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ABSTRACT: Submarine canyons are recognized as energetic sites for internal tides and enhanced

mixing, yet the mechanisms by which tidal forcing excites these motions remain poorly understood.

To address this gap, we develop a simplified theoretical model that represents a canyon as a long,

narrow rectangular box. The analysis reveals that the dominant wave modes in this idealized

geometry are standing internal Kelvin waves, generated at the canyon-top interface by barotropic

tides in the open ocean and accompanied by the radiation of internal tides back into the open

ocean. The amplitude of these standing waves depends on the tidal forcing strength, the geometry-

determined proximity to resonance with a given tidal frequency, and the width-to-length aspect

ratio, which controls wave-radiation efficiency. Theoretical calculations indicate that the canyon’s

tidal kinetic energy is sustained primarily by a balance between tidal energy input and losses

through radiated internal tides, with bottom drag and turbulent mixing contributing an order of

magnitude less. Idealized MITgcm simulations forced by barotropic tides at the boundaries support

these theoretical predictions. While the model adopts a simplified geometry, the framework can

be extended to more realistic continental slope settings, providing new insight into internal tide

dynamics within submarine canyons.
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SIGNIFICANCE STATEMENT: While recent observations identify submarine canyons as32

hotspots for intense internal tides, the mechanisms governing their generation remain poorly33

understood. This study presents a quantitative theory using an idealized model to elucidate the34

dynamics of wave generation within these topographic features. These findings provide a critical35

theoretical foundation for future observational and modeling studies, advancing our understanding36

of how submarine canyons contribute to mixing and general ocean circulation.37

1. Introduction38

Breaking internal waves has been shown to be a dominant contributor to deep ocean mix-39

ing. These waves are often generated as the barotropic tide encounters topographic features, like40

seamounts and ridges, and undergo weak nonlinear interactions as they radiate away from topogra-41

phy until they break down into small-scale turbulence and drive mixing (e.g. Kunze 2017). More42

recently, submarine canyons - ubiquitous along continental margins worldwide (e.g., Allen and43

Durrieu de Madron 2009; Harris and Whiteway 2011)- have emerged as additional hot spots of44

bottom-trapped internal tides with strong shears resulting in strong local mixing rather than the45

remote mixing observed when waves radiate away from topography (e.g. Kunze et al. 2002; Wain46

et al. 2013; Alford and MacCready 2014).47

Despite repeated observations of pronounced internal tides and elevated mixing within submarine48

canyons, a theoretical framework describing the origin of these internal tides remains sparse. Early49

attempts to explain internal waves in canyons as a focusing problem, initiated by Gordon and50

Marshall (1976) and later summarized by Hotchkiss and Wunsch (1982), relied on a ray-based51

description. In this viewpoint, internal waves travelling along the continental slope get trapped by52

multiple reflections within the steep canyon walls, ultimately concentrating near the canyon floor.53

Another prominent perspective stems from laboratory experiments and theoretical calculations by54

Baines (1983) and Grimshaw et al. (1985). These results suggest that tidal forcing can excite55

internal Kelvin waves within the canyon, which, upon reaching the canyon-top interface, are56

partially reflected back into the canyon and therefore get trapped.57

Contemporary theoretical understanding of the origins of internal tides in canyons still largely58

depends on these earlier works. Observations, constrained by limited instrument coverage, have59

not supported or refuted these theoretical paradigms. Numerical simulations (e.g. Hall and Carter60
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2011; Zhang et al. 2014; Aslam et al. 2018; Masunaga et al. 2023) allow for a more detailed61

dynamical analysis, but the focus has been on the study of energy transportation indicated by62

internal tidal energy fluxes rather than the mechanism of internal tide excitation in confined canyon63

geometries.64

Motivated by this gap, we analyze a theoretical model that describes the wave generation in an65

idealized submarine canyon at tidal frequency. Our approach is inspired by three key insights.66

First, the classical ray-based argument of Gordon and Marshall (1976) and Hotchkiss and Wunsch67

(1982) assumes that the wavelength of internal waves outside the canyon is small relative to the68

topographic length scale of the canyon. This assumption is questionable for internal tides. The69

dominant lowest-mode internal tides have wavelengths on the order of hundreds of kilometers (Zhao70

et al. 2016), far exceeding the typical width of submarine canyons, which generally ranges from a71

few hundred meters to several kilometers. Consequently, the canyon geometry strongly constrains72

the length scales of the waves that can survive within it, rendering a simple ray approximation73

invalid.74

Second, numerous field studies have documented the presence of standing or partially standing75

wave behavior in canyon geometries rather than radiating waves (e.g., Petruncio et al. 1998; Zhao76

et al. 2012; Hall et al. 2017; Waterhouse et al. 2017; Alberty et al. 2017; Hamann et al. 2021;77

Masunaga et al. 2023), suggesting that the presence of lateral walls plays an important role in their78

excitation.79

Third, the confined geometry of canyons has been documented to act as a resonant cavity for80

tidal waves both in observations (e.g.,Sutherland et al. 2005; Swart et al. 2011) and in theoretical81

models (e.g., Sutherland et al. 2005; Le Souëf and Allen 2014). This amplification is distinct from82

the effect of critical slopes, which are often emphasized in the literature on tidal-wave topography83

interactions.84

In light of these considerations, we introduce a simplified “box-canyon” model, where the canyon85

is idealized as a narrow, rectangular basin with a flat bottom. The open boundary at the top is86

coupled with an overlying stratified ocean experiencing a tidal force. Despite omitting many87

real-world complexities, such as sloping or irregular boundaries, the model captures the essential88

physics governing the interaction between waves in the canyon and the external tidal forcing. This89

is discussed in the last section of the paper, where we demonstrate that the physics results in90
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the generation of standing patterns in the idealized canyon also apply to more realistic canyon91

geometries.92

We conclude by illustrating how the results of the theoretical model help interpret observations93

from a recent field experiment that targeted a canyon in the Rockall Trough in the North Atlantic.94

A dye-release experiment revealed strong upwelling along the canyon axis (Wynne-Cattanach et al.95

2024), apparently driven by bursts of mixing associated with intense tidal shear (Alford et al. 2025;96

Garabato et al. 2025). In a companion paper, Ma et al. (2025) presents a realistic simulation of the97

Rockall Trough canyon geometry and demonstrates the excitation of a standing-wave pattern that98

accounts for the observed strong tidal shear. In this paper, we provide the theoretical framework to99

interpret those results.100

The paper is structured as follows. Sections 2 and 3 establish the theoretical foundation of101

the box-canyon model. Section 2 provides a summary of the principal results, while Section 3102

presents the detailed mathematical derivations. Section 4 introduce the energy budget that we use103

to interpret the excitation of waves in the canyon. In Section 5, we compare the model predictions104

against a suite of idealized numerical simulations, with a focus on tidal amplitudes, phases, and105

energy budgets. Section 6 discusses potential adaptations and generalizations of the model to more106

realistic canyon geometries. Finally, Section 7 summarizes our main findings.107

2. Tidal excitation of standing waves in a box-canyon: summary of the key results108

In this section, we summarize the theoretical framework to investigate the excitation of internal109

tides in a narrow, rectangular slit carved into the ocean seafloor shown in Fig. 1, a configuration110

that is used as an idealized representation of a submarine canyon without a sloping bottom. This111

last assumption is relaxed in Section 5 where we consider a tilted domain.112

For readers who wish to skip the detailed mathematical derivations that follow, we outline here113

the main ideas conveyed by the box-canyon model:114

1. When a canyon is subject to tidal forcing, the dominant wave response at the tidal frequency115

consists of internal Kelvin waves. In a canyon confined between lateral walls, internal waves116

take the form of Kelvin and Poincaré wave modes, i.e. waves that satisfy the non-normal flow117

at the lateral walls. The Poincaré modes are characterized by small vertical scales are strongly118

damped by the strong turbulence typical of submarine canyons. As a result, the Kelvin wave119
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modes dominate. Furthermore, if the canyon is sufficiently narrow, these Kelvin waves can be120

approximated as two-dimensional wave fields, as established in previous literature (Grimshaw121

et al. 1985; Le Souëf and Allen 2014) and in detail below.122

2. The Kelvin waves form standing modes between the end walls in the along-canyon direction,123

analogous to internal seiches in lakes. The gravest standing mode has an along-canyon length124

scale comparable to the canyon length. The standing modes result in a vertical shear pattern125

that alternates sign along the canyon as reported in canyon observations (Ma et al. 2025).126

3. We derive the amplitudes and phases of the canyon wave modes given the amplitude and phase127

of the tidal forcing at the top of the canyon (either barotropic or baroclinic). The matching128

conditions require continuity of vertical velocity and pressure perturbations at the canyon top129

interface, where a three-way balance between the forcing field, the radiated wave field, and130

the wave field trapped inside the canyon is reached. Using these expressions, we show that131

the gravest canyon mode is most strongly excited when the forcing scale is much larger than132

the canyon width.133

4. The most technically difficult part of the derivation concerns the radiated wave field, i.e., the134

waves scattered back into the open ocean when the forcing acts on a narrow canyon. To solve135

for the canyon mode amplitudes, we require a relationship between the pressure and vertical136

velocity of these radiated waves. However, the radiated field is a superposition of continuum137

of modes in (𝑘, 𝑙,𝑚) space, each with a different ratio of pressure to vertical velocity (an138

“impedance”). We show that, in the narrow-canyon limit, the net effect of all radiated modes139

can be represented by an effective impedance 𝑍𝑅, defined as the ratio of the total radiated140

pressure to the total radiated vertical velocity. This effective impedance greatly simplifies141

both the analytical solution and the energetic discussion in the next section.142

5. We identify a resonance in the canyon response, consistent with previous work of Sutherland143

et al. (2005) and Le Souëf and Allen (2014): when the forcing frequency matches the intrinsic144

modal frequency determined by the canyon geometry, the canyon wave amplitude is strongly145

amplified. The sharpness and magnitude of this resonance depend on a non-dimensional146

parameter 𝑧𝑛 (the ratio of impedances of radiated wave modes and canyon wave modes),147
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which is solely controlled by the canyon aspect ratio (width relative to length). resonant148

modes in narrow canyons, therefore, exhibit stronger amplification than in wider ones.149

3. Tidal excitation of standing waves in a box-canyon: detailed derivation150

We now provide a detailed derivation of the key results summarized above.151

a. Box-canyon model152

The idealized canyon model is illustrated in Fig. 1 (a-c). It can be thought of as a “fish tank”161

carved into the seafloor. The canyon extends much farther in the along-canyon direction, 𝐿𝑥 , than162

in the cross-canyon direction, 𝐿𝑦. At its upper boundary, the canyon is open to the overlying ocean,163

allowing open ocean tidal motions to interact with waves in the canyon. For simplicity, we assume164

that the vertical stratification 𝑁2 is constant.165

Our goal is to study how open-ocean tides excite waves in a canyon. Consistently, we assume166

that the waters above the canyon experience tidal waves at a single frequency, encompassing both167

barotropic and low-order baroclinic tides. Inspired by typical oceanographic conditions (Zhao168

et al. 2016; Harris and Whiteway 2011), we also assume that the open ocean tidal waves have169

wavelengths larger than 𝐿𝑥 . This implies that the scale of the waves excited in the canyon is not170

set by the open ocean tides but rather by the canyon’s geometry. This results in the generation of171

standing-wave patterns in the canyon, akin to seiches observed in lakes, as illustrated in Fig. 1e. A172

scenario that contrasts with the traditional ray-based picture depicted in Fig. 1d, where the canyon173

size is much larger than the open ocean tidal wavelength, so that the waves undergo multiple174

reflections as they propagate into the canyon.175

This model geometry is chosen to capture the key features of deep ocean canyons that cut through176

ridges and continental shelves, such as the one sampled in the Rockall Trough experiment (Wynne-177

Cattanach et al. 2024). These canyons are no more than a few kilometers wide, while their lengths178

extend to tens of kilometers; they are subject to substantial tidal activity and experience significant179

turbulent mixing. All these aspects are crucial in the analysis that follows.180
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Fig. 1. (a,b,c) Settings of the box-canyon model, shown in 3D view, front and side views. The canyon
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the canyon would be constrained by the geometry, with the longest mode on the scale 𝐿𝑥 . Note that the vertical

scale in this sketch is exaggerated.
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b. Wave modes in the box-canyon model at tidal frequency181

Building on the conceptual framework described above, we now focus on the standing wave182

modes that can be sustained inside the canyon. To analyze these modes, we follow the conventional183

approach used in internal wave theory, assuming a static, stratified background state and consid-184

ering small, linear perturbations to the velocity and density fields governed by the Navier–Stokes185

equations. We make the hydrostatic approximation, as our focus is on motions at the tidal fre-186

quency, which is much smaller than the stratification frequency 𝑁–the frequency at which vertical187

accelerations can no longer be neglected. Under these assumptions, the linearized governing188

equations take the following form:189



𝑢𝑡 − 𝑓 𝑣 = −𝑝𝑥 ,
𝑣𝑡 + 𝑓 𝑢 = −𝑝𝑦,

0 = −𝑝𝑧 + 𝑏,
𝑏𝑡 +𝑁2𝑤 = 0,

𝑢𝑥 + 𝑣𝑦 +𝑤𝑧 = 0

(1)

The wave field in the canyon is constrained by the canyon bathymetry. This topographic constraint190

must be treated as a first-order effect. In particular, in the cross-canyon direction, the normal flow191

must vanish at 𝑦 = − 𝐿𝑦

2 and 𝑦 = 𝐿𝑦

2 , resulting in a discrete set of canyon modes in 𝑦:192

𝑣 = sin
(
𝑛𝜋

𝐿𝑦

(
𝑦 +

𝐿𝑦

2

))
, 𝑛 ⩾ 0 (2)

which correspond to a Kelvin (𝑛 = 0) and Poincaré wave modes (𝑛 > 0). (While the name Poincaré193

waves is more commonly used to refer to surface waves in the open ocean, it is also used to refer194

to waves in a narrow canyon.)195

The canyon modes can be determined by substituting in the system of equations (1) solutions

of the form 𝑒𝑖(𝑘𝑥+𝑚𝑧−𝜔𝑡) with 𝑘 the along-canyon wavenumber and 𝑚 the vertical wavenumber and

𝜔 > 0 is the wave frequency. One obtains the dispersion relation of two classes of waves. The

Poincaré wave modes satisfy
𝑘2 + (𝑛𝜋/𝐿𝑦)2

𝑚2 =
𝜔2 − 𝑓 2

𝑁2 .
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Typically 𝜔≪ 𝑁 for tidal waves in a stratified canyon and thus,

𝑚2 ≫ 𝑘2 + (𝑛𝜋/𝐿𝑦)2

The canyon’s geometry has 𝐿𝑥 ≫ 𝐿𝑦 and thus 𝑘 is much smaller than 𝑛𝜋/𝐿𝑦, for all but the very196

high 𝑛modes, and to a very good approximation𝑚2 ≫ 𝜋2/𝐿2
𝑦. For narrow canyons a few kilometers197

wide–the focus of this study–this implies that the vertical wavenumber of the Poincaré modes is198

no more than a few hundred meters, a scale small enough to experience substantial damping in199

the presence of the strong background turbulent environment typically encountered in canyons. In200

light of this, we focus primarily on the Kelvin wave modes in the main text. A detailed analysis of201

the canyon’s Poincaré modes, along with a demonstration of their practical irrelevance, is provided202

in Appendix A.203

The second class of waves is in the form of Kelvin waves satisfying

| 𝑘
𝑚
| = 𝜔

𝑁
≡ 𝛼𝑐 .

Kelvin waves are internal gravity waves with 𝑣 = 0 that satisfy a reduced version of the full equations204

in (1):205 

𝑢𝑡 = −𝑝𝑥
𝑓 𝑢 = −𝑝𝑦,
0 = −𝑝𝑧 + 𝑏

𝑏𝑡 +𝑁2𝑤 = 0

𝑢𝑥 +𝑤𝑧 = 0

(3)

These equations represent 2D motions in the (𝑥, 𝑧) plane supplemented by the geostrophic balance206

𝑓 𝑢 = −𝑝𝑦 in the 𝑦-direction. Introducing a streamfunction 𝜓, such that (𝑢,𝑤) = (𝜓𝑧,−𝜓𝑥) and207

𝜓 = 𝜓̂𝑒−𝑖𝜔𝑡 , this system of equations can be reduced to a single equation for 𝜓̂,208

𝜓̂𝑥𝑥 −𝛼2
𝑐 𝜓̂𝑧𝑧 = 0, (4)

where we relied on the assumption that 𝑁 and thus 𝛼𝑐 are constant. Solutions of this equation209

represent waves traveling along a wall (e.g., Rhines 1970) with the wall on their right in the northern210
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hemisphere. In our problem, we seek solutions confined between two lateral walls [−𝐿𝑦/2, 𝐿𝑦/2],211

which allows Kelvin waves to propagate in both directions, namely212

(𝜓,𝑢, 𝑝, 𝑏) = (𝜓𝑟 , 𝑢𝑟 , 𝑝𝑟 , 𝑏𝑟) 𝑒−𝑦/𝐿𝑑+𝑖( |𝑘 |𝑥+𝑚𝑧−𝜔𝑡) + (𝜓𝑙 , 𝑢𝑙 , 𝑝𝑙 , 𝑏𝑙) 𝑒𝑦/𝐿𝑑+𝑖(−|𝑘 |𝑥+𝑚𝑧−𝜔𝑡) . (5)

where 𝐿𝑑 ≡𝜔/( 𝑓 |𝑘 |) is the deformation scale (e-folding scale) for the Kelvin wave with wavenum-213

ber 𝑘 .214

In the next few subsections, we demonstrate that the dominant waves excited in the canyon have215

an 𝑥-wavelength of the order of the canyon length and are much larger than the canyon width. We216

can thus safely assume217

𝐿𝑦

𝐿𝑑
=
𝑓 |𝑘 |𝐿𝑦
𝜔

≪ 1 consistent with |𝑘 | ≪ 𝜔

𝑓

1
𝐿𝑦

≃ 1
𝐿𝑦
. (6)

In this limit, the rightward and leftward propagating Kelvin wave solution reduces to218

(𝜓,𝑢, 𝑝, 𝑏) ≃ (𝜓𝑟 , 𝑢𝑟 , 𝑝𝑟 , 𝑏𝑟)𝑒𝑖( |𝑘 |𝑥+𝑚𝑧−𝜔𝑡) + (𝜓𝑙 , 𝑢𝑙 , 𝑝𝑙 , 𝑏𝑙)𝑒𝑖(−|𝑘 |𝑥+𝑚𝑧−𝜔𝑡) . (7)

where the 𝑦-dependence is weak because 𝑦 < 𝐿𝑦 ≪ 𝐿𝑑 as long as 𝑒𝑦/𝐿𝑑 ∼ 1 and can thus be neglected219

at leading order, except when taking 𝑦-derivatives of pressure. The 𝑦-pressure gradient enters at220

leading order and balances the Coriolis acceleration, 𝑓 𝑢 = −𝑝𝑦. An additional approximation221

pertains to the non-normal flow boundary condition at the edges of the canyon at 𝑥 = 0 or 𝑥 = 𝐿𝑥 ,222

which in general requires a combination of Kelvin and Poincaré modes. However, in the limit of223

a narrow canyon (𝐿𝑦 ≪ 𝐿𝑑), Taylor (1922) 1 shows that the incoming Kelvin wave reflects off the224

wall with a phase difference of approximately 𝜋 and minimal excitation of Poincaré waves, and thus225

the reflection problem is essentially two-dimensional. In a narrow channel, we can therefore safely226

neglect the 𝑦-dependence at leading order and treat the solution as effectively two-dimensional. In227

practice, we replace the full streamfunction 𝜓(𝑥, 𝑦, 𝑧, 𝑡) by the 2D field 𝜓(𝑥, 𝑧, 𝑡) ≡ 𝜓(𝑥, 𝑦 = 0, 𝑧, 𝑡)228

at the centerline and approximate the boundary condition as 𝜓 = 𝜓𝑙 +𝜓𝑟 = 0 at 𝑥 = 0 and 𝑥 = 𝐿𝑥 as229

in a 2D wave–reflection problem.230

1Taylor (1922) solves the problem for surface Kelvin and Poincaré in a canyon rather than the internal wave problem considered here, but the
analysis is equivalent.

11



ψ̂ = 0 (Lx,0)

(0,Lz)

I

II

III

IV

ψ̂ = 0ψ̂ = 0

(Lx, Lz)
z = Lz

(0,0)

Fig. 2. Boundary condition for standing internal Kelvin wave modes in the canyon.

Without 𝑦-dependence, solutions to Eq. (4) can be written as 𝜓 = 𝜓̂(𝑥, 𝑧)𝑒−𝑖𝜔𝑡 , with 𝜓̂(𝑥, 𝑧) a231

complex amplitude to be determined by supplementing boundary conditions. With the domain232

depicted in Fig. 2, 𝜓̂ must be set to zero along the rigid walls 𝐼, 𝐼 𝐼, and 𝐼 𝐼 𝐼. The boundary condition233

at the interface 𝐼𝑉 is set by matching the Kelvin wave solution with the motions in the overlying234

ocean and is discussed in detail later in this section. Solutions satisfying Eq. (4) and the three235

boundary conditions at the rigid walls can be written as the sum of discretized normal modes:236

𝜓̂𝐶𝐴 =

∞∑︁
𝑛=1

𝐴̃𝑛𝜓̂𝑛, with 𝜓̂𝑛 (𝑥, 𝑧) = sin(𝑘𝑛𝑥) sin(𝑚𝑛𝑧) (8)

where237

𝑘𝑛 =
𝑛𝜋

𝐿𝑥
, 𝑚𝑛 =

𝑘𝑛

𝛼𝑐
=

1
𝛼𝑐

𝑛𝜋

𝐿𝑥
, 𝑛 ⩾ 1 (9)

The lateral boundaries discretize the wavenumber 𝑘𝑛, while the wavenumber 𝑚𝑛 is determined by238

the governing equation (4) and the associated Kelvin wave dispersion relation. 𝐴̃𝑛 are the complex239

amplitudes encapsulating both amplitude and phases of mode 𝑛 (in what follows, the tilde sign240
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always carry the meaning of complex amplitude). The corresponding solutions for 𝑢̂, 𝑤̂, 𝑏̂, 𝑝 are241



𝑢̂CA(𝑥, 𝑧) =
∑
𝑛 𝐴̃𝑢𝑛𝑢̂𝑛 (𝑥, 𝑧) =

∑
𝑛𝑚𝑛 𝐴̃𝑛 sin(𝑘𝑛𝑥) cos(𝑚𝑛𝑧)

𝑤̂CA(𝑥, 𝑧) =
∑
𝑛 𝐴̃𝑤𝑛𝑤̂𝑛 (𝑥, 𝑧) =

∑
𝑛−𝑘𝑛 𝐴̃𝑛 cos(𝑘𝑛𝑥) sin(𝑚𝑛𝑧)

𝑏̂CA(𝑥, 𝑧) =
∑
𝑛 𝐴̃𝑏𝑛 𝑏̂𝑛 (𝑥, 𝑧) =

∑
𝑛− 𝑖𝑁

2

𝜔
𝑘𝑛 𝐴̃𝑛 cos(𝑘𝑛𝑥) sin(𝑚𝑛𝑧)

𝑝CA(𝑥, 𝑧) =
∑
𝑛 𝐴̃𝑝𝑛𝑝𝑛 (𝑥, 𝑧) =

∑
𝑛
−𝑖𝜔
𝛼𝑐
𝐴̃𝑛 cos(𝑘𝑛𝑥) cos(𝑚𝑛𝑧)

(10)

Fig. 3 illustrates the first three normal modes for a representative rectangular box. The aspect242

ratio of the modal cells is governed by the constant 𝛼𝑐. While the spatial patterns of these modes243

are unaffected by the upper boundary condition at boundary 𝐼𝑉 , their amplitudes are set by it, as244

discussed below.245

Fig. 3. Streamfunction and along-canyon velocity of the first three modes in the box-canyon model, with

𝐿𝑥 = 10km, 𝐿𝑧 = 500 m, 𝛼𝑐 = 0.073 (patterns not sensitive to these values).

246

247

c. Tidal forcing outside the canyon248

Tidal motions in the open ocean consist of both barotropic and baroclinic components. Ac-249

cordingly, we represent the motions above the canyon as the superposition of a barotropic tidal250

wave, expressed in terms of the sea surface displacement 𝜂, and horizontally propagating baroclinic251

waves that satisfy a no-normal-flow condition at the ocean surface and bottom. We focus on the252
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lowest-order baroclinic waves, as they generally carry the majority of the total baroclinic tidal253

energy.254

The wave solutions within the canyon must match the tidal flow outside at the upper interface,255

located at 𝑧 = 𝐿𝑧 and spanning the narrow strip [0, 𝐿𝑥] × [−𝐿𝑦/2, 𝐿𝑦/2]. Because the dominant256

tidal motions in the open ocean have horizontal scales far exceeding the canyon width, we neglect257

their 𝑦-variation when applying the boundary conditions at the canyon top, i.e.,258

𝑝𝐹 (𝑥) = 𝑝𝐹 (𝑥, 𝑦 = 0, 𝑧 = 𝐿𝑦) = 𝑔𝜂0𝑒
𝑖𝐾0𝑥 + 𝑝′1𝑒

𝑖𝐾1𝑥 , with 𝑝𝐹 (𝑥) = 𝑝𝐹 (𝑥)𝑒−𝑖𝜔𝑡 (11)

where 𝐾0 and 𝐾1 are the wavevector components of the barotropic tide and lowest baroclinic tide259

along the canyon axis–𝑥 in our notation.260

To impose the boundary condition at the interface, we start by projecting the open ocean tidal261

wave onto the basis functions of the canyon modes shown in (10). The canyon pressure field is262

expressed as a function of a discrete set of cosine modes cos(𝑘𝑛𝑥), with 𝑘𝑛 = 𝑛𝜋/𝐿𝑥 . This set263

forms a complete and orthogonal basis on [0, 𝐿𝑥] and we can therefore represent 𝑝𝐹 (𝑥) in terms264

of these basis functions:265

𝑝𝐹 (𝑥) = 𝐶̃0 +
𝑁∑︁
𝑛=1

𝐶̃𝑛 cos(𝑘𝑛𝑥) (12)

Here, 𝐶̃𝑛 represents the complex amplitude of the 𝑛-th mode induced by the forcing, truncating at266

order 𝑁 . The term 𝐶̃0 corresponds to a spatially uniform component that does not influence the267

flow and can therefore be neglected.268

To gain some insight on the dependence of the coefficients 𝐶̃𝑛 with modal number 𝑛, we consider269

the limit where the length of the canyon, in addition to its width, is much shorter than the scale of270

the tidal waves in the ocean interior, i.e. 𝐾0𝐿𝑥 ≪ 𝐾1𝐿𝑥 ≪ 1, which applies well to relative shorter271

canyons of 10-20 km. In this limit, we can represent the pressure as a linear gradient in 𝑥 over272

the distance 𝐿𝑥 (a Taylor series expansion of the pressure profile that retains only the constant and273

linear terms in 𝑥):274

𝑝𝐹 (𝑥) ≈ 𝑝𝐹𝑥0𝑥 + 𝑝
𝐹
0

= −𝑝𝐹𝑥0

∑︁
𝑛 is odd

4𝐿𝑥
𝑛2𝜋2 cos(𝑘𝑛𝑥) + 𝑝𝐹0

(13)
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where 𝑝𝐹
𝑥0 =

𝜕𝑝𝐹

𝜕𝑥

���
𝑥=0

is the pressure gradient at 𝑥 = 0 and −∑
odd 4𝐿𝑥/(𝑛2𝜋2) cos(𝑘𝑛𝑥) is the Fourier275

representation of 𝑥 under {cos(𝑘𝑛𝑥)} bases. This is the well-known result that a function with276

different values at the edge of the domain at 𝑥 = 0 and 𝑥 = 𝐿𝑥 has Fourier coefficients 𝐶̃𝑛 that decay277

as 𝑛2. This suggests that the external tidal forcing most strongly excites low-order odd modes in the278

canyon. If the pressure fields varies more smoothly than a step function at the edge of the domain,279

i.e. if the canyon length is comparable to the tidal wave wavelength, then the spectral roll-off is280

even steeper.281

d. Radiated waves outside the canyon282

The standing waves in the canyon trigger pressure and velocity perturbations at the interface,283

which radiate up above the open ocean. The radiated waves induced by canyon wave modes have284

been extensively examined by Grimshaw et al. (1985), who employed a Green’s function approach.285

In their formulation, the vertical velocity field is treated as a distribution of individual wave sources,286

and the resulting radiated pressure field at the canyon top is computed in physical space. We find287

that spectral characterization is more informative if formally equivalent.288

Specifically, the radiated waves form an internal wave field comprising all wavenumber triplets289

(𝑘, 𝑙,𝑚) that satisfy the dispersion relation290

√
𝑘2 + 𝑙2
−𝑚 =

√︁
𝜔2 − 𝑓 2

𝑁
,

where 𝑚 < 0 because waves radiated from the canyon propagate upward. For each mode, the291

pressure amplitude and vertical velocity are related through the concept of impedance (e.g., Gill292

2016), defined as the ratio of pressure to vertical velocity. This relationship follows directly from293

the third and fourth equations in the governing system (1):294

𝑍 (𝑘, 𝑙) ≡ 𝑝

𝑤̂
= − 𝑁

2

𝑚𝜔
=

𝑁
√
𝑘2 + 𝑙2

√︁
𝜔2 − 𝑓 2

𝜔
. (14)
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Applying this impedance relation allows us to write the pressure field to be written based on the295

vertical velocity field for the radiated waves:296

𝑤̂𝑅 (𝑥, 𝑦, 𝑧 ⩾ 𝐿𝑧) =
∫ ∞

−∞

∫ ∞

−∞
𝑤̂𝑅 (𝑘, 𝑙) 𝑒𝑖(𝑘𝑥+𝑙𝑦+𝑚(𝑧−𝐿𝑧)) 𝑑𝑘 𝑑𝑙,

𝑝𝑅 (𝑥, 𝑦, 𝑧 ⩾ 𝐿𝑧) =
∫ ∞

−∞

∫ ∞

−∞
𝑍 (𝑘, 𝑙) 𝑤̂𝑅 (𝑘, 𝑙) 𝑒𝑖(𝑘𝑥+𝑙𝑦+𝑚(𝑧−𝐿𝑧)) 𝑑𝑘 𝑑𝑙,

(15)

where 𝑚 is determined by (𝑘, 𝑙) through the dispersion relation and 𝑤̂𝑅 (𝑘, 𝑙) is the vertical velocity297

amplitude for the wavenumber pair (𝑘, 𝑙). Since our focus is on the coupling between fields at the298

canyon interface, we neglect 𝑦-variations in the radiated waves (see Appendix B) and project the299

radiated field at the interface onto the basis functions of the canyon modes, truncating at order 𝑁:300

𝑤̂𝑅 (𝑥, 𝑦 = 0, 𝑧 = 𝐿𝑧) =
𝑁∑︁
𝑛=1

𝐵̃𝑤𝑛 cos(𝑘𝑛𝑥),

𝑝𝑅 (𝑥, 𝑦 = 0, 𝑧 = 𝐿𝑧) =
𝑁∑︁
𝑛=1

𝐵̃𝑝𝑛 cos(𝑘𝑛𝑥).
(16)

To facilitate the discussion of mode coupling, we seek a relationship between 𝐵̃𝑝𝑛 and 𝐵̃𝑤𝑛, which301

can be interpreted as the effective impedance in the modal basis. In general, this effective impedance302

forms an 𝑁×𝑁 tensor, whose elements represent the ratio of every possible combination of pressure303

and velocity modes. For a narrow canyon (𝐿𝑦 ≪ 𝐿𝑥), however, numerical evaluation shows that304

the tensor is strongly dominated by its diagonal elements. To a good approximation,305

𝐵̃𝑝𝑛 ≃ 𝑍𝑅 (𝑘𝑛) 𝐵̃𝑤𝑛, (17)

which is equivalent to the “plane-wave approximation” of Grimshaw et al. (1985), and 𝑍𝑅 can be306

approximated by307

𝑍𝑅 (𝑘𝑛) ≃
𝑁

𝑘𝑛

√︁
𝜔2 − 𝑓 2

𝜔

1
2𝜋

[
− ln(𝑘𝑛𝐿𝑦) 𝑘𝑛𝐿𝑦 +𝑂 (𝑘𝑛𝐿𝑦)

]
. (18)

The derivation is given in Appendix B.308

Two observations help interpret the behaviour of 𝑍𝑅: (i) The prefactor in (18), namely 𝑁
𝑘𝑛

√
𝜔2− 𝑓 2

𝜔
,309

is inherited from the plane-wave impedance (14). (ii) As 𝐿𝑦 → 0, 𝑍𝑅 → 0+, so that for fixed canyon310
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length, a narrower canyon always leads to smaller effective impedance. Physically, for a given311

𝑘 , modes with larger 𝑙 have smaller impedance according to (14). The effective impedance 𝑍𝑅312

represents an average impedance over all admissible 𝑙 modes. A narrower canyon (smaller 𝐿𝑦)313

shifts the spectrum toward larger 𝑙 and therefore reduces the overall average impedance.314

e. Coupling of wave fields at the canyon-top interface315

Armed with the modal basis and the scale analysis of open-ocean tidal waves, we now implement316

the boundary condition at the canyon-top interface (boundary 𝐼𝑉 in Fig. 2) to determine the am-317

plitudes and phases of the standing waves excited within the canyon. At this interface, the pressure318

and vertical velocity fields in the canyon, (𝑤̂CA, 𝑝CA), must satisfy the continuity conditions:319


𝑝CA(𝑥, 𝑧 = 𝐿𝑧) = 𝑝𝐹 (𝑥) + 𝑝𝑅 (𝑥, 𝑧 = 𝐿𝑧),

𝑤̂CA(𝑥, 𝑧 = 𝐿𝑧) = 𝑤̂𝑅 (𝑥, 𝑧 = 𝐿𝑧),
(19)

where 𝑝𝐹 is the open-ocean forcing pressure at the interface, and 𝑝𝑅 and 𝑤̂𝑅 are the pressure320

and vertical velocity fields of waves radiated out of the canyon, as introduced earlier. There is no321

vertical velocity 𝑤̂𝐹 , because the barotropic tidal motions have no vertical velocity by definition322

and the low order baroclinic tidal wave vertical velocity is zero on both sides of the canyon at 𝑧 = 𝐿𝑧323

to satisfy the no-normal flow condition and must therefore be zero over the canyon as well if their324

scales are much larger than the canyon width.325

We substitute the modal expansions for each field at the interface (10), (12), and (16) into the326

boundary conditions (19) and combine them with the impedance relationships for the canyon327

waves (10) and for the radiated waves (17). This yields the following system of four equations for328

the four unknowns ( 𝐴̃𝑝𝑛, 𝐴̃𝑤𝑛, 𝐵̃𝑝𝑛, 𝐵̃𝑤𝑛):329



𝐴̃𝑝𝑛 cos(𝑚𝑛𝐿𝑧) = 𝐶̃𝑛 + 𝐵̃𝑝𝑛,

𝐴̃𝑤𝑛 sin(𝑚𝑛𝐿𝑧) = 𝐵̃𝑤𝑛,

𝐴̃𝑝𝑛 = 𝑖
𝑁
𝑘𝑛
𝐴̃𝑤𝑛,

𝐵̃𝑝𝑛 ≃ 𝑍𝑅 (𝑘𝑛) 𝐵̃𝑤𝑛.

(20)
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Solving this system for 𝐴̃𝑝𝑛 gives330

𝐴̃𝑝𝑛 =
𝐶̃𝑛

cos(𝑚𝑛𝐿𝑧) + 𝑖 𝑍𝑅 (𝑘𝑛) 𝑘𝑛𝑁 sin(𝑚𝑛𝐿𝑧)
=

𝐶̃𝑛

cos(𝑚𝑛𝐿𝑧) + 𝑖 𝑧𝑛 sin(𝑚𝑛𝐿𝑧)
, (21)

Once 𝐴̃𝑝𝑛 is determined from (21), the amplitudes of the remaining canyon field components follow331

directly from the relationships for the canyon wave fields given in (10).332

In (21), we introduced333

𝑧𝑛 ≡ 𝑍𝑅 (𝑘𝑛)
𝑘𝑛

𝑁

=

√︁
𝜔2 − 𝑓 2

𝜔

1
2𝜋

[
−𝑘𝑛𝐿𝑦 ln(𝑘𝑛𝐿𝑦) +𝑂 (𝑘𝑛𝐿𝑦)

]
,

(22)

as the nondimensional ratio between the impedance of the radiated wave, 𝑍𝑅 (𝑘𝑛), and the334

impedance of a standing wave in the canyon, given by | 𝐴̃𝑝𝑛/𝐴̃𝑤𝑛 | = 𝑁/𝑘𝑛. Given the continu-335

ity of vertical velocity between the radiated and canyon waves at the interface (19), the parameter336

𝑧𝑛 quantifies the pressure amplitude of the radiated wave relative to that of the canyon wave, and337

thus controls the fraction of the canyon’s energy flux that can escape into the open ocean. A detailed338

discussion of the corresponding energy budget is presented in the next section. Since 𝑘𝑛 = 𝑛𝜋/𝐿𝑥 ,339

(22) indicates that 𝑧𝑛 is determined solely by the canyon aspect ratio 𝐿𝑦/𝐿𝑥 and the frequency ratio340

𝑓 /𝜔. Fig. 4 presents 𝑧𝑛 for modes 1, 3, and 5 of the Kelvin-wave mode; even modes are omitted341

because they are much more weakly forced, as discussed previously. For all modes, 𝑧𝑛 decreases342

with canyon narrowing and increases with canyon widening, consistent with the trend of 𝑍𝑅 we343

discussed previously. In addition, lower-order modes have consistently smaller impedance ratios.344

As 𝑧𝑛 ≪ 1 for narrow canyons, the cosine term in (21) primarily controls the amplification347

of the canyon pressure field. For the most strongly forced lowest-order mode (mode 1), tidal348

resonance occurs when 𝑚1𝐿𝑧 = (2𝑛+1) 𝜋/2, or equivalently 2𝐿𝑧/𝐿𝑥 = (2𝑛+1)𝛼𝑐. At resonance,349

the peak amplitude of the canyon pressure response is set mainly by 𝑧𝑛 and scales as 𝐶̃𝑛/𝑧𝑛. This350

behavior is analogous to earlier resonance-fitting models (e.g., Sutherland et al. 2005; Le Souëf and351

Allen 2014), where the damping strength determined the resonant amplitude; however, in those352

studies the dominant damping was attributed to bottom friction, whereas here we argue that energy353

leakage is the more significant mechanism. The details of this energy-budget analysis, including354
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Fig. 4. Impedance ratio 𝑧𝑛 plotted as a function of the aspect ratio 𝐿𝑦/𝐿𝑥 for modes 1, 3, and 5. The results

are shown for a representative case with 𝑓 = 1×10−4 s−1 and the M2 tidal frequency 𝜔 ≃ 1.45×10−4 s−1.

345

346

a comparison of the relative strengths of the two energy-extraction processes, are presented in the355

next section.356

4. Energy budget in the box-canyon system357

a. Energy budget of the linear wave system358

Our box-canyon model provides a solution for the wave fields in the canyon subject to a tidal359

forcing applied at the canyon-top interface. We analyze its energy budget to see the dominant360

energy source and sink of this equilibrium system in this section.361

The evolution of the horizontal kinetic energy density, 𝐸𝑘 ≡ 1
2𝑢

2, and the potential energy density,362

𝐸𝑝 ≡ 1
2
𝑏2

𝑁2 (𝜌0 factor omitted for simplicity), under the governing wave Eq. (3) can be derived as:363


𝜕𝐸𝑘

𝜕𝑡
= −∇ · (u𝑝) + 𝑏𝑤,

𝜕𝐸𝑝

𝜕𝑡
= −𝑏𝑤.

(23)
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To understand the energy budget averaged over the entire canyon system, we compute the volume364

average of the above equations. This yields:365


𝜕𝐸𝑘

𝑥,𝑧

𝜕𝑡
= − 1

𝐿𝑧
𝑤 𝑝𝑥

����
𝑧=𝐿𝑧

+ 𝑏𝑤𝑥,𝑧,

𝜕𝐸𝑝
𝑥,𝑧

𝜕𝑡
= −𝑏𝑤𝑥,𝑧 .

(24)

Here, · 𝑥,𝑧 denotes the volume average over the canyon, and the · 𝑥 |𝑧=𝐿𝑧 denotes the 𝑥-average366

over the canyon-top interface at 𝑧 = 𝐿𝑧. Since the wave system is in equilibrium and we are not367

including any energy dissipation at this stage, the net tendency terms vanish if averaged over a tidal368

cycle. We thus have 𝑏𝑤
𝑥,𝑧,𝑡

= 1
𝐿𝑧
𝑤 𝑝𝑥,𝑡

��
𝑧=𝐿𝑧

= 0, where · 𝑡 represents time average over a tidal369

cycle.370

We can further decompose the total energy flux into a forcing term by recognizing that at the371

canyon-top interface the pressure and vertical velocity can be written as 𝑝 = 𝑝𝐹 + 𝑝𝑅 and 𝑤 = 𝑤𝑅372

as we have discussed in Eq. (19), and thus:373

0 = 𝑤𝑅 𝑝𝐹
𝑥,𝑡

����
𝑧=𝐿𝑧

+𝑤𝑅 𝑝𝑅𝑥,𝑡
����
𝑧=𝐿𝑧

. (25)

With this decomposition 𝑤𝑅 𝑝𝐹𝑥,𝑡
��
𝑧=𝐿𝑧

< 0 represents the energy injected into the system by the374

forcing, while 𝑤𝑅 𝑝𝑅𝑥,𝑡
��
𝑧=𝐿𝑧

> 0 corresponds to the energy that leaks out of the system via radiated375

waves.376

The energy leaking out of the system can be directly computed from our solutions presented in377

the previous section. Specifically, we have:378

−𝑤𝑅 𝑝𝐹𝑥,𝑡
����
𝑧=𝐿𝑧

= 𝑤𝑅 𝑝𝑅
𝑥,𝑡

����
𝑧=𝐿𝑧

≃ 1
4

∑︁
𝑛

|𝐵̃𝑤𝑛 |2 𝑍𝑅 (𝑘𝑛) =
1
4

∑︁
𝑛

| 𝐴̃𝑤𝑛 |2 sin2(𝑚𝑛𝐿𝑧) 𝑍𝑅 (𝑘𝑛), (26)

where we have used the relation in (20) in above derivations.379

From the above expressions, we see that energy leakage is governed by two factors: the effective380

impedance 𝑍𝑅 and the proximity of the system to resonance which strongly influences sin(𝑚𝑛𝐿𝑧).381

The effective impedance of the radiated waves 𝑍𝑅 increases with canyon width as shown in (18).382

Consequently, leakage is more pronounced in wider canyons, in agreement with common intuition383
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and the analysis by Grimshaw et al. (1985). Additionally, leakage is enhanced when the system384

is near resonance (e.g., when 𝑚1𝐿𝑧 ∼ 𝑛𝜋/2 for the most energetic mode), since stronger vertical385

motions are generated at the canyon-top interface, thereby radiating more energy outward.386

In the limiting case of a very narrow canyon, where 𝑍𝑅 is small, little energy leaks out of the387

system. Under these conditions, the pressure forcing performs minimal work on the system. As388

seen from (21), when 𝑍𝑅 ∼ 0, the phase lag between the forcing and the pressure response in the389

canyon is either 0 or 𝜋. Since the vertical motion lags the pressure response (and hence the forcing)390

by 𝜋/2, no net work is done over a tidal cycle, resulting in no net energy input into the system.391

b. Other energy extraction mechanisms392

The formulae derived in the previous sections assumed that the entire system is governed solely393

by the wave dynamics, thereby neglecting the effects of bottom friction and turbulent dissipation. In394

reality, these processes can also extract energy from the system, especially the fact that the bottom395

drag has been hypothesized as the dominant damping mechanism in previous tidal resonance396

models (e.g., Sutherland et al. 2005; Le Souëf and Allen 2014).397

For the sake of only a scale comparison, we assume a linear drag law given by𝜏 = −𝜌0𝐶𝐿𝑢 for398

simplicity, and the work done by the bottom drag at the bottom interface 𝑧 = 0 would be given by399

𝜏𝑢𝑥,𝑡
��
𝑧=0 = −𝜌0𝐶𝐿𝑢2

𝑥,𝑡 ��
𝑧=0 = −𝜌0𝐶𝐿

1
4

∑︁
𝑛

| 𝐴̃𝑢𝑛 |2 = −𝜌0
𝑁2

𝜔2𝐶𝐿
1
4

∑︁
𝑛

| 𝐴̃𝑤𝑛 |2, (27)

where we have used the relation | 𝐴̃𝑢𝑛 |2 = 𝑁2/𝜔2 | 𝐴̃𝑤𝑛 |2 in (10) to convert the horizontal velocity400

amplitude to the vertical velocity amplitude to be consistent with (26).401

We can now estimate the ratio of energy extraction due to leakage through the canyon top (via402

the radiated wave) to that due to bottom drag. For the first mode, this ratio is403

𝜌0
1
𝐿𝑧
𝑤𝑅𝑝𝑅

��
𝑧=𝐿𝑧

1
𝐿𝑧

���𝜏𝑢��
𝑧=0

��� ≈
sin2(𝑚1𝐿𝑧) 𝑁2

𝑚1𝜔
𝑧1

𝑁2

𝜔2𝐶𝐿
= sin2(𝑚1𝐿𝑧) 𝑧1

𝜔

𝑚1

1
𝐶𝐿
. (28)

Here, 𝜔/𝑚1 is the vertical phase speed of the lowest-order Kelvin wave, which is approximately404

𝜔/𝑚1 ≈ 0.03 ms−1 for M2 tidal frequency with 𝑁2 = 4 × 10−6 s−2 and 𝐿𝑥 ∼ 10 km. For a405

typical canyon aspect ratio of 0.1, Fig. 4 gives 𝑧1 ≈ 0.1. Assuming a linear drag coefficient406
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𝐶𝐿 ≈ 10−4 ms−1 for tidal velocities of 𝑂 (0.1) ms−1, we obtain 𝑧𝑛𝜔/(𝑚1𝐶𝐿) ≈ 30. Thus, as long407

as sin2(𝑚1𝐿𝑧) ≳ 𝑂 (0.033), leakage dominates the total energy extraction. Only in the special case408

where sin(𝑚1𝐿𝑧) ≈ 0, the vertical velocity at the interface (10) vanishes and no energy is radiated409

into the open ocean, leaving bottom drag as the sole dominant extraction mechanism.410

A similar estimation shows that the energy-extraction rate associated with turbulent dissipation411

is typically one to two orders of magnitude smaller than that due to leakage through radiated waves.412

These analyses are intended only as a quick scale check rather than a precise estimate, both because413

of the idealized representation of linear drag and the assumption that the solution is unaffected414

by the inclusion of turbulent dissipation and bottom drag. A more accurate assessment will be415

presented in the next section using numerical models that account for all of these effects.416

5. Comparison with numerical simulations417

a. Settings418

Fig. 5. Simulation domain of the idealized simulation with a box-shaped canyon with 𝐿𝑧 = 500 m.
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In order to test the validity of the theoretical results presented above, we perform hydrostatic419

numerical simulations using MITgcm in a domain containing a box-shaped canyon at its center,420

as illustrated in Fig. 5. The domain consists of an open-ocean region with dimensions of 20 km421

in length, 5 km in width, and 𝐻=2000 m in depth. A canyon of dimensions 𝐿𝑥 = 10 km and422

𝐿𝑦 = 1.8 km is carved into the sea floor, with varying depths 𝐿𝑧. This setup precisely replicates the423

configuration used in our theoretical analysis, enabling a direct comparison between the theoretical424

predictions and simulation results.425

Table 1. Summary of Constant Parameters for Simulations

Parameter Value

Domain size 20 km × 5 km × 3000 m

Canyon size (𝐿𝑥 × 𝐿𝑦) 10 km × 1.8 km

Horizontal resolution 200 m

Vertical resolution 10 m

Grid points (𝑁𝑥 × 𝑁𝑦 × 𝑁𝑧) 100 × 25 × 300

Stratification (𝑁2) 3.92× 10−6 s−2

Coriolis parameter ( 𝑓 ) 1× 10−4 s−1

Canyon vertical diffusivity/viscosity 10−2 m2/s

Open-ocean vertical diffusivity/viscosity 10−5 m2/s

Tidal forcing amplitude (𝜂̃0) 0.5 m

Tidal forcing period (𝑇) 12 hours

Simulated tidal cycles (𝑛) 20

The system is initialized with a constant stratification of 𝑁2 = 3.92× 10−6 s−2. The Coriolis426

parameter is set to 𝑓 = 1× 10−4 s−1. To represent the strong mixing environment observed near427

the bottom of submarine canyons like the submarine canyon recently measured in the Rockall428

Trough region (Van Haren et al. 2024), we employ high vertical diffusivity and viscosity values of429

𝜅𝑣 = 𝜈𝑣 = 10−2 m2/s inside the canyon and 𝜅𝑣 = 𝜈𝑣 = 10−5 m2/s in the open ocean above, respectively.430

The effects of using smaller vertical diffusivity and viscosity values are discussed in detail in431

Appendix A. Additionally, Leith hyperviscosity is employed to damp grid-scale noise.432

We chose barotropic tides as the forcing because they align well with our theoretical framework433

and are straightforward to implement numerically. A barotropic tidal forcing with M2 tidal434

frequency𝜔 = 2𝜋/𝑇 ≈ 1.45×10−4s−1, wave vector along the 𝑥-direction 𝐾0 =𝜔/
√
𝑔𝐻 and complex435

tidal amplitude 𝜂0 = 0.5 m is implemented in the system by prescribing the tidal velocities 𝑢 and 𝑣 of436

the barotropic tidal solutions at the boundaries. The simulations are run for 10 days, encompassing437
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20 semidiurnal tidal cycles. Sponge layers are applied at the domain boundaries to prevent the438

reflection of radiated waves back into the computational domain.439

To highlight the system’s contrasting responses under near-resonance and off-resonance con-440

ditions, we consider two canyon depths: 𝐿𝑧 = 350 m, which is close to the first-mode resonant441

depth (𝛼𝑐𝐿𝑥/2 ≈ 367 m), and 𝐿𝑧 = 500 m, which is off-resonance. For each depth, we compare442

simulations with no bottom drag to those with quadratic bottom drag, using the stress formulation443

𝜏 = −𝜌0𝐶𝐷 |uH |uH and 𝐶𝐷 = 2× 10−3. The no-drag configuration is consistent with the assump-444

tions of our theoretical derivation, enabling a direct comparison with idealized predictions. In445

contrast, simulations with bottom drag provide a more realistic representation of seafloor friction446

and allow us to distinguish the relative contributions of leakage through the canyon-top interface447

and bottom friction to the total energy extraction.448

Table 2. Varying parameters for four simulation cases

Case 𝐿𝑧 (m) Bottom Drag (𝐶𝐷)

1 500 No drag (𝐶𝐷 = 0)

2 500 Quadratic drag (𝐶𝐷 = 2× 10−3)

3 350 No drag (𝐶𝐷 = 0)

4 350 Quadratic drag (𝐶𝐷 = 2× 10−3)

b. Amplitude and phase comparisons449

The simulation approaches a quasi-steady periodic state after about two tidal cycles, oscillating450

at the semidiurnal frequency of the external tidal forcing. Because the barotropic flow outside451

the canyon does not interact with any significant topography (e.g., seamounts, slopes) capable of452

generating baroclinic waves, there is effectively no baroclinic forcing outside the canyon. This453

setup provides a clean baseline for comparing our theoretical predictions with numerical results.454

Specifically, the theoretical prediction for the along-canyon velocity field is obtained by incorpo-455

rating the first three odd wave modes (the even modes vanish, as discussed in (13), and higher-order456

modes have negligible impact on the result). The modal pressure amplitudes are given by (21) and457

are converted to along-canyon velocity amplitudes using (10) and (13), namely:458
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𝑢theory(𝑥, 𝑧, 𝑡) = Re
(
𝑢̂theory(𝑥, 𝑧)𝑒−𝑖𝜔𝑡

)
≃ Re

( ∑︁
𝑛=1,3,5

𝐴̃𝑢𝑛𝑢̂𝑛 (𝑥, 𝑧)𝑒−𝑖𝜔𝑡
)

𝐴̃𝑢𝑛 =
𝑖𝑘𝑛

𝜔
𝐴̃𝑝𝑛 ≃ (−𝑖𝐾0𝑔𝜂)

4
𝑛𝜋

1
𝜔

𝑖

cos(𝑚𝑛𝐿𝑧) + 𝑖𝑧𝑛 sin(𝑚𝑛𝐿𝑧)
.

(29)

In the meantime, the tidal component of the along-canyon velocity field at the canyon center can459

be expressed as460

𝑢tide
sim (𝑥, 𝑦 = 0, 𝑧, 𝑡) ≡ Re

[
𝑢̂sim(𝑥, 𝑧) 𝑒−𝑖𝜔𝑡

]
, (30)

where the spatial structure of the complex wave amplitude 𝑢̂sim(𝑥, 𝑧) is obtained from a Fourier461

transform over 𝑛 tidal periods:462

𝑢̂sim(𝑥, 𝑦 = 0, 𝑧) = 2
𝑛𝑇

∫ 𝑛𝑇

0
𝑢sim(𝑥, 𝑦 = 0, 𝑧, 𝑡) 𝑒𝑖𝜔𝑡 𝑑𝑡. (31)

Fig. 6 (b,c,e,f) shows the resulting tidal amplitudes |𝑢̂sim(𝑥, 𝑦 = 0, 𝑧) | for simulations with different463

𝐿𝑥 and with/without bottom drag, and compares them to the theoretical predictions of |𝑢̂theory(𝑥, 𝑧) |464

in Fig.6 (a,d). Overall, the amplitude patterns agree well with theoretical expectations in the465

no-drag cases. When bottom drag is included (Fig.6 (c,f)), |𝑢̂sim(𝑥, 𝑦 = 0, 𝑧) | decreases within466

about 20–30 m of the bottom boundary, but the flow structure farther above remains qualitatively467

unchanged.468

In Fig. 7, we plot the time series of the along-canyon velocity at the bottom center of the canyon472

𝑢sim(𝑥 = 5km, 𝑦 = 0, 𝑧 = 0, 𝑡), where the velocity is largest, and compare it to theoretical predictions473

of 𝑢theory(𝑥 = 5km, 𝑦 = 0, 𝑧 = 0, 𝑡) in (29). The theoretical velocities capture the amplitude and phase474

of the no-drag simulation well in both off-resonance (𝐿𝑧 = 500 m) and near-resonance (𝐿𝑧 = 350475

m) regimes. The near-resonance canyon exhibits a larger velocity amplitude, which is within the476

expectation. The relative phase of 𝐴̃𝑢1 with respect to the complex amplitude of the forcing −𝑔𝜂𝑥 ,477

given by −𝑖𝐾0𝑔𝜂 𝑒
−𝑖𝜔𝑡 in the first term of (29), is determined by the last term in (29),478

𝑖

cos(𝑚1𝐿𝑧) + 𝑖𝑧1 sin(𝑚1𝐿𝑧)
,

which we refer to as the phase factor. In the off-resonance case, the cosine term dominates, making479

the phase factor nearly imaginary; the along-canyon velocity then has a 𝜋/2 phase lag relative to480
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Fig. 6. Comparison of the amplitude of the tidally filtered along-canyon velocity in the along-canyon transect

between the theoretical predictions (a, d) and simulations (b, c, e, f), with 𝐿𝑧 = 500 m and 𝐿𝑧 = 350 m separately.

The contour plots are generated using a uniform interval of 0.0075 m/s.

469

470

471

the forcing. For 𝐿𝑧 = 500 m, cos(𝑚𝑛𝐿𝑧) < 0, and 𝐴̃𝑢1 is approximately 𝜋/2 ahead of the forcing.481

By contrast, in the near-resonance case, the sine term dominates the phase factor, and 𝐴̃𝑢1 is482

nearly in phase with the forcing. Both of these phase relationships are confirmed by our numerical483

simulations in Fig. 7.484

When bottom drag is introduced, the off-resonance phase and amplitude don’t change much,485

whereas in the near-resonance scenario the drag causes a slight amplitude reduction and a small486

phase shift toward the forcing phase. This behavior is expected because the additional damping487

reduces the resonance response and shifts the velocity phase closer to that of the forcing. Nonethe-488

less, the canyon’s overall dynamics remain dominated by horizontal leakage at the canyon top, as489

we will further illustrate in the upcoming energy-budget analysis.490

c. Energy budget in the simulations495

With the above verification of the amplitude and phase of our theoretical predictions, we next496

examine the energy budget analysis presented in section 4.497
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Fig. 7. Comparison of the time-dependence of the along-canyon velocity at the bottom-center of the domain

between theory and simulations with and without bottom drag for 𝐿𝑧 = 500m simulation in (b) and 𝐿𝑧 = 350m

simulation in (c). The tidal forcing exerted by the barotropic tide from the simulation is plotted in (a) panel for a

phase reference.

491

492

493

494

As our simulation is fully three-dimensional, the mean kinetic energy budget for𝐸𝑘 = 1
2𝜌0(𝑢2+𝑣2)498

in the canyon, averaged over multiple tidal cycles, can be derived from the full Navier–Stokes499

equations with hydrostatic approximation (1). It can be written as500

1
𝜌0
𝜕𝑡𝐸𝑘

𝑥,𝑦,𝑧,𝑡︸         ︷︷         ︸
(Tendency)

= − 1
𝐿𝑧
𝑤 𝑝𝐹

𝑥,𝑦,𝑡
���
𝑧=𝐿𝑧︸                ︷︷                ︸

(Forcing)

+ − 1
𝐿𝑧
𝑤 𝑝𝑅

𝑥,𝑦,𝑡
���
𝑧=𝐿𝑧︸                ︷︷                ︸

(Radiation)

+ 𝑤 𝑏
𝑥,𝑦,𝑧,𝑡︸   ︷︷   ︸

(Buoyancy)

+ − 1
𝐿𝑧
𝑤𝐸𝑘

𝑥,𝑦,𝑡
���
𝑧=𝐿𝑧︸                ︷︷                ︸

(Advection)

+ −𝜖𝑥,𝑦,𝑧,𝑡︸  ︷︷  ︸
(Dissipation)

+ 1
𝜌0

1
𝐿𝑧

τ ·u𝑥,𝑦,𝑡
���
𝑧=0︸                 ︷︷                 ︸

(Drag)

.

(32)

where the six terms represent the following sources and sinks of the kinetic energy: work done501

by pressure forcing, wave radiation into the open water, buoyancy flux that converts between502
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potential and kinetic energy, advection of kinetic energy between canyon and open water, turbulent503

dissipation of kinetic energy and work done by bottom drag. These energy budget terms can be504

evaluated explicitly in MITgcm from the recorded momentum tendency terms. We performed this505

processing for both the 𝐿𝑧 = 500m and 𝐿𝑧 = 350m simulations with quadratic bottom drag turned506

on, as shown in Fig. 8.507

Fig. 8. Energy budget for the volume-mean kinetic energy averaged over 20 tidal cycles, for the off-resonance

case 𝐿𝑧 = 500m and near-resonance case 𝐿𝑧 = 350m with bottom drag. Note that the scales for the y-axes are

different between (a) and (b).

508

509

510

Fig. 8 reveals that the average energy injection is approximately 20 times greater for the near-511

resonance case than for the off-resonance case. In both scenarios, the dominant energy sink is the512

leakage term − 1
𝐿𝑧
𝑤 𝑝𝑅 |𝑧=𝐿𝑧 , which exceeds the bottom drag and turbulent dissipation by more than513

an order of magnitude, consistent with our earlier discussion in section 4.514

6. Extension of the model to a tilted canyon system515

In the previous sections, we detailed how standing waves in the canyon can be excited by516

barotropic tides and low-order baroclinic tides in the open ocean, using the box-canyon model.517
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In this section, we move one step forward and discuss how these insights can help us understand518

the canyon with a more realistic shape, for example, those on a continental slope. The connection519

between a box-canyon model and a tilted canyon model can be understood in Figure 9 (a): the520

consideration of the arbitrary shape of boundaries and the inclusion of slopes provide two addi-521

tional levels of complexity. Given these additional complexities, which significantly constrain the522

tractability of the theoretical framework, we do not attempt a detailed analytical solution here.523

Instead, we offer a brief outline of the calculation process to highlight the key physical factors that524

influence the excitation of waves in more realistic canyon geometries.525

We extend our canyon model slightly to a configuration shown in Fig. 9(b). We are still assuming529

that the canyon is narrow compared with the deformation radius, so that we can safely treat it as530

a 2D wave system. However, we now consider the effect of the continental slope with an angle 𝛼531

and assume this angle doesn’t vary too much in the canyon region for simplicity. For the sake of532

discussion, we rotate the coordinate system at the canyon top interface, aligning the 𝑥′ coordinate533

along the tilted interface and the 𝑧′ coordinate normal to the tilted interface.534

The governing tidal excitation process should still be analyzed at the canyon-top interface repre-535

sented as 𝑧′ = 𝑧𝐵 for simplicity, where the pressure field and the normal velocity to the interface,536

denoted as 𝑤̂′, remain continuous. Specifically, the following conditions must be satisfied at the537

interface:538

𝑝𝐶𝐴 (𝑥′) = 𝑝𝐹 (𝑥′) + 𝑝𝑅 (𝑥′),

𝑤̂′
𝐶𝐴 (𝑥

′) = 𝑤̂′
𝑅 (𝑥′),

(33)

Here, 𝑝𝐶𝐴 (𝑥′) and 𝑤̂′
𝐶𝐴

(𝑥′) denote the canyon-wave modes, 𝑝𝐹 (𝑥′) is the pressure field exerted539

by the low-order waves in the open ocean in the presence of sloped bathymetry, and 𝑝𝑅 (𝑥′)540

and 𝑤̂′
𝑅
(𝑥′) denote the radiated-wave modes into the open ocean, all evaluated at the canyon-top541

interface. Similar to our previous arguments, because the forcing waves must satisfy no-normal542

boundary condition and they typically have wavelengths much larger than the canyon bathymetry543

scale, 𝑤̂𝐹 (𝑥′) ∼ 0.544

The procedure for calculating the complex amplitude of the standing waves using boundary545

condition (33) is similar to what was described in the previous section and reiterated below with546

a focus on the differences introduced by the consideration of the complicated bathymetry and the547

slope.548
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Connection between box canyon model and tilted canyon model

Tilted canyon model on a continental slope
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α

z′￼

x′￼

Fig. 9. (a) Schematic illustration demonstrating the extension of the idealized box-canyon model into a more

generalized tilted canyon framework. (b) A physically realistic representation of the tilted canyon model situated

on a representative continental slope.

526

527

528

Firstly, we need to write down the standing wave modes that can fit into the canyon. These can549

still be evaluated as the solution of 𝜓̂𝑥𝑥 − 𝑐2𝜓̂𝑧𝑧 = 0, with the boundary condition being 𝜓̂ at the550

curved solid boundary. It should be mentioned that generally the boundary does not encompass551

a standing wave solution: if the boundary is everywhere subcritical or supercritical to the Kelvin552

waves, the Kelvin waves can propagate in the along-canyon direction. However, if the slope along553

the canyon thalweg experiences a transition from being subcitical to supercritical, then the standing554

normal modes can be computed by recogonizing the fact 𝜓̂𝑥𝑥 − 𝑐2𝜓̂𝑧𝑧 = 0 has the general solution555
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of 𝜓̂ = 𝑓 (𝜉) + 𝑔(𝜂). The normal modes for the standing waves in the canyon can be computed by556

finding the constraints of 𝑓 and 𝑔 functions that satisfy the boundary conditions 𝜓̂ = 0 at the solid557

boundaries. An example of the method for the normal mode calculation process is discussed in the558

accompanied paper Ma et al. (2025).559

Second, the mode is still forced by the tidal motions outside the canyon. Strictly speaking, in560

the presence of sloped bathymetry there is no sharp separation between barotropic and baroclinic561

waves. Nevertheless, the most energetic mode outside the canyon is typically the gravest mode that562

conforms to the sloped bathymetry, which also has longest wavelengths. The pressure of the first563

several gravest tidal wave fields can be used to estimate 𝑝𝐹 (𝑥′), which can then be decomposed564

into a summation of canyon pressure modes.565

Third, for each mode in the canyon, the relationship between the pressure field of the radiated566

waves 𝑝𝑅 (𝑥′) can be determined from the normal velocity at the canyon interface, 𝑤̂′
𝐶𝑌

(𝑥′). This567

relation has been explicitly discussed using either a Green’s function approach in Grimshaw et al.568

(1985) or an impedance approach in Appendix B. These radiated waves are qualitatively similar569

to those excited waves in the idealized canyon considered in this paper or observed in Grimshaw570

et al. (1985) and effectively leak energies out of narrow canyons.571

Finally, one can return to (33), substituting the form of 𝑝𝑅 (𝑥′) into the pressure equation allows572

for the calculation of the excitation strength of each mode in the canyon, as we have done in the573

box canyon case.574

The detailed analytical solution for wave motion in the general case of a continental slope is575

complex and beyond the scope of our current study. However, the key insights gained from the576

box canyon model can be somewhat tested using numerical simulation in this extended setup.577

Specifically, we performed an additional simulation analogous to that in Section 4, but with a578

canyon situated on a sloping bathymetry rather than in a flat box configuration. The domain579

size, resolution, canyon width, and imposed barotropic tidal fluxes at the boundaries remained580

the same. The one-dimensional bathymetry of the slope and the canyon thalweg are given by:581

𝑧slope(𝑥) = 0.05𝑥−2000 and 𝑧thalweg(𝑥) = 0.05𝑥−220𝑒−(𝑥/4000)2 −1950. Since no direct theoretical582

prediction was done for this setup, we do not undertake a detailed quantitative analysis. Instead,583

we highlight that several key insights derived from the box canyon model remain valid here.584
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In Fig. 10(a,b) we plot the tidal amplitudes of the along-canyon and cross-canyon velocities,585

respectively, following Eq. (31). As in the box canyon case, the presence of canyon walls strongly586

suppresses the cross-canyon velocity, while the along-canyon velocity exhibits patterns consistent587

with standing wave modes. To further illustrate the underlying dynamics, we show in Fig. 10(c) a588

representative momentum budget for the canyon flow in the 𝑥 direction, specifically:589

𝑢
𝑧,𝑡
𝑡︸︷︷︸

Tendency

= −𝑝𝑥 𝑧,𝑡︸︷︷︸
Pressure Gradient Term

+ 𝑓 𝑣𝑧,𝑡︸︷︷︸
Coriolis Term

+ (−(𝑢𝑢)𝑥
𝑧,𝑡 − (𝑢𝑣)𝑦

𝑧,𝑡 − (𝑢𝑤)𝑧
𝑧,𝑡)︸                                   ︷︷                                   ︸

Advection Term

+ (𝜈𝑉𝑢𝑧)𝑧
𝑧,𝑡 + (Leith Dissipation)𝑧,𝑡︸                                     ︷︷                                     ︸

Diffusion Term

. (34)

Here the · 𝑧,𝑡 represents depth average over the bottom 50 m and time average over 30 minute time590

intervals taken at an example location of 𝑥 = 10 km in the simulation. The momentum tendency591

for the along-canyon velocity is dominated by the pressure gradient (−𝑝𝑥), consistent with the592

dominant balance in Kelvin wave dynamics. Finally, a kinetic energy budget analysis confirms that593

the main source of energy is the tidal energy input, while radiated energy serves as the primary594

sink. These results reinforce that our major conclusions from the box canyon scenario also hold595

when the canyon is embedded in a sloping bathymetry.596

In Ma et al. (2025), we conducted realistic simulations to examine the effect of tidal forcing on600

the topography of a submarine canyon on the continental slope in the Rockall Trough. The wave601

field patterns observed in our numerical simulations align closely with the lowest mode of standing602

Kelvin waves in the canyon, confirming that these low-mode standing Kelvin waves are indeed603

excited as a result of tidal forcing.604
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Fig. 10. Analysis of a example tilted-canyon simulation. (a,b) Tidal amplitudes of the along-canyon and

cross-canyon velocities. (c) Time series of momentum budget at the 𝑥 = 10km, following (34) (d): Kinetic

energy budget of the titled system.

597

598

599

7. Summary and Conclusions605

In this paper, we developed a simple box-canyon model to investigate wave modes in an idealized606

canyon and to illustrate how these modes are excited by tidal motions outside the canyon. Our607

analysis demonstrates that the most strongly excited modes in the canyon can be interpreted as608

standing internal Kelvin waves, whose structure is discretized by the canyon’s geometry. These609

modes couple with external tidal forcing through the interface at the canyon top. By carefully610

imposing boundary conditions at this interface, we derived theoretical predictions for the spatial611

patterns, amplitudes, and phases of the internal waves. These predictions agree well with results612

from idealized numerical simulations of a box-canyon forced by barotropic tides.613

This theoretical framework offers a new perspective on the canyon’s energy budget. Our analyses,614

based on both analytical and numerical approaches, show that the dominant balance in the canyon615

arises between energy input from external barotropic or baroclinic tidal forcing and energy loss616

via wave radiation into the open ocean at the canyon interfaces. This finding differs from earlier617
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assumptions, which suggested that bottom drag was the principal energy sink for internal tides in618

canyons and provides a physical explanation for the tidal resonance effect in the canyon.619

We further propose that the key qualitative characteristics from this box-canyon model can be620

extended to a more complex narrow canyon on geometries like those encountered on the continental621

slope and ridges, although the calculations become more complex. The core physics remains the622

same: if there is a transition from subcritical to supercritical slopes (relative to Kelvin wave623

characteristics) along the canyon thalweg, the standing Kelvin wave system would likely dominate.624

These modes are excited at the canyon-top interface, where the injected energy is largely balanced625

by leakage through radiated waves into the open ocean.626

These simplified models serve as a foundation for understanding how internal tides are excited,627

how their spatial patterns and phases are determined, and how energy flows through canyon systems.628

Real oceanic canyons exhibit far more complex bathymetry. They often meander and may contain629

terraces, benches, and dendritic structures that can further complicate wave dynamics. Detailed630

quantification of standing wave structures in such settings will require high-resolution numerical631

modeling and direct observations from moored instruments, which together can capture the full632

complexity of internal tide dynamics in submarine canyons.633

Finally, we discuss the broader implications of this work for understanding ocean mixing. Our634

theory suggests that submarine canyons can act as sites of internal tide generation: barotropic tidal635

forcing at the canyon’s upper interface can excite standing waves within the canyon, particularly636

when the canyon geometry resonates with the tidal forcing. These canyon-confined standing waves637

have shorter vertical scales, producing stronger shear that may be susceptible to breaking and, in638

turn, drive mixing. In our setup, we deliberately reduced the magnitude of the tidal forcing to639

capture the linear regime of wave generation, but for realistic tidal forcings recent literature suggests640

that the shear associated with the standing wave would go unstable to parameteric instabilities (e.g.641

Radko 2019; Si et al. 2025).642

A practical application of this model is presented in our companion paper Ma et al. (2025), where643

we demonstrate that the anomalously strong shear observed in the Rockall Trough canyon is driven644

by standing Kelvin waves. This intensified tidal shear may trigger large-scale, intermittent density645

overturns, potentially providing a mechanism for the vigorous vertical upwelling documented by646

Wynne-Cattanach et al. (2024) and further analyzed in the recent work of Naveira Garabato et al.647
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(2025). Together, these results suggest that similarly strong mixing and upwelling may occur648

in other canyons with comparable scales and bathymetry capable of supporting standing internal649

Kelvin waves.650
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APPENDIX A657

Solutions with cross-canyon variations658

In the main text, we simplified the analysis by considering only Kelvin wave modes and reducing659

the system to a two-dimensional framework, neglecting variations in the 𝑦-direction. In this660

appendix, we outline solutions that retain the 𝑦-dependence and show that, under the narrow-661

canyon assumption, the two-dimensional simplification remains valid.662

a. Three-dimensional representations of wave modes in the canyon663

Incorporating the 𝑦-dependence of the modes, the standing wave modes in the canyon can be664

written as665



𝑝𝛼,0(𝑥, 𝑦, 𝑧) =
−𝑖𝜔
𝑐
𝐴̃0

[
cos(𝑘𝛼𝑥) cosh( 𝑓 𝑘𝛼

𝜔
𝑦) − 𝑖 sin(𝑘𝛼𝑥) sinh( 𝑓 𝑘𝛼

𝜔
𝑦)

]
cos(𝑚𝛼,0𝑧)

𝑢̂𝛼,0(𝑥, 𝑦, 𝑧) = 𝑚𝛼,0 𝐴̃0

[
sin(𝑘𝛼𝑥) cosh( 𝑓 𝑘𝛼

𝜔
𝑦) + 𝑖 cos(𝑘𝛼𝑥) sinh( 𝑓 𝑘𝛼

𝜔
𝑦)

]
cos(𝑚𝛼,0𝑧)

𝑣̂𝛼,0(𝑥, 𝑦, 𝑧) = 0

𝑤̂𝛼,0(𝑥, 𝑦, 𝑧) = −𝑘𝛼 𝐴̃0

[
cos(𝑘𝛼𝑥) cosh( 𝑓 𝑘𝛼

𝜔
𝑦) − 𝑖 sin(𝑘𝛼𝑥) sinh( 𝑓 𝑘𝛼

𝜔
𝑦)

]
sin(𝑚𝛼,0𝑧)

(A1)
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with 𝛼 ⩾ 1, 𝛽 = 0 for Kelvin waves, and666



𝑝𝛼,𝛽 (𝑥, 𝑦, 𝑧) =
𝑙𝛽𝜔(𝜔2 − 𝑓 2)
(𝑙𝛽𝜔)2 + (𝑘𝛼 𝑓 )2 𝐴̃0[

cos(𝑙𝛽 (𝑦 + 𝑎)) sin(𝑘𝛼𝑥) +
𝑖𝑘𝛼 𝑓

𝑙𝛽𝜔
sin(𝑙𝛽 (𝑦 + 𝑎)) cos(𝑘𝛼𝑥)

]
cos(𝑚𝛼,𝛽𝑧)

𝑢̂𝛼,𝛽 (𝑥, 𝑦, 𝑧) =
− 𝑓 𝜔(𝑙2

𝛽
+ 𝑘2

𝛼)
(𝑙𝛽𝜔)2 + (𝑘𝛼 𝑓 )2 𝐴̃0[

sin(𝑙𝛽 (𝑦 + 𝑎)) sin(𝑘𝛼𝑥) +
𝑖𝑘𝛼𝑙𝛽

𝑙2
𝛽
+ 𝑘2

𝛼

𝜔2 − 𝑓 2

𝑓 𝜔
cos(𝑙𝛽 (𝑦 + 𝑎)) cos(𝑘𝛼𝑥)

]
cos(𝑚𝛼,𝛽𝑧)

𝑣̂𝛼,𝛽 (𝑥, 𝑦, 𝑧) = 𝑖 𝐴̃0 sin(𝑙𝛽 (𝑦 + 𝑎)) sin(𝑘𝛼𝑥) cos(𝑚𝛼,𝛽𝑧)

𝑤̂𝛼,𝛽 (𝑥, 𝑦, 𝑧) =
−𝑖𝜔
𝑁2 𝐴̃0

[
cos(𝑙𝛽 (𝑦 + 𝑎)) sin(𝑘𝛼𝑥) +

𝑖𝑘𝛼 𝑓

𝑙𝛽𝜔
sin(𝑙𝛽 (𝑦 + 𝑎)) cos(𝑘𝛼𝑥)

]
sin(𝑚𝛼,𝛽𝑧)

(A2)

with 𝛼 ⩾ 1, 𝛽 ⩾ 1 for canyon Poincaré waves. Here 𝑘𝛼 ≡ 𝛼𝜋/𝐿𝑥 , 𝑙𝛽 ≡ 𝛽𝜋/𝐿𝑦, (𝑘𝛼,𝑚𝛼,0) follows667

the Kelvin wave dispersion relation and (𝑘𝛼, 𝑙𝛽,𝑚𝛼,𝛽) follows the Poincaré wave dispersion relation668

(discussed in section 2b).669

It should be noted that while these wave modes satisfy the boundary condition 𝑣̂ = 0 at 𝑦 =±𝐿𝑦/2,670

they do not strictly satisfy 𝑢̂ = 0 at the horizontal boundaries 𝑥 = 0 and 𝑥 = 𝐿𝑥 . This is evident671

from the terms proportional to cos(𝑘𝛼𝑥) in the expression for 𝑢̂𝛼,𝛽 for both Kelvin and Poincaré672

waves. However, under the assumption of a narrow canyon (𝐿𝑦 ≪ 𝐿𝑥), the prefactors of the673

cos(𝑘𝛼𝑥) terms are much smaller than those of the sin(𝑘𝛼𝑥) terms, making these functional forms674

a good approximation to the standing wave fields. Physically, the standing-wave solutions can675

be interpreted as arising from reflections at 𝑥 = 0 and 𝑥 = 𝐿𝑥 , where trapped Poincaré waves are676

excited in order to enforce the 𝑢̂ = 0 boundary condition (Taylor 1922; Brown 1973). These trapped677

modes, however, do not influence the interior solutions.678

In the main text, we showed that the pressure forcing at the one-dimensional interface above679

the two-dimensional canyon can be expanded into a complete basis of cos(𝑘𝑛𝑥) to excite different680

modes within the canyon. The orthogonality of the pressure field on the 1D interface continues to681

hold for the 2D interface. Specifically, the 2D basis functions for the pressure field can be derived682

directly from (A1) and (A2).683
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
𝑓0,0(𝑥, 𝑦) = 1

𝑓𝛼⩾1,0(𝑥, 𝑦) = cos(𝑘𝛼𝑥) cosh( 𝑓 𝑘𝛼
𝜔
𝑦) − 𝑖 sin(𝑘𝛼𝑥) sinh( 𝑓 𝑘𝛼

𝜔
𝑦)

𝑓𝛼⩾1,𝛽⩾1(𝑥, 𝑦) = cos(𝑙𝛽 (𝑦 +
𝐿𝑦

2
)) sin(𝑘𝛼𝑥) +

𝑖𝑘𝛼 𝑓

𝑙𝛽𝜔
sin(𝑙𝛽 (𝑦 +

𝐿𝑦

2
)) cos(𝑘𝛼𝑥)

(A3)

These base functions form complete and orthogonal basis in the domain of [0, 𝐿𝑥] ×
[
− 𝐿𝑦

2 ,
𝐿𝑦

2

]
.684

Specifically it can be verified that685 ∫ 𝑎

−𝑎

∫ 𝐿𝑥

0
𝑓𝛼1,𝛽1 (𝑥, 𝑦) 𝑓 ∗𝛼2,𝛽2

(𝑥, 𝑦) = 0 for (𝛼1, 𝛽1) ≠ (𝛼2, 𝛽2) (A4)

Therefore, one can expand a 2D pressure forcing field into these base functions to determine the686

forcing coefficient 𝐶̃𝛼,𝛽 of each mode:687

𝑝𝐹 (𝑥, 𝑦) ≡ 𝑝𝐹 (𝑥, 𝑦, 𝐿𝑧) =
∑︁
𝛼,𝛽

𝐶̃𝑝𝛼,𝛽 𝑓𝛼,𝛽 (𝑥, 𝑦) (A5)

Similar with our discussions in the main text, the wave model (𝛼, 𝛽) that has the higher |𝐶̃𝑝𝛼,𝛽 |688

would feel the forcing more strongly.689

We can again get a better sense of the coupling strength for the long-wave forcing if we take690

make the Taylor expansion:691

𝑝𝐹 (𝑥, 𝑦) ≈ 𝑝𝐹𝑥0𝑥 + 𝑝
𝐹
𝑦0𝑦 + 𝑝

𝐹
0 (A6)

The forcing coefficient of the 3D Kelvin wave field can be calculated by expanding 2D function692

𝑓 (𝑥, 𝑦) = 𝑥 and 𝑓 (𝑥, 𝑦) = 𝑦 into the base functions 𝑓𝛼,𝛽 (𝑥, 𝑦). It can be shown, in this case, the693

forcing coefficient of the 3D Kelvin wave field takes the following form:694

𝐶̃𝛼,0 = −𝑝𝐹𝑥0
4𝐿𝑥
𝛼2𝜋2

1
cosh( 𝑓 𝑘𝛼𝐿𝑦/2𝜔)

− 𝑝𝐹𝑦0
4𝐿𝑥𝑖
𝛼2𝜋2

𝜔

𝑓

[
𝑓 𝑘𝛼𝐿𝑦/2𝜔

sinh( 𝑓 𝑘𝛼𝐿𝑦/2𝜔) −
1

cosh( 𝑓 𝑘𝛼𝐿𝑦/2𝜔))

]
≈ −𝑝𝐹𝑥0

4𝐿𝑥
𝛼2𝜋2 +𝑂 ((

𝑓 𝑘𝛼𝐿𝑦

2𝜔
)2), when 𝛼 is odd

(A7)
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These calculations from the three-dimensional formulae provide a more accurate forcing coefficient695

for the Kelvin wave modes with mode number 𝛼. However, it can be seem that as long as we are696

sticking to the low wave number 𝛼 which has 𝑘𝛼𝐿𝑦 << 1, the calculation based on the 2D picture697

provide a fairly good approximation for forcing coefficient. Specifically, the pressure gradient in the698

𝑦 direction only weakly coupled with the Kelvin wave modes in the canyon and can be reasonably699

ignored in our discussion of 2D picture in the main text.700

b. The attenuation of canyon Poincaré wave modes by turbulence701

Besides the Kelvin wave modes discussed in the main text, the canyon Poincaré wave modes can702

also be excited in our box-canyon model. However, accounting for the excitation of Poincaré wave703

modes significantly complicates the problem. Fortunately, our idealized simulations reveal that704

these Poincaré wave modes are attenuated when viscosity and diffusivity are increased to capture705

elevated turbulent activity, while Kelvin wave modes remain relatively unaffected by turbulent706

dissipation. This difference arises because the vertical wavenumber of Poincaré waves is much707

larger than that of Kelvin waves, making them more susceptible to dissipation.708

To illustrate this, we compare two runs of the idealized simulation, both simulating the canyon709

wave fields under barotropic forcing alone. These simulations share the same setup but differ710

in diffusivity and viscosity values in the canyon, with 𝜅 = 𝜈 = 10−4 m2/s and 𝜅 = 𝜈 = 10−2 m2/s,711

respectively. The attenuation of the canyon Poincaré wave modes under higher diffusivity and712

viscosity is evident from two perspectives.713

First, the tidally-filtered magnitude of the cross-canyon velocity is compared, as shown in714

Fig. A1(a). The cross-canyon velocity, represented by the high-𝑚 modes, is strongly dissipated715

when 𝜅 = 𝜈 = 10−2 m2/s. Since Kelvin wave modes do not contribute to the cross-canyon velocity,716

this reduction in amplitude reflects the attenuation of the Poincaré wave modes.717

Second, a more quantitative analysis can be performed by examining the discretized spectrum718

of kinetic energy at the tidal frequency. This is achieved using a discrete cosine transform in the719

𝑧-direction combined with a discrete sine transform in the 𝑥-direction, applied to the tidally filtered720

𝑢 and 𝑣 velocity fields at each 𝑦-slice. The kinetic energy for each mode is averaged over the721

𝑦-direction and shown in Fig. A1(c,d). The dispersion relations for the Kelvin wave modes and the722

mode-1 (𝛽 = 1) Poincaré wave modes are also plotted for reference.723
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In Fig. A1(c), under low turbulence levels, the wave kinetic energy is dominated by the lowest-724

order Kelvin wave modes (𝛼 = 1,3,5) and the Poincaré wave modes (𝛼, 𝛽) = (1,1), (3,1), (5,1).725

The most energetic modes are the (𝛼, 𝛽) = (1,0) Kelvin wave mode and the (𝛼, 𝛽) = (1,1) Poincaré726

wave modes. The excitation of only odd-numbered modes aligns with our theoretical predictions.727

In Fig. A1(d), where 𝜅 and 𝜈 are increased to 10−2 m2/s, the energy of the (𝛼, 𝛽) = (1,3) and (1,5)728

Poincaré wave modes is significantly attenuated, while the energy of the (𝛼, 𝛽) = (1,1) mode is729

spread, consistent with the observations in Fig. A1(b). Thus, ignoring the contributions of Poincaré730

wave modes becomes a better approximation in high-turbulence environments.731

For example, in the BLT canyon that is susceptible to strong convective mixing event within732

the focus of study of Ma et al. (2025), mean turbulent diapycnal diffusivity are estimated from733

the measured thermal variance dissipation to be on the order of 10−2 m2/s (Van Haren et al.734

(2024)). Additionally, the turbulent diffusivities in the realistic simulation Ma et al. (2025) reach735

this same order of magnitude, as dictated by the implemented turbulent closure. Consequently,736

high-vertical-wavenumber Poincaré wave modes are absent in both observational data and our737

realistic simulations.738

APPENDIX B749

Effective impedance for the waves radiated into the open ocean750

In this Appendix, we discussed the derivation of the impedance form (18) shown in the main751

text.752

We start by writing the radiated wave field as, following (A1):753

𝑤̂𝑅 (𝑥, 𝑦, 𝑧 ⩾ 𝐿𝑧) =
∫ ∞

−∞

∫ ∞

−∞
𝑤̂𝑅 (𝑘, 𝑙) 𝑒𝑖(𝑘𝑥+𝑙𝑦+𝑚(𝑧−𝐿𝑧)) 𝑑𝑘 𝑑𝑙,

𝑝𝑅 (𝑥, 𝑦, 𝑧 ⩾ 𝐿𝑧) =
∫ ∞

−∞

∫ ∞

−∞
𝑍 (𝑘, 𝑙) 𝑤̂𝑅 (𝑘, 𝑙) 𝑒𝑖(𝑘𝑥+𝑙𝑦+𝑚(𝑧−𝐿𝑧)) 𝑑𝑘 𝑑𝑙,

(B1)

The wave amplitude in the continuum 𝑤̂𝑅 (𝑘, 𝑙) can be determined by the Fourier transform:754

𝑤̂𝑅 (𝑘, 𝑙) = F [𝑤̂𝑅 (𝑥, 𝑦, 𝑧 = 𝐿𝑧)] ≡ ( 1
2𝜋

)2
∫ 𝐿𝑥

0

∫ 𝐿𝑦/2

−𝐿𝑦/2
𝑤̂𝑅 (𝑥, 𝑦, 𝑧 = 𝐿𝑧)𝑒−𝑖𝑘𝑥−𝑖𝑙𝑦𝑑𝑥𝑑𝑦 (B2)
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Fig. A1. (a,b): Tidally-filtered magnitude of the cross-canyon velocity 𝑣 for idealized simulations with

𝜈 = 𝜅 = 10−4 m2/s and 𝜈 = 𝜅 = 10−2 m2/s, respectively. (c,d): Spectral density of kinetic energy in the (𝑘,𝑚)

plane for the two simulations using the discrete cosine transformation, respectively. The Kelvin wave and

Poincaré wave characteristics are shown as red and blue curves, respectively. Only solid lines for odd modes,

which are coupled with the barotropic tidal forcing, are displayed.

744

745

746

747

748

therefore, the pressure field at the canyon-top interface can be simplified as:755

𝑝𝑅 (𝑥, 𝑦, 𝑧 = 𝐿𝑧) =
∫ ∞

−∞

∫ ∞

−∞
𝑍 (𝑘, 𝑙)F [𝑤̂𝑅 (𝑥, 𝑦, 𝑧 = 𝐿𝑧)] 𝑒𝑖𝑘𝑥+𝑖𝑙𝑦𝑑𝑘𝑑𝑙

≡ F −1 [𝑍 (𝑘, 𝑙)F [𝑤̂𝑅 (𝑥, 𝑦, 𝑧 = 𝐿𝑧)]]
(B3)

This relation shows us that the radiated pressure field at the canyon-top interface 𝑝𝑅 (𝑥, 𝑦, 𝑧 = 𝐿𝑧)756

can be linearly determined by the radiated vertical velocity field 𝑤̂𝑅 (𝑥, 𝑦, 𝑧 = 𝐿𝑧).757
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We have shown in Appendix A that the base functions 𝑝𝛼,𝛽 (𝑥, 𝑦) form a complete and orthogonal758

basis, therefore, we can decompose the pressure field at the interface 𝑝𝑅 (𝑥, 𝑦, 𝑧 = 𝐿𝑧). This allows759

us to decompose the radiated field into the discrete modes:760

𝑝𝑅 (𝑥, 𝑦, 𝑧 = 𝐿𝑧) =
∑︁
𝛼,𝛽

𝐵̃𝑝𝛼,𝛽 𝑓𝛼,𝛽 (𝑥, 𝑦)

𝑤̂𝑅 (𝑥, 𝑦, 𝑧 = 𝐿𝑧) =
∑︁
𝛼,𝛽

𝐵̃𝑤𝛼,𝛽 𝑓𝛼,𝛽 (𝑥, 𝑦)
(B4)

Take (B4) into (B3) we would have a linear relation between each modes, namely:761

𝐵̃𝑝𝛼,𝛽 =
∑︁

𝛼,𝛽,𝛼′,𝛽′
𝑍𝛼,𝛽,𝛼′,𝛽′ 𝐵̃𝑤𝛼,𝛽 (B5)

where 𝑍𝛼,𝛽,𝛼′,𝛽′ is the effective impedance tensor for radiated waves at the canyon-top interface,762

whose value can be determined through:763

𝑍𝛼,𝛽,𝛼′,𝛽′ =

∫ 𝑎

−𝑎
∫ 𝐿𝑥

0 𝑓 ∗
𝛼,𝛽

(𝑥, 𝑦)F −1 [𝑍 (𝑘, 𝑙)F
[
𝑓𝛼′,𝛽′ (𝑥′, 𝑦′)

]
𝑑𝑥𝑑𝑦√︃∫ 𝑎

−𝑎
∫ 𝐿𝑥

0 | 𝑓𝛼,𝛽 (𝑥, 𝑦) |2𝑑𝑥𝑑𝑦
√︃∫ 𝑎

−𝑎
∫ 𝐿𝑥

0 | 𝑓𝛼′,𝛽′ (𝑥, 𝑦) |2𝑑𝑥𝑑𝑦
(B6)

The accurate analytical solution for the effective impedance tensor is hard to be obtained, rather it764

can be evaluated numerically.765

The fact that this is a tensor indicates that the radiated waves can mix different wave modes.766

However, numerical evaluation of the tensor matrix reveals that it is predominantly governed by its767

diagonal elements. In fact, the most rigorous calculation would necessarily take the matrix form by768

considering the interaction of all the modes, however, the introduction of these non-diagonal terms769

would only lead to minor differences and therefore they are ignored for simplicity. This is essentially770

the same as the ”Plane-wave approximation” made in the early investigation of Grimshaw et al.771

(1985).772

By focusing only on the diagonal elements, we can greatly simplify the system, reducing (B5) to773

the single relation:774

𝐵̃𝑝𝛼,𝛽 ≈ 𝑍𝛼,𝛽,𝛼,𝛽 𝐵̃𝑤𝛼,𝛽, (B7)
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where the simplification captures the dominant contributions while neglecting off-diagonal inter-775

actions. For the Kelvin wave modes, which is the dominating mode in the canyon. This becomes:776

𝐵̃𝑝𝛼,0 ≈ 𝑍𝛼,0,𝛼,0𝐵̃𝑤𝛼,0, or 𝐵̃𝑝𝑛 ≈ 𝑍 (𝑘𝑛)𝐵̃𝑤𝑛 using the notation of the maintext. (B8)

and the effective impedance ratio 𝑍𝑅 (𝑘𝑛), can be then derived as:777

𝑍𝑅 =
𝑁

𝑘𝑛

√︁
𝜔2 − 𝑓 2

𝜔

∫ 𝐿𝑦/2
−𝐿𝑦/2

∫ 𝐿𝑥

0 𝑓 ∗
𝑛,0(𝑥, 𝑦)F

−1
[

𝑘𝑛√
𝑘2+𝑙2

F
[
𝑓𝑛,0(𝑥′, 𝑦′)

] ]
𝑑𝑥𝑑𝑦∫ 𝐿𝑦/2

−𝐿𝑦/2

∫ 𝐿𝑥

0 | 𝑓𝛼,0(𝑥, 𝑦) |2𝑑𝑥𝑑𝑦
(B9)

Under the limit of 𝐿𝑦 ≪ 𝐿𝑥 , we would have 𝑘𝑛𝐿𝑦 ∼ 𝑛𝜋𝐿𝑦/𝐿𝑥 ≪ 1 for the low modes (e.g., 𝑛 = 1,3,5)778

and therefore, we have779

𝑓𝑛,0(𝑥, 𝑦) = cos(𝑘𝑛𝑥) cosh( 𝑓 𝑘𝑛
𝜔
𝑦) − 𝑖 sin(𝑘𝑛𝑥) sinh( 𝑓 𝑘𝑛

𝜔
𝑦)

≈ cos(𝑘𝑛𝑥)
(B10)

Effectively, equation (B6) can be regarded as the average impedance over all possible modes in780

the 𝑘, 𝑙 space. Since 𝐿𝑦 ≪ 𝐿𝑥 , the cross-canyon wavenumbers 𝑙 for the radiated wave fields are781

generally much larger than the along-canyon wavenumber and dominate the impedance. As a782

result, the spectrum spread in the 𝑘 direction effectively does not matter for the averaging process.783

In other words, we can approximate 𝑘 as 𝑘𝑛, simplifying the 2D integration to a 1D integration,784
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which can be written as:785

𝑍𝑅 (𝑘𝑛)/(
𝑁

𝑘𝑛
) ≈

√︁
𝜔2 − 𝑓 2

𝜔

∫ 𝐿𝑦

2

− 𝐿𝑦

2

F −1
1𝐷 [ 𝑘𝑛√

𝑘2+𝑙2
F1𝐷

[
𝜒[− 𝐿𝑦

2 ,
𝐿𝑦

2 ] (𝑦
′)
]
𝑑𝑦∫ 𝐿𝑦

2

− 𝐿𝑦

2

1𝑑𝑦

=

√︁
𝜔2 − 𝑓 2

𝜔

1
2𝜋

1
𝐿𝑦

∫ ∞

−∞
[
∫ 𝐿𝑦

2

− 𝐿𝑦

2

𝑒𝑖𝑙𝑦𝑑𝑦] [
∫ 𝐿𝑦

2

− 𝐿𝑦

2

𝑒−𝑖𝑙𝑦
′
𝑑𝑦′] 𝑘𝑛√

𝑘2 + 𝑙2
𝑑𝑙

=

√︁
𝜔2 − 𝑓 2

𝜔

1
2𝜋

1
𝐿𝑦

∫ ∞

−∞

4sin2(𝑎𝑙)
𝑙2

𝑘
√
𝑘2 + 𝑙2

𝑑𝑙

=

√︁
𝜔2 − 𝑓 2

𝜔

1
2𝜋
𝐺

2,2
2,4

©­«(
𝑘𝐿𝑦

2
)2

������ 1
2 ,1

1
2 ,

1
2 ,−

1
2 ,0

ª®¬
=

√︁
𝜔2 − 𝑓 2

𝜔

1
2𝜋

[
−(𝑘𝑛𝐿𝑦) ln(𝑘𝑛𝐿𝑦) + (3−2𝛾 + ln2)𝑘𝑛𝐿𝑦 +𝑂 ((𝑘𝑛𝐿𝑦)3 ln(𝑘𝑛𝐿𝑦))

]
when 𝑘𝑛𝐿𝑦 << 1

(B11)

where F1𝐷 represents the 1D Fourier transform in the 𝑦 direction, and 𝜒[− 𝐿𝑦

2 ,
𝐿𝑦

2 ] (𝑦
′) is the window786

function, which is 1 within the interval [− 𝐿𝑦

2 ,
𝐿𝑦

2 ] and 0 elsewhere. Here787

𝐺
2,2
2,4

©­«𝑥
������ 1

2 ,1
1
2 ,

1
2 ,−

1
2 ,0

ª®¬ (B12)

is a Meijer G-function with upper parameters 1
2 and 1, lower parameters 1

2 ,
1
2 ,−

1
2 , and 0, and argu-788

ment 𝑘𝐿𝑦

2 . It is a generalized special function used to represent complex mathematical expressions,789

whose dominant term for the Taylor expansion is −2𝑥1/2 ln𝑥 + (6−4𝛾)𝑥1/2+𝑂 (𝑥3 ln𝑥) at 𝑥 = 0 and790

used in the above derivation. Here, 𝛾 ≈ 0.57721 is the Euler–Mascheroni constant.791

Finally, it should be noted that in Grimshaw et al. (1985), a closely related quantity, namely792

reflectivity 𝑟 , is discussed. Reflectivity is defined as the ratio of pressure perturbation between793

the incoming Kelvin wave and the reflected wave in the context of an infinitely deep canyon. The794

reflectivity defined in that context is related to the impedance ratio here as 𝑟 = (1− 𝑧𝑛)/(1+ 𝑧𝑛).795

However, reflectivity is not employed in our theory because the waves in the canyon are standing796

waves rather than propagating waves.797
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Le Souëf, K. E., and S. Allen, 2014: Physical modeling of tidal resonance in a submarine canyon.838

Journal of Geophysical Research: Oceans, 119 (2), 1324–1343.839

Ma, Y., R. Ferrari, K. Polzin, M. H. Alford, A. C. N. Garabato, and G. Voet, 2025: Standing840

wave-induced tidal shear in a submarine canyon in the rockall trough.841

Masunaga, E., M. H. Alford, A. J. Lucas, and A. R.-M. Freudmann, 2023: Numerical simulations842

of internal tide dynamics in a steep submarine canyon. Journal of Physical Oceanography,843

53 (11), 2669–2686.844

Naveira Garabato, A. C., and Coauthors, 2025: Connecting mixing to upwelling along the ocean’s845

sloping boundary. Geophysical Research Letters, 52 (22), e2025GL119 186.846

Petruncio, E. T., L. K. Rosenfeld, and J. D. Paduan, 1998: Observations of the internal tide in847

monterey canyon. Journal of Physical Oceanography, 28 (10), 1873–1903.848

Radko, T., 2019: Instabilities of a time-dependent shear flow. Journal of Physical Oceanography,849

49 (9), 2377–2392.850

46



Rhines, P., 1970: Edge-, bottom-, and rossby waves in a rotating stratified fluid. Geophysical and851

Astrophysical Fluid Dynamics, 1 (3-4), 273–302.852

Si, Y., R. Ferrari, and G. Voet, 2025: Tidally induced turbulence in the abyssal ocean. arXiv853

preprint arXiv:2509.05869.854

Sutherland, G., C. Garrett, and M. Foreman, 2005: Tidal resonance in juan de fuca strait and the855

strait of georgia. Journal of Physical Oceanography, 35 (7), 1279–1286.856

Swart, N., S. E. Allen, and B. Greenan, 2011: Resonant amplification of subinertial tides in a857

submarine canyon. Journal of Geophysical Research: Oceans, 116 (C9).858

Taylor, G. I., 1922: Tidal oscillations in gulfs and rectangular basins. Proceedings of the London859

Mathematical society, 2 (1), 148–181.860

Van Haren, H., G. Voet, M. H. Alford, B. Fernández-Castro, A. C. N. Garabato, B. L. Wynne-861

Cattanach, H. Mercier, and M.-J. Messias, 2024: Near-slope turbulence in a rockall canyon.862

Deep Sea Research Part I: Oceanographic Research Papers, 206, 104 277.863

Wain, D., M. Gregg, M. Alford, R.-C. Lien, R. Hall, and G. Carter, 2013: Propagation and864

dissipation of the internal tide in upper monterey canyon. Journal of geophysical research:865

Oceans, 118 (10), 4855–4877.866

Waterhouse, A. F., J. A. Mackinnon, R. C. Musgrave, S. M. Kelly, A. Pickering, and J. Nash, 2017:867

Internal tide convergence and mixing in a submarine canyon. Journal of Physical Oceanography,868

47 (2), 303–322.869

Wynne-Cattanach, B. L., and Coauthors, 2024: Observations of diapycnal upwelling within a870

sloping submarine canyon. Nature, 630 (8018), 884–890.871

Zhang, W. G., T. F. Duda, and I. A. Udovydchenkov, 2014: Modeling and analysis of internal-tide872

generation and beamlike onshore propagation in the vicinity of shelfbreak canyons. Journal of873

physical oceanography, 44 (3), 834–849.874

Zhao, Z., M. H. Alford, J. B. Girton, L. Rainville, and H. L. Simmons, 2016: Global observations875

of open-ocean mode-1 m 2 internal tides. Journal of Physical Oceanography, 46 (6), 1657–1684.876

47



Zhao, Z., M. H. Alford, R.-C. Lien, M. C. Gregg, and G. S. Carter, 2012: Internal tides and mixing877

in a submarine canyon with time-varying stratification. Journal of Physical Oceanography,878

42 (12), 2121–2142.879

48


