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Abstract Near the bottom of a narrow canyon currents that oscillate back and forth along the bottom
slope hx in a stratified ocean of buoyancy frequency N do so with a natural internal gravitational frequency
Nhx. FromMay 2012 to May 2013 Acoustic Doppler Current Profiler measurements weremade at 715m depth
in the deep narrow part of the DeSoto Canyon south of Pensacola, Florida, in water with 2π/Nhx≈ 2.5 days.
Above the canyon the flow follows the large-scale isobaths, but beneath the canyon rim the current oscillates
along the canyon axis with 2-3 day periodicity, and is much stronger than and uncorrelated with the
overlying flow. A simple theoretical model explains the resonant response. Published observations from the
Hudson and Gully canyons suggest that the strong subinertial current oscillations observed in these canyons
occur close to the relevant local frequency Nhx, consistent with the proposed simple model physics.

1. Introduction

As a result of the Deep Water Horizon oil spill, the Gulf of Mexico Research Institute (GoMRI) funded several
consortia to do oil spill-related research in the northeastern Gulf of Mexico. Among other things, the Deep-C
consortium deployed six moorings over the outer shelf and upper slope of the DeSoto Canyon [Hamilton
et al., 2015]. Here we focus on the current and temperature measurements made in water 715m deep at the
deepest of these moorings in a narrow deep canyon that is the deep tail of the larger and broader DeSoto
Canyon (see Figure 1 based on bottom topography from the National Centers for Environmental Information
(NCEI) 3 arc sec U.S. Coastal Relief Model 15 October 2015 http://www.ngdc.noaa.gov/mgg/coastal/crm.html).

Figure 2 shows that the major axes of the subinertial 40 h low-pass-filtered Acoustic Doppler Current Profiler
(ADCP) currents (periodicity longer than 40 h) beneath the canyon rim are very different to those above the
canyon. Above the canyon the flow follows the large-scale isobaths as expected for quasi-geostrophic flow;
beneath the canyon rim the flow is approximately at right angles to the flow above and is in the direction of
the axis along the canyon. This is not surprising for a canyon that is much narrower than the local baroclinic
radius of deformation (the half-width of the canyon is (see Figure 1) about 5 km, and the local first baroclinic
radius of deformation is 16.0 km). What is surprising are the spectra in the directions of the major axes. The
spectra are completely different, with the flow in the canyon having much of its energy at approximately 2
to 3 day periodicity, this not being seen in the flow just overhead outside the canyon (see Figure 3a, thick
cyan and red lines). Where does the 2 to 3 day energy inside the canyon come from?

In the next section we derive a theory that suggests that this 2 to 3 day periodicity energy is due to a resonant
response in the canyon forced by the current above the canyon. Why should resonance occur? Because the
canyon is narrower than the baroclinic radius of deformation, the flow in the canyon is approximately
rectilinear along the canyon axis, and nonrotating dynamics applies. In a stably stratified fluid of buoyancy
frequency N, buoyancy forces cause particles to oscillate vertically with frequency N; but any particle oscilla-
tions near the canyon floor must move parallel to the gently sloping canyon floor, and so the buoyancy
restoring force and associated acceleration will be weaker. In that case the natural frequency ω of oscillation
is lower and given by ω=N sin θ, where θ is the angle of the bottom slope to the horizontal. If h is the water
depth and hx the bottom slope, then since the bottom slope is typically less than 0.1, tan θ = hx= θ is an
excellent approximation. Thus internal oscillations near the canyon floor will satisfy the bottom boundary
condition, and resonance will occur at the natural frequency ω=N sin(hx). Since hx is small, with small error,
resonance occurs when ω=Nhx.

In section 3 comparison of the observed flow with flow predicted by the theory confirms the subinertial reso-
nance in the DeSoto Canyon. Section 4 discusses past work on another mechanism for subinertial resonance
in a canyon and compares the predictions of both theories with observations from the DeSoto Canyon and
published results from the Gully and Hudson Canyons. A final section contains some concluding remarks.
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2. Theory for Narrow Canyon Flow

Two Cartesian coordinate systems will be used—the usual horizontal and vertical system (x, y, z) as well as the
system (x*, y, z*), where x* is along the (sloping) channel axis tilted at a small angle θ to the horizontal and z* is
perpendicular to the bottom. Since we are primarily interested in the resonant response, we initially omit
dissipative effects due to mixing and bottom friction. The momentum equation is thus

ρut þ ρf k�u ¼ �∇p′ (1)

where k is the unit vertical vector, f the Coriolis parameter, u the velocity, p′ the pressure due to the motion,
and ρ the density. Taking the dot product of (1) with i*, the unit vector along the channel (x*) axis gives

ρUt ¼�i��∇p′ (2)

Figure 1. (a) Map showing the high-resolution NCEI 3 arc second bottom topography near the DeSoto Canyon and an
approximate cross section where the ADCP mooring 6 measurements were taken (715m depth, 29°24.090′N, 86°59.012′
W). The insert in the bottom right corner shows the cross section along the straight black line; the black dots showing the
sites of the flow measurement above the canyon (452m depth) and the flow measurement in the canyon (684m depth).
The canyon widths at 550m depth and 684m depth are 11.7 km and 2.5 km, respectively. (b) Cross section of the bottom
topography along the white line shown in Figure 1a. For part of its length, especially between the red dots at 600m and
900m depth, the cross section shows the canyon along its thalweg. The location of mooring 6 and the point vertically
below it on the thalweg are marked by solid black dots. The cyan dots mark the typical 3.6 km particle displacement from
the black dot on the thalweg. Particle displacement was calculated as

ffiffiffi
2

p
times the root-mean-squared (RMS) velocity

(7.5 cm/s) divided by ω = 2π/2.5d. The dashed line corresponds to the slope 0.011 used in our calculations. (c) Map of a
portion of the northern Gulf of Mexico, the high-resolution topography map in Figure 1a corresponding to the rectangular
box enclosing mooring 6.
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where U = i* �u is the velocity along
the channel axis, and we have used
i* � k× u= 0 since the horizontal velocity
perpendicular to the channel’s sides
is zero. Defining i, j, and k to be unit
vectors in the x, y, and z directions,
we have

i��∇p′ ¼ i�� ip′x þ jp′y þ kp′z
h i

¼ cosθp′x þ sinθp′z : (3)

But since θ≪ 1, cos θ ≈ 1, sin θ ≈ tan θ = hx
and therefore

i��∇p′≈p′x þ tanθp′z

¼ p′x þ hx p
′
z: (4)

Because the pressure due to the motion
is hydrostatic,

p′z ¼�gρ′ (5)

where ρ′ is the perturbation density
due to the motion. From (2), (4), and (5)
and ρ≈ ρref, a mean reference density,
we have

ρrefUt ¼�p′x þ hxgρ′: (6)

The linearized density equation is

ρ′t þ wρz ¼ 0 (7)

where w is the vertical velocity and ρ zð Þ
is the mean vertically stratified density.
Near the bottom the vertical velocity
can be found from the bottom boundary
condition

w ¼�uhx (8)

and so near the bottom, from (7) and (8)

ρ′t � uhxρz ¼ 0: (9)

Observational evidence for the validity of this equation is provided by temperature fluctuations and current u
measured near the bottom of the canyon at 684m depth. Since the density fluctuations ρ′ are due to the
temperature fluctuations T′, from (9) we expect that Tt′ should be highly correlated with u near the bottom.
Consistent with this hypothesis, the correlation between Tt′ and u′ was highest at zero lag with correlation
coefficient r=0.79 (rcrit (95%) = 0.15; here and elsewhere rcrit was calculated using the method of Ebisuzaki
[1997]). Note that this correlation was for Tt′ and u time series that had been filtered with a low-pass filter that
removed periodicity shorter than 40 h. As can be seen from Figure 3a, this filtering has a negligible effect
since almost all of the variability has periodicity longer than 40 h (frequency less than 0.6 cpd).

Upon differentiating (6) with respect to t and substituting for ρ′t using (9), we have

ρrefUtt � hxð Þ2gρz u ¼ �p′xt: (10)

But since u=U cos θ ≈U and N2 zð Þ ¼ �gρz=ρref where N(z) is the buoyancy frequency, (10) can be written

Utt þ N2 hxð Þ2U ¼�p′xt=ρref : (11)

Figure 2. (a) Direction (° true) of the principal axis of 40 h low-pass-filtered
currents 8 m vertically apart at the 715m depth measurement location.
The current direction changes from along the canyon axis (approximately
9° true) inside the canyon to along the large-scale isobaths outside the
canyon (approximately 94° true). Most of this change occurs in less
than 16 m vertically from about 552m to 568 m depth. (b) Correlation
of the low-pass-filtered current along the principal axis with that
current at 684 m.
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Figure 3. (a) Spectra of unfiltered hourly currents above the canyon at 452m depth along the principle component direction
92.9° true (red) and inside the narrow canyon at 684m depth along the principle component direction 8.6° true (cyan). The
shading about the central line denotes the 95% confidence interval in each case. The thick black line is the spectrum of the
current at 684m estimated using (14) with Nhx= 2π/2.5 days and 2/R≈ 4.5 days. The black dashed lines refer to tidal
frequencies bracketing the semidiurnal band (from the N2 tide (1.896 cpd) to the K2 tide (2.005 cpd)) and the diurnal band
(from the Q1 tide (0.8932 cpd) to the K1 tide (1.003 cpd)). Dashed black lines for the Mf fortnightly tide (0.07353 cpd) and the
semiannual SSa tide (0.005476 cpd) are also shown. (b) Time series corresponding to the currents in Figure 3a at 452m depth
(red) and 684m depth (cyan). “Debby” and “Isaac”mark the timing of the large in-canyon oscillations seen following tropical
storm Debby and hurricane Isaac. (c) Segment of the record in Figure 3b with the theoretical current at 684m added (black).

Geophysical Research Letters 10.1002/2016GL068258

CLARKE AND VAN GORDER SUBINERTIAL CANYON RESONANCE 3875



The pressure gradient term on the right-hand side of (11) forces the flow U along the canyon axis in the
following way. Above the canyon rim the flow is quasi-geostrophic and approximately follows the isobaths,
but within a few tens of meters (Figure 2) the flow is stopped by the canyon “walls.” The pressure field does

not adjust as quickly and penetrates beneath the canyon rim. Thus p′xt in the canyon is closely related to the
geostrophic flow above the rim, and we may write

p′xt=ρref ¼ �γf vgt (12)

where vg is the geostrophic large-scale velocity above the canyon rim and γ is an order one constant estimating
the penetration of the pressure gradient into the canyon. Equations (11) and (12) can be combined to give

Utt þ N2h2xU ¼�γf vgt: (13)

Equation (13), describing a forced harmonic oscillator, clarifies why the spectrum of the flow in the canyon
differs so markedly from the geostrophic flow outside of the canyon. If the spectrum of vg has any energy
content at the natural frequency, Nhx, the U field response is resonantly amplified at frequency Nhx. This
can be seen in Figure 3a if Nhx≈ 0.35 cpd; the spectrum (red curve) of the flow above the canyon has only
a small amount of energy near 0.35 cpd, but the U field inside the canyon has a spectrum (cyan curve) that
is strongly enhanced near 0.35 cpd.

But is Nhx≈ 0.35 cpd in the DeSoto Canyon? We estimated hx≈ 0.011 based on the dashed line in Figure 1b
showing that this is a reasonable average value of the slope over a typical displacement of a particle along
the thalweg. Our estimate of N was hampered by the absence of salinity measurements inside the canyon.
One way to estimate N inside the canyon is to assume that it is the same as N immediately above it. Based
on a 2005–2012 National Centers for Environmental Information averaged salinity (https://www.nodc.noaa.
gov/OC5/woa13/woa13data.html) and our 1 year measured temperature record immediately above the can-
yon, N≈ 2.65 × 10� 3s� 1. With this value of N and hx≈ 0.011, Nhx≈ 0.40 cpd, which is close to the resonant
frequency 0.35 cpd. We used this value for Nhx in our calculations in section 3. Note, however, that we are
not sure about the value of Nhx because we have had to estimate N inside the canyon using N immediately
above it. To see how different Nmight be, we also estimated N inside the canyon from our yearlong averaged
temperature measurements inside the canyon and an average salinity outside the canyon at the canyon
depth. This gave N≈ 3.4 × 10� 3s� 1 suggesting that the N≈ 2.65 × 10� 3 s� 1 value we used is only accurate
to one significant figure.

The flow above the rim of the canyon at the resonant frequency is greatly amplified beneath the canyon rim
(Figure 3a), suggesting that dissipation is weak. For simplicity the momentum dissipation is taken into

account by replacing ∂
∂t in (1) by ∂

∂t þ R. Under this scenario (11) reduces to

Utt þ RUt þ Nhxð Þ2U ¼� p′xt
ρref

¼ �γf vgt: (14)

When there is no forcing, the solution of (14) is a damped oscillation. With Nhx≈ 0.4 cpd and 2/R chosen as
=4.5 days, (R/2)2≪ (Nhx)

2 and hence the solution of (14) is

U ¼ Acos Nhxð Þt½ �exp �Rt=2ð Þ; (15)

i.e., the frequency of the oscillation is Nhx and the decay time scale of the weak damping is 2/R≈ 4.5 days. The
choice 2/R≈ 4.5 days was based on the low-pass-filtered solution of (14) (see section 3) having the same
root-mean-squared (RMS) amplitude as that for the observed low-pass-filtered U. As before in this section,
“low-pass filtered” means removing variability with periodicity longer than 40 h. By doing this (12) can be
used to estimate p′x in (11).

3. Application of the Theory

Figure 3b shows that the flow near the floor of the canyon along its axis has much higher frequency variability
than the flow outside the canyon just above it, consistent with the very different spectra in Figure 3a (red and
cyan lines). The two flows are uncorrelated.

We tested the idea that the very different flow inside the canyon might be generated by the above-canyon
flow by solving (14) for U given the flow vg outside the canyon as the flow at 452m along its principal axis.

Geophysical Research Letters 10.1002/2016GL068258
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With γ= 1, 2/R=4.5 days and Nhx≈ 0.4 cpd, solutions of (14) for Uwere obtained by integrating from the start
of the record on 16 May 2012 at 6:00 A.M. and integrating for more than 1 year till the end of the record. The
theoretical currents U are very different from the “forcing” vg and are significantly correlated with the
observed U. Over the whole record the correlation r=0.57(rcrit (95%) = 0.14). Consistent with this result,
Figure 3a shows that the theoretical (black line) and observed (cyan line) U spectra are similar.

Notice in Figure 3b the large currents generated inside the canyon by Hurricane Isaac. Figure 3c shows
observed and model currents near the time of Isaac so that the observed and modeled canyon response
may be more clearly seen. The hurricane set the canyon currents “ringing” like a bell; at 452m the hurricane
generated a 10 cm/s westward pulse above the canyon axis (red curve) which then set the canyon current
oscillating at the resonant frequency with an amplitude of 40–50 cm/s, about 4 to 5 times the strength of
the original current pulse above the canyon (observed U cyan, model U black).

Figure 1b shows that the typical particle displacement along the canyon axis is much less than the canyon
length, so canyon end effects are not crucial to the resonance physics. The only possible exception to this
over the more than 1 year observed record is during Hurricane Isaac when the current amplitude was
≈ 0.5m/s for 1 oscillation (see Figure 3), so the particle displacement amplitude was (0.5m/s)/(2π)
(0.4 cpd)≈ 17 km. The total particle excursion is therefore 34 km, slightly longer than 27 km, the length of
the canyon. Mooring 6 is about halfway along the canyon, and therefore, for a few hours at the limit of the
particle excursion, the oscillation will “feel” the canyon ends. However, Figure 3 shows that this does not
invalidate the 2.5 day resonant response.

4. Comparison With an Existing Theory for Subinertial Canyon Resonance

Another theory for subinertial canyon resonance has been discussed previously by Swart et al. [2011] and
Le Souëf and Allen [2014]. The Swart et al. analysis assumes that the canyon is closed at one end and that
the stratification can be approximated by a 1.5 density layer model. Le Souëf and Allen [2014] generalize this
analysis to the continuously stratified constant N case. The quarter-wave resonance in the horizontal channel
closed at one end is due to oppositely traveling waves with speed c, the resonant period being

T ¼ 4L=c (16)

where c is the speed of the propagating Kelvin wave and L is the length of the horizontal canyon. LeSouëf and
Allen assume that motion within the canyon of constant depth h is dominated by the first vertical mode so
that c=Nh/π and hence, from (16), that

T ¼ 4πL= Nhð Þ: (17)

A reviewer suggested that the theory of section 2 and the LeSouëf and Allen theory give resonant periods
that in practice would be extremely difficult to distinguish, so here we compare these periods for three
canyons for which the data needed for both theories are readily available.

4.1. DeSoto Canyon

If we apply the LeSouëf and Allen theory to our DeSoto Canyon case, Figure 1 suggests a canyon depth
h≈ 180m (from approximately 550m depth to 730m depth in Figure 1, insert) and a canyon length L of
≈ 27 km (the distance between the red dots in Figure 1b). Note that the LeSouëf and Allen theory uses
h= the total water depth≈ 700m rather than the depth of water in the canyon relative to the canyon rim that
we chose (≈180m). We chose 180m because the observations showed that the resonance was confined to
the canyon (see Figures 2 and 3), and h= 700m would have put most of the oscillation outside of it. Using
the buoyancy frequency N= 2.65 × 10� 3s� 1 of section 2, from (17) we obtain T= 8.2 days, not close to the
2.9 day resonant period (frequency 0.35 cpd) that is observed. We conclude that the horizontal quarter-wave
resonant theory does not operate in the DeSoto Canyon case and that it can be distinguished from the
sloping channel result 2π/Nhx≈ 2.5 days.

4.2. The Gully

The horizontal canyon quarter-wave resonance theory was originally applied by Swart et al. [2011] and
Le Souëf and Allen [2014] to “the Gully,” a narrow deep canyon near the shelf edge off Nova Scotia.
Although the barotropic tide in the region is predominantly semidiurnal, the “diurnal tide was dramatically
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amplified in the canyon, its velocities increasing toward the seafloor and the canyon head” [Swart et al., 2011].
Using the parameters of Le Souëf and Allen [2014] for the continuously stratified theory, namely h=1600m,
L=35 km, and N= 2.3 × 10� 3 s� 1 (appropriate for the average stratification observed in the canyon, p. 1341
of LeSouëf and Allen), we have from (17) that T=1.38 days.

Application of the theory of section 2 of this paper also gives a resonant period 2π/(Nhx) that is approximately
diurnal. Specifically, the largest amplification of the diurnal tide occurs at 750m depth near the canyon head
(see Figures 2 and 5 of Swart et al.) where the tidal flow is strongly along-canyon with an along-canyon K1
diurnal tidal current amplitude equal to about 0.4m s�1. The corresponding along-canyon particle displace-
ment has an amplitude of about ω� 10.4m/s = 5.5 km, where ω is the frequency of the K1 tide. Over this
particle displacement the average bottom slope from Figure 2 of Swart et al. is approximately 4 × 10� 2 while
observed N within the canyon averaged from depths of about 200m to 1250m varies between
2.1 × 10� 3 s� 1 to 2.5 × 10� 3 s� 1. For an average of N= 2.3 × 10� 3 s� 1 and bottom slope 4 × 10� 2,
T=2π/Nhx= 0.79 days. Thus, for the Gully resonant periods for the quarter-wave theory (1.38 days) and the
sloping channel theory (0.79 days) are about equally close to diurnal.

4.3. Hudson Canyon

Another set of narrow canyon measurements available for testing the two theories has been reported by
Hotchkiss and Wunsch [1982]. These measurements were taken in the Hudson Canyon, a narrow canyon off
New York, and seaward of the shelf edge. The Hudson Canyon measurements showed that the flow in the
canyon was strongly along its axis and that internal energy at diurnal tidal period was intensified near the
bottom at 500m depth. At this depth estimates of N and hx from Figures 5 and 10 of the Hotchkiss and
Wunsch paper suggest that 2π/(Nhx)≈ 17 h.

To apply the LeSouëf and Allen theory, we note that the length L of the Hudson Canyon seaward of the shelf
edge is≈ 56 km [Hotchkiss and Wunsch, 1982, Figures 2 and 3]. The depth of the canyon relative to the
surrounding large-scale topography varies between about 200m and 600m [Hotchkiss and Wunsch, 1982,
Figure 4], so in the formula (17) for the Le Souëf and Allen [2014] canyon resonance theory, we chose h to
be the average depth equal to 400m. The buoyancy frequency N also varied along the canyon axis
from about 1 × 10� 3 s� 1 to 5 × 10� 3 s� 1 (Figures 9–11 of Hotchkiss and Wunsch) with an average of
approximately 3 × 10� 3 s� 1. Using these average values in (17) gave a resonant period T≈ 6.8 days. The
2π/(Nhx)≈ 17 h estimate for resonant period is much closer to the observed 1 day diurnal period than this
6.8 day estimate.

5. Concluding Remarks

Our theory suggests that near the floor of dynamically narrow submarine canyons where the nonrotating
dynamics applies, particles near the bottom are forced to move along the bottom at a small angle hx to
the horizontal. Consequently, the vertical particle displacement for this nearly horizontal flow is a lot smaller
than that of a purely vertical motion with the same displacement amplitude. Thus the restoring buoyancy
force is much weaker, and the natural period of oscillation changes from N for the purely vertical displace-
ment to the much lower frequency Nhx for oscillations along the bottom. Resonance at this natural frequency
can therefore occur in narrow canyons if flow above the canyon has even small spectral content at ω=Nhx.
The resonant narrow-canyon response at this frequency makes the flow in the canyon look nothing like the
flow above that is driving it. This is the case for DeSoto Canyon. Published observations for the Gully and
Hudson Canyons suggest that subinertial canyon resonance at subinertial frequency Nhx also occurs for
internal motions in these canyons.

Note that the frequency Nhx is the same frequency as that for baroclinic bottom-trapped waves on a slope
[Rhines, 1970] and coastally trapped waves on a continental shelf when the along-coast wave number is large
[Huthnance, 1978]. When the along-coast wave number is large, by geostrophy the particles in these waves
oscillate up and down the slope and so the same natural frequency Nhx is relevant. The physics of the oscilla-
tion is similar, but the reason for the oscillation being up and down the slope is different. In our nonrotating
dynamics case it is the canyon walls that cause the flow in this direction; in the bottom-trapped and coastally
trapped wave quasi-geostrophic cases the flow is up and down the slope because of geostrophy and large
alongshore wave number.
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While we expect that the nonrotating resonance mechanism may often be operating in dynamically narrow
canyons, there are limitations to its applicability. For example, strong amplification of the flow amplitude at
frequency Nhxwill not occur in shallow water where (Nhx)

� 1 is longer than dissipation time scales associated
with mixing and friction. In that case (e.g., for the Hudson shelf valley, Lentz et al. [2014]) the basic balance in
(11) is no longer applicable.

The narrow-canyon resonance mechanism we have discussed is, in theory, also applicable for ω> fwhen the
forcing is, for example, due to barotropic tides with ω> f. However, we have limited our analysis to the ω< f
case to avoid confusion with another mechanism that operates when ω> f. This other mechanism also
results in large baroclinic motion near the canyon floor at the same frequency Nhx as our resonant frequency.
Specifically, when ω> f baroclinic internal waves can exist outside of the narrow canyon and may propagate
into the canyon and reflect from the bottom of the canyon. For nonrotating dynamics and small hx, ω=Nhx
corresponds to the group velocity of these reflected internal waves being parallel to the bottom [Eriksen,
1982] (see equation (5) of Gilbert [1993] with α= hx≪ 1 and f= 0). At this “critical” frequency energy does
not escape from the bottom and strong internal flows with ω=Nhx can result.
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