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ABSTRACT: Diapycnal upwelling along sloping topography has been shown to be an important component of the abys-
sal overturning circulation. Theoretical studies of mixing-driven upwelling have mostly relied on a time-averaged descrip-
tion of mixing acting on a mean stratification which ignores the intermittency of mixing. Typically, these studies prescribed
a time-invariant turbulent diffusivity profile motivated by scenarios where tidal currents encounter gentle topography with
small-scale corrugations, leading to subsequent propagation and breaking of internal waves. Here, a different scenario is
considered where a tidal current interacts with smooth but steep topography, a case often encountered near continental
margins and troughs. The performed nonhydrostatic simulations resolve both the strong oscillatory shear that develops
along the steep critical topography and the associated mixing events. Strong diapycnal mixing is observed during the up-
slope phase of the tidal flow when both the near-boundary stratification and shear are enhanced. During the downslope
phase, strong overturning events do develop, but they are associated with weak stratification and less efficient diapycnal
mixing. These results highlight that the temporal evolution of both shear and stratification play a key role in setting when
diapycnal mixing and water mass transformation occur along steep topography. In contrast, over gentle topography, tidal
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shears do not become sufficiently large to generate strong local mixing for typical oceanographic parameters.
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1. Introduction

Dense waters, formed through buoyancy loss at high lati-
tudes, continuously sink to the ocean bottom, transporting vast
amounts of carbon and heat along their pathway (Lumpkin and
Speer 2007; Talley 2013). In steady state, these waters must
move across density layers to return to the surface as less dense
waters (Munk 1966; Ferrari 2014). The rate at which waters
cross density surfaces, and the associated transport of carbon
and heat, is proportional to the intensity of turbulent mixing be-
tween light and dense waters, which is quantified by turbulent
diffusivity. While the importance of turbulent mixing in shaping
the abyssal ocean circulation has been recognized since the
early days of modern oceanography (Stommel 1957; Munk
1966), direct evidence of vigorous mixing in the abyssal ocean
has only become available in the last couple of decades (Polzin
et al. 1997; Ledwell et al. 2000; Waterhouse et al. 2014). These
observations paint a picture of strong mixing events that are
very intermittent and primarily confined above rough sloping
topography where subinertial and tidal currents interact with
the seafloor. Recent observations and numerical studies suggest
that these mixing events are driven by various processes, includ-
ing the breaking of internal tides associated with convective or
shear instabilities (e.g., Legg and Adcroft 2003; Legg and Huijts
2006; Legg and Klymak 2008; Klymak et al. 2010; Klymak and
Legg 2010; Jalali et al. 2017; van Haren et al. 2022, 2024), non-
linear wave-wave interactions (e.g., Nikurashin and Legg 2011),
as well as the propagation of internal tidal bores (e.g., Winters
2015; Dauhajre et al. 2021; van Haren 2023a). However, a com-
prehensive understanding of the intricate mixing patterns near
sloping seafloors, driven by local velocity shear from barotropic
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tide reflection, is still lacking, particularly regarding mixing effi-
ciency and near-bottom water mass transformation.

The Brazil Basin Tracer Release Experiment (BBTRE)
provided the first direct evidence of the strong water mass
conversions along sloping topography (St. Laurent et al. 2001;
Polzin 2009). Microstructure profiles of temperature and
shear variance documented that turbulent mixing associated
with breaking internal waves was strongly enhanced within a
few hundred meters of the rough seafloor of the Mid-Atlantic
Ridge (MAR) and was associated with the interaction of the
barotropic tidal flows with the corrugated topography over
the flank of the MAR. Turbulent mixing was much weaker
over the smooth abyssal plains and continental margins of the
Brazil Basin (Polzin et al. 1997). A concurrent tracer release
experiment confirmed that the turbulent mixing resulted in
flows and transport across isopycnals (Ledwell et al. 2000).
The observations depicted a scenario where the internal
waves radiating from a corrugated and mildly sloping topog-
raphy interacted nonlinearly and generated intermittent
wave-breaking events randomly distributed above the topog-
raphy. Averaged over many tidal periods, this resulted in a
continuous profile of mixing decaying with height above the
bottom (HAB). The mixing profile increasing in intensity to-
ward the rough MAR seafloor further implied a dipole pattern
of diapycnal downwelling in response to the divergent buoy-
ancy flux above topography and diapycnal upwelling along the
seafloor where the buoyancy flux became convergent to satisfy
the no-normal-flux boundary condition (St. Laurent et al.
2001; Polzin 2009). This pattern proved consistent with the ide-
alized solutions of diapycnal flows driven by mixing above
smooth sloping boundaries studied by Garrett et al. (1993).
More recently, Ferrari et al. (2016) and de Lavergne et al.
(2016) argued that the upwelling/downwelling dipole is
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ubiquitous above rough topography and determines the very
structure and magnitude of the global meridional overturning
circulation (Callies and Ferrari 2018).

Elevated mixing associated with the breaking of internal
tides has been observed near topographic features, such as
steep ridges (e.g., Klymak et al. 2006; Alford et al. 2011) and
rough continental slopes (e.g., Moum et al. 2002; Nash et al.
2007; Martini et al. 2013). Here, a different scenario of turbu-
lent mixing above topography is studied, one in which the bar-
otropic tide encounters smooth topography whose slope is
close to, or larger than, the natural internal wave propagation
angle, the so-called critical slope. Such topographic slopes are
often encountered along continental margins and troughs,
which can be very steep but smoother than the geologically
younger and rougher ridges and seamounts. Nash et al. (2007)
observed some exceptionally large dissipation rates over
smooth topography over the Oregon slope with minimal local
bottom roughness and suggested that these could result from
interactions between internal tides and near-critical bathyme-
try. Turbulence along smooth, but steeply sloping topography,
has also been the focus of the recent Rockall Trough bottom
boundary layer turbulence (BLT) experiment. Preliminary re-
sults suggest that the observed mixing and water mass trans-
formation patterns are very different from those reported in
BBTRE (Wynne-Cattanach et al. 2024). When the barotropic
tide impinges on a smooth critical slope, instead of being con-
verted into a field of shorter internal waves, it drives a strong
current along the seafloor that reverses directions at the tidal
frequency (Dauxois and Young 1999). This bottom-trapped
current is strong enough to generate a periodic sequence of
convective and shear instabilities in different phases of the
tidal cycle right above the topography. The rest of this study
focuses on this scenario.

The time-dependent mixing scenario is studied with an ide-
alized numerical model. A barotropic tidal flow is imposed
through a reversing body force in the momentum equation.
The topography has a smooth sinusoidal shape. The tidal flow
generates strong shears above the seafloor which differentially
advect isopycnals back and forth across topographic slopes,
periodically enhancing and reducing the stratification of the
boundary layer. For steep slopes, the shear becomes suffi-
ciently strong during the upslope phase of the tide to drive
the Richardson number below approximately a quarter
(Howard 1961; Miles 1961) and leads to a burst of diapycnal
mixing. During the downslope phase, the differential advec-
tion brings light water under dense water, reduces the stratifi-
cation resulting in large convective overturns but little
diapycnal mixing. The net result is a transformation of waters
from dense to light, but through a well-timed sequence of
mixing bursts rather than a continuous process. The addition
of time dependence is the key difference in this study com-
pared to the steady solutions described by Garrett (1979).

The manuscript is organized as follows. We introduce the
nonhydrostatic numerical model of a barotropic flow impinging
on a sloping topography in section 2 and discuss the resulting dy-
namics which include turbulent mixing and the associated water
mass transformation in section 3. The diapycnal upslope flow is
further illustrated by releasing numerical tracers just above the
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seafloor in section 4. Finally, we discuss the implications of our
work for the abyssal water mass transformation in section 5.

2. Numerical model setup

We set up nonhydrostatic simulations with the Massachu-
setts Institute of Technology General Circulation Model
(MITgem; Marshall et al. 1997). The physics we aim to investi-
gate include reflection of tidal flows at a sloping topography,
tidal modulation of local stratification, and shear-driven mix-
ing and convection. Since two-dimensional (2D) models have
been widely used in previous studies to qualitatively capture
these processes (e.g., Legg and Adcroft 2003; Legg and
Klymak 2008; Klymak et al. 2010; Buijsman et al. 2012) and
three-dimensional (3D) nonhydrostatic simulations are computa-
tionally expensive, our analysis will primarily focus on 2D. A
tidal force is applied by introducing a body force term into the
momentum equations, which, in the inviscid limit, leads to an
oscillatory barotropic flow,

u(t) = U, sinat, 1)
u(t) = J% coswt, 2)

where f and w are the Coriolis and tidal frequencies and U is
the tidal amplitude. The Coriolis frequency is set to f = 0.53 X
10™* s™', corresponding to a latitude of approximately 21°.
Typical tidal velocities in the ocean abyss are of a few centi-
meters per second. We set Uy = 2.5 X 1072 m s~ ! (Polzin
2009) as representative of a moderate tidal flow. The frequency
of the barotropic forcing is set to the semidiurnal tidal fre-
quency M2, the dominant tidal constituent at low- and midlati-
tudes, = 1.454 X 10™* s™!. These values are representative
of the Brazil Basin, but the simulations are not designed to rep-
resent a specific region but rather to explore different dynami-
cal regimes. For example, we will consider topographic slopes
much steeper than those encountered in the Brazil Basin.

The seafloor depth A varies according to the sinusoidal
function:

h(x) = H + A cos(2mx/L,), 3)

where H = —1945 m, L, = 15 km is the horizontal extent of
the model domain, and A sets the amplitude of the sinusoidal
topography—see Fig. 1. We consider two values of A, 400 and
200 m, as examples of steep and gentle slopes (Fig. 1). The do-
main is horizontally periodic with a uniform horizontal grid
spacing of Ax = 20 m. The vertical grid spacing is uniform in
the bottom 1600 m with Az = 3 m, while Az progressively in-
creases in the upper 750 m where a sponge layer is imposed to
absorb upward-radiating internal waves. Partial cells are im-
plemented at topography with cell thickness as small as 0.9 m.

Buoyancy is set to be a linear function of temperature, and
the simulations are initialized with a constant vertical stratifi-
cation of N* = 1075 s72 The slope of the internal wave char-
acteristic is given by

) o0
u) i 4)

tanf =
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FIG. 1. Schematic of the numerical model setup. A barotropic tidal forcing of amplitude U,
and frequency w is applied everywhere in the model domain. The black solid and dashed curves
represent the two sets of sinusoidal topographies used in the study with amplitudes A = 400 and
A = 200 m. The location with the maximum slope is marked by the green dot. The time series in
Fig. 2 are computed at this location. The red lines mark the boundary of the control volume

used in the following volume average budgets.

and it is equal to 0.137 using the initial stratification. The max-
imum topographic slope at the midslope location for the runs
with A = 400 m is 6 = 0.168 (Fig. 1), making the topographic
slope supercritical to internal wave reflections over a limited
depth range. For A = 200 m, the slope is everywhere subcriti-
cal. We run nonhydrostatic simulations in order to (partially)
resolve the tidal mixing induced by hydrodynamic instabilities.
Constant background viscosity and diffusivity are applied,
v, =k, =2X10*m?>s tand v, =k, =1 X 10 *m?s™ 1,
where the subscripts v and 4 denote the vertical and horizon-
tal directions; no additional subgrid-scale closure is employed.
These background values are at least one order of magnitude
smaller than the diagnosed turbulent viscosity/diffusivity in the
simulations. The time step is At = 5 s throughout all runs. No-
flux boundary conditions are applied for buoyancy and other
tracers at the seafloor. The free-slip condition together with a
quadratic bottom drag is used for momentum at the seafloor
with a drag coefficient of C, = 2.5 X 107>." All analyses are
based on simulation results after an initial spinup period of
25 days to avoid the initial adjustment of the near-boundary
stratification which starts with flat density surfaces that rapidly
bend toward the topography to satisty the no-flux boundary

! Combining no-slip conditions with quadratic drag in MITgecm
results in nonphysical double counting of bottom friction, exceed-
ing the effect of quadratic drag alone. Additionally, simulation re-
sults show minimal sensitivity to the specific combination used, as
the highest velocities consistently occur some distance above the
seafloor.

condition. The mean stratification thus weakens after the ini-
tial adjustment, and the slope of reflected internal waves be-
comes near critical for the A = 400 m simulation.

3. Tidal flows, mixing, and water mass transformation
a. Basic flow fields and turbulent mixing

We start by discussing the evolution of the simulated flow
and stratification because they provide the context to inter-
pret the turbulent mixing and water mass transformation
along the sloping boundary. The temporal evolution of the
horizontal flow u and the stratification N* as a function of
height above the bottom at the midslope (x = 11.25 km) is
shown for both the subcritical and supercritical slope simula-
tions in Fig. 2. In the subcritical slope simulation, a weak
shear develops within 15 m of the bottom, where the bottom
drag slows down the tidal flow. This shear is hardly visible in
the velocity plot (Fig. 2a), but its effect is clear in the evolu-
tion of stratification through differential advection (Fig. 2b).
Within this thin 15-m layer, N? increases when the tidal flow is
downslope (negative) and the shear is negative, and thus acts
to restratify the bottom waters, while N? decreases when the
tidal flow is upslope (positive) and the positive shear reduces
the bottom stratification. Following coastal dynamics termi-
nology, we will refer to the upslope/downslope tidal phases as
the “flood”/“ebb” phases. The velocity and stratification sig-
nals are equal and opposite in the flood and ebb phases, sug-
gesting that the dynamics is approximately linear and follows
the periodicity of the forcing. The slight delay (a quarter
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FIG. 2. Time series of (a),(c) zonal velocity u and (b),(d) stratifi-
cation N? as a function of HAB at the midslope location (green dot
in Fig. 1) over (top) subcritical and (bottom) superecritical slopes.

period to be exact) between the onset of positive/negative
shear and weak/strong stratification reflects the fact that it is
the rate of change of stratification 3,N?, rather than stratifica-
tion N? itself, that responds to the tidal shear and the two are
offset by a quarter period.

In the supercritical slope simulation, the reflection of the
barotropic tide along the boundary results in a strong bottom-
intensified velocity over a 200-m thick layer reversing direction
at the tidal frequency—see Fig. 2c—consistent with internal
wave reflection at near-critical slopes (Eriksen 1982; Dauxois
and Young 1999; Pedlosky 2003). Within ~15 m of the sea-
floor, bottom drag slows down the velocity like in the subcriti-
cal case. This results in a velocity profile whose magnitude
increases up to a maximum at ~15 m above the seafloor and
then decreases with height above the bottom—see Figs. 2¢ and
3a and the schematic in Fig. 4. As a result, the stratification
evolution shows opposite trends within ~15 m of the seafloor
and the thick layer above (Fig. 3). In the thin layer near the
seafloor, stratification decreases during the flood phase due to
the positive velocity shear, while just above it, stratification
grows due to the negative velocity shear (Figs. 2c,d, 3, and 4).
Strong mixing patches develop near the seafloor that propa-
gate up the slope in what has been described as a bore in both
numerical simulations and observations of tidal flows over
steep topography (e.g., Slinn and Riley 1996; Legg and
Adcroft 2003; van Haren 2006; Winters 2015). During the ebb
phase, stratification increases within the thin ~15-m layer,
but above the tidal shear brings a plume of light water down
the slope and reduces the stratification. This results in convec-
tive plumes of light waters rising up to 150 m aloft which re-
duce both stratification and shear, thereby shifting upward the
velocity maximum as seen in Fig. 2c, blue color. The flow field
in the simulations is smoother compared to that reported in
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FIG. 3. Time series of (a) zonal velocity u and (b) stratification
N? as a function of HAB at the midslope location (green dot in
Fig. 1) over supercritical slopes. Note that the color scales are dif-
ferent from those in Fig. 2.

observations (e.g., van Haren 2023b), which is likely a result of
the smooth topography used in the model. Additional simula-
tions above constant supercritical slopes reveal similar phase
coupling between velocity (shear) and stratification through-
out the tidal cycle. Notably, toward the end of the sinusoidal

FIG. 4. Schematic of isopycnal profiles during two phases of a
tidal cycle over steep topography. The black dotted and red solid
curves represent isopycnals at the initial and end states of each
phase of the tidal cycle. The arrows denote the direction and mag-
nitude of the cross-slope velocities. During the flood phase, dense
water is advected upslope which results in a stronger stratification
which is overcome by the bottom shear and results in shear-driven
mixing and a strong buoyancy flux (blue squiggly arrows) that ex-
tends from the seafloor to somewhat above the drag-controlled
thin layer. During the ebb phase, local stratification becomes weak
as dense waters are advected downslope under light water. Al-
though the local turbulence intensity and energy dissipation rate
are enhanced due to gravitational instability, the buoyancy flux is
weak because the mixing is acting on weakly stratified waters. The
very thin layers close to the bottom have different stratification
from those in the much thicker layers above due to the presence of
bottom drag.
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slope, as it flattens, we observe a shift in velocity shear from
negative to positive above the bottom thin layer during the
flood phase and from positive to negative in the ebb phase.
This shift occurs as the critical reflected tidal beam, initially
parallel to the steepest part of the topography, lifts off the bot-
tom, and extends into the water column where the slope be-
comes more gradual. The influence of bottom topography
curvature will be explored in a future study.

We quantify the mixing by diagnosing the dissipation rate
of turbulent kinetic energy (TKE), defined as e = v l.(aui/axi)z
and the dissipation rate of temperature variance xr = kjox,71%,
where T is the potential temperature and i and j are the sum-
mation indices. These are common mixing diagnostics with
the former representing the intensity of turbulent motions
and the latter denoting the rate at which these motions drive
irreversible mixing across isotherms. We estimate € and xr
over a control volume centered over the midslope extending
1 km in the horizontal and 100 m in the vertical (the red box
in Fig. 1), a volume that encompasses the steepest slope re-
gion. The volume average will be indicated as angle brackets,
(e) and (x7). We discuss only results for the supercritical case
because little turbulence is generated in the subcritical case.
This is true even for larger tidal amplitudes (we considered
tidal flows up to 0.2 m s~!). The mixing diagnostics are com-
puted using pointwise model output in the calculation of the
various gradients and do not include numerical mixing. We
have also compared this explicitly calculated mixing rate with
the total mixing rate, which encompasses both the resolved
component and numerical mixing (details in appendix A). The
results indicate that explicit mixing dominates the total mixing
rate, suggesting that our resolutions can capture the dominant
small-scale physics.

In the supercritical case, (€) peaks during the ebb phase,
more specifically at the end of the ebb phase (Fig. 5a), while
(x7) peaks during the flood phase when the shear is largest
(Fig. 5b). In the ocean interior, where mixing is primarily
driven by breaking internal waves, the mixing coefficient I' is
often approximated as a constant to represent the averaged
value throughout a mixing cycle (e.g., Gregg et al. 2018). This
ratio represents the fraction of TKE that is expended into
raising potential energy during a mixing event. Here, we cal-
culate the bulk mixing coefficient I'y, using instantaneous vol-
ume-averaged dissipation rates of temperature variance and
TKE (Smyth et al. 2001):

r, - ag  (xp) )

where a = 2 X 107#°C ™! is the thermal expansion coefficient,
I'vk becomes as large as 0.15 during the flood phase, while it
drops to approximately 0.05 or below during the ebb phase
(Fig. 5¢). The larger mixing coefficient is slightly below the ca-
nonical value of 0.2, partly due to the volume-averaging pro-
cess that smooths out peak values, and the relatively coarse
resolution may miss the finest-scale velocity shear and density
fluctuations, which are critical for this calculation. The key
point is that there is a transition between high and low values
of mixing coefficients between the two phases of the tidal

RUAN ET AL.

P 23 8

a) u (m/s (m?/s%) %10
€500, on/s) 02
£
£
£ 0.1
a
4 0
5]
a
© -0.1
5
@ -0.2
I
E
c 0.2
£
£ 0.1
a
[4 0
2
a
© -0.1
5
@ -0.2
I
E 02
§
zg 0.1
Qo
-4 0
9]
Q
© -0.1
£ : .
2 < -0.2
T 0 2 4 6 8 10 12 14

Tidal cycles

FIG. 5. Time series of (a) volume-averaged TKE dissipation rate
(e), (b) destruction rate of temperature variance (x7), and (c) bulk
mixing coefficient I'yx on top of the zonal velocity over the mid-
slope location.

cycle. The exact values should be taken with caution because
they are computed from 2D simulations. Direct numerical
simulation (DNS)/LES simulations with sufficient resolution
to capture full 3D turbulence would be needed to investigate
the quantitative differences. Nonetheless, the qualitative dif-
ference is to be expected given the differences in the sources
of turbulence between the two phases. The larger mixing co-
efficient in the flood phase highlights the importance of the
time dependence of tidally modulated shear-driven mixing,
which sets the stage for the recurrent formation of young
overturns in each tidal cycle, characterized by a large I'yx
(Peltier and Caulfield 2003; Mashayek et al. 2017). A smaller
ratio during the ebb phase is not a surprise because the energy
pathway is distinct from that of the shear instabilities that de-
velop during the flood phase. During the ebb phase, the en-
ergy that drives the convective overturns is supplied by the
differential advection of light fluid under dense by the tidal
shear (Fig. 4). The resulting convective overturns generate
both TKE (the plumes) and potential energy (mixing). How-
ever, the amount of potential energy generated is small be-
cause convection develops when the mean stratification has
been reduced to nearly zero by the tidal shear. We note that a
similar analysis conducted in a 3D domain yielded qualita-
tively consistent results, showing that I'yy is higher during the
flood phase than during the ebb phase.”

2 The simulation domain is extended in the along-slope direc-
tion for a total of 300 m with the same horizontal resolution as in
the cross-slope direction and is initialized with the temperature
field from the 2D simulation on day 25 after the isotherms had ad-
justed to bend to satisfy the no-normal flux boundary condition at
the seafloor.
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FI1G. 6. The distribution of v’ and »’ from instantaneous (hourly) output in the supercritical slope case with repre-
sentative samples colored by their (a) € and (b) xr values. The samples are taken between x = 10.75 km and
x = 11.75 km (centered around the midslope location) and 30 m above the bottom. The red curves and black arrow in
the schematic of each quadrant in (a) represent isopycnals and the direction of cross-shore velocity.

A complete tidal cycle is segmented into four quadrants,
determined by the relationship between velocity and buoy-
ancy anomalies in comparison with their time-averaged val-
ues. We plot pointwise values of these anomalies at a fixed
elevation of 30 m above the seafloor within the control vol-
ume and color them by their € and y7 values in the two panels
of Fig. 6. This offers a detailed depiction of the sequencing of
the two mixing diagnostics. Specifically, € is strong in the up-
per two quadrants when isopycnals are tilted downward, and
it reaches its maximum in the second quadrant, as the nega-
tive velocity during the ebb phase pushes isopycnals down-
slope and triggers convection (Fig. 6a). In contrast, y7 reaches
its peak value when the positive velocity reaches its maximum
and specifically when the buoyancy anomaly becomes negative
due to the isopycnals being advected upslope beyond their time-
mean position from the first to the fourth quadrant (Fig. 6b).
This presentation of the data confirms that stronger bursts of
turbulence occur toward the end of the ebb phase, while more
efficient mixing takes place during the flood phase when the
strong velocity shear and background stratification couple.

An important implication of our analysis is that the two tra-
ditional measurements of turbulent motions, € and x7, can ac-
tually peak in different phases of the tidal cycle in regions of
tidally driven mixing along the seafloor. In oceanographic lit-
erature, an average value of I' = 0.2 is often suggested as a
reasonable representation of a complete mixing event (e.g.,
Peltier and Caulfield 2003; Gregg et al. 2018). However, our
simulations show that this averaged mixing coefficient does
not accurately represent mixing throughout the tidal cycle,
with the ebb phase exhibiting notably less efficient mixing.
Thus, for this study, it makes little sense to define an average
mixing coefficient for the entire tidal cycle because it com-
prises two distinct mixing processes. These substantial differ-
ences in the mixing coefficient during different tidal phases
highlight the need for high-frequency measurements to cap-
ture the variations in mixing statistics.

b. Water mass transformation

In addition to identifying mixing patterns across various
tidal phases, we are interested in estimating the resulting wa-
ter mass transformation. For robustness, we assess the diapyc-
nal transport over a 5-day period, employing methods that
include the calculation of horizontal mass transport and track-
ing changes in isopycnal positions. Following Schmidgall et al.
(2023), we start by computing the horizontal transport below
the potential temperature surface T,

z=0

U T = [ utez 0MIT - Tz oldz(©)
z=—h

where z = —h is the bottom topography, z = 0 is the ocean

surface, u is the model horizontal velocity, H[ - | is the Heavi-
side step function, and T(x, z, f) is the simulated potential
temperature. Next, we compute the height of the instanta-
neous isopycnal above the bottom,

h. (x, T, t)= r:O H[T — T(x, z, t)]dz. 7
h

150
z7=—

The diapycnal velocity across the potential temperature sur-
face T can now be computed from the change in the volume
below T and the divergence of the horizontal flow below T
(appendix B). By integrating the volume conservation equa-
tion (950 + 9, U + wgia = 0, appendix B) over an analysis
period of 5 days, the time-averaged diapycnal velocity is
given by

i (e, T, 1y + Af) — by (x, T, 1) 2 T

wdiat(x’ T) = At X

®)

where At = 5 days, 1, is the beginning of the analysis period,
and ' denotes the 5-day time averages.
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FIG. 7. The diapycnal transport calculated using the integrated isopycnal fluxes. (a) 5-day averaged potential tem-
perature. The control volume is chosen with two bounding isopycnals [0.16° and 0.32°C, the thick red curves in (a)],
the sloping bottom, and a moving upper boundary as a function of HAB (gray dashed curves with an interval of
50 m). (b) Diapycnal transport within the control volume as a function of HAB.

To quantify the time-averaged diapycnal transport over the
slope, we define a control volume bounded by the bottom to-
pography, two temperature surfaces or equivalently isopyc-
nals (thick red curves in Fig. 7a) covering the steepest part of
the slope. The fourth boundary of the control volume is var-
ied to quantify the diapycnal transport as a function of height
above the bottom (gray dashed lines in Fig. 7a). The diapyc-
nal transport (7 ,, Fig. 7b) is computed by integrating the
time-averaged diapycnal velocity @, within the control vol-
ume (details in appendix B).

The diagnosed transport confirms that there is diapycnal
upwelling within the lower 80 m above the seafloor (where
T 4, increases with height above the bottom) and diapycnal
downwelling above (where 7, decreases with height above
the bottom). While this spatial pattern aligns with prior stud-
ies examining water mass transformation adjacent to sloping
topography using prescribed mixing profiles (e.g., Ferrari et al.
2016; McDougall and Ferrari 2017), the upwelling layer ap-
pears considerably thicker in our simulations. We suspect that
the thick upwelling layer is not solely attributable to the bot-
tom trapped mixing that develops during the flood phase
which results in a strong convergence of turbulent buoyancy
fluxes near the seafloor (as seen in earlier studies employing
prescribed mixing). It could also involve a contribution from
the convective events that develop during the ebb phase.
These events result in a convergence of turbulent buoyancy
fluxes, which, despite being small in magnitude, can lead to
nonnegligible water mass transformation, particularly when
coupled with the weak stratification. Furthermore, the thick-
ening of the upwelling layer may result from the 5-day averag-
ing operation. This averaging spreads the intense upwelling
observed during the flood phase over the broader turbulent
boundary layer span, when combined with the elevated iso-
pycnal positions occurring during the ebb phase.

4. Passive tracer evolution

Further insights into the diagnostics of diapycnal transport
can be gained by observing the evolution of passive tracers.
To that purpose, we release numerical passive tracers at dif-
ferent locations along the slope.

Two patches of passive tracers are released with an initial
profile given by a 2D Gaussian function:

cylx, 2) = 1% 1Ca) =2 Mo)] )

with o, = 500 m and o, = 40 m. One is released in the deep-
est trough of the topography (xo = 7.5 km and zo = —2330 m)
15 m above the bottom. The other is released at the midslope
location (xo = 11.25 km and zo = —1900 m) 40 m above the
bottom (Figs. 8a,b). The tracers are evolved for 15 tidal cycles
after the initial spinup period of 25 days. They are advected
back and forth by fast-reversing tidal flows and mixed by tur-
bulent mixing across isopycnals, resulting in a broadening dis-
tribution across the slope via shear dispersion (Figs. 8c,d).

The diapycnal flow experienced by the tracer patch can be
estimated through the temporal evolution of the center of
mass of the tracer patch computed as the tracer-weighted
buoyancy, b, where the overbar denotes the tracer-weighted
average:

7='” (*)cdxdydz

= ijcdxdydz ’

where c is the tracer concentration. Ruan and Ferrari (2021)
show that the evolution of b is determined by the divergence
of the tracer-weighted diffusive buoyancy flux:

(10)

9,b = 2V - (VD). (11)
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FIG. 8. The concentration of two tracer patches (a),(b) just after release at the bottom and midslope, respectively,
and (c),(d) after 15 tidal cycles. Color shading is logarithmic in tracer concentration. (e) The increase in buoyancy of
the center of mass of the two tracer patches as a function of time.

The equation confirms that a tracer released in a region of
convergent flux will tend to drift toward lighter isopycnals.

In our simulation, the center of mass of the tracer increases
for both tracer patches over the 15 tidal cycles implying that
the tracers experience net upwelling across density surfaces
under the influence of tidal mixing (Fig. 8¢). The tracer patch
released further up the slope does upwell more rapidly, but
the difference in diapycnal upwelling rates between the two
patches is not as significant as one might anticipate. This is de-
spite the fact that the tracer released near the critical topo-
graphic slope is subjected to greater shears and more intense
mixing. However, the tracer released at the lower position is
unique because it can only move upward toward areas of ligh-
ter buoyancy. Consequently, it is inevitably subjected to more

diapycnal upwelling than any tracer released higher on the
slope, even if it undergoes the same level of mixing. Figure 8e
further shows that the patch released at midslope decreases
with time as the tracer spreads away from the strong mixing
along the boundary (see also Fig. 9).

The evolution of the center of mass of the tracer patch re-
leased near the critical topography, atB, is plotted on top of
the evolution of the local horizontal velocity and stratification
(Fig. 9). The rapid increase in the center of mass of the tracer
coincides with positive velocity, clearly indicating that the
tracer moves toward lighter buoyancy during the flood phase
of the tidal cycle, when the horizontal flow is up the slope and
the stratification is largest. Instead, the center of mass hardly
changes during the ebb phase. This is consistent with our
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during the 15 tidal cycles where passive tracers are evolved. The green curve represents the rate of
change of the tracer-weighted buoyancy d,b for the tracer released at the same midslope position.

previous analysis, which identified the flood phase as the time
when shear-driven mixing drives a strong cross-slope diapycnal
flow. The weaker diapycnal flow during the ebb phase, despite
vigorous convection, instead echoes the comment by Garrett
(1979) that mixing already mixed waters in bottom boundary
layers contributes little to local water mass transformation.
Finally, we quantified a tracer-based diapycnal diffusivity ac-
cording to Ruan and Ferrari (2021) and found that this diffu-
sivity peaks in the flood phase, reaching O(10~?) m? s ™', while
being significantly weaker in the ebb phase (figure not shown).
This indicates that the growth rate of the tracer variance in
buoyancy space is punctuated by rapid bursts during the flood
phase of the tidal cycles, rather than approaching a constant
(resulting in a linear growth of variance). This calls into ques-
tion the common approach of estimating diffusivities from
tracer release experiments from the tracer spreading at two
times weeks to months apart.

5. Conclusions and discussion

We used a nonhydrostatic, two-dimensional numerical model
to study turbulent mixing and the associated water mass trans-
formation generated by a barotropic tidal flow interacting with
steeply sloping topography. The topographic slope was chosen
to be close to critical such that the reflection of tidal beams gen-
erated strong shears along the topography. Shear-driven instabil-
ities and vigorous diapycnal mixing developed over a few tens of
meters above the seafloor during the flood phase of the tide,
when the flow was directed up the slope and the tidal shear
acted to restratify the bottom boundary layer. Weak diapycnal
mixing was instead observed during the ebb phase, when the
flow was directed down the slope and the shear reduced the
stratification of the bottom boundary layer. During this phase,

strong convective overturns developed up to a couple hundred
meters above the seafloor, but they acted on weakly stratified
waters, thus resulting in little diapycnal mixing. The small-
scale shear-driven mixing highlighted in our study aligns with
previous observations, such as those by Farmer and Armi (1999)
and Cyr and Van Haren (2016), and should be incorporated into
future parameterizations of internal tide-related turbulent mix-
ing, which often focus excessively on large-scale overturns asso-
ciated with convective mixing (e.g., Klymak and Legg 2010;
Gayen and Sarkar 2011; Chalamalla and Sarkar 2015).

This scenario is very different from the more classic picture
where a tidal flow interacts with gentle topography with
small-scale corrugations, leading to the radiation of waves
that interact and break away from topography. Rather than a
statistically stationary distribution of mixing decaying over a
few hundred meters above the seafloor, in the scenario con-
sidered in this study, strong mixing is confined to a few tens of
meters above the seafloor and occurs in bursts confined to
one phase of the tidal cycle. This result underscores the im-
portance of incorporating temporal variability of tidal forcing
when calculating buoyancy flux and diapycnal transport. Fur-
thermore, it prompts caution in interpreting mixing measure-
ments near sloping topography across different phases of the
tidal cycle, as a constant I' is often used to convert from en-
ergy dissipation rates to turbulent diffusivity (e.g., Moum et al.
2002; Aucan et al. 2006; Nash et al. 2007; Alford et al. 2011;
Martini et al. 2013). Finally, the time-averaged diapycnal
transport displays a dipole pattern, akin to prior studies, with
upwelling near the seafloor and downwelling above it. How-
ever, the time-averaged picture hides the fact that the upwell-
ing occurs in short bursts rather than continuously.

There are several differences between the idealized numerical
setup and real ocean environment that are worth discussing.
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First, the sloping bottom is rather smooth in the model without
any realistic bottom roughness such as that associated with sills,
hills, and seamounts. We speculate that with real-ocean rough-
ness, the simulated thin (~15 m) and drag-controlled layer close
to the seafloor would likely grow much thicker. This could result
in a stronger and more extended bottom shear that could lead to
mixing over a much thicker layer and possibly even overturning
events. If this hypothesis holds true, both convection and shear
mixing could take place in the flood phase. Second, this study
only considers a barotropic tidal flow interacting with sloping to-
pography. In the real ocean, the bottom flow can also consist of
internal tides of different vertical modes leading to different re-
sponses near the bottom. Three-dimensional lateral exchange is
another process we do not address in this study. Inertial oscilla-
tions, asymmetries of topography in the along-slope direction,
and submesoscale instabilities could all facilitate mass exchanges
between the boundary layer and the interior ocean, complicating
the interpretation of the measured turbulent buoyancy fluxes
and their effects on the local diapycnal transport.

A field campaign has recently been completed in a subma-
rine canyon in the Rockall Trough where strong tidal motions
prevail. The campaign collected an extensive set of measure-
ments of turbulence with microstructure probes and a fluo-
rescent dye release experiment. Consistent with our study,
vigorous mixing events develop along the canyon seafloor
when the tidal shear is positive and thus destabilizes the wa-
ter column (Wynne-Cattanach et al. 2024). Unlike in our ide-
alized study, mixing extends 100-200 m above the seafloor
and a positive tidal shear develops at different phases of the
tide depending on the along-canyon location. These differ-
ences likely stem from our idealization of a smooth topogra-
phy and a simple barotropic tidal forcing.

Despite its idealization, our study offers useful insights into
the interpretation of measured mixing rates, turbulent fluxes,
and their influences on the diapycnal transport. Past modeling
studies have considered the effect of wave-breaking-induced
mixing in a heavily averaged form, but did not consider the
spatial heterogeneity and temporal intermittency associated
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with tidally induced mixing near the seafloor. Future efforts in
mapping the diapycnal pathways in the abyssal ocean need to
take into account both dynamical regimes.
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APPENDIX A

Quantification of Numerical Mixing

We introduce the diagnostics and compare explicitly re-
solved turbulent mixing with effective mixing, which encom-
passes both the resolved component and numerical mixing.
This analysis demonstrates that numerical mixing has a neg-
ligible impact on our study. As introduced earlier, the re-
solved dissipation rate of temperature variance is quantified
as x; = Kl.|8xiT|2, where the temperature gradient is explic-
itly computed using pointwise model output. The effective
dissipation rate, on the other hand, is calculated based on
the temperature variance equation:

1[d (T?
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FIG. Al. Effective and resolved volume-averaged dissipation rate of temperature variance.
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where S is the surface area of the control volume at which
the product of diffusive temperature flux and temperature it-
self is evaluated. The diagnosed dissipation rates in Fig. Al
demonstrate the negligible impact of numerical mixing in
our high-resolution simulations.

APPENDIX B

Quantification of Diapycnal Transport

In this appendix, we derive the equation used in section 3b
to diagnose the diapycnal transport.

First, we integrate the volume conservation equation over
the area depicted in Fig. B1, vertically from the ocean bot-
tom z = m(x) to an isopycnal z = m(x, f) and horizontally
between x = x; and x = x, (Fig. B1),

IJBAV~udx dz = 0. (B1)

We indicate the integration area by A = hj,Ax, where Ay,
is the height of the instantaneous isopycnal above the bot-
tom [Eq. (7)], and Ax = x, — x3.

Applying the divergence theorem to this integral, we
have

J‘n
L

M Rl
u~xdz|right - J u-Xdz| + I u'ndxltOID
M

X

- [ w it = (B2)

X1

where X is the unit vector normal to the two lateral bound-
aries of the region 6A and i is the unit vector normal to
the top and bottom boundaries. The last term in Eq. (B2)
is zero because of the no-flux boundary condition at the
ocean bottom.

Next we decompose the Eulerian velocity u into two
components: the velocity of the isopycnal (ug; = d,h;s,) and
the diapycnal velocity (u; = u — wy), i.e., the component of
the velocity that crosses the isopycnal. With these defini-
tions, Eq. (B2) becomes

M X, X,

AJ u-Xdz + J (u — us)-ﬁd)c|mp + J u -fidx|, =0,
X1

top
M X

(B3)
where the symbol A denotes the lateral difference. Dividing
Eq. (B3) by Ax = x, — x; and taking the limit Ax — 0, we
have

aMm . . oh.
‘EL u-xdz+ud-n|mp+%=0. (B4)
b

Therefore, the diapycnal velocity wy,
isopycnal 1 can be computed as

= ud-n|top across the

Ddia — _axU - athiso’ (BS)
where U is the horizontal transport below the isopycnal 7

[equivalently, the potential temperature T, Eq. (6)].
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FIG. B1. Schematic illustrating the area used for integrating the
volume conservation equation.

The diapycnal transport across the isopycnal/isotherm T
is now given by the integral in x for fixed T of w, (x, T).
As illustrated in Fig. B1, we are after the diapycnal trans-
port between the seafloor and a height above the bottom h
(defined in section 3b). We therefore carry the x integral
between the two x coordinates where the isopycnal inter-
sects the seafloor and z = h, respectively.

To obtain the averaged diapycnal transport over many
tidal cycles, we take the 5-day average of the diapycnal ve-
locity @y, ‘(x, T) and the x integral is taken between the po-
sitions where the 5-day averaged isopycnal intersects the
seafloor, xy, and the z = h along the same isopycnal, xp:

T, (T.h) = J "y d. (B6)

Xo

Last, to reduce noise due to the turbulent nature of the
flow, we average the results over a range of isopycnals.

While the final estimate is somewhat uncertain due to the
substantial variation in stratification across different tidal
phases, especially when potential temperature/density does
not vary monotonically with depth, we verified that the re-
sults are not sensitive to the specific potential temperature
intervals used to bound the averaging volume.
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