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Abstract

Submarine canyons are a common geomorphological feature along continental slopes worldwide and often
found to be ‘hotspots’ of internal tide activity. However, the majority of well-studied submarine canyons
are simple linear incisions or have meandering morphology; internal tide energetics in branching (dendritic)
canyons has not previously been investigated. Here we present a high-resolution (500-m) numerical modelling
study of the internal tide within Whittard Canyon, a large, dendritic submarine canyon system that incises
the Celtic Sea continental slope. A modified version of the Princeton Ocean Model is used to simulate the M2

(semidiurnal) internal tide in the Whittard Canyon region, verified against a hydrographic dataset collected
by an autonomous ocean glider. Much of the internal tide energy entering Whittard Canyon originates to the
southeast, along the Celtic Sea shelf break. Internal tide generation also occurs within the canyon itself, but
is in part compensated by areas of negative energy conversion. Depth-integrated internal tide energy fluxes
exceed 8 kW m−1 in the eastern limb of the canyon. The internal tide is topographically steered through the
major limbs and along-canyon energy flux is bottom intensified, suggesting topographic focusing. The down
canyon extent of bottom intensification closely corresponds to the point that along-canyon slope becomes
near-critical to the semidiurnal internal tide. Energetically, the multiple limbs of Whittard Canyon behave
differently, some are net sources of internal tide energy whilst others are net sinks. Internal tide energy
dissipation also varies between the canyon limbs; bulk dissipation rates are 2.1-7.7 × 10−8 W kg−1. In
addition, the effect of bathymetric resolution on internal tide generation and propagation is investigated
by progressively smoothing the model domain. Decreasing the bathymetric resolution reduces internal tide
generation and energy dissipation in both Whittard Canyon and the model domain as a whole, however,
internal tide energy flux into the canyon is not consistently changed. At least 1.5-km resolution bathymetry
is required to adequately resolve the semidiurnal internal tide field in this region of complex topography.

Keywords: Internal tides, Submarine canyons, Princeton Ocean Model, Celtic Sea, Whittard Canyon

1. Introduction

Internal tides are a common hydrodynamic feature of submarine canyons worldwide (e.g., Shepard et al.,
1974; Garćıa Lafuente et al., 1999; Wain et al., 2013). These large-amplitude internal gravity waves with
tidal frequencies are either generated locally, by barotropic (surface) tidal currents across the sloping canyon
bathymetry (Bell, 1975; Baines, 1982), or are generated remotely and trapped within the canyon by reflection5

from the typically steep walls (Gordon and Marshall, 1976) and gently sloping floor (Hotchkiss and Wunsch,
1982). Dissipation of internal tides within canyons is thought to be an important global sink of internal
wave energy (Waterhouse et al., 2017) and may drive local biogeochemical fluxes (Kunze et al., 2002).

The majority of well-studied submarine canyons can be approximated as linear incisions, for example
Hydrographers (Wunsch and Webb, 1979), Ascension (Gregg et al., 2011) and Congo (Vangriesheim et al.,10
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Figure 1: (a) Bathymetry of the Whittard Canyon system (INFOMAR-GEBCO, 200-m contour interval) showing the location
and naming convention of the major and minor canyon limb thalwegs. For Limbs 2a and 4a, distance along the thalweg from the
1000-m isobath is marked with a cross at 20-km intervals. The white triangle is the location of the CTD cast used to initialise
the numerical model. (b) Bathymetry of the Celtic Sea continental slope (GEBCO, 500-m contour interval) showing the
location of the Whittard Canyon system (solid grey box) and the model domain (dashed grey box). (c) Potential temperature
and salinity profiles used to initialise the model.
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2009) Canyons, or have sinuous, meandering morphology, for example Monterey (Kunze et al., 2002), Gaop-
ing (Lee et al., 2009) and Nazaré (Masson et al., 2011) Canyons. Branching (dendritic) canyons have received
less attention despite the fact that this morphological type is common worldwide (Harris and Whiteway,
2011). Specifically, the energetics of internal tides in dendritic canyons has not previously been investigated.
Here we present the first numerical modelling study of internal tides in a dendritic submarine canyon: the15

Whittard Canyon system that incises the Celtic Sea continental slope.
Most previous studies of Whittard Canyon have focused on biological and sedimentological processes

(see Amaro et al., 2016, for a review). The steep canyon walls, sections of which are vertical or overhanging,
provide a solid substrate for the development of cold-water coral communities (Huvenne et al., 2011) and
habitats for a diverse variety of benthic fauna (Johnson et al., 2013; Robert et al., 2015). On gentler slopes,20

sediment is resuspended by energetic hydrodynamics, forming benthic and intermediate nepheloid layers
(density layers with high concentrations suspended particulate matter and organic material) that have been
observed in several of the canyon’s limbs (Wilson et al., 2015b). The physical oceanography of Whittard
Canyon has received less attention (Johnson et al., 2013; Wilson et al., 2015b; Porter et al., 2016) and the
internal tide field is essentially unknown. Hall et al. (2017) observed an 80-m amplitude semidiurnal internal25

tide in the eastern limb of the canyon using an autonomous ocean glider, but no tide-resolving hydrographic
observations have been made in the other canyon limbs.

In the wider region, internal tides have previously been observed in the Bay of Biscay (e.g., Pingree et al.,
1986; New, 1988) and Celtic Sea (e.g., Holt and Thorpe, 1997; Green et al., 2008; Sharples et al., 2009; Inall
et al., 2011; Hopkins et al., 2014). High-resolution numerical models have also been used investigated how30

the internal tides generated at the Celtic Sea shelf break radiate onto the shelf (Vlasenko et al., 2014),
into the Bay of Biscay (Vlasenko and Stashchuk, 2015), and are focused into Petite Sole Canyon (part of
Dangeard Canyon; Vlasenko et al., 2016). Following this recent work, the aim of the present study is to
investigate the generation and propagation of the semidiurnal internal tide around Bernot Spur and within
Whittard Canyon. In Section 2, the configuration of the numerical model and diagnostics are described.35

In Section 3, the model output is verified against an observational hydrographic dataset. Internal tide
generation and propagation through the canyon limbs is described in Section 4 and an energy budget for
the upper reaches of the canyon constructed in Section 5. In Section 6, the effect of bathymetric resolution
on internal tide generation and propagation is investigated and in Section 7 the implications of internal tide
activity on nepheloid layer generation are discussed. Key results of the study are summarised in Section 8.40

The Whittard Canyon system comprises of several multi-branched limbs so to identify individual limbs
we use the naming convention shown in Figure 1a. The four major canyon limbs are numbered 1-4 (west to
east). The thalweg1 along each major limb is given the suffix ‘a’ and the thalwegs along the minor canyon
limbs, those branching from the major limbs, are given the suffixes ‘b’ and ‘c’ (west to east).

2. Numerical model setup45

A modified version of the Princeton Ocean Model (POM; Blumberg and Mellor, 1987) is used to simulate
the M2 (semidiurnal) internal tide in the Whittard Canyon region. POM is a three-dimensional, nonlinear,
hydrostatic, free-surface, finite-difference, primitive equation model employing a sigma coordinate system
in the vertical direction. The sigma coordinate system results in terrain-following vertical levels (following
both the bathymetry and the free surface) that are evenly spaced through the water column. This provides50

good resolution of the surface and bottom boundary layers, the latter is important for this application as
across-slope velocity is an important component of internal tide generation (Carter et al., 2012). The model
has previously been used to simulate the internal tide field over the Hawaiian Ridge (Carter et al., 2008),
Mid-Atlantic Ridge (Zilberman et al., 2009), within Monterey Canyon (Carter, 2010; Hall and Carter, 2011;
Hall et al., 2014), and the Faroe-Shetland Channel (Hall et al., 2011).55

The model domain extends from 12◦19.4’ W, 46◦42.3’ N to 8◦30.6’ W, 49◦40.5’ N (Fig. 1b) with 500-m
horizontal resolution; fifty-one sigma levels are used. The simulation is run for 32 M2 tidal cycles (16.56

1The thalweg of a canyon limb is the line that connects the deepest points of a series of bathymetric cross-sections along
the length of the limb.
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days) from a quiescent state with vertically varying, but horizontally uniform, stratification. M2 harmonic
analyses are performed over the last 11 tidal cycles. Domain size and run length sensitivity tests have been
performed; increasing the size of the model domain and increasing the length of the simulation both have60

limited effect on internal tide energetics in the Whittard Canyon region.
The bathymetric grid (Fig. 1a) is derived from the Integrated Mapping for the Sustainable Development

of Ireland’s Marine Resources programme 18 arc-second grid (INFOMAR, http://www.infomar.ie) and the
General Bathymetric Chart of the Oceans 2014 30 arc-second global grid (GEBCO, http://www.gebco.net).
Both data sources are interpolated onto a uniform, 500-m grid. The higher resolution INFOMAR bathymetry65

only covers the area of Whittard Canyon within Irish waters, so GEBCO data are used to fill the gaps.
The initial potential temperature and salinity profiles (Fig. 1c) are taken from a CTD cast over the

abyssal plain close to the mouth of Whittard Canyon (10◦11.9’ W, 48◦15.9’ N) on 12 July 2009. These
profiles are linearly extrapolated to the maximum depth within the model domain (4860 m) and smoothed
using a 25-point gaussian tapered window running mean. Fifty-one evenly spaced sigma levels result in a70

vertical resolution of less than 1 m at some locations on the shelf and up to 97 m over the abyssal plain.
The model is forced at the boundaries with M2 barotropic velocities taken from the TPXO7.2 inverse

model global solution (Egbert and Erofeeva, 2002, http://volkov.oce.orst.edu/tides/). A Flather boundary
condition (Flather, 1976) is applied so that barotropic energy is transmitted out of the domain. Baroclinic
(internal) energy is absorbed at the boundaries using the relaxation scheme described by Carter and Merri-75

field (2007). Both schemes work to stop wave reflection back into the model domain. The boundary forcing
is ramped up over the first two tidal cycles of the simulation.

2.1. Model diagnostics
M2 vertical isopycnal displacement amplitude (ξA) and phase (ξφ) are inferred from the harmonic analyses

output and used to verify the numerical model against an observational hydrographic dataset (Section 3).80

Baroclinic M2 energy flux is calculated as

F = 〈u′p′〉 , (1)

where u′ is the baroclinic velocity perturbation, p′ is the pressure perturbation, and 〈·〉 denotes an average
over a tidal cycle (e.g., Kunze et al., 2002; Nash et al., 2005). The perturbations u′ and p′ are reconstructed
from the harmonic constants.

Barotropic-to-baroclinic M2 energy conversion is calculated as85

Econv = 〈p′ (−H)wbt〉, (2)

where p′(−H) is the pressure perturbation at the bottom and wbt = −u·∇H is the barotropic vertical velocity
(Niwa and Hibiya, 2001). The barotropic velocity perturbation, u, is reconstructed from the harmonic
constants. Positive values of Econv indicate the transfer of energy from the barotropic tide to the baroclinic
tide, whilst negative values are a measure of energy transfer due to the pressure work done on the barotropic
tide by the baroclinic tide (Zilberman et al., 2009).90

Baroclinic M2 horizontal kinetic energy (HKE) density is calculated as

HKE =
1
4
ρ(u2

A + v2
A), (3)

where uA and vA are perpendicular baroclinic velocity amplitudes and ρ = 1025 kg m−3 is a reference
density. Baroclinic M2 available potential energy (APE) density is approximated using linear theory as

APE =
1
4
ρN2ξ2A, (4)

where ξA is the vertical isopycnal displacement amplitude and N is the buoyancy frequency (Kang and
Fringer, 2010). For linear freely-propagating progressive internal waves with ω � N , the theoretical95

HKE/APE ratio is
HKE
APE

=
ω2 + f2

ω2 − f2
, (5)
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Figure 2: (a) Location of the ocean glider virtual mooring (VM) stations in the eastern limb (Limb 4) of Whittard Canyon.
(b) Comparison between observed and modelled M2 vertical isopycnal displacement amplitude (left panel) and phase (middle
panel) for VM2. The right panel is relative error in isopycnal displacement. (c) As (b) but for VM4. (d) As (b) but for VM8.

where ω is the angular frequency of the internal wave and f is the inertial frequency (Gill, 1982). For M2

internal tides (ω = 1.405× 10−4 s−1) at a latitude representative of the study region (48◦N), the theoretical
HKE/APE ratio is 3.99.

The reflective behaviour of normally incident internal waves approaching a sloping boundary from offshore100

can be predicted from the ratio of the topographic slope to the internal wave characteristic slope,

α =
∂H/∂x̃

[(ω2 − f2) / (N2 − ω2)]1/2
, (6)

where H is total depth and x̃ is across-slope distance. If α < 1 (subcritical) waves will be transmitted up
the slope. If α > 1 (supercritical) waves will be reflected back offshore. If α ' 1 (near-critical) linear theory
breaks down, leading to nonlinear effects, wave breaking, and turbulent mixing (Eriksen, 1982). Near-critical
values are defined as 0.8 < α < 1.3 following the experimental results of McPhee-Shaw and Kunze (2002).105

3. Model verification

Model skill is assessed through comparison with a hydrographic dataset from the eastern limb (Limb 4)
of Whittard Canyon collected by an autonomous ocean glider. The dataset, described in full by Hall et al.
(2017), comprises of 8 approximately 36-h tide-resolving virtual mooring2 (VM) stations, collected between

2A glider operating as a virtual mooring repeatedly dives at the same location – collecting a timeseries dataset similar to
that from a fixed hydrographic mooring.
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Table 1: Location of the ocean glider virtual moorings stations, maximum depth of the glider observations at each station, and
depth-mean absolute error (E) and relative error (RE) in M2 vertical isopycnal displacement.

Station Latitude Longitude Depth E RE
(m) (m) (%)

VM1 48◦24.0’ N 09◦59.7’ W 975 10.5 165.6
VM2 48◦29.1’ N 09◦59.7’ W 980 13.7 38.7
VM3a 48◦34.5’ N 09◦56.4’ W 990 16.0 73.8
VM3b 48◦34.5’ N 09◦56.4’ W 965 13.7 54.4
VM4 48◦38.4’ N 10◦01.5’ W 975 32.0 122.6
VM5 48◦42.3’ N 10◦05.4’ W 820 31.1 92.6
VM6a 48◦37.2’ N 09◦49.8’ W 980 38.9 85.3
VM6b 48◦37.2’ N 09◦49.8’ W 945 16.5 65.1
VM7 48◦33.6’ N 10◦08.4’ W 990 31.7 70.8
VM8 48◦29.1’ N 10◦04.8’ W 980 20.5 51.1

15th August and 6th September 2015 using an iRobot 1KA Seaglider (SG537; Eriksen et al., 2001). Two110

stations (VM3 and VM6) were occupied twice, approximately at spring and neap tide. The locations of the
VM stations are shown in Figure 2a and detailed in Table 1. Profiles of M2 vertical isopycnal displacement
amplitude and phase were calculated for each station occupation down to nearly 1000 m (820 m for VM5).
The station timeseries were too short to separately resolve the S2 internal tide, so the spring-neap cycle
was removed using the TPXO European Shelf solution (Egbert and Erofeeva, 2002; Egbert et al., 2010)115

by assuming a local internal tide generation site and therefore that the internal spring-neap cycle was
phase-locked and proportional to the surface spring-neap cycle.

Comparisons between observed and modelledM2 displacement amplitude and phase are shown in Figure 2
for three of the 10 station occupations. For all station occupations, modelled displacement amplitude
contains less vertical structure than observed and at some stations the model consistently underestimates120

amplitude (e.g., VM8, Fig. 2d). The relationship between observed and modelled displacement phase is
variable; at some stations the phase profiles are almost identical (e.g., VM2, Fig. 2b), at other stations there
is noticeable phase offset (e.g., VM4, Fig 2c), while at others observed and modelled phase have different
vertical structures.

To quantify the absolute error (E), the root mean square (rms) difference between observed and modelled125

M2 displacement over a tidal cycle is calculated following Cummins and Oey (1997), Carter et al. (2008)
and Hall et al. (2011). Relative error (RE) is absolute error divided by observed displacement amplitude
and stated as a percentage. Depth-average absolute error (E) and depth-average relative error (RE) are
calculated for each station occupation and shown in Table 1. E ranges from 10.5 m to 38.9 m, with the
largest errors occurring where there are large phase offsets. RE ranges from 38.7% to 165.6%, comparable130

to a previous application of POM to Monterey Canyon (30-209%; Carter, 2010). A component of this
error might be due to insufficient resolution of the complex canyon bathymetry; Whittard Canyon features
steep walls (even vertical and overhanging) that cannot be adequately resolved by 500-m model bathymetry.
Zilberman et al. (2009) showed that the generation of higher internal wave modes in POM simulations is
limited by bathymetric resolution, which may explain the underestimate of vertical structure in the model135

output. Furthermore, the morphology of Whittard Canyon is likely to be constantly evolving due to erosional
and depositional processes (Amaro et al., 2015).

4. Results

4.1. Internal tide generation sites
The sloping bathymetry of Whittard Canyon and the surrounding region provide many potential internal140

tide generation sites through scattering of the barotropic tide (Bell, 1975; Baines, 1982). As shown by
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Figure 3: (a) Barotropic-to-baroclinic M2 energy conversion in the Whittard Canyon region. Positive values indicate sources
of baroclinic energy. (b) Depth-integrated baroclinic M2 energy flux. Vectors are plotted every 10 grid points (5 km) in each
direction. The underlying colour is the energy flux magnitude. The bathymetric contour interval is 200 m. The six areas that
energy budgets are calculated for are shown in blue, along with the Brenot Spur section.
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Rainville et al. (2010), internal tides radiating from multiple generation sites form complex patterns of
constructive and destructive interference and make it difficult to diagnose the exact source of any particular
beam. However, realistic interpretation of internal tide generation sites in the Whittard Canyon region
can be made by comparing barotropic-to-baroclinic M2 energy conversion (Fig. 3a) with depth-integrated145

baroclinic M2 energy flux (Fig. 3b).
Much of the baroclinic energy entering Whittard Canyon originates to the southeast, along the Celtic Sea

shelf break, where baroclinic energy fluxes are consistent with areas of high (>0.2 W m−2) barotropic-to-
baroclinic energy conversion. Internal tide generation in this region can be roughly divided into two areas:
the upper reaches of Shamrock Canyon, to the east of Brenot Spur, and the western flank of Brenot Spur,150

which is incised by Explorer and Dangeard Canyons (as described by Stewart et al., 2014). Two beams of
baroclinic energy radiate from these generation sites: a strong, narrow beam propagates northwest, around
Brenot Spur, and into Limb 4, whilst a second strong, wider beam propagates southwest from Shamrock
Canyon over the abyssal plain. The northwest propagating beam is constrained by the bathymetry of Limb
4 with large depth-integrated baroclinic energy fluxes (>8 kW m−1) directed up-canyon in its upper reaches.155

Baroclinic energy fluxes throughout the rest of the Whittard Canyon system are much lower in comparison
to those in Limb 4, indicating either a lesser, or completely absent, influence of the generation sites to the
southeast.

Internal tide generation also occurs within the canyon itself and is identifiable by areas of positive
barotropic-to-baroclinic energy conversion consistent with up- or down-canyon depth-integrated baroclinic160

energy fluxes (for example, Limb 1b, Limb 2a, and the lower reaches of Limb 4a). In the upper reaches
of Limb 2a and Limb 4a, adjacent areas of positive (>0.8 W m−2) and negative (<−0.8 W m−2) energy
conversion imply that local internal tide generation is in part balanced by baroclinic energy loss to the
barotropic tide. Negative energy conversion occurs when the pressure perturbation from remotely generated
internal tides is larger than, and out of phase with, the pressure perturbation from local barotropic forcing165

(e.g., Zilberman et al., 2009; Kelly and Nash, 2010). The presence of areas of negative energy conversion
indicates that there are multiple generation sites of importance to the internal tide field within the canyon.
Adjacent areas of positive and negative energy conversion also occur in Limb 1a and Limb 3a, but the
magnitude of energy conversion is lower (>0.4 W m−2 and <−0.4 W m−2). The spatial distribution of
energy conversion is fairly consistent throughout the canyon, with positive conversion tending to occur on170

the western walls of the canyon limbs and negative conversion tending to occur on the eastern walls.
These result compare favourably with a fine-resolution (115-m) nonhydrostatic model simulation of the

internal tide field over the Celtic Sea continental shelf and shelf break by Vlasenko et al. (2014). Their
simulation shows packets of internal solitary waves, superposed on semidiurnal internal tides, radiating from
several local generators: the shelf break east of the eastern limb of Whittard Canyon; Petite Sole Canyon;175

and Brenot Spur. These three areas are also apparent internal tide generation sites in the high-resolution
(500-m) hydrostatic model simulation presented here.

4.2. Internal tide propagation through Whittard Canyon
Depth-integrated baroclinic M2 energy fluxes in the Limb 4 of Whittard Canyon exceed 8 kW m−1,

comparable to energy fluxes observed in tidally energetic submarine canyons such as Monterey (up to180

5 kW m−1; Kunze et al., 2002; Zhao et al., 2012; Wain et al., 2013), Eel (7.6 kW m−1; Waterhouse et al.,
2017) and Gaoping (14 kW m−1; Lee et al., 2009). In the upper reaches of Whittard Canyon, depth-
integrated baroclinic energy flux is primarily directed up-canyon, suggesting topographic steering of the
internal tide. However, there are locations where depth-integrated energy flux is directed down-canyon, for
example in Limbs 1b and 2c.185

To better diagnose topographic steering of the internal tide by the steep canyon walls, near-bottom
baroclinic M2 tidal current ellipses along the canyon thalwegs are shown in Figure 4. In the lower reaches
of all four major canyon limbs, velocities are low (<0.1 m s−1) and the current ellipses almost circular.
Moving up-canyon, the ellipses become more rectilinear (i.e., the semi-minor axis is small compared to the
semi-major axis), with the semi-major axes orientated along the canyon thalwegs. In the upper reaches of190

the canyon, along-thalweg velocities are up to 0.4 m s−1. These results are in general agreement with near-
bottom current velocity observations within the canyon. The deepest measurements (>4000 m; van Weering
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Figure 4: Near-bottom baroclinic M2 tidal current ellipses in Whittard Canyon. Current ellipses shallower than 300 m are
omitted for clarity.

et al., 2000; Amaro et al., 2015) contain weak semidiurnal signals with velocities ≤0.1 m s−1. Measurements
farther up-canyon feature increasingly energetic near-bottom currents, for example, 0.16 m s−1 at 3752 m
(Reid and Hamilton, 1990) and 0.24-0.40 m s−1 at 1000 m (Duros et al., 2011).195

4.3. Kinetic and potential energy
Depth-integrated baroclinic M2 HKE within the canyon is maximum (∼10 kJ m−2) in Limbs 1b, 2a

and 4a (Fig. 5a) and closely matches the spatial distribution of depth-integrated baroclinic energy flux
(Fig. 3b). HKE is also elevated to the east of Brenot Spur, identified as a key internal tide generation site.
Depth-integrated baroclinic M2 APE is elevated over a larger proportion of the canyon than HKE, reaching200

a maximum (>12 kJ m−2) in Limbs 1b, 2a, 2b and 4a and also to the east of Brenot Spur (Fig. 5b).
Away from the canyon bathymetry, APE is typically lower than HKE, indicating a background HKE/APE

ratio greater than one. This is expected as the theoretical value for a progressive M2 internal tide in this
region is 3.99. However, when averaged over the area of individual canyon limbs (defined in Section 5),
HKE/APE is less than one (Table 2). This discrepancy has previously been identified Monterey Canyon205

and it was hypothesised by Petruncio et al. (1998) that reduced HKE was a consequence of across-canyon mo-
tion being constrained by the narrow bathymetry. The complex, dendritic morphology of Whittard Canyon
could potentially have a similar effect. An alternatively explanation was provided by Kunze et al. (2002),
who argued that excess APE in Monterey Canyon was the result of additional vertical isopycnal displace-
ment caused by local barotropic tidal flow over the sloping bathymetry. Following Kunze et al. (2002), Hall210

and Carter (2011) removed this barotropic contribution to vertical isopycnal displacement during analysis
of their POM simulation of Monterey Canyon and it increased HKE/APE towards to the theoretical value.
Applying the same method to Whittard Canyon, we find that that HKE/APE is increased to greater than
one when averaged over individual canyon limbs, although in five of the six areas it remains <50% of the
theoretical value.215
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Figure 5: (a) Depth-integrated baroclinic M2 HKE in Whittard Canyon. (b) Depth-integrated baroclinic M2 APE.

A third explanation for the low HKE/APE ratio is that the internal tides within the canyon exist as
standing or partly standing waves. Standing waves (the superposition of two progressive waves with the
same frequency and amplitude, but propagating in opposite directions) result in an oscillation of HKE/APE
between zero and infinity over consecutive half horizontal wavelengths (Martini et al., 2007). Partly standing
waves, where the two component waves have different amplitudes, result in a lesser oscillation of HKE/APE,220

but nevertheless, it deviates from the theoretical value for a fully progressive internal wave. Hall et al. (2017)
suggest that the M2 internal tide in Limb 4 of Whittard Canyon is a partly standing wave with HKE/APE
varying between 1 and 4.5. The down-canyon component wave is thought to be a reflection of the up-canyon
component wave from steep, supercritical bathymetry near the head of the canyon limb.

4.4. Depth-structure of the internal tide225

The depth-structure of the internal tide within Whittard Canyon is presented as along-thalweg sections3

for the two most tidally energetic canyon limbs: Limb 2a (Fig 6) and Limb 4a (Fig. 7). There is no
noticeable across-canyon asymmetry in internal tide energetics so across-canyon sections are not shown. In
both canyon limbs, along-canyon baroclinic M2 energy flux is bottom intensified over the depth range 500-
2500 m, suggesting topographic focusing of the internal tide (e.g., Gordon and Marshall, 1976; Hotchkiss230

and Wunsch, 1982). In both limbs, the up-canyon near-bottom energy flux is accompanied by an up-canyon
energy flux near the surface with near-zero energy flux (or low-magnitude down-canyon energy flux) at
mid-depth; this is the expected structure for a dominant mode-1 internal tide. Down-canyon energy fluxes
are most prevalent in the lower reaches of the canyon where topographic focusing has less influence. Across-
canyon energy flux is dominated by small-scale variability that is primarily attributed to the meandering235

path of the thalweg rather than variation in the direction of the energy flux (see Hall et al., 2014). Bottom
intensification of baroclinic M2 HKE and APE is consistent with along-canyon energy flux intensification.

3Along-thalweg distance is defined as positive up-canyon and zero at H = 1000 m.
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Figure 6: Along-thalweg section for Limb 2a of Whittard Canyon. (a) Depth-integrated along-canyon baroclinic M2 energy
flux (blue), HKE (green), and APE (red) with distance along the thalweg. (b) Along-canyon and (c) across-canyon baroclinic
M2 energy flux with distance along the thalweg. Positive along-canyon values are toward the head of the canyon limb. Positive
across-canyon values are to the left when looking up canyon. (d) Baroclinic M2 HKE and (e) APE with distance along the
thalweg. (f) Along-thalweg slope criticality to the M2 internal tide (blue) and smoothed using a 5-km running mean (black).
Near-critical values (0.8 < α < 1.3; McPhee-Shaw and Kunze, 2002) are indicated in grey. The dashed grey lines indicate the
distance over which bottom intensification occurs.
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Table 2: Barotropic-to-baroclinic M2 energy conversion (Econv) integrated over the six areas shown in Figure 3b. Net energy
conversion is split into positive and negative components. Baroclinic M2 energy flux divergence (∇F ) for the same six areas.
Total baroclinic energy dissipation in the six areas and dissipation rate per kilogram of seawater. HKE/APE ratio for the six
areas. Values in brackets have had the barotropic contribution to vertical isopycnal displacement removed.

Area Area-integrated Econv ∇F Energy dissipation HKE/APENet Pos. Neg. Total Rate
(MW) (MW) (MW) (MW) (MW) (×10−8 W kg−1)

Limb 1ab 7.9 15.9 −8.0 −1.8 9.7 3.79 0.66 (1.44)
Limb 1c 12.5 15.5 −3.0 7.7 4.8 2.10 0.73 (1.83)
Limb 2 70.3 101.7 −31.3 2.9 67.4 5.20 0.63 (1.44)
Limb 3 16.8 32.6 −15.9 −2.9 19.7 2.65 0.81 (1.99)

Corrugation 36.9 65.8 −28.9 −35.2 72.1 7.65 0.87 (2.16)
Limb 4 21.3 81.6 −60.4 −15.4 36.7 6.37 0.66 (1.51)

When depth-integrated, along-canyon energy flux, HKE and APE are all elevated over the distance of
bottom intensification. Assuming the internal tide is propagating up-canyon, we calculate α along the limb
thalwegs and find that the down canyon extent of bottom intensification closely corresponds to the point240

that along-thalweg slope becomes near-critical to the M2 internal tide. This is expected as baroclinic energy
is trapped against the boundary during critical reflection (Cacchione and Wunsch, 1974). The up canyon
extent of bottom intensification is less well defined, but in both cases occurs where along-thalweg slope is
supercritical. Supercritical bathymetry near the heads of the canyon limbs provides a mechanism for the
formation of standing or partly standing internal tides within the canyon.245

5. Canyon energy budget

As discussed previously, different patterns of barotropic-to-baroclinic energy conversion and baroclinic
energy flux occur in the multiple limbs of Whittard Canyon. To investigate these differences in more detail,
and to estimate baroclinic energy dissipation within the canyon, the upper reaches of the canyon is divided
into six areas: five areas cover individual or groups of canyon limbs, the sixth covers the corrugated area250

of shelf slope between Limbs 3b and 4a (Fig. 3b). Each area is defined using the canyon bathymetry and
spatial pattern of depth-integrated baroclinic energy flux as a guide; the 300-m isobath is used to define the
northernmost extent of each area. Area-integrated barotropic-to-baroclinic energy conversion and baroclinic
energy flux divergence (net energy flux out of the area) are calculated for each area4 (Table 2). The residual
is assumed to be the total baroclinic energy dissipation in the area.255

All six areas within Whittard Canyon feature positive net energy conversion, with the largest value
occurring in Limb 2 (70.3 MW). Positive energy conversion implies local internal tide generation whilst
negative values indicate work done on the barotropic tide by the baroclinic tide (Zilberman et al., 2009),
therefore it is instructive to also look at the positive and negative components of energy conversion. The
largest value of positive energy conversion also occurs in Limb 2 (101.7 MW), although both Limb 4 and260

the Corrugation area also have large positive conversion values (81.6 MW and 65.8 MW, respectively). In
each area, local internal tide generation, associated with positive conversion, is partially compensated by
negative conversion, although the degree to which this occurs varies. For example, 74% of positive conversion
is compensated for by negative conversion within Limb 4 whilst in Limb 1c only 19% is compensated for.

As anticipated from the cessation of the northwest propagating beam of depth-integrated baroclinic265

energy flux (Fig. 3b), baroclinic energy flux divergence is strongly negative (convergent) in Limb 4 and the
Corrugation area (−15.4 MW and −35.2 MW, respectively). The positive energy flux divergence in Limb 1c

4The names of the energy budget area are italicised to avoid confusion with names of the canyon limb thalwegs.
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Table 3: Energy budgets for four model simulations with decreasing bathymetric resolution: barotropic-to-baroclinic M2 energy
conversion (Econv) integrated over the whole model domain and the area of the Whittard Canyon system (Fig. 8a, dashed
black box); baroclinic M2 energy flux divergence (∇F ) for the model domain and the canyon area; and total baroclinic energy
dissipation in the model domain and the canyon area. The 0.5 km simulation is in bold because this is the control simulation.

Model simulation Area-integrated Econv ∇F Total energy dissipation
Domain Canyon Domain Canyon Domain Canyon
(GW) (GW) (GW) (GW) (GW) (GW)

0.5 km 0.66 0.32 0.14 −0.05 0.52 0.37
1.5 km 0.63 0.31 0.12 −0.06 0.51 0.37
5.5 km 0.54 0.26 0.13 −0.07 0.41 0.33
15 km 0.37 0.16 0.10 −0.06 0.27 0.22

corresponds to the down-canyon depth-integrated energy fluxes seen in Figure 3b, indicating that baroclinic
energy is leaving Limb 1c and entering Limb 1a. Positive energy flux divergence also occurs in Limb 2.

Total baroclinic energy dissipation in the upper reaches of the canyon (sum of all six areas) is 210 MW.270

Net energy conversion in the upper reaches is 167 MW, so considering the upper canyon as a whole, the
majority of baroclinic energy dissipated is locally converted. To quantify the amount of baroclinic energy
that enters the Whittard Canyon system from generation sites to the southeast, total baroclinic energy
flux around Brenot Spur is calculated. Along-slope energy flux, integrated across the Brenot Spur section,
(Fig. 3b) is 44 MW, which can account for the majority of the remaining baroclinic energy dissipation in275

the upper reaches of the canyon.
Considering the canyon limbs separately, total baroclinic energy dissipation is largest in the Corrugation

area (72.1 MW) and Limb 2 (67.4 MW). However, for direct comparison it is important to take into
account the size of each area. An average dissipation rate can be calculated by dividing total baroclinic
energy dissipation by the mass of seawater in each area (area × average-depth × seawater density). The280

dissipation rate is highest in the Corrugation area (7.65×10−8 W kg−1) and Limb 4 (6.37×10−8 W kg−1),
further evidence that these areas are important sinks of the baroclinic energy entering the canyon from the
generation sites to the southeast. It is interesting to note that baroclinic energy dissipation is high in both
Limb 2 and Limb 4, but for different reasons: the baroclinic energy dissipated in Limb 2 is primarily the
result local internal tide generation (large positive net energy conversion) whilst in Limb 4 negative energy285

flux divergence contributes nearly as much to baroclinic energy dissipation as positive net energy conversion.
Dissipation rates in the other limbs (Limb 1ab, Limb 1c and Limb 3 ) are small as a result of both low energy
flux divergence and low net energy conversion.

The dissipation rates in the Corrugation area and Limb 4 are smaller than those inferred by Hall et al.
(2017) in roughly the same areas; 3.6 × 10−7 W kg−1 and 1-2.5 × 10−7 W kg−1, respectively. However,290

considering the limitations of the glider observations and the assumptions made in that study to infer energy
flux divergence (assumed equal to total energy dissipation), a factor of 2-4 difference is acceptable. Previous
POM simulations suggest that dissipation rates in Monterey and Ascension Canyons are 4-8×10−8 W kg−1

(Gregg et al., 2011), close to the range of values calculated here. However, turbulent kinetic energy dis-
sipation rates in submarine canyons worldwide, determined from microstructure profiler measurements or295

Thorpe scale analysis of CTD data, range over several orders of magnitude (e.g., Lueck and Osborn, 1985;
Carter and Gregg, 2002; Gregg et al., 2005; Lee et al., 2009; Kunze et al., 2012; Waterhouse et al., 2017). To
fully investigate turbulent mixing processes in Whittard Canyon will require a comprehensive survey using
a microstructure profiler or a microstructure sensor equipped glider.

6. Bathymetric resolution300

The model simulation described above uses 500-m resolution bathymetry, the highest resolution freely
available that covers the majority of the Whittard Canyon region. Given that the model domain needs to
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Figure 8: Maximum slope criticality to the M2 internal tide in the Whittard Canyon region for four model simulations with
decreasing bathymetric resolution: (a) 0.5 km, (b) 1.5 km, (c) 5.5 km, and (d) 15 km.
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Figure 9: Barotropic-to-baroclinic M2 energy conversion in the Whittard Canyon region for four model simulations with
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be large enough to include all likely internal tide generation sites, resolution is also limited by computa-
tional expense. Previous work by Zilberman et al. (2009) showed the importance of using high-resolution
bathymetry to simulate internal tide generation at the Mid-Atlantic Ridge. Here we investigate the sensi-305

tivity of barotropic-to-baroclinic energy conversion and baroclinic energy flux to bathymetric resolution for
Whittard Canyon and the surrounding region.

Three simplified bathymetric grids are created by smoothing the original 500-m resolution bathymetry
using 3 × 3-point (1.5 km), 11 × 11-point (5.5 km), and 30 × 30-point (15 km) square window mean fil-
ters. Three sensitivity simulations are then run using the simplified bathymetric grids with identical initial310

conditions and boundary forcing to the control simulation (0.5 km). Model resolution remains 500-m in
the horizontal. The 1.5 km grid retains the main bathymetric features of the canyon, but with less topo-
graphic roughness. The filter used for the 5.5 km grid is wider than the minor canyon limbs so the resulting
bathymetry contains only the major limbs. The filter used for the 15 km grid effectively removes all of the
canyon limbs, leaving a smooth, gently undulating continental slope. The latter case demonstrates how the315

internal tide field would change in the absence of the Whittard Canyon system.
Smoothing model bathymetry always reduces topographic slope gradient which results in a tendency

towards lower values of α. This potentially affects both the modal structure of locally generated internal
tides (Garrett and Kunze, 2007) and reflection of remotely generated internal tides (Hall et al., 2013). This
tendency towards lower α values is evident in the four bathymetric grids (Fig. 8). With the original 500-m320

resolution bathymetry, large areas of the upper reaches of Whittard Canyon are supercritical to the M2

internal tide (primarily due to the steep canyon walls), whereas the abyssal plain, continental shelf, and
thalwegs of the lower reaches of the canyon are subcritical. With increased smoothing, the area of the model
domain that is subcritical (α < 0.8) increases from 85.5% to 94.7%, while the area that is supercritical
(α > 1.3) decreases from 9.0% to 1.9% and the area that is near-critical (0.8 < α < 1.3) decreases from 5.5%325

to 3.4%. Spatially, the 1.5 km grid is broadly similar to the 0.5 km grid. However, substantial difference
arise in the 5.5 km grid; the canyon walls are no longer entirely supercritical and the entire length of the
thalwegs, from the canyon mouth to the heads, are subcritical. The 15 km grid bears little resemblance to
the original 0.5 km grid, however, the area to the west of Brenot Spur remains supercritical.

The spatial pattern of barotropic-to-baroclinic M2 energy conversion (Fig. 9) and depth-integrated M2330

baroclinic energy flux (Fig. 10) is similar for the 0.5 km and 1.5 km model simulations. However, for the
5.5 km simulation there is notably less variability in energy conversion and fewer areas of intensified energy
flux in Limbs 1 and 2. The 15 km simulation features a pattern of positive energy conversion to the east
of Bernot Spur and a combination of positive and negative energy conversion to the west. The energy flux
for this simulation is maximum to the west of the spur, where Limb 4 of Whittard Canyon is found in the335

higher resolution grids. Interestingly, energy flux around Bernot Spur increases with reduced bathymetric
resolution.

To quantify these results, barotropic-to-baroclinic energy conversion is integrated over the whole model
domain and the area of the Whittard Canyon system (indicated by the dashed black box in Fig. 8a) for each
model simulation. Baroclinic energy flux divergence is also calculated for the model domain and canyon340

area, along with the residual (assumed to be total baroclinic energy dissipation). Domain-integrated energy
conversion decreases from 0.66 GW for 0.5 km to 0.37 GW for 15 km, almost a 45% reduction. (Table 3).
Integrated over the canyon area, energy conversion decreases a proportionally similar amount (50%), from
0.32 GW to 0.16 GW. For all simulations, energy flux divergence is positive for the whole model domain and
negative (convergent) for the canyon area, but there is no monotonic change with bathymetric resolution.345

Energy flux divergence in the canyon only varies between −0.05 GW and −0.07 GW so is always small
compared to canyon-integrated energy conversion. Total baroclinic energy dissipation in the model domain
decreases with decreasing bathymetric resolution (0.53 GW for 0.5 km to 0.27 GW for 15 km), possibly
due to reduced topographic scattering to higher internal wave modes. In the canyon area, baroclinic energy
dissipation is similar for 0.5 km and 1.5 km (0.37 GW) then decreases with decreasing bathymetric resolution350

to 0.22 GW for 15 km. These results suggest that at least 1.5-km resolution bathymetry is required to
adequately resolve the semidiurnal internal tide field in this region of complex topography.
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Figure 11: (a) Depth ranges of bottom-intensified along-canyon baroclinic M2 energy fluxes in the model simulation (red)
compared with the depth range observed intermediate nepheloid layers are sourced (dashed black lines; Wilson et al., 2015b)
(b) Locations in Whittard Canyon where rms near-bottom baroclinic M2 tidal current speed exceeds 0.15 m s−1.

7. Discussion: implications for nepheloid layer generation

Several studies have linked shoaling and reflection of internal waves with sediment resuspension and
nepheloid layer formation (e.g., Thorpe and White, 1988; McPhee-Shaw and Kunze, 2002; McPhee-Shaw355

et al., 2004; Bourgault et al., 2014) and specifically focusing of internal wave energy within submarine
canyons (e.g., Puig and Palanques, 1998; Puig et al., 2004). Recent work by Huvenne et al. (2011), Johnson
et al. (2013) and Wilson et al. (2015b) have mapped both benthic and intermediate nepheloid layers within
Whittard Canyon and postulated that internal tides are a major control on their formation. The permanent
thermocline (1000-2000 m, Fig. 1c) is thought to act as a waveguide for freely-propagating internal tides,360

focusing their energy at the seabed (Puig and Palanques, 1998). Once material has been resuspended, the
thermocline then acts as an isopycnal surface along which resuspended material can be held in suspension
and advected away from the slope. As discussed in Section 4.4, along-canyon baroclinic energy fluxes in some
limbs of Whittard Canyon are bottom intensified over the depth range 500-2500 m and there is considerable
overlap between the depth ranges that bottom-intensified energy fluxes are simulated and the depth range365

over which the observed intermediate nepheloid layers are assumed to be sourced (Fig. 11a).
For the North-East Atlantic margin, Thomsen and Gust (2000) suggest current speeds of 0.15 m s−1
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are required for resuspension of organic material. As shown in Figure 11b, rms near-bottom baroclinic
tidal current speed exceeds this threshold value over much of the upper reaches of Whittard Canyon and
specifically along the canyon limb thalwegs. The occurrence of nepheloid layers has also been postulated370

to be driven by anthropogenic causes (Wilson et al., 2015a) and therefore further work must be carried
out to separate the internal tide influence from other factors. However, energetic hydrodynamic conditions
resulting from internal tide focusing, simulated here in several limbs of Whittard Canyon, are likely to have
some effect on sedimentation rates and resuspension of organic material.

8. Summary375

A modified version of the Princeton Ocean Model is used to simulate the semidiurnal internal tide within
Whittard Canyon, a large, dendritic submarine canyon system that incises the Celtic Sea continental slope.
Much of the internal tide energy entering Whittard Canyon originates to the southeast, along the Celtic Sea
shelf break. Internal tide generation also occurs within the canyon itself, but is in part compensated by areas
of negative energy conversion. The internal tide is topographically steered through the major limbs and380

along-canyon energy flux is bottom intensified, suggesting topographic focusing. The down canyon extent of
bottom intensification closely corresponds to the point that along-canyon slope becomes near-critical to the
semidiurnal internal tide. Some of the canyon’s limbs are net sources of internal tide energy whilst others
are net sinks. Finally, the effect of bathymetric resolution on internal tide generation and propagation is
investigated. Decreasing the bathymetric resolution reduces internal tide generation and energy dissipation385

in both Whittard Canyon and the model domain as a whole. At least 1.5-km resolution bathymetry is
required to adequately resolve the semidiurnal internal tide field in this region of complex topography.
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Highlights 
 

• Internal tide simulated in a dendritic submarine canyon: the Whittard 
canyon system 

• Internal tide generated along the Celtic Sea shelf break and within the 
canyon 

• Internal tide topographically steered and focused by steep canyon 
bathymetry 

• Decreasing bathymetric resolution reduces internal tide generation and 
dissipation 


