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X - 2 WAIN ET AL.: INTERNAL TIDE IN MONTEREY CANYON

Abstract. Submarine canyons are sites of intense turbulence and mix-3

ing. Monterey Canyon cuts into the continental shelf in Monterey Bay CA4

and is defined by its sinuous nature. To understand propagation and dissi-5

pation of the internal tide through the bends of the canyon, measurements6

were made over 21 days with SWIMS, a depth-cycling towed body that mea-7

sures pressure, temperature, salinity, and current velocities. Cross-canyon tran-8

sect series (measured over 25 hours) show complex baroclinic flow patterns9

that follow large scale canyon bathymetry on scales greater than 5 km. Changes10

in thalweg direction deflect the baroclinic energy flux, but all of the bends11

in the measurements region were too sharp for the flux to follow the thal-12

weg. The ridges that formed the bends in the canyon instead acted as ob-13

stacles to the flow, and elevated turbulence over 1 × 10−5 m2s−3 was ob-14

served on the flanks of these ridges, especially at the largest meander (the15

Gooseneck), likely due to breaking lee waves. The canyon-integrated total16

baroclinic energy flux increased from 2.7 MW at the most seaward section17

to 3.7 MW at the Gooseneck ridge, which has a nearly critical bottom slope18

with respect to the semidiurnal baroclinic tide on the seaward side, and was19

reduced by 50% on the landward side of the ridge. Within the error bars, the20

of Washington, Seattle, WA, USA.
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measured dissipation near the Gooseneck was sufficient to explain the baro-21

clinic energy flux divergence, although we suspect that the turbulence near22

the Gooseneck was undersampled. Between the Gooseneck and the end of23

the measurement region, the dissipation could account for the decrease in24

the energy flux, implying that while there may not be a local energy balance,25

the energy budget is balanced over a larger scale.26
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1. Introduction

Submarine canyons comprise nearly 20% of the western continental slope of the North27

America (Hickey [1995]), and have been identified as sites of elevated internal wave activity28

(e.g Hotchkiss and Wunsch [1982], Petruncio et al. [1998]). The enhanced internal wave29

activity leads to intense turbulence and mixing. While intense turbulence has been indi-30

rectly observed in Kaoping Canyon (Taiwan) using density overturns (Lee et al. [2009]),31

Monterey Canyon (California) is one of two canyons where elevated turbulent energy dissi-32

pation has been measured directly (the other being Ascension Canyon, north of Monterey33

on the California continental slope (Gregg et al. [2011]). Understanding the how internal34

tides propagate through complex canyon topography and where the tide is generated and35

dissipated is essential for comprehending the importance of canyons in coastal dynamics.36

Internal tides are generated when the surface tide flows over bathymetric features in a37

stratified ocean. Modeling results suggest baroclinic energy in Monterey Canyon comes38

from both remote and local sources for internal tide generation and is dominated by the39

semidiurnal tide (the diurnal tidal frequency is subinertial at this latitude). Based on40

numerical model studies, an internal tide is generated at Sur Plateau, south of Monterey41

Canyon, and thought to propagate along bathymetric contours into the canyon, being to-42

pographically steered around the large bends (Jachec et al. [2006],Hall and Carter [2011]).43

Monterey Canyon is sinuous in nature and the ridges of its meanders provide sites for local44

internal tide generation within the canyon itself (Petruncio et al. [1998]). Regions where45

the slope of the canyon floor are critical (where the slope of the internal wave character-46
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istic is equal to that of the topographic slope) are also potential regions of internal tide47

generation and intensification (Petruncio et al. [2002], Gayen and Sarkar [2011a]).48

Complex topography can lead to several processes that create turbulent mixing in49

canyons. The narrowing of a canyon in both width and depth can focus up-canyon prop-50

agating internal waves until they break (Petruncio et al. [2002]). Critical reflection of the51

internal tide at the canyon floor can generates a turbulent layer along the bottom (e.g.52

Ivey and Nokes [1989]). The ridges within the canyon and the canyon rims can be sites53

of lee wave generation and breaking, hydraulic jumps, and rotors. In Ascension Canyon,54

the bottom turbulence was attributed to a tidal bore and turbulence near the rim to lee55

waves or rotors (Gregg et al. [2011]). Shear instabilities from the strong baroclinic tidal56

currents and critical reflection of the internal tide were inferred to be the source of high57

turbulence in Kaoping Canyon (Lee et al. [2009]).58

In Monterey Canyon, Carter and Gregg [2002] found dissipation in the thick stratified59

boundary layer in the upper 10 km of the canyon to be due to tidal bores. Kunze et al.60

[2012] also observed this thick stratified boundary layer at five stations between thalweg61

km-15 and km-40 (Figure 1); they also concluded that this stratified bottom boundary62

layer leads to a higher efficiency of diapycnal mixing processes at the boundary. Increased63

turbulence was also observed near other features in Monterey Bay. The canyon rim was64

a source of elevated turbulence though generation of nonlinear solitary waves (Carter65

et al. [2005]). Smooth Ridge, north of the canyon, showed hydraulic jump like signatures66

associated with the tide (Lien and Gregg [2001]). These processes may also play a role67

within the upper canyon.68
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To improve our comprehension of the role that submarine canyons play in mixing the69

coastal ocean, a field experiment was conducted to (1) understand how the internal tide70

propagates around canyon bends, (2) when such bends and the canyon floor act as local71

generation sites for the internal tide, (3) identify the processes responsible for observed72

elevated turbulence in the canyon, and (4) determine if the observed turbulence can be73

predicted by energy flux divergences in the canyon. The measurements were made with74

SWIMS3, a towed body capable of the dense sampling required to observe the cross-75

canyon patterns in hydrography, flow, energy fluxes, and turbulence. The spatial and76

temporal coverage of the data provides a unique view of the physical processes in upper77

Monterey Canyon.78

2. Bathymetry

Monterey Canyon cuts into the continental shelf in Monterey Bay, California. During79

April 2009, we focused within 24 km of the coast line, where the continental shelf averages80

100 m deep. The overall axis of the canyon is east-west, although its thalweg direction81

changes dramatically. To study how the internal tide propagates around bends, our mea-82

surements were concentrated between kilometers 19 and 14 (measured from the coast at83

36◦48.4′N, 121◦47.4′W), known as the Gooseneck Meander owing to sharp bends in the84

thalweg (Figure 1).85

There are three significant meanders in the study region: a smaller one at thalweg86

kilometer 22, the larger Gooseneck Meander, and the Snake Meander at km-9. The km-87

22 meander begins at thalweg km 23 and merges into the Gooseneck Meander at km 19,88

with the apex of the meander at km 22. The thalweg enters the meander with an east-89

west orientation, bends 45◦ to the north and then bends 90◦ to the south at the apex,90
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resulting in a thalweg oriented 45◦ to the south. As the Gooseneck is approached, the91

thalweg is oriented 30◦ to the south and then at km 18, the thalweg bends sharply north,92

resulting in an orientation approximately north-south until km 15. Between the seaward93

and landward sides of the Gooseneck, the thalweg shoals 150 m.94

An internal tide beam impinges on the topography with a characteristic slope of95

√

(ω2
− f 2)/(N2

− ω2) where ω is the frequency of the tide, f is the inertial frequency, and96

N is the buoyancy frequency. If this slope is greater than the topographic slope (subcritical97

conditions), the beam will be reflected back towards the open ocean; if the characteristic98

slope is less than that of the topography (supercritical conditions), the beam will reflect99

up the slope. When the slopes are equal, critical conditions exist and wave breaking and100

turbulence generation may occur.101

From the head of the canyon at the 100 m isobath to the seaward end of the study102

region, the thalweg descends 650 m in 23 km, with slopes along the thalweg of 0.009103

to 0.06, averaging 0.028 (1.6◦). The average slope is subcritical with respect to the M2104

internal tide, but there are three regions where the slope is within 10% of the critical slope105

(Figure 2): below the rim at the head of the canyon (km-1.5 to km-2.5), landward of the106

measurement region (km-5.5 to km-6.5) and landward of the km-22 meander (km-20 to107

km-21.5). Otherwise, the canyon thalweg slope below 100 m is subcritical and will scatter108

the internal tide towards the canyon head.109

As the thalweg direction changes dramatically along the study area, but the direction110

of the barotropic and baroclinic tide remained primarily in the east-west direction, the111

relevant topographic slope may be closer to critical than the thalweg slope suggests. If112

the meanders of the canyon thalweg on scales smaller than 10 kilometers are ignored, the113
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depth of the thalweg drops the same distance over approximately 15 km, resulting in a114

mean slope of 0.048 (2.7◦), which is supercritical with respect to the M2 internal tide.115

Thus the scattering or breaking of the internal tide will depend on the slope experienced116

by the tidal beam (i.e. the average along-channel slope over the width of the beam, which117

is in the range of 5 - 10 km based on the modeling results of Hall and Carter [2011]).118

3. Observations

Eight moorings (four Long Ranger ADCPs, three MacLean Moored Profilers, and one119

Workhorse ADCP - see Zhang et al. (2012) for details) were deployed for two months120

beginning in February 2009 (Figure 1), capturing three spring tides. Measurements were121

made with the towed body SWIMS (Shallow Water Integrated Mapping System) in April122

2009 over 21 days starting towards the beginning of a spring tide and ending in the middle123

of the next (Figure 3). SWIMS transects are denoted in Figure 1. For most stations, mea-124

surements were made along the transect line repeatedly for 25 hours. The measurements125

at each transect line are collectively referred to as a group. Within each group, each pass126

along the transect is referred to as a sub. We divide the SWIMS measurements into three127

periods: the first spring tide (Groups 2 -7), the neap tide (Groups 8-11), and the second128

spring tide (Groups 12-17).129

In this paper, we focus on the measurements made between year day 94 and year130

day 102 during the first spring tide (Groups 2-7); note that year days begin at 0.0 at131

midnight, December 31, 2008. During this period, the amplitude of the barotropic current132

as measured at Monterey Pier remained relatively constant, thus allowing us to compare133

measurements at different locations. The mean temperature and salinity respectively134

decreased and increased rapidly with depth in the top 50 - 100 m of the water column135
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(Figure 4a). Consequently, the mean stratification during this time (Figure 4b) showed136

a strongly stratified surface layer overlying a more weakly stratified layer that extends to137

the bottom of the measurement region. The T-S diagram (not shown) shows that water138

warmer than 9oC became fresher during the first spring tide. During the neap tide, the139

surface water became saltier again, returning to its original T-S profile by the second140

spring tide. As discussed by Zhao et al. [2012], these stratification changes profoundly141

affect the horizontal and vertical patterns of energy flux.142

Measurements were made from the R/V Wecoma with SWIMS, a depth-cycling towed143

body with sensors to measure pressure, temperature, salinity, optical backscatter, and144

fluorescence as well as two gimbaled 300 kHz ADCPs, one pointed up and the other145

down. Dissipation of turbulent kinetic energy was estimated using the measured overturns146

in density profiles using the Thorpe scale method (Thorpe [1977], Dillon [1982]).147

SWIMS started its profiles at approximately 10 m and descended to either within 10148

m of the bottom or to a depth of 650 m, whichever was shallower. Due to the steep149

topography in the canyon, the distance of SWIMS behind the ship had to be accounted150

for. If the standard assumption that the towed body was beneath the ship held true,151

the ratio between the change in winch line-out and the change in depth should be 1:1.152

The actual ratio was used to determine the distance of SWIMS behind the ship at each153

measurement time. Inherent in this method is the assumption that this ratio remains154

constant; in reality the SWIMS track is an arc whose shape depends on the ship speed and155

the drag on SWIMS (which changes if it is ascending or descending). Because of the error156

in the winch line-out estimates, determining the exact form of this arc is not possible;157
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but we believe this current method is an improvement over the traditional method of158

assuming that the towed body is directly below the ship.159

The scalar quantities (e.g. temperature, salinity, etc.), velocities, and dissipation were160

each addressed in a different manner. The scalar quantities were averaged in 0.5 m vertical161

bins. The position of SWIMS in the canyon was determined from the pressure sensor,162

the ship position, and the line-out. Using the measurements along the SWIMS track, the163

scalar quantities were linearly interpolated to fill a 50 m horizontal x 0.5 m vertical grid164

across the canyon.165

Velocities from the two ADCPs were combined to yield water column profiles in vertical166

2 m bins. Because of the nature of ADCP measurements, the mean profile position was167

used as the location of the measurements across the canyon (as opposed to following the168

SWIMS track). The velocity measurements were interpolated onto a 50 m horizontal x 2169

m vertical grid using linear interpolation between the profiles.170

Because computation of energy fluxes requires full-depth profiles of velocity and density,171

SWIMS velocity and density data were extrapolated to the side and bottom of the canyon.172

The potential energy, horizontal kinetic energy, and energy fluxes were only computed if173

there were at least 8 data points at the grid point (approximately 4 points per semidiurnal174

tidal cycle).175

Because turbulence is such a localized process, the dissipation was not interpolated in176

the same manner as the scalar quantities or the velocities. Instead, a grid of 50 m x 0.5 m177

(the vertical resolution of the estimates) was overlaid on the canyon transect and any grid178

points that were within 50 m of the SWIMS track were assigned that value of dissipation.179
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4. Flow through the Canyon during Spring Tide

4.1. Barotropic Flow

In much of the measurement region during the first spring tide, the primary barotropic180

flow in the canyon was weak and dominated by the semidiurnal tide (Figure 5). The181

primary flow was close to rectilinear on the northern flank of the canyon and over the182

thalweg; on the southern flank of the canyon the tidal ellipses were more eccentric. This183

cross-isobath flow was confined to depths less than 200 - 300 m.184

At high water (indicated by the red line in Figure 5), the barotropic flow was towards185

the head of the canyon. As the velocity was maximum at high water, it is evident that186

the barotropic flow lagged behind tidal height measured at the pier by approximately 3187

hours. Tidal height in the canyon (measured in several locations by the moorings) was in188

phase with height at the pier, and barotropic currents measured at the moorings were in189

phase with each other and SWIMS.190

The magnitude of the barotropic flow increased where the canyon narrows towards the191

head. Weakly steered by topography seaward of the Gooseneck, the barotropic flow was192

deflected around the canyon corner where Groups 5 and 6 overlapped. The moorings193

confirm the primary barotropic flow patterns in the canyon, although the barotropic194

velocity magnitude at high water was smaller at LR3, MP2, and MP3. This is due to the195

25-hr SWIMS barotropic harmonic fit compared to the 7-day mooring fits (encompassing196

the time period of all the SWIMS measurements); if only the time period of the SWIMS197

transect closest to the mooring is used (i.e. Group5 for LR3 and MP2 and Group 7 for198

MP3), then the magnitude of the barotropic velocity was larger at the moorings and closer199

to the SWIMS estimates.200
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At high water, on the south side of the canyon where the water depth was less than201

300m, the flow rotated from a southward flow at the landward side of the measurement202

region (Group 7) to a westward flow at the seaward side (Group 2). The magnitude203

of this cross-flow remained approximately constant (around 10 cm/s); seaward of the204

Gooseneck, the velocities were higher in this cross-flow than over the north flank and205

thalweg. These flow patterns are consistent both qualitatively and quantitatively with206

the modeling results of Carter (2010).207

4.2. Spatial Patterns in Semidiurnal Flow

Here, we now discuss the total flow patterns as a function of depth and along the208

canyon during the first spring tide. The three dimensional flow structure was also largely209

driven by the semidiurnal tide (Zhao et al. [2012]). At high water (Figure 6), a two-210

layer flow developed with a strong up-canyon flow along the bottom (ranging between 10211

and 30 cm/s) overlaid by a weaker down-canyon flow (ranging between 5 and 20 cm/s),212

resembling a mode one internal tide. The transition between up-canyon and down-canyon213

flow shoaled from approximately 200 m deep at the most seaward section (Group 2) to214

100 m deep at the most landward (Group 7).215

As also seen in the barotropic flow map (Figure 5), the total semidiurnal velocities at216

the northern ends of the groups seaward of the Gooseneck (2 and 3) and on the Gooseneck217

(4 and 5) were much smaller than in other regions in the canyon. At depths between 100218

m and 200 m on the southern flank (Figure 6b), the same flow rotation from southward219

to westward that is observed in the barotropic flow is also seen in the total semidiurnal220

flow; in this region, the baroclinic velocities are small compared to the barotropic.221
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The flow followed the large scale bathymetry of the canyon, but did not follow the222

thalweg direction, which varies on the scale of approximately 0.5 km; the flow appeared223

to deflect in response to bathymetric features on the order of 5 km or greater (which is also224

the scale of the canyon width in this region). Landward of the Gooseneck, the thalweg225

meanders on a scale of 1-2 km along an east-west orientation and had little impact on the226

flow direction. At the km-22 and Gooseneck meanders, the flow was partially deflected227

by the thalweg bends. Because the flow did not exactly follow these meanders, the ridges228

that form the meanders acted as obstacles which the flow goes over, instead of around,229

resulting in sill-like hydrodynamics (discussed in more detail below).230

The semidiurnal baroclinic flow (not shown) had almost identical large-scale patterns231

as the total flow shown because the baroclinic velocity exceeded the barotropic velocity232

throughout the canyon by factors of two near the head of the canyon to over 10 in the233

Gooseneck meander. The baroclinic and barotropic velocities were in phase at the most234

seaward and landward transects (Groups 2 and 7), but at the intermediate transects, the235

baroclinic tide lagged behind the barotropic tide by 0.25 hr, 2.5 hr, 0.5 hr, and 0.25 hr236

for Groups 3-6 respectively. The largest lag was observed over the Gooseneck ridge.237

4.3. Spatiotemporal Flow Variability

The cross-canyon sections during the first spring tide provide insight into how the flow238

varied across the canyon:239

• The flow in the canyon was dominated by a semidiurnal mode one internal tide with240

the strongest flows in the deep canyon. At high water, strong deep up-canyon flow was241

observed through all sections, while at low water this strong flow was down-canyon, a242

pattern described above.243
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• There was a flow over the canyon rim seaward of the Gooseneck (Figure 7a and244

b). This flow from the southwest persisted over the 25 hour time period when Group245

3 was occupied, indicating that this is a lower frequency motion then the diurnal and246

semidiurnal tides.247

• Seaward of the km-22 meander at km-23 (Group 2), the up- and down-canyon flows248

were relatively symmetric with respect to the canyon thalweg (Figure 8a). The meanders249

cause the flow to bank to the south (at km-22/Group 3, Figure 8b) or to the north (at250

the Gooseneck/Group 4, 8c) of the canyon thalweg.251

• After entering the Gooseneck region, the flow became more topographically steered252

by the bends, as seen by a plan view of the flow in the intermediate region below the253

pycnocline (Figure 9).254

• In the meander at km-16.5 (Group 5), the deep up-canyon flow appeared to reflect255

south canyon wall, and became directed to the north, as indicated by the strong northward256

flow along the south canyon wall (Figure 10). The flow then appears to be separated257

laterally from the north canyon wall between 150 and 300 m and is up the ridge; the flow258

is fastest immediately over the Gooseneck Ridge and oriented perpendicular to the ridge259

(Figure 6d).260

• Landward of the Gooseneck (Groups 6 and 7), the pynocline shoals and the region261

of strong up-canyon flow was almost the entire depth of the section.262

• Coming out of the Gooseneck at km-12.5 (Group 6), the flow was deflected to the east263

and the strongest flows were along the north flank of the canyon (Figure 11). There was264

a region of down-canyon flow along the south canyon corner during high water, likely due265

to separation of the flow around the sharp bend (Figure 11a, Figure 9). This separation266
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was only seen when the flow in the lower portion of the water column was up-canyon,267

presumably because the canyon corner obstructs the flow more at these times.268

• At the most landward transect, km-10.5, the flow reversed from an eastward to a269

southward direction (from north to south along the transect), consistent with the cross-270

flow seen in the barotropic flow map (Figure 12).271

Transects along the length of the canyon were measured during the second spring tide272

of the cruise; while much of this paper will focus on the first spring tide, the along-canyon273

measurements provide insights into the general flow patterns during the spring tide:274

• As low water was approached (Figure 13a), there was a strong flow up the canyon275

that occupied most of the water column from the bottom to the pycnocline. This strong276

up-canyon flow did not follow the sharp bends of the canyon thalweg, but rather went277

straight over the ridges that make up the Gooseneck Meander (located at approximately278

km-4 in the figure).279

• When the flow reversed direction (Figure 13c), a divergence/convergence in the east-280

west direction was formed over the flat region at km-3 (in the figure), presumably caused281

by the canyon bathymetry.282

• A similar but opposite flow pattern to the low water flow emerged as high water283

was approached (Figure 13e). There was a strong down-canyon flow overlaid by a smaller284

region of up-canyon flow at the surface.285

It is important to note that the phasing between tidal height and canyon flow varied286

between the spring tides, as investigated more fully over a longer period from mooring287

data in Zhao et al. [2012]. The time-varying stratification (often not captured in models)288

is likely responsible for the change in phasing. The first spring tide and second spring tide289
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described here had baroclinic currents of completely opposite phases, i.e. at high water290

during the first spring tide, the flow was up-canyon, while at high water during the second291

spring tide, the flow was down-canyon.292

5. Baroclinic Energetics

5.1. Spring Cross-Channel Energetics

During the first spring tide, the distribution of available potential energy density (APE293

= 1

2
ρN2ζ2 where ζ2 is the variance of the displacement of the isopycnals with respect to294

the mean position during the 25-hr measurement period for a group) and the horizontal295

baroclinic kinetic energy density (HKE = 1

2
ρ(u2

bc+v2bc) where ubc and vbc are the East-West296

and North-South components of the baroclinic velocity respectively) were consistent with297

a mode one baroclinic tide. Through all the sections, there was high kinetic energy in the298

upper and lower layers (Figure 14).299

Seaward of the Gooseneck (Groups 2 and 3) and through the Gooseneck (Groups 4 and300

5), the APE was higher on one side of the canyon compared to the other, most likely301

due to topographic steering of the internal tide causing an asymmetry in the isopycnal302

displacement. At the km-22 meander (Group 3), there was also a region of high APE303

over the ridge between 400 and 600 m on the southern flank, perhaps due to lee waves304

generated over this ridge as the tide passes; unfortunately, along-canyon transects did not305

go over this ridge, so the existence of lee waves here cannot be verified but the slope of306

the ridge is such that this is a possibility under the parameterization of Legg and Klymak307

[2008], discussed below. In the region down to approximately 400 m on the Gooseneck308

ridge, Groups 4 and 5 overlap, but the APE was much larger in Group 4 than in Group 5.309

This can be attributed to changes in the stratification during the Group 4 measurement310
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period as the upper 150 m was warmed and the lower layer was cooled (Figure 15). These311

changes were in response to changes in the winds (Zhao et al. [2012]). Thus during the312

measurement period for Group 4, the isopycnals were deepening due to the warming, thus313

causing non-tidally driven isopycnal displacements.314

The horizontal baroclinic kinetic energy densities also showed patterns expected of the315

first-mode internal tide, with maxima at the top and bottom of the water column (Figure316

14). Due to the topographic steering of the internal tide and the resultant banking around317

the bends, the baroclinic velocity maximum near the bottom in some regions of the canyon318

was biased toward the north or south flank of the canyon. For example, at the km-22319

meander (Group 3) the maximum was on the south flank while at km-18.5 (Group 4)320

the maximum was on the north side, over the ridge). The ratio between HKE and APE321

increased from 0.9 at the most seaward transect at km-23 (Group 2) to 3.7 at km-12.5,322

perhaps due to the flow acceleration as the canyon narrows (without an accompanying323

increase in the displacement). The low ratio at the seaward end of the measurement region324

is consistent with the observations of Kunze et al. [2002].325

5.2. Spring Along-Channel Energetics

During the second spring tide, the along-canyon transects (Groups 14 and 17) also326

showed high amplitude isopycnal displacements (resulting in large potential energy den-327

sity) in the middle of the water column, accompanied by maxima in the HKE at the top328

and bottom of the water column (Figure 16). Over the Gooseneck ridge (indicated by329

the dotted line), there was a minimum in the potential energy (seen more clearly in the330

depth-averaged PE, not shown here). The SWIMS transects over the ridge (Group 13)331

indicate a similar pattern near the the deepest ridge section (Figure 17, Leg 5), but isopy-332
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cnal displacements decreased going northward to shallower water (Legs 1 and 3). The333

elevated isopycnal displacements on either side of the ridge may be the result of internal334

hydraulic jumps or lee waves generated off the ridge.335

Internal hydraulic jumps and lee waves can be formed as a stratified fluid moves over336

rough topography due to tidal motions (e.g. Farmer and Smith [1980], Klymak and Gregg337

[2004]); this process would generate high amplitude motions on either side of the ridge.338

The classic Froude number (F = U/Nh) based on the velocity during max ebb and flood,339

stratification, and thickness of the bottom layer never exceeded 0.3 and thus the flow340

was subcritical over the Gooseneck. More formal solution for the modes using realistic341

stratification, velocity structure, and cross-canyon bathymetry following Gregg and Pratt342

[2010] also showed that the flow was subcritical, consistent with Pratt et al. [2000] who343

showed that the mode speeds were greater than (less than) the maximum (minimum)344

velocity. As the flow in the canyon was never uni-directional, the modes were always345

subcritical.346

Legg and Klymak [2008] investigated the parameter range under which tidally driven347

jumps and/or breaking lee waves may form over a ridge; for Fr−1 = (dh/dx)N/ω > 3 they348

observed breaking lee waves in their numerical simulations; for values of (dh/dx)N/ω > 3349

less than 3 but greater than 1, lee waves were observed but they did not break. For the350

semidiurnal tide and the mean background stratification during the study period, values351

of this parameter were between 3 and 5, depending on the position along the ridge. The352

deeper portions of the ridge show overturns on the lee side of the ridge, consistent with353

this prediction (Figure 18). The shallower portions of the ridge have more gentle slopes354

and (dh/dx)N/ω closer to the threshold, which may explain why there was no evidence of355
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lee waves at the upper cross-ridge transect (Figure 17, Leg 1). Addtionally, the baroclinic356

velocities over the ridge appear to be weak above 350 m; the shallowest cross-ridge transect357

was in this region of weak flow. The implication of the lee waves for turbulence generation358

will be discussed in the following section.359

5.3. Neap Tide

The asymmetry between the two daily high tides was largest at the neap tide (Fig 3)360

and the maximum tidal height was 80% of the maximum spring tide height. Based on361

the measurements at the pier, Groups 8-11 occurred during this neap period. During362

the cruise, the first SWIMS transect position at km-23 was repeated during both spring363

(Group 2) and neap (Group 10) tides, allowing direct comparison of some elements of364

the flow during spring and neap tide. Internal tide motions in the the canyon were much365

smaller during the neap tide at this transect position. While the mean HKE averaged366

over the section during neap was 85% of the mean spring HKE, the mean APE was only367

35% of the mean spring APE at km-23. The baroclinic horizontal kinetic energy showed368

a weak mode one structure during the neap tide.369

6. Turbulence

Turbulence was estimated using overturn length scales from the SWIMS CTD and the370

method of Thorpe [1977], following Alford et al. [2006]. The turbulence measured by371

SWIMS was predominantly confined to a bottom boundary layer that varied in thickness372

(defined here by the e-folding distance of dissipation at the bottom) from 70 m during373

neap tide at the most seaward transect at km-23 (Group 10) to 300 m during the second374

spring tide (Group 17, over the Gooseneck). The average dissipation in the layer ranged375

D R A F T March 16, 2012, 5:20pm D R A F T



X - 20 WAIN ET AL.: INTERNAL TIDE IN MONTEREY CANYON

between 8× 10−8 m2s−3 during neap tide to 5 × 10−7 m2s−3 on the landward side of the376

Gooseneck (Group 5). The dissipation in the boundary layer averaged over all the groups377

was 2×10−7 m2s−3, compared with 2×10−8 m2s−3 in the water column above the boundary378

layer. As observed in Kunze et al. [2012] and Carter and Gregg [2002], this boundary layer379

remained stratified. The average N in the boundary layer was 4.2×10−3 rad s−1, compared380

with a water column average of 6.0 × 10−3 rad s−1. These values are higher than those381

measured by Kunze et al. [2012], where they observed < N >= 3.5× 10−3 rad s−1 in the382

turbulent stratified layer and < N >= 4.5× 10−3 rad s−1 in the water column above, but383

these measurements were lower in the canyon (between km-15 and km-45). The average384

dissipation estimate in the turbulent stratified layer was approximately a fifth of that385

observed here in the upper canyon.386

Turbulence was measured at both spring and neap tides at km-23 (Groups 2/10); at387

this position during spring tide the bottom layer was 180 m thick (compared to 70 m388

during neap) and the dissipation was 1×10−7 m2s−3 (compared with 8×10−8 m2s−3). So389

while the boundary layer was 2.5 times thicker during spring tide, the average dissipation390

in the layer was within a factor of two, as also observed from the mooring data (Zhao391

et al. [2012]).392

While the measurements occurred during different times of spring-neap cycle, the spa-393

tial pattern of the depth-integrated dissipation (Figure 19) provides some insight into394

turbulent processes in the canyon. The turbulent hotspots in the canyon are associated395

with ridges, shear flows, and critical reflection of the semidiurnal tide.396
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6.1. Ridge-Generated Turbulence

The largest turbulent hotspots are associated with the bends in the canyon. Along-397

canyon transects taken during the second spring tide most clearly show ridge-generated398

turbulence (Figure 13). When the flow along the bottom was up-canyon (Figure 13b),399

there were patches of turbulence on the downstream side of the Gooseneck and the smaller400

ridge at km-2 in the figure. As the flow was reversing direction (Figure 13d), the turbulence401

was primarily between 0 and 4 km (and much less near the Gooseneck) and the isopycnals402

were depressed on the seaward side of the Gooseneck. When the flow reversed and was403

predominantly down-canyon along the bottom (Figure 13f), the isopycnals around the404

Gooseneck sprung back and there were turbulent patches downstream of the shelf between405

2 and 4 km and downstream of the Gooseneck ridge. Additionally, lee waves were clearly406

seen near the small ridge at km-2. There was a turbulent patch amidst the lee waves,407

potentially from steepening and breaking of the waves.408

This asymmetry between turbulence during up-canyon and down-canyon bottom flow409

persisted through most of the measured groups:410

• During the first spring tide, at low water, strong deep down-canyon flow appeared to411

generate most of the turbulence.412

• Seaward of the Gooseneck, down-canyon flow generated turbulence over topographic413

features, but the average turbulence in the bottom boundary layer at these groups (2×10−7
414

m2s−3) was an order of magnitude less than the turbulence generated by the northeast-415

ern flow over the rim (2 × 10−6 m2s−3), described above (Figure 7c). The topographic416

turbulence was not apparent when the deep flow was up-canyon for the groups seaward417

of the Gooseneck Meander (Groups 2, 3, and 4).418
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• In the Gooseneck Meander and landward (Groups 5, 6, 7), strong turbulence was419

observed with deep flow up- and down-canyon, although at km-12.5 (Group 6) the up-420

canyon flow generated slightly higher turbulence, particularly on the south flank.421

• The canyon cross sections show that the periods of deep up-canyon flow (at high422

water) had flow patterns that were more complex, but overall generated less turbulence423

than the down-canyon flow (at low water). This is consistent with recent LES modeling424

of Gayen and Sarkar [2011b] who also observed asymmetry between turbulence during425

up-slope and down-slope flow when an oscillating internal tidal current moves along along426

a sloping boundary.427

The ridge hotspots are consistent with internal hydraulic jumps or breaking lee waves428

generating turbulence on the flanks of the ridges, which can be seen in individual subs429

(e.g. Figure 18). Because of the strong mode-one internal tide structure, the flow is never430

unidirectional, and thus the flow is always subcritical Pratt et al. [2000]. As the flow is431

not hydraulically controlled, internal hydraulic jumps cannot be the mechanism driving432

turbulence on the ridge flanks.433

Using measurements from the lower flow layer in the along canyon transects during the434

second spring tide (Groups 14 and 17) , the inverse Froude number of Legg and Klymak435

[2008] described above is approximately 10 on the flanks of the Gooseneck where these436

transects cross. Thus there is potential for nonlinear lee wave generation and subsequent437

breaking around the Gooseneck meander. The two smaller bends near the western (km-22)438

and eastern (km-9) edges of the measurement area also have slopes conducive to lee wave439

generation and also show elevated turbulence in and around the thalweg. Group 5 runs440
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down the eastern flank of the Gooseneck ridge and had the highest measured dissipations441

during the first spring tide, which is compatible with this phenomenon.442

The turbulence averaged over the tidal cycle during the second spring tide showed a443

thick turbulent boundary layer along the bottom of the canyon. In Group 17 (Figure 16)444

this layer is approximately 300 m thick along the entire transect, while in Group 14 the445

layer was closer to 200 m. In the regions of overlap, the two groups were separated by446

less than half a kilometer in the north-south direction; thus the smaller turbulent layer447

in Group 14 was likely due to the smaller tidal forcing during this time. Group 14 was448

closer to the thalweg than Group 17; the sections over the Gooseneck Meander (Figure449

17) showed the layer increasing in thickness closer to the thalweg, further evidence that450

the change in thickness was due to the change in tidal current.451

6.2. Shear-Produced Turbulence

There were two types of shear flows observed in the canyon. The most common was452

generated by interaction with the bottom, generating a turbulent boundary layer. The453

patterns of mean dissipation along the canyon during the first spring tide (Figure 14)454

showed that the turbulence was usually bottom intensified. With the exception of a few455

regions, the Richardson number in the canyon did not drop below 0.25 (Figure 14). These456

regions were primarily along the edges and bottom of the canyon.457

Over the Gooseneck (Groups 4 and 5), there was a small band of low Richardson number458

which corresponded in depth to the bottom of the band of elevated HKE in these sections;459

this region also had elevated turbulence, but the turbulence appears to be associated with460

the bottom and not with this layer (Figure 14). Otherwise, the only other regions where461

the Richardson number dropped below 0.25 were along the flanks of the canyon landward462

D R A F T March 16, 2012, 5:20pm D R A F T



X - 24 WAIN ET AL.: INTERNAL TIDE IN MONTEREY CANYON

of the Gooseneck (Groups 6 and 7), indicating that this boundary generated shear might463

have been responsible for the elevated turbulence in these regions.464

The other type of shear flow was shear generated by large scale non-tidal flow from the465

rim into the canyon. The hotspot on the southern rim at Groups 3 and 4 is clear in Figure466

19. Seaward of the Gooseneck, the highest turbulence was generated by this northeastern467

flow (Figure 7). The shear generated by this flow was sufficient to create a band of low468

Richardson number at km-22, indicating that shear could be responsible for producing469

this turbulence (Figure 14, Group 3).470

6.3. Critical Slope Reflection

While the average thalweg slope is subcritical with respect to the M2 internal tide,471

there are regions where the slope is close to critical (Figure 2). The two relevant regions472

are landward of the measurement region (km-5.5 to km-6.5) and landward of the km-22473

meander (km-20 to km-21.5). This assumes that the internal tide follows the thalweg,474

which does not appear to be true. Slopes experienced by the internal tide are steeper than475

the thalweg slopes. The modeling of Hall and Carter [2011] show an M2 tidal beam of476

approximately 5-10 km in width impinging on the slope in the lower reaches of the canyon477

and reflecting upslope. While the beam narrows as it propagates upslope, the width of the478

beam is such that regions of criticality are not best defined by the thalweg slope. Thus479

regions where the thalweg is only slightly subcritical (e.g. the regions adjacent to the480

critical regions), may be possible turbulence generation sites, depending on the direction481

of the slope parallel to the tidal beam.482
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7. Energy Fluxes

From the amplitude and velocity data, we can compute the baroclinic energy flux483

through the canyon following Nash et al. [2005]. During the first spring tide, the pat-484

terns expected from a first-mode internal tide were present, with elevated energy fluxes485

at the top and bottom of the water column and minimal flux in the center of the water486

column (Figure 14). The highest fluxes were directly seaward of the Gooseneck in Group487

4.488

The results from SWIMS groups 5 and 6 were compared with the estimates of the M2489

baroclinic energy fluxes from MP2, which was located between these two transects on the490

south side of the canyon at a depth of 370 m. The mean energy flux profile from MP2491

during each group was compared to the mean profile at roughly the mooring position for492

each group. As seen in Figure 20, the elevated fluxes at both the top and bottom are493

still apparent and the magnitude of the energy fluxes are similar to those measured by494

MP2. For Group 5 (Figure 20a), in the top part of the water column, the agreement with495

the mooring is very good for the profile closest to the mooring. In Group 6 (Figure 20b),496

the mooring shows lower fluxes than the SWIMS profile near the surface, but both fall497

to zero in the middle of the water column (the expected result for a first-mode internal498

tide). At the bottom, SWIMS measured twice the energy flux as the mooring. This may499

be because SWIMS measured total baroclinic energy flux, not semidiurnal, whereas the500

estimates from the moorings are from the semidiurnal flux only. So while it appears most501

of the flux measured by SWIMS can be attributed to the semidiurnal internal tide, there502

may be other processes at work.503
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During the second spring tide, a similar first-mode internal tide pattern was evident504

in the energy fluxes, with elevated fluxes at the top and bottom of the water column505

(Figure 16). While the groups show similar patterns, the magnitude of the energy fluxes506

varied between the sections; the tidal forcing was greater during Group 17 than Group507

14 and the observed magnitudes of the energy fluxes are consistent with this. In the508

Gooseneck Meander, to the landward side of the Gooseneck ridge, there is a reversal in509

the flux direction in Group 17 and Group 13 (Figure 17), as well as in Group 5 from the510

first spring tide (Figure 14). There is a relatively strong northward baroclinic energy flux511

close to to the thalweg in these sections; while most of the energy flux appears to not be512

affected by the topography of the Gooseneck, there is a small portion of the energy flux513

that travels in the direction of the thalweg (which is oriented North-South in this region).514

The small reversals in the direction of the East-West flux shown are then likely due to515

the variations in local thalweg direction in the meander.516

Finally, as expected, there was reduced energy flux up-canyon during the neap tide. The517

first-mode structure was also very weak, but present. Overall, there was a reduction by a518

factor of five in the energy propagating up the canyon during the neap tide as compared519

to the spring tide. This is also consistent with estimates of energy flux during spring and520

neap tide from the moorings (Zhao et al. [2012]).521

8. Energy Budget

The six groups (2-7) measured on consecutive days during the first spring tide have

comparatively similar tidal forcing. To investigate the energy budget in the canyon, we

use this series of groups (which are all cross-canyon transects) and begin with the basic

D R A F T March 16, 2012, 5:20pm D R A F T



WAIN ET AL.: INTERNAL TIDE IN MONTEREY CANYON X - 27

equation for the budget of energy averaged over the daily tidal cycle:

dE

dt
+

dF

dx
= P + ρ0ǫp (1)

where dE/dt is the change in the sum of the kinetic and potential energy, dF/dx is the522

divergence of the energy flux, P is the non-turbulent production in the canyon, ρ0ǫp is the523

the turbulent production, estimated as (1 + Γ)ǫ where Γ is a mixing efficiency assumed524

to be 0.2 (e.g. Carter and Gregg [2002]). The SWIMS data can be used to compute525

dF/dx, ρ0ǫp, and P, if the assumption is made that P is equal to the conversion between526

the barotropic and baroclinic tide. The conversion was computed from the data following527

Kelly et al. [2012] as528

C = −

(

dh

dx
Ubt +

dh

dy
Vbt

)

p′b (2)

where dh/dx and dh/dy are the slopes in the E-W and N-S directions, Ubt and Vbt are the529

barotropic velocities in the E-W and N-S directions, and p′b is the pressure perturbation530

evaluated on the bottom.531

The change in energy term is difficult to calculate accurately from SWIMS data, given532

the short record at each transect. But dE/dt can be calculated using the mooring data at533

MP2. Unfortunately, the mooring at MP1 (located between Groups 3 and 4) failed before534

the measurement period. As a first approximation to investigate the relative importance535

of this term around the Gooseneck, the depth-integrated energy from the mooring was536

assumed to be constant across the canyon and then a simple linear fit on the data during537

each Group. With this rough approximation, dE/dt ranged between -7 and 15 W/m,538
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which is much smaller than the flux divergence and the canyon integrated dissipation539

throughout all groups (discussed in detail below), thus we neglect this temporal variability.540

The depth-integrated and canyon-integrated dissipation are shown in Figure 19. The541

hotspots of turbulence on the canyon flanks are visible in the depth-integrated map. The542

canyon-integrated dissipation shows a drop right before the Gooseneck Meander and a543

sharp increase within the meander before gradually decreasing towards the head of the544

canyon. The estimates of the mean dissipation from SWIMS correspond well with previous545

data from the canyon and with the along-canyon transects that were taken during the546

second spring tide (Groups 14 and 17) (Figure 19, bottom panel). Between Groups 4 and547

5, the dissipation jumps up almost an order of magnitude, so the cross-channel integrals548

may underestimate some of the canyon mixing.549

After the baroclinic energy flux entered the upper canyon, generation occurred as the550

internal tide interacted with the smaller bend seaward of the Gooseneck and the entrance551

to the Gooseneck itself (Figure 21). There was a sharp drop in the baroclinic energy flux552

as the internal tide passes through the Gooseneck Meander. After the Gooseneck, the553

baroclinic energy flux decayed with distance along the canyon. Also shown in Figure 21554

(bottom panel) is the variability in the depth-integrated flux. Group 4, at the Gooseneck555

ridge, was the only region where the energy flux was always up-canyon. At the other556

Groups, the fluxes were predominantly up-canyon, but there were also down-canyon fluxes557

during some tidal phases.558

These measurements of the energy flux and dissipation can be used to determine if the559

energy budget in the canyon is governed by a balance between the flux divergence and560

dissipation (Figure 22). The canyon integrated dissipation and conversion were estimated561
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at each section line; the flux divergence is the change in energy flux between the two562

section lines. We can also compare the energy budget estimated by SWIMS with that563

from the model of Hall and Carter [2011].564

The flux increased between Groups 2 and 4, as flux was generated over the bends in the565

canyon. The energy flux increased by 30% between Groups 2 and 3 and by another 5%566

between Groups 3 and 4. Thus the dissipation could not balance this flux convergence in567

the energy budget. Based on Equation (1), the other possible contributions to the budget568

are change in energy storage and production.569

Assuming the production term in Equation 1 to be due to conversion between the570

barotropic and baroclinic tide, the conversion was computed between each group using571

the method of Kelly et al. [2012] described above and the model of Hall and Carter [2011]572

(Figure 22). The net conversion between Groups 2 and 4 as estimated from the model573

and the observations could account for only 5% of the flux convergence and dissipation.574

The model does not show this increase in flux in this region of the canyon, thus the low575

conversion is not unexpected. The local generation observed at the bends may not be576

able to be captured by estimating conversion along the transect lines, as is done with the577

observations. Because the bathymetry varies between sections and is explicit in Equation578

2, the conversion from the observations is used in a qualitative manner to indicate579

Based on Equation 1, the observed energy budget is not in balance seaward of the580

Gooseneck Meander in the observations. The production term is the most likely cause581

of the discrepancy. The model energy budget is in balance since dissipation is computed582

as a residual to balance the flux divergence and conversion. The conversion between the583

barotropic and baroclinic tide may be higher than measured or modeled. As noted, the584
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estimates from a transect line might not be in the right place to properly estimate the585

conversion, as the bathymetry changes through this region. As the model fluxes don’t586

match the observations in this region, it is not surprising that the conversion estimated587

from the model is not higher. Another important factor is the changing stratification588

along the length of the canyon and over the course of the measurements. The model589

assumes a constant stratification, so the changing stratification may be interfering with590

the model/measurement agreement. Additionally, the changing stratification may be591

changing the measured energy fluxes, as observed by Zhao et al. [2012].592

The observed flux convergence near the Gooseneck Meander is balanced within the er-593

ror bars by dissipation. Observations and the model both suggest negative conversion of594

energy from the baroclinic to barotropic tide. Additionally, dissipation may be under-595

estimated somewhat due to under sampling between the transects (Figure 19, bottom).596

While the energy flux measurements at the Groups 4 and 5 transect lines show no flux597

onto the shelf, the model of Hall and Carter [2011] show flux onto the shelf between the598

two section lines of 0.2 MW; this out-of-canyon flux reduces the the flux divergence and599

hence the dissipation needed to balance it as well.600

Between Groups 5 and 6, there is more dissipation and conversion than flux divergence,601

while between Groups 6 and 7, the dissipation and flux divergence appear to be in bal-602

ance, whether or not the conversion is factored in. Carter and Gregg [2002] found that603

the flux divergence was balanced by the dissipation in a region beginning approximately604

halfway between Groups 6 and 7 and continuing landward; thus it appears landward of605

the Gooseneck Meander, this simpler balance holds.606
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Interestingly, defining a control volume between Groups 4 and 7, using the flux into the607

box at Group 4 and out of the box at Group 7, and integrating the measured dissipation608

along the thalweg distance yields an almost exact balance (within 2%) between the flux609

divergence and the dissipation in this control volume. This is likely due to not correctly610

measuring conversion, which appears to create local imbalances in energy, but not on611

larger scales.612

9. Summary

Measurements of flow, energy fluxes, and turbulence were made in upper Monterey613

Submarine Canyon to investigate propagation, generation, and dissipation of the internal614

tide in the presence of sharp bends in the canyon topography. The study area included the615

very sharp Gooseneck Meander as well as more minor bends in the canyon. We summarize616

the findings below:617

1. Barotropic Flow: The barotropic flow in the canyon was weak compared to the618

baroclinic flow and dominated by the semidiurnal tide (Figure 5). The primary flow was619

close to rectilinear on the northern flank of the canyon and over the thalweg; on the620

southern flank of the canyon the tidal ellipses were more eccentric. At high water, the621

flow was towards the head of the canyon and increased as the canyon narrowed towards622

the head.623

2. Total Flow Patterns: The three dimensional flow structure was also largely driven by624

the semidiurnal tide and followed the large scale bathymetry of the canyon, but did not625

follow the thalweg direction (Figure 6). There was also a flow over the canyon rim seaward626

of the Gooseneck that is not correlated with the tides. Seaward of the km-22 meander, the627

up- and down-canyon flows were symmetric with respect to the canyon thalweg; landward,628
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the canyon meanders cause the flow to deflect to one side of the other, although not in629

alignment with the thalweg.630

3. Baroclinic energetics: The distribution of potential energy density and the hori-631

zontal baroclinic kinetic energy density were consistent with a mode one baroclinic tide632

throughout all the sections (e.g. Figure 14). During the first spring tide, the ratio between633

HKE and APE increased from 0.9 at the most seaward transect at km-23 (Group 2) to634

3.7 at km-12.5, perhaps due to the flow acceleration as the canyon narrows (without an635

accompanying increase in the displacement). The low ratio at the seaward end of the636

measurement region is consistent with the observations of Kunze et al. (2002).637

4. Turbulence: The turbulent hotspots in the canyon were associated with ridges,638

shear flows, and critical slope reflection of the semidiurnal tide (Figure ??. The largest639

turbulent hotspots occurred at bends in the canyon, particularly on the landward side of640

the Gooseneck ridge. The low Froude number on the ridge flanks indicates that nonlinear641

lee waves may be generated as the flow passes over the ridges. Owing to low Richardson642

number, shear played a role in turbulence generation along the bottom of the canyon and643

on the south flank of the canyon seaward of the Gooseneck, where a sub tidal flow from644

the south entered the canyon over the rim. The complex topography of the canyon makes645

it difficult to determine if the slope experienced by the tidal beams is critical; while the646

thalweg is mostly subcritical, the path of the flow is less circuitous and thus interacts with647

a steeper slope which may approach criticality. This is most likely at the landward and648

seaward ends of the measurement region.649

5. Energy fluxes: Like the flow, the baroclinic energy flux did not follow the small-650

scale meanders of the thalweg, but was instead mildly deflected by the larger bends in the651
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canyon (Figure 21). The energy flux increased by 35% at the first bend in the measurement652

region and at the Gooseneck; the slope of the Gooseneck is supercritical with respect to653

the semidiurnal tide (by a factor of 2), which may enhance generation at this site.654

6. Energy budget: Seaward of the Gooseneck, the energy flux increasedand could not655

be balanced by the dissipation (Figure 22). The measured dissipation near the Goose-656

neck could account for the baroclinic energy flux divergence within the error bars of the657

dissipation measurements; the discrepancy might be due to undersampled turbulence,658

conversion back to barotropic tide, or flux out of the canyon rim between the measure-659

ment sections. Landward of the Gooseneck, the dissipation balances the decrease in the660

energy flux within 2 %, implying that while there may not be a local energy balance,661

energy is balanced over a larger scale.662
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by the thick colored lines and marked with the colored group number. The positions of the Long

Ranger ADCPs, McLean Profiler moorings, and the Workhorse ADCP are indicated by the red
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4 and 5 APE plots indicates the location of the time series in Figure 15.
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Figure 17. The 25-hour averages of the baroclinic potential energy, baroclinic horizontal kinetic

energy, dissipation, Richardson number, and E-W energy fluxes for the transects measured over

the Gooseneck ridge during the second spring tide (Group 13). The transects progress towards

the thalweg down the page.
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The bottom panel shows canyon-averaged dissipation during the first and second spring tides as

measured by SWIMS, the first spring tide measured at MP2, and previous data from Carter and

Gregg (2002).
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Figure 20. Profiles of east-west baroclinic energy fluxes from MP2 and SWIMS for Groups 5

(a) and Group 6 (b). The MP2 fluxes are computed from semidiurnal harmonic fits whereas the

SWIMS profiles include all sources of flux.
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Figure 21. Depth-integrated and cross-canyon integrated baroclinic energy flux for the spring

tide. The energy fuxes measured by the moored profilers MP2 and MP3 are shown on the

middle panel of the figure as thick lines. The energy flux perpendicular to the transect line was

integrated along the transect to compute the canyon-integrated energy flux (top panel). The

error bars indicate the range of canyon-intergrated flux resulting from a jackknife mean of the

integrated flux for each sub in a group. The time variability of u′p′ is indicated in the bottom

panel. The red line denotes the mean and the grey envelope spans the range of depth-integrated

energy fluxes measured across all the subs for each group.D R A F T March 16, 2012, 5:20pm D R A F T
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Figure 22. Along-canyon energy budget terms measured by SWIMS (solid line) and com-

puted from the model of Hall and Carter (2011) along the SWIMS transects (dotted line): (a)

cross-canyon integrated flux, (b) cross-canyon integrated dissipation, (c) flux divergence between

SWIMS section; error bars on SWIMS data are computed from the flux errors using a total

derivative, (d) barotropic to baroclinic conversion integrated across the canyon for SWIMS and

between the section lines for the model; error bars on SWIMS data are computed from a jackknife

mean of the conversion estimate for each sub, (e) the energy budget terms measured by SWIMS;

the gray line indicates the residual between the flux divergence and the dissipation, and (f) the
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