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Numerical simulations of sediment resuspension due to shoaling internal bores are performed with a
nonhydrostatic model, SUNTANS. Results show strong sediment resuspension induced by internal bores and a
turbidity layer intruding offshore in the interior of the water column, known as an intermediate nepheloid
layer (INL). Sediment resuspension processes and INLs reproduced in the model are in good agreement with ob-
servational data from Otuschi Bay, Japan. The formation of INLs by shoaling internal waves is explained as fol-
lows: (1) strong receding currents due to a previous run-up bore cause sediment resuspension along the slope,
(2) the interaction of the receding currents and a subsequent run-up bore induce horizontal flow convergence
and strong upward currents, (3) the upward currents lift the suspended sediments into the interior of the
water column, (4) the run-up bore intrudes below the suspended sediments and forms an INL within the
pycnocline. Sediment resuspension processes are also investigated for various internal Iribarren number condi-
tions. The internal Iribarren number represents the ratio of the topographic slope to the internal wave steepness.
In low internal Iribarren number conditions, strong currents near the bottom result in sediment resuspension
and INL formation. In high internal Iribarren number conditions, sediment resuspension is weak, and INLs do
not form.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The coastal ocean is generally known as a region of high biological
productivity due to the presence of sediments, nutrients and organic
materials. Thesematerials can be transported by tidal flows, geostrophic
flows, strong winds, surface waves, or internal waves. Typically, water
with highly concentrated suspended sediments (high turbidity) exists
near the sea surface and in bottom boundary layers. High turbidity sur-
face water is usually formed by buoyant low salinity water from rivers,
while high turbidity bottom water is created by downslope turbidity
currents and sediment resuspension. Suchhigh turbiditywater can con-
tain elevated levels of iron, helping maintaining ocean ecosystems
(Bruland et al., 2001). In addition to near-surface and bottom high-tur-
bidity water, numerous field surveys have reported suspended sedi-
ment layers in the interior of the water column, known as
intermediate nepheloid layers (INLs) (Moum et al., 2002;
McPhee-Shaw, 2006; Masunaga et al., 2015). One of the primary
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mechanisms generating INLs on coastal slopes is locally enhanced tur-
bulent mixing in the bottom boundary layer. Phillips et al. (1986) and
Garrett (1990) reported that locally enhanced mixing and re-stratifica-
tion on the slope causes a convergent flow on the slope leading to an
outflow into the ocean interior. This convergent flow is called a “tertia-
ry” circulation (Garrett, 1990, 1991).

Internal wave breaking is known as a major contributor to bound-
ary-layer mixing on sloping bottoms (e.g., Richards et al., 2013;
Masunaga et al., 2016), and thus to the formation of INLs. Reflections
of linear internal tides generate energy convergence and locally intensi-
fied currents along the slope where the incident wave angle matches
the angle of the bathymetric slope (Cacchione et al., 2002; Van Gastel
et al., 2009). The reflection of internal tides also leads to shoaling inter-
nal waves propagating into shallow areas. Such highly-nonlinear inter-
nal waves are often referred to as “internal bores” or “internal boluses”
(e.g., Helfrich, 1992; Leichter et al., 1996; Walter et al., 2012; Masunaga
et al., 2016). Internal bores induce strong currents and turbulentmixing
in both the interior and the bottom boundary layer (Venayagamoorthy
and Fringer, 2006; VanHaren, 2009;Walter et al., 2012;Masunaga et al.,
2016). Strong sediment resuspension and the presence of INLs has also
been observed during the passage of internal bores on slopes in the field
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(e.g., Van Haren, 2009; Masunaga et al., 2015) and in numerical models
(e.g., Bourgault et al., 2014; Olsthoorn and Stastna, 2014; Arthur and
Fringer, 2016).

Recent studies conducted by Tohoku Ecosystem-Associated Marine
Sciences (TEAMS) revealed strong turbulent mixing and sediment re-
suspension induced by nonlinear internal bores in Otsuchi Bay located
on the Sanriku Coast, Japan (e.g., Masunaga et al., 2015; Masunaga et
al., 2016). The Sanriku Coast consists of numerous bays created by the
partial submergence of river valleys (Fig. 1a–c). Masunaga et al.
(2015) observed highly-nonlinear internal bores accompanied by INLs
in Otsuchi Bay. The internal bores induce a vortex motion at the head
of the bore that lifts sediments as much as 8 m above the bottom. The
suspended sediments intrude into the internalwave's interface, forming
INLs. Internal bores in Otsuchi Bay occur at roughly semidiurnal periods.
However, their timing is not consistentwith sea surface tidal elevations.
The reason for this inconsistency is that background geophysical flows
and stratification conditions modulate the phase speed of the internal
bores. Following Masunaga et al. (2015), Masunaga et al. (2016) ex-
tended the observation area and found strong turbulentmixing induced
by an interaction of a receding bore and a subsequent run-up bore, with
the rate of turbulent kinetic energy dissipation reaching O(10−5)
W kg−1. In addition, Masunaga et al. (2015, 2016) developed a two-di-
mensional numerical model that reproduced basic features of the inter-
nal bores in the bay.

Previous studies revealed strong sediment resuspension, INLs and
turbulent mixing associated with internal bores in Otsuchi Bay. Howev-
er, details of INL formation processes are not fully understood. To fur-
ther investigate the generation of INLs by shoaling internal bores, we
conduct numerical experiments using a fully non-hydrostatic and non-
linear numerical model, the Stanford Unstructured Nonhydrostatic Ter-
rain-following Adaptive Navier-Stokes Simulator (SUNTANS, Fringer et
al., 2006). Several previous studies have used SUNTANS to investigate
the breaking mechanism of internal waves in shallow water (Walter
et al., 2012; Masunaga et al., 2015; Masunaga et al., 2016). Here, using
a similar approach to these studies, we employ two-dimensional SUN-
TANS simulations to examine sediment resuspension and the formation
of INLs due to shoaling internal bores. Section 2 describes the model
Fig. 1.Maps of (a) Japan, (b) the Sanriku Coast and (c) Otsuchi Bay, and (d, e) schematic diagra
(Run#2–Run#6). Four lines shown in panel (c) are observational transects for Fig. 4a–d.
configuration. Section 3 describes sediment resuspension and INL for-
mation due to shoaling internal bores. Section 4 presents sediment re-
suspension by internal bores under various bathymetric slope
conditions. The last section discusses new findings from this study
with major conclusions.

2. Numerical setup

2.1. Governing equations

In order to simplify the numerical computations, we employ a two-
dimensional (x–z) version of SUNTANS to simulate internal wave gen-
eration and breaking processes. SUNTANS solves the Reynolds averaged
Navier-Stokes equations with the Boussinesq approximation,

∂u
∂t

þ u � ∇u¼−
1
ρ0

∇ρ−
g
ρ0

ρ k
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where u is the velocity vector, ν is the eddy viscosity, and subscripts H
and V denote the horizontal and the vertical components of a variable
or operator. Because the model is two-dimensional, the Coriolis force
was not included in themomentum equation. Temperature and salinity
transport equations and the continuity equations are defined as
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∇ � u ¼ 0 ð4Þ

where κ is the eddy diffusivity. The density is computed from tempera-
ture, salinity and pressure using the equation of state defined byMillero
and Poisson (1981). In this study, the Mellor and Yamada level 2.5 tur-
bulent closure model (Mellor and Yamada, 1982) was used to calculate
the eddy-viscosity and eddy-diffusivity. Although a three-dimensional
ms of domains used in (d) the Otsuchi Bay case (Run#1) and (e) idealized slope domains



Table 2
Physical parameters used in the numerical simulations, including the density difference
between the upper and lower layers (Δρ), the velocity amplitude of internal wave forcing
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model is required to fully resolve internal wave breaking processes,
achieving this resolution is computationally expensive. For this reason,
Arthur and Fringer (2014, 2016) showed that a two-dimensional
model generally captures internal wave breaking dynamics and cross-
shore mass transport when compared to a similar three-dimensional
model. In order to limit computational expense in the present study,
we assume that our two-dimensionalmodel is appropriate to reproduce
internal wave breaking dynamics and cross-shore mass transport.

The sediment resuspension model used in this study was developed
by Scheu (2016). The transport equation for suspended sediment in the
model is given by

∂C
∂t

þ ∇ � uCð Þ− ∂
∂z

wSCð Þ ¼ ∇H κH∇HCð Þ þ ∂
∂z

κV
∂C
∂z

� �
; ð5Þ

where C is the suspended sediment concentration andwS is the settling
velocity. The particle settling velocity,wS, for small particles sizes can be
determined with the Stokes' formula

ws ¼ ρs−ρ0ð ÞgD2

18μ
ð6Þ

where ρs is the density of particles,D is the particle diameter and μ is the
dynamic viscosity of water. The sediment erosion rate from the bed into
the bottom cell, Eb, is represented as

Eb ¼ E0 exp αΔτβb
� �

ð7Þ

where E0 is the erodibility, a and β are empirical constants, and Δτb is
the excessive shear stress described as

Δτb ¼ τb−τcr ð8Þ

where τb is the bed shear stress and τcr is the critical shear stress for ero-
sion. Sediment resuspension occur only when Δτb exceeds 0. The bed
shear stress is computed from the following formula

τb ¼ ρCDU
2; ð9Þ

where CD is the drag coefficient and U is the velocity magnitude at the
bottom cell. The drag coefficient can be written as follows using the
log law

CD ¼ k
log z=z0ð Þ

� �2

ð10Þ

where k=0.41 is the von Kármán constant and z0 is the bed roughness
coefficient. The critical shear stress and the bottom roughness are set to
0.03 N m−2 and 5 × 10−5 m respectively, which are reasonable values
for a bed composed primarily of silts (Soulsby, 1997). Numerical
paramaters used in the model are listed in Table 1.
Table 1
Numerical parameters used in the model.

Parameter Value Name of the parameter

z0 5 × 10−5 m Bed roughness
τC 0.03 N m−2 Critical shear stress
ρS 2650 kg m−3

Particle
density

E0 0.1 Erodibility
α 4.5 Empirical constant α
β 1 Empirical constant β
2.2. Numerical grid and initial condition

We use realistic topography representing Otsuchi Bay, Japan, as well
as six idealized topographies (Fig.1, Table 2). Otsuchi Bay is located
along the Sanriku Coast, Japan, and is known to produce highly-nonlin-
ear internal bores during the summer (e.g., Masunaga et al., 2015). Re-
cent studies have also demonstrated sediment resuspension processes
associated with internal bores in the bay (Masunaga et al., 2015;
Masunaga et al., 2016). The bathymetric slope, dz/dx, for the Otsuchi
Bay domain (Run#1) was set at 0.012 for the gradual slope (depth 0–
40 m) and 0.0066 for the steep slope (depth 40–80 m). The bottom in
the bay consists of fine sediment, amixture of silts and sandswith ame-
dian particle size of approximately 0.1 mm at 20m depth (Masunaga et
al., 2015). The viscous sublayer thickness is generally of the order of
1 mm on the sea floor (Caldwell and Chriss, 1979), which is larger
than the size of sediments in Otsuchi Bay. In addition, the viscous
layer thickness estimated with δ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2νðL=cÞp
, where ν is the kinematic

viscosity, L is the wave length and c is the wave propagation speed
(Arthur and Fringer, 2014). For internal bores in Otsuchi Bay, L =
O(10 m) is the length of the vortex core due to internal bores and c =
O(0.1 m s−1), giving δ = O(10 mm). Thus, the bottom of the bay can
be considered hydraulically smooth. We also consider five idealized
cases with uniform slopes that range from 0.005 to 0.04 (Run#2–
Run#6). The domains used for Run#1–Run#6 (both realistic and ideal-
ized slopes) include 10 km of flat topography offshore of the slope with
amaximumdepth of 80m (Fig. 1d,e).We also run themodel with a no-
slope condition in order to investigate physical processes without inter-
nal wave breaking (Run#7). The left boundary is open for the no-slope
case such that waves do not reflect off of the boundary. The numerical
setup follows Masunaga et al. (2015). For all cases, the horizontal and
vertical grid spacing are 20m and 0.56m, respectively, and are constant
throughout the domain. To maintain model stability based on the
Courant condition related to explicit calculation of internal gravity
waves, the time step is set to 1 s. Lastly, to investigate the sensitivity
of model results to eddy coefficients, we run the model with constant
eddy coefficients that are smaller to those calculated by the MY2.5 tur-
bulence closure scheme for Run#1 (see details in Appendix A).

In order to reproduce internal tides in the model, the offshore
boundary is forced by a first-mode internal wave with M2 semidiurnal
frequency. The velocity amplitude of the internal wave at the boundary,
U0, is shown in Table 2. In this study, we consider only internal wave
forcing in order to isolate its effect on sediment resuspension and trans-
port from other forcing mechanisms that are present in the field. Fur-
thermore, we do not employ a heat flux model at the sea surface since
the time scale of the simulations is not long enough to be influenced
by thermally-driven circulation. Initial temperature and salinity are
constant in the horizontal and are initialized in the vertical with typical
temperature and salinity conditions from a field survey in Otsuchi Bay
on September 11, 2013 (Masunaga et al., 2015). For all cases, the
(U0), the mode-1 internal wave speed at the boundary (C1), the wave amplitude at the
boundary (a), the wave length (λ), the topographic slope (s) and the internal Iribarren
number (ξ).

Run Δρ U0

(ms−1)
C1
(ms−1)

a λ
(km)

s ξ

Run#1 (Otsuchi
Bay)

2.2 0.20 0.66 6.0 30 0.012–0.0066 0.47–0.85

Run#2 2.2 0.15 0.66 4.5 30 0.04 3.2
Run#3 2.2 0.15 0.66 4.5 30 0.02 1.6
Run#4 2.2 0.15 0.66 4.5 30 0.013 1.1
Run#5 2.2 0.15 0.66 4.5 30 0.008 0.65
Run#6 2.2 0.15 0.66 4.5 30 0.005 0.41
Run#7 2.2 0.20 0.66 6.0 30 0.0 0.0
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sediment particle diameter is set to 10 μm (fine silt). Because the sedi-
ment in Ostuchi Bay is known to consist of a mixture of silts and sands
(Masunaga et al., 2015), an additional particle diameter of 50 μm is in-
cluded in the Otsuchi Bay case (Run#1). The initial sediment concentra-
tion in thewater column is set to zero and sediments are initialized only
on the sloping bottom (Fig.1, distance b 10 km), not on the flat offshore
bottom.

The internal Iribarren number (Boegman et al., 2005) has been used
in previous studies to analyze breaking internal waves on slopes and is
represented by

ξ ¼ sffiffiffi
a
λ

r ; ð11Þ

where s is the topographic slope, a is the internal wave amplitude and λ
is the internal wavelength, such that a/λ represents the internal wave
steepness. The internal Iribarren number has been used to classify
wave breaker types (Boegman et al., 2005; Aghsaee et al., 2010) and
to quantify wave reflection (Bourgault and Kelley, 2007; Aghsaee et
al., 2010), mixing efficiency (Boegman et al., 2005; Arthur and Fringer,
2014), and particle transport (Arthur and Fringer, 2016). It is known
that wave breaking with strong turbulent mixing occurs under low
Iribarren number conditions (Boegman et al., 2005; Masunaga et al.,
2016). By contrast, under high Iribarren number conditions, the mixing
due to wave breaking is weak and much of incoming wave energy re-
flects back offshore (Masunaga et al., 2016). According to laboratory ex-
periments conducted by Boegman et al. (2005), over a half of incoming
wave energy is dissipated when ξ is less than ~0.8. Walter et al. (2012)
and Masunaga et al. (2016) reported that canonical bores accompanied
by strong turbulent mixing occur in low Iribarren number conditions. In
our simulations, ξ ranges between 0.41 and 3.2 (Run#2–#6).

3. Generation of INLs

3.1. Sediment resuspension and INL generation

Numerical results from SUNTANS show the run-up of internal
bores along the sloping bathymetry (Fig. 2). During the first run-up
phase, the bore head generates weak sediment resuspension at the
front of the bore (Fig. 2, periods A, B and C, sediment concentration
is too weak to see in the Figure). The shoreward flow speed is
approximately 0.2 m s−1 in this period. Strong downslope currents
appear after the run-up phase, resulting in strong vertical shear
(Fig. 2, period D). The flow speed in the downslope flows is much
higher than that in the run-up bore, reaching 0.4 m s−1. During the
second run-up phase, the bore interacts with the downslope flow
from the previous wave (Fig. 2, period E). This interaction causes
convergence and upward motion at the bore head, resulting in
strong vertical resuspension. The second bore propagates shoreward
accompanied by a high concentration of suspended sediments (Fig.
2, periods F and G). In this phase, the cold bore water near the
bottom intrudes below the suspended sediments and generates an
INL along the interface of the wave. Although sediments with larger
grain sizes (50 μm) are suspended during the receding phase and at
the head of the bore, these sediments deposit quickly and are not
present within the INL (not shown).

Shoreward currents of run-up bores generate a strong upward
flow at the front of the bore head (Fig. 3c,d). This upward flow is in-
duced by the convergence of the run-up bore and the downslope
flow from the previous wave. The upward flow speed reaches
0.09 ms−1 when the bore head is at roughly 40 m depth. A down-
ward flow occurs behind the head of the bore. This phenomenon at
the bore head has been termed a “vortex” (Boegman and Ivey,
2009; Masunaga et al., 2015) or “updraft” (Cheriton et al., 2014). Al-
though the spatial scale of the vortex is too small to be captured
using conventional oceanographic profiles, recent observational
technologies have revealed the structure of the vortex motion due
to internal waves (Van Haren, 2009; Masunaga et al., 2015). Accord-
ing to these studies, strong shoreward currents (that exceed the
propagation speed of the bore) generate instabilities and highly non-
linear vortexmotion at the head of the bore. Fine suspended particles
(fine silts or clays) follow the same motion as the vortex, since the
flow speed in the vortex is much higher than the settling velocity
of the particles. In our simulations, the vortex motion at the bore
head lifts suspended sediments up to 10 m above the bottom (Fig.
2, period F and G) and then the suspended sediments intrude off-
shore, which is consistent with the hypothesis suggested by
Cheriton et al. (2014).

According to the numerical results, INLs are generated through the
following processes, which are illustrated in Fig. 3:

(1) Downslope flows from a previous shoaling internal wave lead to
sediment resuspension on the slope (Fig. 3b).

(2) The interaction of the downslope flows and the next run-up bore
induces strong horizontal flow convergence (Fig. 3c).

(3) The upward motion (vortex) due to the convergent flows lifts
fine suspended sediments up into the interface of the bore (Fig.
3c).

(4) The cold internal bore intrudes below the suspended sediments,
forming an INL along the interface of the internal waves (Fig. 3d).

3.2. Comparison of model and field results

Numerical results can be compared with observed data from in situ
surveys (Masunaga et al., 2015). Observed data were obtained in
Otsuchi Bay on September 11, 2013 using a tow-yo CTD instrument,
the YODA Profiler (Masunaga and Yamazaki, 2014). Turbidity from the
YODA Profiler is detected by the optical backscatter sensor. Internal
bores accompanied by INLs intermittently appeared in the bay during
the summer season. However, it is difficult to capture clear bore struc-
tures from field surveys because their arrivals are not correlated with
sea-surface tidal elevations. Although we carried out numerous field
surveys in the bay, the observed results shown in Fig. 4 are the best
data set for showing sediment resuspension associated with internal
bores.

Both the numerical results and the observed data show strong sedi-
ment resuspension at the head of the bore and INLs along the
pycnocline (Fig. 4). The INL reproduced by the numerical model
shows good agreement with the observed data. However, the
suspended sediment concentration in the bottom boundary layer in
themodel appears to be higher than the observed turbidity. A plausible
reason for this difference is that the turbidity data from the optical back-
scatter sensor includes not only suspended sediment, but also biological
particles (e.g., plankton and biological aggregates). Flocculation pro-
cesses could also lead to higher settling velocities that reduce the tur-
bidity. Other possible reasons include cross-shore differences in
suspended sediment concentrations, three-dimensional internal wave
motions and background flows in the bay. The strong vertical resuspen-
sion induced by the vortex motion at the bore head does not appear in
the observed data. This inconsistency is due to the horizontal resolution
of the observation; the size of the vortex is much smaller than the hor-
izontal resolution of the YODA Profiler survey (~100m). In addition, the
size of the vortex may be overestimated in the numerical simulation
due to the grid resolution. The actual horizontal scale of the vortex
should beO(10m) (Masunaga et al., 2015). However, one observedpro-
file does show vertical resuspension of sediments that were likely in-
duced by the bore head vortex (Fig. 4c, distance ~1 km). Although the
numerical model is greatly simplified, the results indicate that the SUN-
TANS model can qualitatively reproduce the observed sediment resus-
pension and INLs generated by internal bores.



Fig. 3. Schematic image of sediment resuspension induced by internal bores. (a) The 1st run-up bore, (b) the receding of the 1st run-up bore accompanied by sediment resuspension, (c)
the interaction of receding currents and the 2nd run-up bore with strong vertical sediment resuspension and (d) the 2nd run-up bore accompanied by intermediate nepheloid layer
formation.

Fig. 2. Numerical results from Otsuchi Bay produced by numerical simulations (Run#1). (A–H) vertical section results for temperature, horizontal current and suspended sediment
concentration (SSC) of fine particles (10 μm) [mg L−1]. Panels (A–D) and (E–H) show the first run-up bore and the second run-up bore respectively.
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Image of Fig. 3
Image of Fig. 2


Fig. 4. Comparison between (a–d) observed results of turbidity and (e–h) model results of SSC. White contour lines show isothermal depth of 21 degrees.
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3.3. Time evolution of INLs

Intermediate density water on a slope created by locally intensified
verticalmixingduringwave breaking leads to thedevelopment of a hor-
izontal (cross-shore) buoyancy gradient. This gradient drives the trans-
port of mixed intermediate density water offshore, often referred to as
convergent flow or tertiary circulation. It is known that this convergent
flow transports material from the sloping bottom to the interior of the
water column offshore (Garrett, 1990). Enhanced mixing over the
slope (distance = 2–6 km) is evident in Fig. 5c, which shows the max-
imum eddy diffusivity as a function of cross-shore distance. The eddy
Fig. 5. (a) Suspended sediment distribution during the fifth run-up phase (62.5 h after
simulation started), (b) the distribution of INLs (SS = 0.1) in each run-up phase and (c)
the maximum vertical eddy diffusivity as a function of distance for Run#1 (Otsuchi Bay
case). Thick lines in panel (b) are the outlines of SS = 0.1 mg L

−1

in the first (dark
blue), second (light blue), third (light green), fourth (orange) and fifth (brown) run-up
phases.
diffusivity reaches 10−1 m2 s−1 on the slope and is 103 times larger
than that in the offshore flat region. As suggested by studies of tertiary
circulation, our numerical results indicate growth of the INL over the
course of successive internal bore events (Fig. 5b). Numerical results
during the fifth bore phase, when the INL reached approximately
10 kmoffshore from the sloping bottom, are shown in Fig. 5a. Simulated
time series show the growth of the INL along the pycnocline, which os-
cillates vertically due to the presence of internal waves (Fig. 6c). The
concentration of sediment in the pycnocline increases over time. The
horizontal sediment flux (SSC Flux) due to advection was estimated
from the horizontal velocity and suspended sediment concentration.
The offshore sediment flux within the pycnocline reaches
10 mg L−1 m s−1 and is much larger than the onshore flux (Fig. 6d), in-
dicating a net offshore sediment flux due to the convergent flow.

The convergent flow generated by breaking internal waves can be
seen in the mean profiles taken over a vertical cross section at the
80m isobath (Fig. 6f,g). Themean quantities in Fig. 6f are computed be-
tween the third and fifth wave period, and are plotted as a function of
the initial isothermal depth. The mean current speed (Fig. 6f) indicates
an offshore flow in the middle layer (interface of waves,
depth ~ 40 m) and shoreward flow in the lower (depth N 48 m) and
the upper (depth b 25 m) layers. The peak of the mean flow occurs at
the interface of the wave (40 m depth), reaching 0.05 m s−1. The off-
shore current at the wave interface leads to an offshore sediment flux
(Fig. 6e) that is generated by the convergent flowdue to bottom bound-
ary mixing. Since the convergent flow is much greater than the sedi-
ment settling velocity, sediment particles are essentially transported
offshore as passive tracers. If the model domain was large enough and
the simulation was run for a long enough time, suspended sediment
particles would eventually settle to the bottom far from the breaking
wave site. If particles are transported offshore with a constant speed
due to the convergentflow (0.05m s−1) andwith a constant sinking ve-
locity given by Eq. (6), they are deposited approximately 24 km from
the slope within 5.6 days (134 h).

The vertically integrated offshore flux due to the convergent flows
was estimated as 0.74 m2 s−1 for the Otsuchi Bay case (Run#1, Fig. 6).
Although the numerical model was two dimensional, a total outflow
flux caused by the convergent flows can be estimated using the approx-
imate width of the bay mouth. Assuming a width of 3000 m, the total
outflow flux due to the INLs is 2.2 × 103 m3 s−1, which is much greater
than the total river discharge flowing into Otsuchi Bay (on the order of
10 m3 s−1).

In addition to the convergent flow driven by internal wave breaking
on the slope, it is known that nonlinear internal waves without wave
breaking on a flat bottom (in the absence of a slope) also transport

Image of Fig. 4
Image of Fig. 5


Fig. 6. Time series of numerical results at 80 m depth for Run#1 (the bottom edge of the slope). (a) Temperature, (b) horizontal current, (c) suspended sediment concentration [mg L−1],
(d) flux of suspended sediments and (e) integrated flux of suspended sediments in the interface of the borewave (temperature between 16.5 and 22.6 °C). (f)Mean current speed and (g)
mean sediment flux. Contour lines in panels (c) and (d) are isothermal depths of 16.5 and 22.6 °C. A positive (negative) value in panels (b, d, e, f and g) indicates an offshore(onshore)
current or flux. The red line in panel (f) is mean current profile due to Stokes drift from Run#7.

Fig. 7. Bottom temperature time series at 30 m for high (blue), intermediate (grey) and
low (red) ξ conditions.
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mass (Lamb, 1997; Arthur and Fringer, 2016). Such transport by
nonbreaking internal waves increases with increasing wave amplitude
(Lamb, 1997). Internal-wave Stokes drift must also be considered
when investigating mass transport in the ocean (e.g., Thorpe, 1968;
Wunsch, 1971). We therefore run the model without the slope
(Run#7) to investigate water mass fluxes in the absence of wave break-
ing. For the no-slope case (Run#7), all parameters are the same as those
in the Ostuchi Bay case (Run#1). Themean current for the no-slope case
shows an offshore flux in the middle of the water column (depth 30–
60 m) and onshore fluxes in the lower and upper layers (Fig. 6f red
line). Thismean profile is similar to the internal wave Stokes drift veloc-
ity profile suggested by Thorpe (1968). However, the offshore flux for
the no-slope case is b0.01 m s−1, much less than the convergent flow
induced by bottom boundary mixing during wave breaking on a slope
(Fig. 6f). Therefore, we conclude that the offshore flux over the slope
is dominated by the convergent flow induced by bottom boundary
mixing on the slope during wave breaking as opposed to non-breaking
effects. The generation process of INLs shown in this study is therefore
consistent with the laboratory-scale numerical experiment conducted
by Arthur and Fringer (2016).

4. Topography and sediment resuspension

We investigate the effect of topography on sediment resuspension
and the formation of INLs during breaking internal wave events using
the results of several idealized simulations with uniform bathymetric
slopes (Run#2–Run#6, Table2). We classify these simulations using
the internal Iribarren number, which is defined in Eq. (12). Numerical
results show two general types of internal bores:

(1) Bores with a sharp drop in bottom temperature followed by a
gradual increase bottom temperature. Such an internal bore has
been termed a “canonical bore” (Walter et al., 2012) since
nonlinear internal waves typically form this feature (e.g., Alford
et al., 2015; Masunaga et al., 2016). This type of internal bore
generates strong turbulent mixing induced by the interaction of
receding currents from one bore event with the run-up currents
of a subsequent bore (Masunaga et al., 2016).

(2) Non-canonical bores drive a gradual decrease in bottom temper-
ature followed by a rapid increase in bottom temperature.Walter
et al. (2012) observed this type of bore on a steep slope in Mon-
terey Bay, California, and found strong turbulent mixing when
the bore recedes offshore. The mixing intensity of this type of
bore is weaker than the canonical bores, since the non-canonical
bore does not interact with receding bores (Masunaga et al.,
2016).

The transition from canonical bores to non-canonical bores is con-
trolled by the internal Iribarren number (Walter et al., 2012;
Masunaga et al., 2016). In our simulations, the low Iribarren number
cases (e.g., ξ = 0.45 in Fig. 7) result in canonical bores and the high
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Iribarren number cases (e.g., ξ = 3.2 in Fig. 7) result in non-canonical
bores. Internal bores simulated for the case of ξ = 1.1 appear to be in
a transition regime between canonical and non-canonical bores (Fig.
7). The magnitude of the up-slope current during the run-up phase in-
creases with a decrease in the Iribarren number (Fig. 9b,e,h,k,n),
resulting in strong currents and vortex motion at the head of the
bores for the low ξ cases. Internal bores on gentle slopes have to run-
up longer distances than those on steep slopes; therefore, gentle slope
conditions (low ξ) cause strong horizontal currents in bores leading to
highly non-linear motion.

The two low Iribarren number cases (Run#5 and 6, ξ = 0.65 and
0.45) produce strong sediment resuspension and INLs (Figs. 8l,o and
9f,g). The internal bore for the intermediate ξ case (Run#4, ξ=1.1) sus-
pends sediments around the bore head vortex, but the bore does not
generate a visible INL (Figs. 8i and 9h). Strictly speaking, the case of
ξ=1.1 produces aweak INL, although the associated sediment concen-
tration is 10 times smaller than that for the ξ=0.65 and 0.45 cases. Re-
sults from the ξ = 1.6 case show weak sediment resuspension only
during the receding phase (Fig. 8f). The maximum bottom shear stress
significantly exceeds the critical shear stress for the ξ = 1.1 and 1.6
cases (Fig. 9m,n). These two cases do not show strong vertical sediment
resuspension and INLs, because run-up bores do not interact with re-
ceding flows resulting in strong upward flows. The highest ξ (3.2) case
does not produce any sediment resuspension, and therefore no INL
(Figs. 8c and. 9j), because the bottom shear stress does not reach the
critical stress for resuspension (Fig. 9o). For long internal waves propa-
gating up a uniform slope, the numerical results of Runs#2–#6 indicate
that sediment resuspension and subsequent INL formation are limited
to low Iribarren number conditions. In addition, the bottom shear stress
is not the only factor that controls sediment resuspension and INL for-
mation during breaking internal wave events. The strong upward mo-
tion arising from the interaction of receding currents and subsequent
run-up bores plays a significant role in the sediment resuspension
processes.
Fig. 8. Time series data at 40 m depth during second wave run-ups simulated in five-slope cas
(Run#5) and (m–o) ξ = 0.45 (Run#6). Left panels are temperature, middle panels are horizon
5. Summary and discussion

Numerical simulations performed with the SUNTANS model
reproduced sediment resuspension and intermediate nepheloid layers
(INLs) induced by internal bores. Downslope receding currents due to
a previous wave caused strong bottom shear stress leading to sediment
resuspension. Strong upward motion was generated by the interaction
of the receding currents and a subsequent run-up bore, lifting
suspended sediments into the interior of the water column. The run-
up bore intruded below the resuspended sediments and generated an
INL. Internal bores enhanced turbulent mixing near the sloping bottom,
leading to convergent flows (tertiary circulation). The convergent flows
transported sediments offshore within the INL. In the Otsuchi Bay sim-
ulation case (Run#1), the mean offshore flow speed caused by the con-
vergent flow was approximately 0.05 ms−1 within the pycnocline.
Cases with various internal Iribarren numbers showed that strong sed-
iment resuspension and INLs are induced by canonical bores in low in-
ternal Iribarren number conditions (ξ = 0.41 and 0.65).

Several studies have used the results of numerical simulations to re-
port mass or sediment transport and the generation of INLs by breaking
internal waves (e.g., Bourgault et al., 2014; Arthur and Fringer, 2016).
Bourgault et al. (2014) employed a two-dimensional numerical simula-
tion to investigate field-scale sediment resuspension and INLs induced
by internal solitary waves on a gentle slope. They showed details of in-
ternal solitary wave breaking accompanied by sediment resuspension
and INL formation. Arthur and Fringer (2016) conducted laboratory-
scale direct numerical simulations with a Lagrangian particle-tracking
model (without settling velocity), and related the entrainment of parti-
cles into the INL to turbulent mixing driven by wave breaking.

Amajor difference between the present study and previous works is
the type of internal waves. Both Bourgault et al. (2014) and Arthur and
Fringer (2016) investigated sediment or mass transport caused by one
or two internal solitary waves. The wavelength of the field-scale inter-
nal solitary waves investigated by Bourgault et al. (2014) was on the
es, (a–c) ξ = 3.2 (Run#2), (d–f) ξ = 1.6 (Run#3), (g–h) ξ = 1.1 (Run#4), (j–l) ξ = 0.65
tal current [m s−1] and right panels are suspended sediments [mg L−1].
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Fig. 9. (a–e) Temperature, (f–j) the concentration of suspended sediments during the 2nd run-up and (k–o) the maximum bottom shear stress on the slope for five Iribarren number
conditions. Red dashed lines in bottom panels (k–o) show the critical shear stress, 0.03 N m−2, for sediment resuspension in the model.
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order of 100 m and the time scale of the breaking event was 1 h. In our
study, we investigated periodic internal tides that produce repeated in-
ternal tidal bores with a horizontal wavelength of 30 km and a time
scale of theM2 tidal period (12.42 h). Thus, the scale of the waves stud-
ied here is much larger than the internal solitary waves studied previ-
ously. Despite these differences, there are some important similarities
between our results and those of previous studies: (1) the vortex struc-
ture, or upward flows, that lift sediments up and (2) the growth of INLs
related to mixing intensity and the Iribarren number. While our results
are consistent with those in previous studies, we have found two new
important processes causing sediment resuspension and INLs for
large-scale internal bores: sediment resuspension due to (1) receding
bores and (2) the interaction of successive bores. These phenomena
likely only occur for large-scale internal tidal bores under low Iribarren
number conditions.

The vortex motion generated by internal waves is known as an im-
portant phenomenon for sediment resuspension and mass transport
(e.g., Van Haren, 2009; Stastna and Lamb, 2002; Bourgault et al., 2014;
Masunaga et al., 2015, Arthur and Fringer, 2016). As internal waves
shoal and break, they form a vortex with strong vertical currents that
lift sediments up from the bottom. In field surveys, Van Haren (2009)
reported a large vortex structure accompanied by suspended sediment
with a height of roughly 40 m. Field measurements conducted by
Cheriton et al. (2014) suggested that the updraft motion generated by
internal bores suspends sediment resulting in INLs. Masunaga et al.
(2015) observed the vortex motion generated by shoaling internal
bores, which results in strong sediment resuspension and INLs. In addi-
tion to field surveys, numerical simulations have revealed details of the
vortex motion generated by shoaling internal bores (e.g., Stastna and
Lamb, 2002; Bourgault et al., 2014; Arthur and Fringer, 2016). Despite
the differences in the scale of the internal tidal waves studied here
with the solitary waves in previous studies, the vortex dynamics appear
to be similar. The horizontal scale of the vortex at the head of internal
tidal bores is O(10 m), which is consistent with the size of the vortex
generated by field scale internal solitary waves in previous studies
(Bourgault et al., 2014). Thus, it is clear that vortex motion plays a
significant role in sediment resuspension processes both for small-
scale internal solitary waves and field-scale internal tidal bores.

Once sediments are suspended into the water column, they are
transported by mean flows. On the sloping bottom, the convergent
flow induced by boundarymixing is known as one of themajor contrib-
utors to transport suspended sediment into the offshore water column
(Garrett, 1990). A horizontal buoyancy gradient due to boundary
mixing generates this convergentflow,which results in INLs (see details
in Section 3.3 Time evolution of INLs). The strength of the convergent
flow increases with an increase in themixing intensity on the slope be-
cause vertical mixing drives the horizontal density gradient. It is well
known that the mixing intensity due to internal wave breaking in-
creases with a decrease in the internal Iribarren number (e.g.,
Boegman et al., 2005; Arthur and Fringer, 2016; Masunaga et al.,
2016). For example, Arthur and Fringer (2016) showed a clear relation-
ship between the growth of INLs and the internal Iribarren number.
Bourgault et al. (2014) also presented a linear relationship between
the growth of INLs and incoming wave energy. Ranges of the internal
Iribarren number investigated by Arthur and Fringer (2016) and
Bourgault et al. (2014) are 0.24–1.51 and 0.04–1.28, respectively,
which are similar to the range studied here (Table 2, ξ = 0.41–3.2).
Our numerical results also showed strong boundary mixing by internal
wave breaking and enhanced sediment resuspension in low internal
Iribarren number conditions.

Internal wave breaking is not the only mechanism capable of
resuspending sediment on the continental shelf. In fact, surface gravity
waves are thought to be the predominant contributor to sediment re-
suspension on the shelf (Sternberg and Larsen, 1975; George and Hill,
2008). It is well known that the bottom stress induced by surface
waves frequently reach the critical shear stress in shallow coastal re-
gions (Soulsby, 1997). Noble and Xu (2003) reported that the bed
shear stress due to surface gravity waves dominates resuspension pro-
cesses and is more important than tidal flows at a site with a depth of
35 m. Cheriton et al. (2014) showed the critical shear stress induced
by the superposition of tidal currents and surface waves. However, the
orbital velocity caused by surface waves may not generally lift
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Fig. A1. Suspended sediment concentrations from (a–d) Run#1 (e–h) Run#1w/oMY.White contour lines show isothermal depth of 21 degrees. Periods of B, D, E and G are consistentwith
those in Fig. 2.
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sediments up into the water column and cause INLs, except in extreme
weather conditions.

In addition to surface gravity waves, background flows such as geo-
strophic flows can also increase the bottom shear stress. Sediment re-
suspension and INL formation caused by geostrophic flows were
observed by Puig and Palanques (1998) along a deep slope. However,
the velocity of geostrophic currents is generally small near the coast
and these flows are therefore not expected to suspend sediment in
coastal regions. Thus, the formation of INLs in coastal regions is likely
dominated by internal waves.

Internal waves and INLs have been observed in coastal oceans
worldwide and are known as important phenomena for maintaining
ocean ecosystems. As demonstrated in this study, canonical internal
bores generate sediment resuspension and can facilitate INL formation
under low internal Iribarren number conditions. Such canonical bores
with sharp leadingwave fronts have been observed frequently in coast-
al oceans (Thorpe, 1998; Leichter et al., 1996;McPhee-Shaw et al., 2004,
Masunaga et al., 2016) and likely contribute to extensive offshore sedi-
ment fluxes. This study suggests that the offshore sediment flux in INLs
might be predicted using internal Iribarren number.
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Appendix ATest case with constant eddy coefficients

In order to investigate sensitivity to the eddy coefficients, Run#1
was run with constant reduced eddy coefficients without the Mellor
and Yamada level 2.5 turbulence closuremodel (MY2.5). The horizontal
and vertical eddy-viscosities were set to 10−2 and 10−4 m2 s−1, respec-
tively, and the eddy-diffusivities in both the horizontal and vertical di-
rections were set to 0 m2 s−1. This additional run is referred to as
Run#1w/oMY. Numerical results with constant eddy coefficients
(Run#1w/oMY) are compared to results from Run#1 with the Mellor
and Yamada level 2.5 turbulent closure scheme (Fig. A1). The interface
of internal bores shows small-scale and high-frequencymotions around
the head of the bore, likely a result of reduced mixing because of the
smaller eddy coefficients (Fig. 7f,g,h). Sediment resuspension during
the receding phase (period D) was reduced for Run#1w/oMY when
compared to Run#1. Consequently, the sediment concentration in the
INL for Run#1w/oMY was approximately five times smaller than that
of Run#1. Therefore, increased eddy-diffusivities due to the turbulence
closure scheme contribute to the high concentration of suspended sed-
iment caused by run-up bores. The numerical run for Run#1 without
MY2.5 was continued for several tidal periods, however, unrealistic nu-
merical instabilities appeared after the third run-up event. In order to
run the model with reasonable eddy coefficients and ensure model sta-
bility, theMY2.5 turbulence closure scheme is an appropriate choice for
our numerical simulations (Δx = 20, Δz = 0.56).
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