurred at discrete times, and
hence not all backscatter features had correspond-
ing dissipation measurements, also as noted above
the measurement may be at the edge of the feature.
Increased dissipation associated with other bound-
ary processes on the shelf would also help to
reduce the importance of the features.
In Section 6 we speculate on the nature of these

features.

4.4. Mixing compared to other shelves

Over smoothly varying continental shelf topo-
graphy, microstructure and dye-release experi-
ments have often shown that diapycnal
diffusivities away from surface and bottom
mixed-layers are similar to the Kr � 10�5 m2 s�1

observed in the open-ocean thermocline. These
observations include: Kr ¼ 125� 10�5 m2 s�1 on
the Oregon Shelf (Nash and Moum, 2001); Kr ¼

0:5� 10�5 m2 s�1 (MacKinnon and Gregg, 2003b)
and Kr ¼ 0:121� 10�5 m2 s�1 (Sundermeyer and
Ledwell, 2001; Ledwell et al., 2004) on the New
England shelf; and Kr ¼ 5� 10�5 m2 s�1 on the
Scotian shelf (Sandstrom and Oakey, 1995).
Diapycnal diffusivities of 6� 10�7 m2 s�1, about
five times the molecular diffusivity of heat, were
found on the Black Sea shelf in the absence of
strong tidal and wind forcing (Gregg and Özsoy,
1999).
Small-scale topographical features and strong

forcing can greatly enhance turbulent mixing on
the shelf. Nash and Moum (2001) report that the
presence of a 20-m high bump induced a hydraulic
flow with Kr values of 37–170� 10�4 m2 s�1.
Observations in the tidal-mixing front over
Georges Bank gave Kr ¼ 52200� 10�5 m2 s�1

(Horne et al., 1996). Our observations ðKr ¼

6238� 10�5 m2 s�1Þ seem to lie somewhere be-
tween the observations over smooth shelf topo-
graphy and those affected by topographic features.
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Internal tide generation at the nearby shelf break is
the likely cause of our Monterey Bay diapycnal
diffusivities being elevated above other smooth
shelf observations.
Our observed turbulent kinetic energy dissipa-

tion rates ð�̄ ¼ 7:4255:8� 10�9 Wkg�1Þ were si-
milar to those observed on the New England shelf
(MacKinnon and Gregg, 2003b), but significantly
lower than dissipation rates in the Irish Sea
(� 10�6 Wkg�1; Simpson et al., 1996), and the
Scotian shelf (5:3� 10�7 Wkg�1; Sandstrom and
Oakey, 1995).
Dissipation rates and diapycnal diffusivities

observed on the Monterey Bay continental shelf
were significantly lower than those observed in the
adjacent Monterey Canyon (Fig. 1a; Carter and
Gregg, 2002).
5. Dissipation scaling

Recently MacKinnon and Gregg (2003b) pro-
posed a new scaling to estimate turbulent dissipa-
tion in coastal environments from local
observations of shear and stratification. Shear
(from ADCPs) and stratification (from CTDs) are
commonly measured oceanic variables, and are
easier to measure than microstructure. As success-
ful parameterizations would allow for more
complete global dissipation budgets and more
accurate representation of dissipation in numerical
simulations, we applied the MacKinnon–Gregg
scaling as well as the commonly used Gregg–He-
nyey open-ocean scaling to our measurements to
test their applicability.
Henyey et al. (1986) present a simple analytical

model for turbulent kinetic energy dissipation that
is in good agreement with their numerical ray-
tracing experiments. Energy cascades from the
energy-containing scales through the internal wave
spectrum, so the dissipation rate should be related
to the flux of energy (E, per unit mass) past a given
(high) vertical wave number (m):

� ¼
qE

qm

qm

qt

� �
¼

qE

qm
�
dU

dz
� k

� �� �
, (2)

where U is the background velocity field, k is the
wave number of the propagating wave, and h�i
indicates an average over space and time scales.
The form of the energy density, and hence the
qE=qm term, was taken to be described by the
Garrett–Munk internal wave spectra (Garrett and
Munk, 1972, 1975) integrated over the range of
valid frequencies. Gregg (1989) modified the
Henyey model to use shear, as this is the more
fundamental parameter. The resulting dissipation
estimate (in Wkg�1), commonly denoted Gregg–
Henyey, is

�GH ¼ 1:7� 10�6f cosh�1
N0

f

� �
S4
10

S4
GM

* +
N2

N2
0

* +

(3)

+S4
GM ¼ 1:66� 10�10

N2

N2
0

 !2

, (4)

where N0 ¼ 3 cph, S10 is the observed 10-m shear,
and SGM is the equivalent shear from the
Garrett–Munk model spectrum.
From a two-week time-series on the New

England shelf, MacKinnon and Gregg (2003a)
conclude that the internal wave field was not
described well by the Garrett–Munk model. In
particular, the modal content of the internal wave
field varied considerably from day to day, to the
point that, on certain days, the low modes would
account for most of the shear and, a few days later,
the structure would be almost entirely higher
modes. MacKinnon and Gregg (2003b) start with
(2), but rather than use the Garrett–Munk form of
the internal wave spectrum, they used the fact that
WKB-stretching (which scales the depth such that
the stratification is constant) suggests qE=qm � N.
They also found that the large-scale shear came
mainly from near-inertial and semidiurnal waves,
and consequently they used low-frequency shear
ðSlf Þ in their scaling:

�MG ¼ �0
N

N0

� �
Slf

S0

� �
, (5)

where N0 ¼ S0 ¼ 5:2� 10�3 s�1, and the constant,
�0 ¼ 6:9� 10�10 Wkg�1, was chosen to give the
same cruise average as the observations.
To date, the MacKinnon–Gregg scaling has

only been applied on the broad New England
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shelf, about halfway between the shelf break and
the coast. MacKinnon and Gregg (2003b) con-
sidered data from late summer 1996, but excluded
dissipations associated with the passage of solitary
waves of depression, as these tended to be higher
for given S2 and N2. They found that while both
the MacKinnon–Gregg and Gregg–Henyey scal-
ings predicted the shape of the average profile
correctly, the MacKinnon–Gregg scaling predicted
magnitude and variability much better. Ledwell et
al. (2004), who conducted a dye-release experiment
as part of the same investigation, report that the
MacKinnon–Gregg scaling was consistent with
diapycnal diffusivities inferred from dye-spreading
(although the dye-spreading included the effect of
solitary waves). During late spring the following
year, MacKinnon and Gregg (2005) found that
dissipation followed the MacKinnon–Gregg scal-
ing but an �0 about three times larger ð�0 ¼ 2:0�
10�9 Wkg�1Þ was required.
The Monterey Bay shelf dissipations were

compared to the Gregg–Henyey (3) and MacK-
innon–Gregg (5) scalings. Data in the surface and
bottom mixed layers as well as that associated with
the backscatter features on the shelf south of the
canyon were excluded from this analysis. Follow-
ing MacKinnon and Gregg (2003b) we used first-
difference shears calculated from 4-m ADCP bins
in both parameterizations. The scattered sampling
on the shelf meant it was not practical to calculate
low-frequency shears, so 5-min averaged shears
were used. Dissipation and stratification were
smoothed using an 8-m Bartlett filter and sub-
sampled on to the 4-m depth bins to match the
ADCP sampling. Fig. 7 shows dissipation (real
and modeled) averaged into logarithmic bins of
stratification and shear.
Neither parameterization was good at estimat-

ing dissipation in our Monterey Bay measure-
ments. The � values estimated by the
MacKinnon–Gregg scaling (Fig. 7c) were approxi-
mately 10 times too small. Even after the constant
in (5) was altered to �0 ¼ 6:1� 10�9 Wkg�1, in
order to give the modeled dissipations the same
cruise-average as the observed (Fig. 7d), the range
of values was smaller than observed (2:9�
10�9p�MGp1:4� 10�7 Wkg�1 versus 1:6� 10�10

p�observedp7:0� 10�6 Wkg�1). The mean of the
Gregg–Henyey scaling was comparable with the
observations, and the range was a little larger
ð1:0� 10�11p�GHp1:6� 10�6 Wkg�1Þ.
When averaged into logarithmic bins, the

MacKinnon–Gregg scaling did have the correct
functionality with dissipations increasing with
increasing shear and increasing stratification
(Fig. 7c and d), whereas the Gregg–Henyey
dissipations increased with increasing shear
and decreasing stratification (Fig. 7b). The func-
tional difference between the two models is
consistent with MacKinnon and Gregg (2003b,
2005), and is a direct result of the GM shear
assumption (4). Plotting the individual �MG against
�observed (Fig. 7f) shows a very weak relation-
ship, unlike the one-to-one relation found on the
New England shelf (MacKinnon and Gregg,
2005). No relation existed between �observed and
�GH (Fig. 7e).
There are several possible reasons why the

MacKinnon–Gregg scaling did not work well for
our Monterey Bay shelf data. First, there are
significant variations in �0. The two sets of
observations on the New England shelf (MacK-
innon and Gregg, 2003b, 2005) had a similar range
of shear-squared values, but although the stratifi-
cation during the summer was an order of
magnitude stronger, the range of � values was the
same. The �0 required was three times smaller in
summer than spring. Our Monterey Bay observa-
tions cover a similar N2 and S2 domain as summer
New England shelf observations (MacKinnon and
Gregg, 2003b), but differences in dissipation levels,
result in a nine-fold increase in �0. It is conceivable
that some of the underlying physics is missing, for
example, turbulence on continental shelves may be
functionally dependent on local bathymetric slope,
as wave scattering from topography can move
energy to higher wave numbers.
Second, the 4-m shear scale, used in our analysis

and by MacKinnon and Gregg (2003b), may fall in
the k�1 rolloff range of the internal wave spectrum
and hence not be representative of the internal
wave energy level (Gargett, 1990). In the open-
ocean thermocline this cutoff occurs at k ¼

0:1 cpm (cycles per meter), and as the internal
wave energy increases the cutoff moves to larger
scales. In an attempt to address the effect of the
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shear scale, we calculated equivalent 12-m first-
difference shears from the 4-m ADCP shears,3 and
repeated the above analysis. The qualitative results
remain the same, although the smoother shears
and stratifications lead to an even smaller range of
dissipations.
3Twelve-meter velocities are calculated from a 4-m ADCP by

1=9vi þ 2=9viþ1 þ 3=9viþ2 þ 2=9viþ3 þ 1=9viþ4. The 12-m first-

difference shear is then given by ½ð1=9vi þ 2=9viþ1 þ 3=9viþ2þ

2=9viþ3þ 1=9viþ4Þ � ð1=9viþ3þ 2=9viþ4 þ 3=9viþ5þ 2=9viþ6þ

1=9viþ9Þ�=12. Equating this with 4-m first-difference shears

implies weighting of 1/27, 3/27, 6/27, 7/27, 6/26, 3/27, and 1/27

to get 12-m shears from 4-m shears.
A potentially more fundamental problem is that
both scalings are based on wave–wave interac-
tions, in which small-scale internal waves are
forced towards breaking by interaction with
large-scale (e.g. low-mode) shears. Only when the
energy is contained in stable low modes are
wave–wave interactions expected to dominate
turbulence production (MacKinnon and Gregg,
2005). When the energy-containing scales are
unstable, shear instabilities dominate and dissipa-
tion rates tend to be higher. During internal wave
generation or topographical interaction, high
modes, which are unstable and dissipate quickly,
are created. As our observations were influenced
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by local internal tide generation (Section 3), it is
possible the energy-containing modes are unstable.
Therefore, wave–wave interaction models may not
be applicable to this data.
The MacKinnon–Gregg scaling appears to be a

reasonable starting point for turbulence parame-
terization on continental shelves, as it has the
correct functional dependence on N and S when
averaged into logarithmic bins. However, because
the empirical constant �0 varies between datasets,
some underlying physics may be unaccounted for.
Finally we caution that continental shelves may
contain regions where any wave–wave interaction-
based parameterization may not be valid because
different physics dominate.
6. Discussion: nonlinear internal waves

In Section 4.3 we showed the presence of
acoustic backscatter features which coincided with
elevated turbulent kinetic energy dissipation rates.
The exact nature, and certainly the origin of these
features is unclear. Possible explanations include
biology, dense water gravity flow, or a nonlinear
internal wave (NLIW). The airfoil shear probes
used to estimate � are extremely sensitive to
impacts with plankton, but as these impacts are
no more common in the features than elsewhere it
seems unlikely they represent concentrated clouds
of biology. The bottom mixed layer in the region
of the shelf corresponding to the features was
0.01–0:02 kgm�3 lighter than that observed in the
adjacent profiles further down the shelf.
In this section, we suggest that these feature are

nonlinear internal solitary-like waves. Internal
solitary waves are a common feature of the coastal
ocean. Waves of depression (downward displace-
ment), which propagate below the surface mixed-
layer, are the most commonly observed (e.g.
Sandstrom and Oakey, 1995; MacKinnon and
Gregg, 2003b; Moum et al., 2003). These can be
formed if the layer above the pycnocline is thinner
than the deep layer (Liu et al., 1998). When the
pycnocline is in the lower half of the water-
column, solitary waves will have upward displace-
ment (waves of elevation). Observations of near-
bottom waves of elevation have been published for
the southern California (Bogucki et al., 1997),
Oregon (Klymak and Moum, 2003), and Massa-
chusetts (Scotti and Pineda, 2004) shelves, as well
as the continental slope of the Faeroe–Shetland
Channel (Hosegood et al., 2004; Hosegood and
van Haren, 2004). The relative thickness of the
layers above and below the pycnocline can vary
along the propagation path, for example, solitary
waves have been observed transforming from
waves of depression to waves of elevation as they
propagated from the South China Sea onto the
shelf (Liu et al., 1998; Orr and Mignerey, 2003;
Ramp et al., 2004).
The short wavelength of the features means we,

unfortunately, lack the high-resolution density and
current field observations required to fully describe
them as internal solitary waves. The features were
observed during the first half of our 22-h cross-
canyon survey, when the pycnocline on the south-
ern shelf tended to be just above the bottom
mixed-layer allowing for solitary waves of eleva-
tion. ADCP velocity measurements reported be-
low indicate that these NLIWs propagated
north–westward down the shelf south of the
canyon and into the deeper water above the
canyon. In agreement with theory, the NLIWs
appear to transform from waves of elevation to
waves of depression at the canyon rim.
Fig. 8 shows stratification, acoustic backscatter,

and velocity data collected over the Monterey Bay
shelf south of the canyon during the first across-
canyon run. The data shown were taken between
121�52:10W, 36�46:10N and 121�52:70W, 36�47:50N
(approximately 9 km along the canyon axis from
Moss Landing), over a 1.5-h period starting at
15:52 15 August. To give as much detail as
possible in the narrow features a 90-s averaging
interval was used for the velocity (Fig. 8c and d).

6.1. Velocity structure

Although sidelobe interference prevents an
ADCP from measuring currents in the bottom
15% of the water column, the top of the tallest
wave on the shelf ð�1:28 kmÞ was clearly visible in
the north velocity record (Fig. 8c). This upper
portion of the wave had a north velocity compo-
nent approaching 0:1m s�1, against a southward
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background flow of about �0:05m s�1. The NLIW
signature in the east velocity component (Fig. 8d)
was less obvious. The observed portion of the
tallest wave had an east velocity component
of �0:15m s�1 against a background flow of
�0:1m s�1.
The three off-shelf features also had correspond-

ing positive v-velocities4 up to 0:22m s�1, against a
southward background flow. The westward velo-
cities associated with the off-shelf features at 0.13
and 0.49 km were stronger than the surrounding
background flow (uisw � �0:2m s�1 versus
u � �0:1m s�1Þ. The feature 0.99 km from the
canyon rim had similar westward velocity to the
background.
The velocities within the NLIW measured by the

ADCP, allows us to determine the direction of
propagation. The NLIWs we observed were
propagating north–westward. The ones on the
shelf were slightly more west–northwest, while the
one furtherest from the canyon rim (0.99 km) was
traveling more north–northwest. As the observa-
tions were made on the shelf south of the canyon,
north–westward velocity implies the NLIWs were
propagating downslope towards the canyon. This
is opposite to the majority of solitary wave
observations to date, both near-surface (e.g.
MacKinnon and Gregg, 2003b; Moum et al.,
2003; Orr and Mignerey, 2003) and bottom
(Klymak and Moum, 2003; Hosegood et al.,
2004; Hosegood and van Haren, 2004; Scotti and
Pineda, 2004), which propagated towards the coast
(upslope). Using mooring data, Bogucki et al.
(1997) conclude that the observed bottom solitary
wave was propagating across-slope against the
background current.
4It should be noted that, although these three off-shelf

backscatter regions either lead or lag the similarly shaped

positive velocity regions, they appear to be manifestations of

the same features. The Biosonics acoustic imager points straight

down, while the ADCP beams are at 30� from the vertical. The

horizontal separation between the Biosonics and ADCP

measurement volumes at a depth H is given by H sinð30�Þ or

about 50m for a depth of 100m. This is consistent with the

separation observed between Fig. 8b and c. However, as an

ADCP assumes homogeneous flow over the area between the

beams, the velocities recorded may be biased low.
It is not possible to determine the phase speed of
the wave from the particle velocity, however, a
sufficiently large wave will break by overturning
(Lamb, 2002) requiring the particle velocity to
exceed the phase speed (e.g. Orr and Mignerey,
2003; Hosegood and van Haren, 2004). This sets
an upper limit on the phase speed of � 0:2m s�1

on the shelf and � 0:3m s�1 off the shelf (assuming
the waves are breaking).

6.2. Waves of elevation

A 330-m section of the Biosonics image (from
�1:51 to �1:18 km), which includes the four
largest waves of elevation, is plotted with a one-
to-one aspect ratio (Fig. 9). These waves were
clearly large-scale features with heights approach-
ing half the water column, up to 40m. The
observed horizontal scales were 50–100m. How-
ever, the ship velocity ðUshipÞ throughout this
survey was �0:5m s�1 in a similar direction to
the waves. Therefore, the actual horizontal scales
given by Lactual ¼ Lobserved ðUship � UwaveÞ=Uship

were shorter than observed. Without knowing
the phase speed of the wave we cannot estimate
Lactual , but using the particle velocity as an upper
bound implies that the actual wavelengths are no
less that 60% of the observed. These waves are
steep, with aspect ratios near one. Near-surface
solitary waves of depression usually have much
longer horizontal scales and hence smaller aspect
ratios (Ostrovsky and Stepanyants, 1989; Orr and
Mignerey, 2003). Bottom solitons observed on the
Oregon shelf were about 2–4 times wider for
similar vertical scales, Lactual � 120m for a height
of 29m (Klymak and Moum, 2003). Christie et al.
(1981) observed similar features in the atmospheric
bottom boundary layer over Northern Australia.
These waves were up to 400m high and had
associated vertical velocity changes that could
exceed 16m s�1.
Solitary wave trains evolve to be rank-ordered,

as the tallest waves propagate fastest (Osborne and
Burch, 1980; Sandstrom and Oakey, 1995). Our
observations (Fig. 8), however, show that the
second wave ð�1:28 kmÞ was the tallest. Other
authors have also found solitary wave trains that
were not rank-ordered. Orr and Mignerey (2003)
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observed that the tallest waves of elevation created
from the shoaling waves of depression were in the
middle of the train. Ramp et al. (2004) report that
solitary wave packets generated by an M2 tide
were not rank-ordered. This lack of rank-order
suggests the waves were observed close to their
generation sites.
The passage of internal solitary waves displaces

isopycnals locally. Unfortunately, undersampling
meant we profiled when the wave interface was
about the same height above the bed (Fig. 9).
(Because of aliasing associated with this under-
sampling, isopycnals denser than 25 kgm�3 were
not plotted in Fig. 8 for distances o� 1 km).

6.3. Transformation to waves of depression

As the NLIWs were traveling north–westward,
it follows that the patches of high backscatter and
north–westward velocity over the canyon (0.13,
0.49, and 0.99 km in Fig. 8b) were likely NLIWs
that propagated off the shelf into deep water.
Theoretically, as the thickness of the layer below
the pycnocline increases to greater than the surface
layer, a solitary wave of elevation will transform to
a wave of depression. For these data the transfor-
mation should occur near 135-m water depth.
Isopycnal displacements within the NLIW ob-
served at 0.13 km, which spans this depth, indicate
both upward and downward displacement.
Although our sampling was not designed to

observe these NLIWs, we were fortunate to have
AMP profiles through the features at 0.13 and
0.49 km. Fig. 10 plots selected isopycnals (spaced
0:01 kgm�3 apart) over the acoustic backscatter
image.
We first consider the wave at 0.49 km (Fig. 10).

The 25:98-kgm�3 isopycnal (contoured in purple)
was fairly horizontal, whereas the isopycnals
within the NLIW ðsy ¼ 25:99226:01 kgm�3Þ were
displaced downward compared to neighboring
profiles. The 26:01-kgm�3 isopycnal was 4.7m
deeper than the neighboring onshore profile and
6.1m deeper than the neighboring offshore profile.
This local downward isopycnal displacement
classifies this feature as a wave of depression,
which is in line with theory as the pycnocline base
was at 80 in 230m of water.
The NLIW at 0.13 km was more complicated.
The 25:95-kgm�3 isopycnal (contoured in red) was
nearly horizontal through this wave. Lighter
isopycnals (25.91–25:94 kgm�3) were displaced
upward within the NLIW compared to neighbor-
ing profiles. However, denser isopycnals
(25.96–25:98 kgm�3) were displaced downward.
We believe this mixed isopycnal signature (upward
and downward displacement) was because of the
significant water depth changes associated with the
canyon rim. The leading edge of the NLIW was in
150m of water, while the trailing edge was in
120m. With the pycnocline between 55 and 80m
(Fig. 8a), theory would predict a wave of depres-
sion at the leading edge, and a wave of elevation at
the trailing edge. Therefore, we appear to have
observed a NLIW transforming from a wave of
elevation to a wave of depression as it propagated
into deeper water.
The transition from wave of elevation to wave

of depression occurs over a shorter horizontal
scale than the transformation from waves of
depression to waves of elevation observed on the
South China Sea shelf (Orr and Mignerey, 2003).
This difference in scale may be due to the
significantly steeper slope of the canyon wall
(0.17) compared to the South China Sea shelf
(0.016), or could be due to a fundamental
difference in the transition mechanism between
the two directions. In particular, the waves of
elevation have a considerably shorter wavelength
as they approach the transition point than the
waves of depression.

6.4. Role in sediment transport

The most intense acoustic backscatter was on
the leading edge of the waves propagating across
the shelf (Fig. 9). Within the NLIWs, the back-
scatter intensity was considerably lower (Fig. 9).
Although we have no independent verification, the
intense backscatter likely includes resuspended
sediments. The mooring data of Bogucki et al.
(1997) showed a marked increase in beam attenua-
tion coefficient (a measure of turbidity) coinciding
with the leading edge of the observed internal
solitary wave. Klymak and Moum (2003) found
elevated 880 nm optical backscatter corresponding
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to resuspended fine silt and clay within a solitary
wave train. Using sediment traps Hosegood et al.
(2004) found the daily sediment flux increased
more than 100-fold after the passage of a solitary
wave train. They describe a ‘rotor’ with upward
velocities at the leading edge of the solitary wave,
which eroded the surface layer and exposed the
underlying nutrient rich sediment.
Interestingly, the bottom NLIW located be-

tween �1:37 and �1:45 km had a discernable
ellipse-shaped region of lower backscatter at its
center, completely surrounded by high backscat-
ter. This may indicate a trapped core, which is a
possible nonlinear solitary wave solution (Lamb,
2003; Klymak and Moum, 2003), and would
greatly increase transport of fluids and particles.
Strong sediment resuspension associated with

near-bottom NLIWs of elevation, combined with
propagation into the canyon, may be an efficient
mechanism for removing sediment from the
Fig. 8. Data over the southern shelf from the first cross-canyon run

backscatter, (c) v (north) velocity, and (d) u (east) velocity. The

propagating nonlinear internal waves (see text). Panel b has dissipation

sy ¼ 24:8 and 26:2kgm�3 are overlayed in 0:2-kgm�3 intervals on eac

greater than 25kgm�3 are not plotted between �1:5 and �1km becau

AMP profiles 16537–16557 are marked.
Monterey Bay shelf. Below the NLIWs at 0.13
and 0.49 km there was increased backscatter
suggestive of entrained sediments settling out
(Fig. 10).

6.5. Generation

It is unclear where the observed downslope-
propagating bottom NLIWs were generated.
Generally, coastal internal solitary waves are
formed by nonlinear steepening of internal waves
propagating from a shelf break generation region
(Sandstrom and Oakey, 1995), or by distantly
generated internal waves propagating over the
shelf break (Small, 2003). The resulting solitary
waves propagate upslope towards the coast.
Alternative mechanisms include internal solitary
waves generated by and propagating upstream
away from critical flow over a topographic feature
(Melville and Helfrich, 1987; Bogucki et al., 1997),
(15:52 to 17:17, 15 August 1997). (a) Stratification, (b) acoustic

high backscatter regions are associated with north–westward

rate profiles overlayed for selected profiles. Isopycnals between

h panel, the heavier lines are sy ¼ 25 and 26 kgm�3. (Isopycnals

se of aliasing.) Along the top of each panel, the positions of the
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and the release of standing lee waves (Apel et al.,
1997). In a two-layer laboratory experiment
Helfrich (1992) observed that when shoaling
NLIWs broke they could produce turbulent
vortices or boluses of dense water. These boluses
then propagated upslope until dissipated by
friction.
A number of authors have determined a tidal

source for the internal solitary waves they ob-
served (e.g. Osborne and Burch, 1980; Small, 2003;
Ramp et al., 2004), while others stress the
importance of atmospheric forcing (e.g. Hosegood
and van Haren, 2004). Twelve across-canyon
survey runs were performed in a 22-h period, of
which nine collected data on the shelf south of the
canyon. The largest and most pronounced NLIWs
(Fig. 8b) occurred near lower-high tide (Fig. 1c).
Observations during the following ebb showed
only small isolated near-bed backscatter. Near
higher-low tide, a train of three high backscatter
regions were observed just off the canyon rim. Of
the remaining runs, acoustic images were only
available for the last two, by which time the
pycnocline had shallowed and no NLIWs were
observed. Therefore, our acoustic backscatter data
constitutes a very short time-series ð� 6 hÞ and
does not allow us to comment on a possible tidal
origin for the NLIWs.
North–westward propagation, and the absence

of rank-ordering implies that the generation site
was close by and towards shore. A NLIW of
depression, from a shelf break or offshore genera-
tion site, which broke near shore to produce
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NLIWs of elevation or boluses could be consistent
with our observations. Tim Stanton (Naval Post-
graduate School, Monterey; pers. comm., 2005)
has observed this NLIW breaking in 12m of water
at the southern end of the bay.
Direct local generation is also a possibility.

Whether or not the bathymetry can generate an
internal tide depends on the characteristic slope
ðaÞ, which in turn depends on stratification ðN2Þ

and the latitude via

a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2 � f 2

N2 � o2

s
, (6)

where o is the wave frequency and f is the Coriolis
frequency. Fig. 11 shows the bathymetric slope on
the Monterey Bay shelf south of the canyon. The
largest tidal component in Monterey Bay is the
lunar semi-diurnal (Petruncio et al., 1998), there-
fore, we shall assume the M2 tide to be the likely
source for tidally driven NLIW wave generation.
The stratifications required to make the shelf
bathymetry critical for an M2 tide are given in
Fig. 11. Observed near-bottom stratification ran-
ged from N2 ¼ 10�6 to 10�3 s�2, resulting in
significant spatial and temporal variability of
potential sites for M2 internal tide generation.
With N2 ¼ 10�6 s�2, which was observed concur-
rently with the NLIWs on the shelf (Fig. 8), the
entire shelf south of the canyon is subcritical.
Assuming a near-bottom stratification of 10�4 s�2,
which was sometimes observed on the southern
shelf away from the influence of the NLIWs, gives
a swath of supercritical bathymetry nearly parallel
to the coast (blue cross-hatching in Fig. 11),
including upslope of the observed NLIWs.
One of the major outstanding questions of this

research is where, when, and how these nonlinear
solitary-like waves were generated. Larger scale
observations, both spatially and temporally,
would be required to answer this.
7. Summary
�
 Acoustic and microstructure data were col-
lected on the continental shelf within and at the
mouth of Monterey Bay as part of a 2-week
experiment focused on the canyon head (Carter
and Gregg, 2002) and a submarine fan (Lien
and Gregg, 2001). Spatially, the shelf data fall
into four regions, all within 4 km of the shelf
break or canyon rim. These shelf regions tended
to be part of longer survey lines, resulting in
irregular temporal coverage.
�
 The majority of the variance in the velocity field
observed, both at the mouth and within the bay,
was consistent with a propagating internal tide.
Over half of our observations showed counter-
clockwise rotation with depth (upward energy
propagation), but those near low water con-
tained a mixture of upward and downward
propagation. The complex bathymetry seems to
allow the barotropic tide to generate a bar-
oclinic tide deep on the submarine fan or
canyon. As the barotropic tide passes over the
shelf break/canyon rim, a second internal tide is
generated. On the shelf, the internal wave field
was primarily dominated by the locally gener-
ated internal tide but contained energy from the
surface reflection of the more distantly gener-
ated internal tide.
�
 Average turbulent kinetic energy dissipation
rates at the four sites were 7.4–55:8�
10�9 Wkg�1 and diapycnal diffusivities were
6.1–37:8� 10�5 m2 s�1. These values are ele-
vated above observations made over continen-
tal shelves with no significant topographical
variation, but less than many observations
affected by topographic features. The close
proximity of the shelf break and canyon rim,
locally generated internal tides, and nonlinear
internal waves all contribute to the elevated
turbulence.
�
 Considerable temporal and spatial variability
was observed. There was a factor of five
difference in �̄ and Kr between two sites 5 km
apart on the shelf north of the canyon. The
lower mixing occurred near neap tide and with
stratification consistent with coastal upwelling,
while the higher mixing was a week later after
the upwelling event had passed. On the shelf
south of the canyon, 20% of the observed
dissipation was associated with nonlinear inter-
nal waves of elevation. In the upper 150m
above the canyon and adjacent to the southern
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canyon rim, almost half the observed dissipa-
tion was associated with nonlinear internal
waves.
�
 The open-ocean scaling of shear variance and
stratification to dissipation (Gregg, 1989), as
well as a recently developed shelf scaling
(MacKinnon and Gregg, 2003b), were com-
pared to our microstructure observations with
the nonlinear internal waves excluded. Neither
scaling estimated the dissipation on the Mon-
terey shelf well. The MacKinnon–Gregg model
had the correct functional dependence on N and
S, i.e. dissipation increased with increasing
shear and increasing stratification. The empiri-
cal constant �0 required to give the same
averaged model dissipation as observed was
nine times that given by MacKinnon and Gregg
(2003b). This may suggest some underlying
physics is missing. The proximity of our
observations to an internal tide generation
region, where unstable locally generated high
modes can be expected to contain energy, meant
the wave–wave interaction mechanisms under-
lying these parameterizations may not be
dominant locally.
�
 An unexpected, but important finding was the
existence of what we believe to be downslope-
propagating nonlinear internal solitary-like
waves. Large-amplitude near-bottom waves of
elevation were observed propagating north–
westward across the shelf south of the canyon.
These high-aspect-ratio waves had vertical
scales up to 40m. Once they reached the canyon
rim they propagated into deep water, trans-
forming into waves of depression. Acoustic
backscatter images suggest that sediment en-
trained by the waves of elevation on the shelf
settles out over the canyon. Turbulent kinetic
energy dissipation rates in the solitary-like
waves are elevated compared to the local
background levels. Average � levels were higher
in the waves of depression compared to the
waves of elevation.
Further observations will be required to under-
stand the processes involved in this complex
coastal mixing environment.
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