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Observations on the lee of a topographic ridge show that the turbulence kinetic energy
(TKE) dissipation rate due to shear instabilities is three orders of magnitude higher than the
typical value in the open ocean. Laboratory-scale studies at low Reynolds number
suggest that high turbulent dissipation occurs primarily within the core region of shear
instabilities. However, field-scale studies indicate that high turbulence is mainly populated
along the braids of shear instabilities. In this study, a high-resolution, resolving the
Ozmidov-scale, non-hydrostatic model with Large Eddy Simulation (LES) turbulent
closure is applied to investigate dominant mechanisms that control the spatial and
temporal scales of shear instabilities and resulting mixing in stratified shear flow at high
Reynolds number. The simulated density variance dissipation rate is elevated in the cusp-
like bands of shear instabilities with a specific period, consistent with the acoustic
backscatter taken by shipboard echo sounder. The vertical length scale of each cusp-
like band is nearly half of the vertical length scale of the internal lee wave. However, it is
consistent with instabilities originating from a shear layer based on linear stability theory.
The model results indicate that the length scale and/or the period of shear instabilities are
the key parameters to the mixing enhancement that increases with lateral Froude number
Fry, i.e. stronger shear and/or steeper ridge.

Keywords: lee wave breaking, shear instability, flow topography interaction, LES simulation, turbulent mixing
and diffusivity

INTRODUCTION

Understanding how turbulence leads to the enhanced mixing of heat and other scalars, such as salt and
pollutants, in density-stratified fluids is a fundamental and central problem in geophysical and
environmental fluid dynamics. Physical processes such as the topographically induced water intrusion,
lee wave breaking, and shear instabilities are crucial to the spatial and temporal variation in biological
productivity and biodiversity in ecosystems of the coastal ocean. Strong turbulent mixing could
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enhance the mean nitrate flux and had a maximal value of 10.0
mmol m™* day ™, which was much higher than typical values for
the open ocean (Tanaka et al., 2019; Acabado et al., 2021; Nagai
etal., 2021). Field observations show that the high TKE dissipation
rate enhances the vertical nitrate flux (Acabado et al., 2021). The
mixing processes over topographic features along the Kuroshio are
important agents for nutrient delivery to the primary producers
and supporting migratory fish species in the Kuroshio Extension
and subpolar regions. Because nutrients lie in the deep, dark
subsurface layers, they are not immediately available for the
photosynthesis process in the surface layer (Duran Gomez et al,
2020; Nagai et al., 2021). When ocean currents interact with
seafloor topography, turbulent mixing may occur by breaking
internal lee waves through shear instabilities (Farmer and Armi,
1999; Eiff and Bonneton, 2000). Lee-wave breaking provides a
mechanism for extracting energy from the geostrophic flow and
transferring energy to small-scale turbulence, which leads to a
dissipative loss of mechanical energy and an irreversible transfer
from kinetic energy to potential energy (Winters et al., 1995).
Parameterizations based on a linear theory (Bell, 1975) for the
energy flux into lee waves in the stratified flow have been
implemented in global ocean models, highlighting the potential
role of lee wave-driven mixing on overturning circulations.
However, recent field observations in Drake Passage showed
that turbulent dissipation rates are on average two to three times
smaller than linear lee-wave generation predictions. This is
because a greater fraction of high-frequency lee wave energy
may be reabsorbed by the mean flow, and the reabsorption
process influences the energy remaining for dissipation and
mixing (Kunze and Lien, 2019). Hence, the nonlinear
mechanisms leading to lee wave breaking and dictating
turbulent dissipation processes still require adequate assessment
(Legg, 2021).

The typical value of turbulent diffusivity in the open ocean
pycnocline is 0(10° m? s™!) (Munk and Wunsch, 1998). Direct
measurements of the TKE dissipation rate in the Tokara Strait,
where the strong shear flow, Kuroshio interacts with a series of
seamounts, demonstrate that the turbulent diffusivity reaches O
(10" m? s!) in the lee of the seamount. The strong shear
generated by the interaction of bathymetry and the geostrophic
flow can result in instabilities at the interface of the lee wave and
greatly enhance vertical mixing (Tsutsumi et al., 2017).
Observations behind a topographic ridge near Green Island
along the route of the Kuroshio also show that the TKE
dissipation rate due to the observed shear instabilities is two
orders of magnitude higher than other areas without topographic
effects along the route of the Kuroshio (Mensah et al., 2014;
Chang et al., 2016).

Field observations at high Reynolds number (Re ~ 0(10°),
Re = Ud/v, where U, §, and v are the velocity scale, the half-
thickness of the shear zone, and kinematic viscosity, respectively)
suggest that the primary source for turbulent mixing in Kelvin-
Helmholtz (KH) billows is not only within their convective
overturning core but within the intensified shear layer, separating
the cores, where secondary shear instabilities are present (Geyer
et al,, 2010; Chang et al., 2016). The zoo’ of secondary instabilities

within the braids is the important mechanism for turbulence
generation (Mashayek and Peltier, 2012; Mashayek and Peltier,
2013). However, laboratory-scale studies at low Reynolds number
(Re ~ 1000) demonstrate that the high TKE dissipation rate
primarily occurs within the core region of shear instabilities,
inconsistent with field observations at high-Re flows (Staquet,
1995; Smyth and Moum, 2000; Smyth et al, 2001; Smyth and
Moum, 2012). A major challenge in estimating the amount of
turbulent mixing in large-scale flow in the ocean, i.e., the
parameterization, is the remarkably broad range of spatial and
temporal scales involved, from those of smallest turbulent eddies
(the submillimeter scale) to the largest scales of ocean circulations
(thousands of kilometer scale). The Reynolds-averaged Navier—
Stokes (RANS) model with k-€ turbulent closure has been used to
study the characteristics of stratified flow in large-scale
hydrodynamic model frameworks (e.g, ROMS, POMS) at high
Reynolds number. In RANS models, all turbulent motions are
modeled, and a scalar eddy viscosity is used to parameterize the
turbulent mixing processes. Although the standard RANS k-¢
model could produce the mean flow accurately, it produces large
discrepancies in predicting the second-order flow characteristics
such as shear instabilities (Shi et al., 2016) or convective
overturning, which are important turbulence generation
mechanisms for stratified flows at high Reynolds number, as
demonstrated in field observations.

On the other hand, LES models resolve important large-scale
turbulent eddies and can accurately capture the unsteadiness of
coherent turbulent motions due to hydrodynamic instabilities.
LES has been employed to study the development of shear
instabilities and the transition from shear instabilities to
turbulence at the edge of the river plume (Zhou et al, 2017;
Shi et al., 2019). Therefore, LES is an ideal tool for investigating
the dominant turbulent generation mechanism in stratified flows
at high Reynolds number. In addition, the LES model can
provide insights into the key parameters controlling KH billow
properties, including the size, frequency, and propagation speed,
when shear instability occurs.

In this study, a high-resolution LES model is implemented
to explain the evolution of breaking lee waves in space and
time and the resulting instabilities at high Reynolds number.
The effect of density stratification on the strength and
characteristics of turbulence is explored using a vertical grid
resolution smaller than the Ozmidov length scale (o, = £N7,
where € is the TKE dissipation rate, and N is the buoyancy
frequency) representing the outer scale of turbulence. The
model governing equation and the model setup are described
in Section 2. Model results are discussed in Section 3. A
comparison with field measurements of acoustical backscatter
intensity, acoustic Doppler current profiler (ADCP) velocity
profiles, and conductivity-temperature-depth (CTD) profiles
behind a topographic ridge along the route of the Kuroshio is
discussed in Section 4. Finally, model experiments based on
different upstream velocities, background stratifications, and
topography structures are discussed to understand better the
key parameters controlling the nonlinear mechanisms dictating
turbulent generation and dissipation processes of flow-
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topography interactions at high-Re flows. The dependence of
the vertical mixing enhancement on the scale of shear
instabilities will be discussed.

NUMERICAL MODEL

Governing Equation

In this study, the computational fluid dynamics (CFD) model
OpenFOAM (Weller et al., 1998) is applied to investigate
dominant mechanisms that control the variations in the
strength and spatial/temporal scales of shear instabilities in
stratified shear flow at high Reynolds number. The effect of
density stratification on shear instability-induced turbulence is
explored using LES models that resolve the unsteadiness of large-
scale turbulent motions and parameterize subgrid turbulent
motions at smaller scales. Turbulence generation mechanisms
such as shear instabilities and convective instabilities are resolved
using LES models with fine grid resolution (the vertical grid size
is smaller than the Ozmidov scale). The governing equations for
the LES model are:

Ju; _
% =0
du; , dwy 1 9p , I
_t+ an = _E_Xi+a_xj+63i(xsg’ (1)

where u; is the i-th component of the resolved velocity, p is the
resolved dynamic pressure, 7 is the sum of the viscous stress and
Reynolds stress, d3; is the Kronecker delta, and the coefficient o =
(p-po)/spop, in which p is the density of the fluid with a given
tracer concentration s, and pj is the background density. When
the density variation caused by tracer s is small, the Boussinesq
approximation can be applied and a linear relation between the
density p and tracer concentration s is p = py (1 + o). In the
momentum equation [the second equation in (1)], the last term
represents the density stratification Apg/p, by the scalar tracer s,
where Ap is the density difference between the top and bottom
boundary. The third equation in (1) is the tracer transport
equation for any conservative tracer s such as salinity or
temperature where x is the sum of the molecular diffusion
coefficient and the subgrid diffusion coefficient.

In LES models, the turbulent stress term represents the
momentum flux in the small-scale processes occurring at
length scales that the computational grid cannot adequately
resolve. We implemented the wall-adapting local eddy viscosity
(WALE) subgrid closure model. The stress term is given by:

Tij = 2(V + Vt)Si)-, (2)

where v is the kinematic viscosity of the fluid, v, is the eddy
viscosity given by Ducros et al. (1998), and Sj; is the strain rate
tensor of the resolved large scale, expressed as

v, = A (8385)3/2
=

(3)
s 5/2 d od\5/4
(8;53)°% + (S38H*,

with
A =C, VI,

Si=1 (g3 +83) - L dijgio )
duy;
8ij = 3x,>
where C,, = 0.325 is a constant and V, is the volume of the
grid cell.

Model Setup

Observations behind a topographic ridge along the route of the
Kuroshio demonstrate trains of shear instabilities characterized
by strong shear flows and density gradients (Chang et al., 2016;
Tsutsumi et al., 2017). Applying the Buckingham w theorem,
the key dimensionless parameters for the system can be
determined as

Yeos=t (5)

where Re is the Reynolds number, U, is the freestream velocity of
the layer, ¢ is the width of the shear zone, and v is the kinematic
viscosity of the fluid. Ri is the gradient Richardson number with

- %% with g being the gravitational

acceleration constant, and p being the potential density. The
gradient Richardson number defined here is the ratio of the
buoyancy term (represented by N°) to the mean vertical shear
term G* = (9,U)? + (9,V)* The Fr is the internal Froude number
for a given seamount height H. The Froude number Fr defined in
this study is the inverse of the Long number (Aguilar and
Sutherland, 2006) or the steepness parameter (Nikurashin and
Ferrari, 2010a). S is the steepness of the topographic ridge
defined by the ratio of the height of a given seamount H and
the corresponding width L.

Field observations along the route of Kuroshio indicate that
strong currents are confined to the upper layers and rapidly
weaken toward 400-m depth (Taniguchi et al., 2013; Jan et al,,
2015). Therefore, the vertical length in the model domain is
scaled down from 400 m to 100 m. Field measurements indicate
that the maximum Kuroshio flow velocity, ranging between
0.5 m s’ and 1.2 m s, is modulated by tidal flows and
internal waves. The tidally induced flow is weaker than the
Kuroshio flow so that the flow direction is relatively steady,
and total flow reversal does not occur (Chang et al., 2013). The
freestream velocity at top the shear zone in the model inflow
boundary is prescribed as U, =0.125-0.3 m s™, corresponding to
one-fourth of the maximum observed flow velocity ranging
between 0.5 m s and 1.2 m s\,

The best available bathymetry data have a relatively low
resolution for resolving the small-scale variations in
topographic ridges. Therefore, similar to the approach used in
previous studies (Klymak and Legg, 2010; Winters and Armi,
2012; Winters and Armi, 2014; Dossmann et al., 2016), the three-
dimensional simulation was conducted over a two-dimensional
topographic ridge parameterized by a Gaussian function:

buoyancy frequency N =
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2
z = Hexp <— ﬂ) , (6)

L2

where x, is the center location of a topographic ridge, and L is the
horizontal length scale.

In this study, a scaled-down turbulence resolving simulation
was carried out in which both the length scale and velocity scale
were chosen as one-fourth of the field conditions adapted to the
constraint of the model grid resolution. The Ozmidov length
scale can be estimated as L,, = \/&/N? = O(1m) where ¢ is the
TKE dissipation rate estimated by the Thorpe scale (Chang et al.,
2016) and direct turbulence measurements (Tsutsumi et al.,
2017). Therefore, a vertical grid resolution of 0.4 m is used in
the model, which is smaller than the Ozmidov length scale. The
simulation domain is a straight channel with a Gaussian
seamount, in which the topographic ridge height from the
bottom of the shear zone is scaled down from 200 m to 50 m
and the horizontal length scale of the topographic ridge is scaled
down from 800-1200 m to 200-300 m (Figure 1). The model is
designed to keep the above nondimensional parameters the same
as the field observations such that the resulting shear layer
characteristics and shear instabilities are similar to the field
observations. Initially, the background density field is
prescribed by a linear function such that the buoyancy
frequency is the same as the field observation. The shear rate
and the time scale (calculated as the length scale divided by the

velocity scale) is kept the same as the field observation because
both the velocity and length scales are scaled by one-fourth. The
density variation is therefore also scaled by one-fourth to have
the same gradient Richardson number. The friction factor does
not change significantly due to the scaling in the fully developed
turbulent, high Reynolds number (Re~0O(10°%)) flow (Moody,
1944). In the present model simulation, a linear velocity profile
u(z) = Gz is prescribed at the inflow boundary. The maximum
velocity of Uy = 0.125-0.3 m s is located at the top, and the
velocity is zero at the bottom (the vertical length in the model
domain is 100 m), which gives a constant shear rate G. For
example, Uy = 0.125 m s gives G = 1.25 x 107 s°". Since the
velocity and length are scaled-down by one-fourth, the velocity

gradient is kept the same.
The free-slip boundary condition is used at the top and the

bottom. The symmetric boundary condition is used for the two
lateral boundaries, in which the velocity normal to the
boundaries, and the gradients of density and velocity parallel
to the wall are set to be zero. The outflow boundary condition is a
mixed boundary condition. When the fluid flows out of the
domain at the boundary, the velocity gradient is set to zero.
When the fluid flows into the domain, the flow velocity is set to
zero so there is no back flow at the outflow boundary. Initially,
the background density is stably stratified with a linear
distribution of density based on the observed buoyancy
frequency N = 0.014-0.018 s (Table 1). Therefore, the Froude

A
Free Slip Boundary
= o]
= B
2 5
o 3
=) 2]
= o
3 il =
3 Shear Instability 32
Q
2
Densit i :
; ¥ Velovuty Free Slip Boundary
Profile Profile
B
Inflow
boundary
outflow
1" boundary
symmetric boundary T
Free slip
FIGURE 1 | (A) Model setup (B) A sketch of the computational domain. The inflow boundary condition implemented at the left and the outflow boundary condition
at the right. A linear velocity profile is prescribed at the inflow boundary with the maximum velocity at the top and the minimum velocity at the bottom with a constant
shear rate. Initially, the flow is stably stratified with a linear distribution of the density profile. The free-slip boundary condition is used at the top and the bottom.
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TABLE 1 | In this study, model experiments with different intensities of shear flows and background stratification are conducted over narrow to wide ridges.

Flow property
Case A U=02ms"
N=0.016s"
Case B U=03ms"
N=0016s"
Case C U=02ms"
N=0016s"
Case D U=03ms"
N=0016s"
Case E U=0.15ms"
N=0016s"
Case F U=02ms’"'
N=0018s"
Case G U=02ms"
N=0014s"

Geometry Fr/Fr,
H=50m Fr=0.250
L=300m Fr =0.042
H=50m Fr=0.375
L =300m Fr =0.063
H=50m Fr=0.250
L=200m Fr =0.063
H=50m Fr=0.375
L=200m Fr =0.094
H=50m Fr=0.188
L=200m Fr =0.047
H=50m Fr=0.222
L=200m Fr =0.056
H=50m Fr=0.286
L=200m Fr =0.071

The internal Froude number Fr = % ranges between 0.188-0.375, and the lateral Froude number Fr, = % ranges between 0.047-0.083.

number of this study falls within the regime three of the regime
diagram for lee waves in Legg (2021), suggesting the occurrences
of blocking, hydraulic control, and lee wave saturation. Rotation
effects set the lower bound frequency for internal lee wave and
determine the internal wave ray propagation and critical layer.
Therefore, rotation effects could also be important for inertial
instabilities. When flow bifurcation occurs for Froude numbers
below the critical value (see Figure 1 from Perfect et al., 2020a),
the top of the topography forms a region where the flow goes
over the topographic ridge, hereafter referred to as the “cap”. The
flow over the cap is associated with the generation of internal lee
waves (Voisin, 1991). When flow bifurcation occurs, the scale of
internal lee waves and the resulting shear instabilities on the top
of the topography is controlled by the corresponding width to the
bifurcation cap when L<lkm and the velocity of Kuroshio
Uy =05- 12 m s in our study site. The effect of the Coriolis
force on the scale of internal lee waves and the resulting shear
instabilities is less significant due to a relatively large Rossby
number (R, = %) ~ O(10). The Burger number (Bu = %) ~
O(10) is greater than 1 so rotational effects are less significant
comparing to stratification.

We used a body-fitting structured grid with uniform cells in
each direction. The length of the computational domain is 2 km
in the streamwise direction and 100 m in the spanwise direction,
with a horizontal grid resolution of 1.25 m. The height of the
computational domain in the vertical direction is 100 m with a
vertical grid resolution of 0.4 m away from the topographic ridge.
The smallest grid cells were at the peak of the ridge, which was
0.2 m, leading to the total number of grid points is 3.2 x 10’.
A second-order TVD scheme was chosen for spatial
discretization, and the first-order Euler method was used for
time marching. A fixed time step was chosen for each case based
on the CFL condition (CFL < 0.5). All simulations were first run
for 20,000 to 30,000 seconds (simulation time) to ensure that the
flow reached a quasi-steady state. After the initial spin-up, each
simulation was continued for another 20,000 seconds to obtain
data for analysis.

The CFD model OpenFOAM has been validated with water
tank experiments (Stiperski et al., 2017) in the stratified flow over
Gaussian-shaped obstacles in a water flume in which the given
salinity controlled the flow stratification. In recent years, many
prior studies of internal waves (Eiff and Bonneton, 2000) and
flow-topography interactions (Lacaze et al., 2013; Dossmann
et al, 2014) have been carried out in this facility in the
geophysical fluid dynamics laboratory in Toulouse, France.
The size of the flume is 22 m long, 1 m high, and 3 m wide.
The model is able to reproduce the horizontal and vertical
scales of trapped lee waves (Figure 2A), long waves
(Figure 2B), and hydraulic jump (Figure 2C) observed in the
laboratory experiment.

THE TKE AND TRACER
VARIANCE EQUATION

For any conservative tracer s and velocity u;, the ensemble-mean
and fluctuating components could be decomposed through
Reynolds decomposition:

s= (s)+s anduj:(uj)+u; (7)

We assume incompressible flow and denote the ensemble-
averaged tracer as (s) with the mean of the fluctuation
vanishing (s') and (uj')=0.

TKE can be produced by shear flow or bottom friction,
transferred through the process of turbulence energy cascade,
and dissipated by viscous forces at the Kolmogorov scale. The
process of production, transport and dissipation of TKE is
expressed as:

ok ok 1 oup 19(wuu) Pk
a9y T T ey 2 ax Vae @
NG du;du;. g,
<uiuj>axj v<6xjaxj> pg<pui>83i
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FIGURE 2 | The numerical model is validated with water tank experiments (Stiperski et al., 2017) in the stratified flow over a two dimensional Gaussian-shaped obstacle
in a water flume in which the given salinity controlled the flow stratification. Model simulations (the left panels) show that the numerical model is able to reproduce the
horizontal and vertical scales of (A) trapped lee waves, (B) long waves, and (C) hydraulic jump observed in the laboratory experiment (the right panels).

where k is the TKE, which is defined as one half of the sum of the
velocity variance, with time ¢ and the spatial coordinates x; (x; =
X, east westward, x, = y, north southward, and x; = z, up
downward). The first term on the right-hand side (RHS)
represents the pressure diffusion, the second term represents
the turbulent transport, the third term represents molecular
viscous transport, the fourth term represents turbulent
production, the fifth term represents the turbulent dissipation,
and the last term represents the buoyancy distraction.

In addition, the mass conservation can be described by the
advection-diffusion equation for conservative tracer s without
interior sinks or sources:

ds 9s 9%s

a-l—llja—xj—Ksm:O, (9)

By applying several physically motivated mathematical rules
(Pope, 2000), the conservation equation for the mean density
(s) could also be derived as:

a(s) , a<s)+a<u§s/>_ 3 (s) _

ot "%y T Ty S Tan

0, (10)

and a dynamic equation for the density variance (s) could be
written as:

a(s?) 9 vy (s?)
ast o () (s2)+(us?) -k, asxj
= 2y S gy (208 (ay

s<_ >)

where k; is the turbulent tracer eddy diffusivity and the first term
on the RHS represents the density variance production, and the
last term represents the density variance dissipation. The density
variance equation, in which the time change rate of density
variance is modulated by the interplay of density variance
production and dissipation due to microstructure shear,
provides a mean for quantifying the contributions of turbulent
generation and dissipation to the mixing processes of the
conservative tracer such as salinity, nutrient, or other biological
properties (Pope, 2000; Burchard and Rennau, 2008; MacCready
et al., 2018).

MODEL RESULTS

Lee Wave Breaking, Shear Instabilities,
and Irreversible Mixing

The present numerical simulation with a spatial resolution close
to the Ozmidov length scale successfully simulated three-
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dimensional turbulent coherent structures behind the
topographic ridge. Figures 3, 4 show an example of the model
results with the internal Froude number, Fr = 0.25. The
freestream velocity on the top of the shear zone in the model
inflow boundary is given as Uy =0.2 m s', corresponding to the
should delete max observed flow velocity of 0.8 m s'. When the
energy flux ceases to increase due to topographic blocking
effects, the saturated energy flux leads to the critical Froude
number, Fr, = 1 (Nikurashin and Ferrari, 2010b). A Froude
number smaller than 1 implies downstream nonlinear internal
lee waves and the blocking of flow upstream of the topography
(Drazin, 1961; Aguilar and Sutherland, 2006; Winters and Armi,
2012). Figure 3A shows a snapshot of the simulation results of
strong shear causing lee wave breaking and isopycnal heaving
due to the involvement of irregular turbulent perturbations.
Similar to the model results, the shipboard observation of echo
sounder image also shows that the occurrence of lee waves and
irregular oscillations in the lee of the topographic ridge
(Figure 3B). The two-dimensional rollers and three-
dimensional rib structures are shown in Figure 3C using the
Q-method (Jeong and Hussain, 1995). At a high Reynolds
number, shear instabilities evolve into turbulent coherent
structures and break into smaller structures with local
irregularities in terms of shapes and intensities.

Figure 4A shows the simulated instantaneous velocity model
results along the spanwise direction’s central transect. An
accelerated jet-like layer formed over the ridge crest, and

Irregular
turbulent
Lee waves perturbations

FIGURE 3 | (A) A schematic diagram shows the process of lee wave breaking and irregular turbulent perturbations in the lee of the topographic ridge. The color
shows normalized density (p — po)/Ap, where Ap is the density difference between the top and bottom boundary and pq is the background density [see the color
legend in (C)]. (B) The shipboard observation of echo sounder intensity shows that the occurrence of lee waves and irregular oscillations in the lee of the topographic
ridge. (C) Model results of KH billows-like structures. The coherent structures associated with shear instabilities are visualized by Q-method (Jeong and Hussain,

1995). The vertical coordinate is scale up five times for the visualization purpose.

strong flow shear was induced in the boundary layer as the jet
accelerated. The enhanced vertical shear and the return flow at
the Z = 0-50 m (opposing the mean flow shown in blue in
Figure 4A) appear downstream of the topography.
Consequently, the strong shear flow between the jet and return
flow leads to instabilities and mixing of the stratification
(Figure 4B). The entrainment of denser fluid driven by shear-
induced turbulent processes leads to an increase in the mixing
layer thickness (Baines and Hoinka, 1985; Best, 2005; Talke et al.,
2010; Klymak and Legg, 2010; Winters and Armi, 2013; Winters
and Armi, 2014). The gradient Richardson number Ri; = ‘g—j is
computed to help identify the presence of shear instabilities
(Figure 4C). The model results show that shear instabilities
characterized by Ri, < 0.25 occur below the interface of the lee
wave (Farmer and Armi, 1999; Eiff and Bonneton, 2000). The
vertical flow shear overcomes the stratification leading to
Rig < 0.25 and initializes the generation of instabilities with
strong spanwise vorticity (vortex rollers) near topography

(strong blue color shown in Figure 4D).

The model result based on the three-dimensional topography
parameterized by a Gaussian function z = Hexp(— W’Q)ZLM ) is
also discussed and compared with the results based on the
simulations over two-dimensional topography shown in the above
section. The return flow and lee wave generation are relatively
weaker on the downstream side of the three-dimensional
topography because of the flow splitting around the topographic
ridge (Figure 5A). Model results show that the entrainment of
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denser fluid drives the mixing layer. An example of the entrainment
of the denser fluid from the lower layer to the upper layer of the
water column could be clearly seen between x=700-800 m in
Figures 4B and 5B. The mixing layer thickness indicated by the
normalized density between 0.6 and 0.8 (the minimum and
maximum value of the contour line) shows that the mixing layer
thickness behind the two-dimensional topography (Figure 4B) is
greater/thicker than that behind the three-dimensional topography
(Figure 5B). The major difference between the model result based
on the three-dimensional topography and the two-dimensional
topography is the flow separation around the topography.
Because deep flow does not go over the top of the three-
dimensional topography, the effective topography height is
smaller and the lee wave generation is weaker. In addition to
breaking lee waves and shear instabilities shown in the X-Z plane,
the turbulent wake is another process to generate horizontal
instabilities in the X-Y plane (Figure 5C). The normalized density
at z= 50 m in the X-Y plane is around 0.7, and is up to 0.8 at the side
of the turbulent wake. The lighter fluid from the upper layer could
be clearly seen along the central transect where the normalized
density is as low as 0.3 (indicated by the black dash line in

X(m)

FIGURE 4 | Model simulations (Fr=0.25) of (A) streamwise velocity at the central transect of the spanwise direction, (B) normalized density (p — po)/Ap, where Ap is
the density difference between the top and bottom boundary and pg is the background density, (C) the gradient Richardson number calculated based on the
spanwise averaged density gradient and velocity gradient (the spanwise averaged normalized density is shown as contour lines), and (D) the instantaneous spanwise
vorticity w_y=0_z U+d_x W (the instantaneous normalized density is shown as contour lines). The two-dimensional topography is parameterized by a Gaussian

Figure 5C). It is noted that the focus of this study is the vertical
mixing enhancement generated by lee wave breaking and shear
instabilities along the central transect. Therefore, the three-
dimensional simulation shown earlier in Figure 4 was conducted
over a two-dimensional topographic ridge with different ambient
conditions, similar to the approach used for simulating flow over the
west ridge of Luzon Strait (Jalali and Sarkar, 2017). The model result
shows the snapshot of the simulated shear instabilities, which evolve
into turbulent coherent structures and break into smaller structures
with local irregularities in terms of shapes and intensities
(Figure 3C). Horseshore vortex can be clearly identified, which
characterizes the shear layer and is the main vortex structure. The
vortex structure altering by different simulation parameters is
analyzed by the characteristics of the turbulent shear layer in the
next section.

The Simulated and Observed Core-Braid
Structure of Shear Instabilities

The simulated time series of coherent structures behind the
topographic ridge are further discussed with field observations.
Figure 6 shows the observed echo intensity measured behind a
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FIGURE 5 | Model simulations (Fr=0.25) of (A) streamwise velocity at the central transect of the spanwise direction, (B) normalized density (p — po)/Ap, where Ap is
the density difference between the top and bottom boundary and pg is the background density, and (C) the plane view of normalized density at z= 50m. The yellow
dashed line indicates the central transect in the spanwise direction. The three-dimensional topography is parameterized by a Gaussian function.
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topographic ridge along the route of the Kuroshio by a 120 kHz
shipboard echo sounder (Figure 6A), density obtained from
CTD profiling, velocity profiles obtained from a 150 kHz ADCP,
and the gradient Richardson number, which provides a rough
indication of shear instabilities (Figure 6B). The scattering of
sound waves caused by the presence of a strong density gradient
indicates that inclined, asymmetric, cusp-like bands form the
temporal distribution of sound waves (Lavery et al., 2013; Chang
et al., 2016). These patterns are different from the symmetric
structure caused by an inflection point where a change in the
horizontal velocity direction occurs at the middle of the water
column (Chang et al., 2016). Figure 7A shows the observed time
averaged density profile (red, original profile) and the density
profile reordered as a function of depth (blue, reordered profile);
Figure 7B shows the time averaged flow shear G (red) and
buoyancy frequency N* (blue). The gradient Richardson number
falls between 0.2 and 0.25 at depths below the cusp-like band
(depth< -140 m, indicated by the white dashed line in
Figure 6A). The regime below the cusp-like band satisfies the
condition of shear instability with Ri, < 0.25, overlapping with
the locations of density overturns (comparing the original and
re-ordered density profiles in Figure 7A).

Previous literature shows that the distributions of the density
variance dissipation rate clearly indicates that the mixing of
tracer occurs exclusively in the braids of shear instabilities (Geyer
et al., 2010). Therefore, the temporal distribution of the density
variance dissipation [the second term of the RHS in the Equation
(11)] provides a means to visualize the structure of shear
instabilities and the resulting turbulent mixing. The simulated
density variance dissipation at location x=800m (see Figure 4 for
the location) is compared with the temporal variation of
acoustical backscatter intensity (see Figure 8). The observed
echo intensity (Figure 8A) and the simulated density variance
dissipation (Figure 8B) are considerably elevated in the braid
mixing zone of shear instabilities with a specific period of 10 to
15 minutes (‘M-B’ indicates the location of the braid and the
white circle indicates the core of shear instabilities in Figure 8).
Correspondingly, each inclined cusp-like pattern has a
horizontal length scale of 200 m and a vertical scale of 100 m.
The vertical length scale of each inclined cusp-like pattern is
nearly half of the vertical length scale of the internal lee wave
(Klymak et al., 2010), but the wavelength is consistent with
instabilities originating from a shear-layer based on the linear
stability theory (Hazel, 1972). Therefore, the observed echo
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Ri;=0.25) in the lee of a topographic ridge near the Green Island along the route of the Kuroshio. Observations were taken between (A) 03/22/2012 06:22:23-
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profiles, and the gradient Richardson number in the Connecticut River, USA. The figure is adopted from Geyer et al. (2010).

intensity and the simulated density variance dissipation in the lee
of a topographic ridge are relevant to KH billows-like structures
of shear instabilities.

Figures 6C and D shows another example of the observed
echo intensity, density profiles, and velocity profiles. The
temporal variations in acoustic backscatter intensity exhibit a
specific period of 5 to 8 minutes. The regimes with Ri, < 0.25
overlap with the locations of density overturns (comparing the
original and re-ordered density profiles in Figure 7C). The
vertical flow shear is greater than the buoyancy frequency at
depths greater than 130 m (Figure 7D). The pattern of the
observed echo intensity is similar to previous field observations
in the inner transect at the mouth of the Connecticut River,
where strong shear flow is generated by the interaction of tidal
currents and river plumes (Geyer et al., 2010). Strong density
anomaly variance occurs mainly along the braids of shear
instabilities indicated by high acoustic backscatter intensity
(Figures 6E, F). The mixing zones appear more extensively in

the upper limb of the braid due to the stronger vertical shear
induced by the greater relative velocity in the upper
water column.

DISCUSSION

Echo sounder images from shipboard observations suggest that
both horizontal and vertical distribution of oscillation patterns
could be modulated by the ambient conditions. For example, the
horizontal scale of the braid shown in Figure 6C is smaller than
the one shown in Figure 6A possibly due to the stronger shear
rate (the maximum value of the red curve in Figure 7D is greater
than that in Figure 7B). In this study, model experiments with
different inflow velocities and background stratification is further
discussed in this section. Prior laboratory experiments showed
that the boundary layer separation and the source for turbulence
generation downstream of the topographic ridge depend strongly
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The blue dash line separates the cusp-like band and the core of shear instabiliies (indicated by white circles in Figure 5A) with Ri;<0.25. (C) the left panel: the observed
time averaged density profile; (D) the right panel: the time averaged flow shear and buoyancy frequency between 03/22/2012 09:13:43-09:43:43AM.

on the shape of the topography (Aguilar and Sutherland, 2006). In
this study, numerical are conducted over narrow and wide ridges.
The internal Froude number (F_r = Uo/NH) ranges between
0.188-0.375 and the lateral Froude number Fr_L=Uo/NL ranges
between 0.047-0.094, where L is the width of the ridge (Table 1).

The Effect of the Ridge Geometry on
Vertical Mixing Enhancement

The model result used to compare with the observed core-braid
structure of shear instabilities is Case C with Fr = 0.25 and Fr; =
0.063. The core of shear instabilities with Ri; <0.25 is shown as
white dashed circles under the braids of shear instabilities with
the strong density variance dissipation (Figures 8B, 9). The high-
density variance dissipation rate [up to 0(107* sY] are
exclusively localized to the cusp-like band with a period of 10-
15 minutes. The effect of the internal Froude number on down-
stream nonlinear internal lee-waves has been discussed in
previous studies (Drazin, 1961; Aguilar and Sutherland, 2006;
Winters and Armi, 2012; Dossmann et al., 2016; Perfect et al.,
2020b). In this section, the effect of the lateral Froude number on
down-stream conditions is discussed based on numerical
experiments over a wide and narrow ridge. Figures 9, 10 show

the model results of flow shear, TKE dissipation, density variance
dissipation, and eddy diffusivity of Case C and A at location
x=800 m (see Figure 4 for the location). Model results over a
relatively wide ridge show that the shear instabilities have a
period of 20-30 minutes (Case A with Fr = 0.25 and Fr; = 0.043,
Figures 10A). In addition to the changes in period and the
horizontal length scale of shear instabilities, the thickness of the
mixing layer (indicated by the stronger density variance shown
in Figure 12A) also decreases in the case with the milder
geometric slope. The TKE dissipation rate of Case C is up to
10° m* s~ (Figure 9C) and the TKE dissipation rate of Case A is
in the order of 107 m* s (Figure 10C). Although regimes of
Rig > 0.25 are found above z = 70 m in both cases, it is noted that
the density variance dissipation of Case A is an order of
magnitude smaller than the density variance dissipation of
Case C (see Figures 9D and Figure 10D). Correspondingly,
the vertical eddy viscosity is heterogeneously distributed over the
water depth and the estimated eddy diftusivity of Case A is up to
k=107 m*s™', which is an order of magnitude smaller than the
estimated eddy diffusivity of Case C (see Figures 9E and
Figure 10E). The model results show that the vertical mixing
enhancement due to flow topography interactions could be ten
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FIGURE 8 | (A) The observed echo intensity. ‘M-B’ indicates the location of the braid mixing zone and white circles indicate the core of shear instabilities.
Observations were taken between 03/22/2012 06:22:23-06:52:23AM. In the x axis t=0 is set as 03/22/2012 06:22:23. (B) The patterns of the simulated density

times weaker when the flow goes over a relatively milder ridge
and Fr; decreases from 0.063 to 0.043.

The Intensity of Shear Flows on Vertical
Mixing Enhancement

In this section, model experiments with different inflow velocities
are discussed to characterize the intensity of turbulent mixing due
to shear instabilities. The freestream velocity on the top of the shear
zone is given as Uj = 0.125-0.3 m s, corresponding to the
maximum observed flow velocity ranging from 0.5 m s to 1.2
m s, which represents the velocity of Kuroshio flow modulated by
diurnal and semidiurnal tides and internal waves. Model results
indicate that shear instabilities do not occur when the lower free
stream velocity (Up = 0.15 m 5!, Case E, with Fr = 0.188 and Fr; =
0.047) is given in the inflow boundary. As the shear flow increases
to 0.3 m s, the simulated shear instabilities have a shorter period
of 5 minutes (Case B, with Fr = 0.375 and Fr; = 0.063, Figure 11).
A diagram including the density variance of Cases A-C further
indicates that the period of shear instabilities and the thickness of
mixing layer is relevant to Fr or Fr; (Figures 12A), and the braid
mixing zone with a high TKE dissipation rate appears more
frequently while the flow shear increases. The resulting depth-
averaged density variance dissipation rate of Case B (U, = 0.3 ms™)
is greater than O(10° s ') and the estimated eddy diffusivity k, is up
to 107 m” s™', which is one order magnitude greater than that of
Case A (Uy = 02 m s, Figure 11). A diagram including model
results of the depth-averaged mixing rate (the depth-averaged TKE

dissipation rate and density variance dissipation rate) of Case A-G is
summarized in Figure 13. Each dot represents the depth-averaged
TKE dissipation rate or the density variance dissipation rate based
on 30-minute average profiles at location x=800 m (see Figure 4 for
the location). The lowest depth-averaged TKE dissipation rate is
shown in Case A (O(107 m? s7%)) with Fr;=0.024, and the highest
mixing rate is shown in Case D (0(10”° m? s7%)) with Fr;=0.094. The
Frp values are the same for Case B and Case C, but the depth-
averaged TKE dissipation rate of Case B (U, = 0.3 m s') is slightly
higher. The model results indicate that the depth-averaged TKE
dissipation rate ranges between 0107 m? s?) and O(10° m? s3)
and increases with the strength of shear flows.

The Effect of Background Stratification

Variability on Vertical Mixing Enhancement
Previous studies in the upper equatorial ocean show that the
period of shear instabilities depends on to the buoyancy
frequency (Smyth and Moum, 2012). The laboratory study at
moderate Reynolds number also shows that fluid parcels oscillate
at the buoyancy frequency after passing over the ridge and strong
mixing is generated during the buoyancy period (Klymak and
Legg, 2010; Dossmann et al., 2016). In this section, numerical
experiments with different background stratifications (Cases G,
C, and F, N=0.014, 0.016, and 0.018 s™' based on CTD
measurements) are conducted to understand the effect of
baroclinic variability on the observed temporal and spatial
scales of shear instabilities induced by the flow-topography
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interaction. The diagram including Cases A-G indicates that the
thickness of the mixing layer is proportional to Fr; (Figure 12B)
and the period of shear instabilities is inversely proportional to
the given Fr; (Figure 12C). The depth averaged mixing rate
slightly increases in the case with a lower buoyancy frequency
(Case G, N=0.014 s™' Figures 13A, B). Generally the depth-
averaged TKE dissipation rate and the normalized density
variance dissipation rate increase with Fr;. However, the
estimated eddy diffusivity (k; = 10° m* s™') and the resulting
mixing are on the same order of magnitude among the cases with
different buoyancy frequencies. Model results indicate that the
period of shear instabilities is not only relevant to the
background stratification, as shown in previous literature but
also relevant the ridge geometry and the intensity of the flow
shear. The estimated eddy diffusivity and the resulting mixing are
more sensitive to the intensity of the flow shear than the
variation in density gradients in the stratified background.

Comparison with Model Parameterization
of Eddy Diffusivity

Studying the nonlinear process of lee waves and the evolution of
shear instabilities is crucial in understanding the turbulent process
and of key interest in developing mixing parameterizations for
ocean circulations and scalar transport models. Proper
parameterization of small-scale physical processes, such as shear
instabilities, is required in large-scale ocean circulation models
with a horizontal grid resolution of kilometer scale. For example,
in the vertical diffusivity in the Regional Ocean Modeling System
(ROMS), the shear-generated mixing term is parameterized by a
stability function of local buoyancy and flow shears. The viscosity
coefficient is estimated by adding the effects of internal wave-
generated mixing and shear mixing (Large et al., 1994).

v=y" 4yt (12)
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where the eddy diffusivity due to the internal wave-generated
mixing term v is 10°m” s™ is estimated based on the data of
Ledwell et al. (1993). The shear mixing term v is calculated
using a gradient Richardson number formulation with viscosity
estimated as:

Vo Rig <0
sh _ . o213 . .
= Vo [1 — (Rig/Rig) } 0 <Riy <Rip ~ (13)
0 Rig > Rig

where v, is 0.005 m* s™', Riy =0.7. The maximum of v =0.005
m” s' can be obtained when shear instability occurs and
Riz<0.25. Therefore, the maximum eddy diffusivity with the
combination of internal wave and shear instability generated
mixing is O(10 m* '), which is one to two orders of magnitude
smaller than the observed eddy diffusivity under flow-
topography interaction along the Kuroshio (Chang et al., 2016;

Tsutsumi et al., 2017).
More recently, Klymak and Legg (2010) proposed eddy

diffusivities related to the combination of the Ozmidov relation

and the Osborn relation. Observational evidence indicates that
the size of convectively unstable vertical displacements in a
turbulent patch Ly is approximately equivalent to the Ozmidov
scale (Lt = Lo) (Dillon, 1982; Wesson and Gregg, 1994; Moum,
1996). The Osborn relation related to the strength of the
dissipation to the vertical eddy diffusivity is:

v=TEN" (14)

where the Ozmidov scale that defines the scale of turbulence
overturning can be defined as:

e=LiN? (15)
Combining (14) and (15), the vertical diffusivity can be estimated as:

v=TLiN (16)

where I'=0.2 and L, is the size of the density overturns. Based on
Equation (16), the estimation of vertical diffusivity due to
internal wave-generated mixing is O(102 m? s™'), which
corresponds to the eddy diffusivity estimated based on the field
observation under flow topography interactions along the
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Kuroshio. However, the dependence of eddy diffusivities on the
intensity of flow shears and the ridge geometry is not considered in
the existing model parameterization. Our study shows that high
turbulence with vertical diffusivity up to O(10* m*s™!) is populated
primarily along the braids of shear instabilities with a specific period
of 5 minutes (Figure 11E). The thickness of the mixing layer and the
period of shear instabilities are modulated by the flow shear,
background stratification, and ridge geometry. The difference in
depth-averaged mixing rates can be up to two orders of magnitude.
Therefore, it is suggested that the dependency of vertical mixing
enhancement on Fry should be further considered in estimating the
enhancement of eddy diffusivities and TKE dissipation rates under
the circumstance of lee wave breaking.

CONCLUDING REMARKS

In this study, the CFD model OpenFOAM with LES turbulent
closure is applied to investigate dominant mechanisms that
control the spatial and temporal scales and intensities of shear
instabilities and resulting mixing in the stratified shear flow at

high Reynolds numbers. The model successfully reproduced the
bulk properties of shear instabilities at high Reynolds numbers
using a model spatial resolution close to the Ozmidov length
scale. Both the observed echo intensity and model results of
density variance dissipation show the spatial evolution of
oscillations formed by inclined, asymmetric, cusp-like bands
with high mixing in the braid. Strong mixing is located in the
braids of shear instabilities above the core region with a greater
Richardson number. These features have not been investigated in
previous modeling and experimental studies at lower
Reynolds numbers.

Observations under different ambient conditions conjecture
that the frequency of shear instabilities and the elevated vertical
mixing enhancement are modulated by inflow velocities and
bouyancy frequencies. Model results show that the estimated
eddy diffusivity and the resulting mixing are more sensitive to the
flow shear rate than the variability of background stratification.
The typical value of TKE dissipation rate in the open ocean is O
(10° m? s) (Munk and Wunsch, 1998) but the depth-averaged
TKE dissipation rate can approach to O(10° m® s) due to flow-
topography interaction (Figure 13). The horizontal scale of shear
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instabilities and the resulting mixing enhancement behind the
seamount are less significant when the shear flow is weaker or
over milder seafloor topography. In contrast, the resulting
mixing enhancement appears more frequently when Fry is
greater. The frequency of mixing enhancement increases when
shear flow becomes more intense or goes over relatively steeper
seafloor topography (Figure 14).

The evolution of shear instabilities is of crucial importance in
understanding the turbulent process and of key interest in
developing mixing parameterizations for ocean circulation and
scalar transport models (Smyth and Moum, 2012).
Conventionally, the vertical diffusivity in the ocean circulation
model is parameterized by a stability function of local buoyancy
and flow shear (Large et al., 1994). The dependence of the eddy
diftusivity on the intensity of flow shear and the ridge geometry is
not considered in the existing model parameterization. The

estimation of the eddy diffusivity coefficient with the
combination of internal wave and shear instability generated
mixing might be one to two order magnitude smaller than the
actual eddy diffusivity under flow-topography interaction,
incapable to capture the field observation of Chang et al. (2016);
Tsutsumi et al. (2017). Our study indicates that the length scale or
the period of shear instabilities are the keys to the mixing
enhancement. Fr; should be further considered under the
circumstance of lee wave breaking dictating turbulent
dissipation processes.
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