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Abstract

Breaking nonlinear internal waves (NLIWSs) of depression on boundary slopes drive mixing and mass
transport in the coastal ocean. Of the different breaker types, fission is most commonly observed on the
mild slopes of continental margins. However, fission on mild slopes has rarely been investigated in the
laboratory owing to limitations in flume length. In the present work, a train of NLIWs of depression was
generated in an 18.2 m wave flume and shoaled upon a mild uniform slope (S = 0.04). During fission, each
NLIW of depression scattered into one or two NLIWSs of elevation at the turning point and transformed into
a bolus at the bolus birth point, where the flow separates from the bed and shear instability occurs through
the pycnocline. The bolus propagated upslope, decreasing in size until it degenerated by shear and lobe-
cleft instability, while losing volume to a return flow in the lower layer. The location of the bolus birth
point, bolus propagation length scale, initial size and the number of boluses from each incident wave were
parameterized from the wave half-width and the wave Froude number associated with the incident NLIW.

The same experimental facilities were used to investigate sediment transport, as both bedload and
resuspension, driven by NLIW fission on the mild uniform slope, which was covered with acrylic
sediments. Incipient sediment movement started as bedload under NLIWSs of elevation after the turning
point. Further upslope, sediments resuspended under the front face of the NLIW of elevation, where bottom
currents converged, causing upward flow. The intensity of sediment movement peaked at the bolus birth
point. The sediment movement mechanisms were the same for boluses as for NLIWs of elevation, except
boluses carried sediments upslope in a quasi-trapped core. Different methods for estimating the bed shear
velocity were evaluated and compared with the critical thresholds for bedload and resuspension. The
logarithmic law-of-the-wall was best able to predict sediment movement as bedload through the inclusion
of the mean horizontal velocity component, and the turbulent kinetic energy method was best able to predict
sediment resuspension by considering the ability of fluctuating vertical velocity components to lift

sediment.



The temporal and spatial evolution of sediment bedforms, by fission of the shoaling NLIWSs of
depression was investigated over 100 waves shoaling events. Bedforms were largest between the point of
incipient suspension and interaction point and maximum at the bolus birth point. A bedform classification
for unidirectional flows predicted ripples and was found to be applicable based on the suspension parameter
and particle-related Reynolds number. Sediment resuspension created bedforms in the absence of bedload
transport. In the presence of bedforms, sediment movement was the same as over flat bottom, except the
vertical velocity under the front face of a bolus/NLIW of elevation at the ripple crest was ~50% higher.
Sediments stagnated in the ripple troughs. The ripples were symmetrical during the return flow and
asymmetrical (with a relatively gentle downslope face and a relatively steep upslope face) under a
bolus/NLIW of elevation. The final bedform shape was upslope moving asymmetrical, confirming upslope
net sediment transport; therefore, fission of NLIWSs of depression over continental shelves and slopes can

act as a nutrient pump by moving bed material upslope as bedforms.
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in a), (b, d) after the passing of the bolus (asymmetrical shape; yellow line in b). Green arrows show the
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Figure 4-8 Time series at the ripple crest of a) the instantaneous streamwise velocity profile (u), b) the
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Figure 4-9 Time series at the ripple trough of a) the instantaneous streamwise velocity profile (u), b) the

instantaneous vertical velocity profile (w), ¢) the shear velocity (u..) calculated using various methods

(section 3.2.1), and d) the signal strength (amplitude) of the ADVP acoustic backscatter. The data are
from the bolus birth point (see figure 4.5) for run 6 (table 4.1; see movie S4.2), when there was one
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Figure 4-10 Bedform classification diagram according to the suspension parameter (u.. /w, ) and particle-
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Figure 4-11 (a) Schematic showing sediment transport (bedload and resuspension) by a bolus after the
creation of a bedform (ripple). Blue, red and brown arrows denote upper layer fluid, lower layer fluid, and
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Chapter 1

Introduction

1.1 Introduction and pertinent literature

The fluid body of oceans and lakes is density stratified with lighter water near the surface and
denser water at the bottom, which significantly impacts their hydrodynamics and biology
(Boegman et al., 2005, Li et al., 2020). Penetration of solar radiation and wind-induced turbulence
create a surface mixed layer (~10 m in lakes and ~100 m in oceans) and below the water is cold
and dense. These two layers are divided by the pycnocline, which has the highest temperature and
density gradient (Wetzel, 1975, Wiest and Lorke, 2009, Pawlowicz, 2013, Li et al., 2020).

In lakes, surface winds can tilt the pycnocline and result in the formation of internal waves. These
waves can be initially linear (seiches), losing their energy by friction along the bed, but by
increasing the wind-induced displacement, a balance between nonlinear steepening and dispersion
will result in the formation of non-linear internal waves (NLIWSs) (Horn et al., 2001, Boegman et
al., 2003, Boegman and Ivey, 2009). In oceans NLIWSs form from tide-topography interaction
(Apel et al., 1985, Lamb, 1994). NLIWs are ubiquitous phenomena of stratified lakes and coastal
oceans (Jackson, 2007; their figure 1, Osborne and Burch, 1980, Boegman and Ivey, 2009,
Boegman and Stastna, 2019) and they typically form as NLIWs of depression (when the lower layer
is thicker) or elevation (when the upper layer is thicker). These waves contain up to 25% of basin-
scale internal waves energy in lakes (Boegman et al., 2005) and can freely travel for hundreds of
kilometers before losing their energy through turbulent mixing and viscous dissipation during
shoaling and breaking (Apel, 2002, Boegman et al., 2005, Shroyer et al., 2009, Barad and Fringer,
2010).

Shoaling and breaking of NLIWs over slopeing boundaries, in stratified lakes and coastal oceans,
plays a significant role in controlling density stratification (Wunsch, 1971, Wiest et al., 2000,
Allshouse and Swinney, 2020), regulating vertical biogeochemical fluxes (Haury et al., 1979,
Sandstrom and Elliott, 1984, Scotti and Pineda, 2007), and driving sediment resuspension and
transport (Southard and Cacchione, 1972, Pomar et al., 2012, Ma et al., 2016). Experimental and
numerical studies, on NLIWs shoaling and breaking on slope boundaries, can be categorized into
three groups: (1) breaking over idealized continental slope-shelf topography (Helfrich and Melville,
1986, Venayagamoorthy and Fringer, 2007, Lim et al., 2010, Lamb and Xiao, 2014); (2) breaking
over a uniform slope (Wallace and Wilkinson, 1988, Boegman and lvey, 2009, Aghsaee et al.,
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2010, Nakayama et al., 2019, Xu and Stastna, 2020); and (3) breaking over realistic topography
(Vlasenko and Stashchuk, 2007, Lamb and Warn-Varnas, 2015, Masunaga et al., 2017, Rivera-
Rosario et al., 2020, Guo et al., 2021). Uniform slope topography (figure 1.1) is common to the
margins of lakes, fjords, and some coastal regions like continental shelves and slopes (Klymak and
Moum, 2003, Hawley, 2004, Puig et al., 2004, Bourgault et al., 2014, Ma et al., 2016).

Figure 1-1 Schematic showing the propagation of an NLIW of depression in a two-layer stratification system toward
a uniform boundary slope. Here the total depth (H) consists of a thicker (h2) and commonly denser (p2) lower layer
which is overlaid by a thinner (h1) and lower denser (p1) layer. An NLIW of depression with amplitude a and

wavelength A=2Lw propagates towards a planer slope with steepness S. Li is the pycnocline length above the slope.

Considering the typical oceanic stratification, which has thicker lower layer (Helfrich and Melville,
2006, Jackson et al., 2012, Allshouse and Swinney, 2020), NLIWs of depression are most
commonly observed (e.g., Stanton and Ostrovsky, 1998, Shroyer et al., 2009, Zulberti et al., 2020).
Breaking of NLIWs of depression on a uniform slope has been classified according to an internal

form of the Iribarren number Ir =S / VS, (Boegman etal., 2005, Sutherland et al., 2013), where

S is the boundary slope, S,, =a// is the wave slope, a is the wave amplitude and / is the

wavelength (figure 1.1). Laboratory and numerical studies showed that breaking of NLIWs of

depression over a planar boundary slope can be categorized into four distinct processes (collapsing,
plunging, surging and fission) as a functionof S and S, = a/L,, ,where L, = 0.5/ isthe

wave half-width (figure 1.2) (Boegman et al., 2005, Aghsaee et al., 2010, Sutherland et al., 2013,
Nakayama et al., 2019).

Considering the common boundary slopes in lakes (~0.01) and continental slope-shelves (~0.001;
Cacchione et al., 2002), the dominant type of breaking for NLIWs of depression would be fission
(figure 1.2), as reported by field observations (Orr and Mignerey, 2003, Shroyer et al., 2009, Ma et
al., 2016). During fission, a NLIW of depression will transfer to a rank-ordered packet of NLIWs



of elevation due to the polarity reversal at the turning point (the point over the slope where the
thickness of the lower layer is equal to the upper layer)(figure 1.1) with little reflection but
considerable cross-boundary-layer transport (Grimshaw et al., 1998, Nakayama et al., 2019, Xu
and Stastna, 2020). The final stage of fission remains under-investigated due to lack of sufficiently
large experimental facilities and computationally intensive numerical simulations (Grimshaw et al.,
1998, Aghsaee et al., 2010, Arthur and Fringer, 2014, Nakayama et al., 2019, Xu and Stastna,
2020). Aghsaee et al. (2010) simulated in 2D the formation of NLIWSs of elevation with trapped
cores during fisison, which were different from the turbulent boluses that emerged from collapsing
breakers. Arthur and Fringer (2014) also investigated fission in a 3D simulation, but only with one
test and did not examine a wide parameter space.

Plunging and Collapsing

Fisson

I ! | ! | ! | ! [ ! |
0 0.04 0.08 0.12 0.16 0.2

Sw

Figure 1-2 Different breaking mechanism regimes for incident NLIWS, classified according to wave slope ( S,)

and bottom slope ('S ) based on the results by Nakayama et al. (2019).

Shoaling and breaking of NLIWSs over slopes can result in the formation of a bolus (a turbulent
vortex with a circulation region within its interior) that progresses along the bed and may become
detached from the pycnocline (Wallace and Wilkinson, 1988, Helfrich, 1992, Moore et al., 2016).
Boluses may transport mass and bed material upslope in a (quasi-)trapped core (Helfrich and
Melville, 1986, Helfrich, 1992, Venayagamoorthy and Fringer, 2007, Vieira and Allshouse, 2020),
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and act as a nutrient pump, supplying required nutrients to the euphotic zone on the shelf
(Sandstrom and Elliott, 1984, Bogucki et al., 1997, Scotti and Pineda, 2004). Observations of
boluses in the ocean have been reported in field studies (e.g., Klymak and Moum, 2003, Carter et
al., 2005, Moum et al., 2007, Walter et al., 2012, Richards et al., 2013, Jones et al., 2020). Boluses
have also been generated in the lab from incident NLIWs of elevation (Wallace and Wilkinson,
1988) and collapsing breakers on steep slopes (Moore et al., 2016). The formation of boluses after
fission has not been comprehensively investigated in the laboratory.

NLIW induced currents also can increase the shear stress above the sediment bed to more than the
critical stress (Van Rijn, 1993), leading to sediment movement frequently in contact with the bed
(bedload) and/or suspension into the water column (suspended load), often in the presence of near-
bed instabilities (Boegman and Ivey, 2009, Aghsaee and Boegman, 2015). This sediment transport
impacts pipelines (Droghei et al., 2016) and other engineering infrastructure (Osborne and Burch,
1980). Field observations show the formation and upslope propagation of boluses also has the
potential to initiate sediment movement and resuspension (Klymak and Moum, 2003, Richards et
al., 2013, Bourgault et al., 2014). In the laboratory, Southard and Cacchione (1972), investigated
breaking of a continuous train of sinusoidal internal waves over a planar bed (S=0.1) covered with
acrylic sediments. They reported that boluses resuspended and transported sediment upslope, both
as bedload and suspended load, within the bolus core.

Measurement of the bed-stress is required to parameterize sediment resuspension and transport
(Boegman and Stastna, 2019). One of the widely used methods by oceanographers is the quadratic
stress law (Bourgault et al., 2014, Masunaga et al., 2017, Lin et al., 2021), which can give
unrealistically high results (Bluteau et al., 2016). Observations showed that the quadratic stress
often diminishes when the near-bed turbulent kinetic energy, Reynolds stresses, and turbulent
vertical velocities increase (Hosegood and van Haren, 2004, Boegman and lvey, 2009, Aghsaee
and Boegman, 2015). Therefore, it leads to a hypothesis that bed stresses parameterized from the
mean flow should capture bedload transport; whereas, those parameterized from turbulent
fluctuations should capture resuspension. As a result, there is a need to investigate the relationships
between the different methods to calculate the bottom shear stress and the associated sediment
resuspension and transport (Kim et al., 2000, Andersen et al., 2007, Bluteau et al., 2016, Zulberti
etal., 2018).

Sediment movement can deform the plane bed and create bedforms (ripples, dunes, bars, sand
waves, anti-dunes, etc.) depending on the flow and sediment characteristics (Van Rijn, 1993, Garde
and Raju, 2000). The mechanisms of bedform formation have been investigated for unidirectional

river and channel flows (Jain and Kennedy, 1974, Van Rijn, 1993, Mogridge et al., 1994, Nikora
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et al., 1997) and also under the surface waves (Bagnold, 1946, Allen, 1982, du Toit, 1982, Van
Rijn, 1993), but their formation under NLIWSs has been rarely investigated. There are observations
of bedforms (5-16m amplitude, and 350-650m wavelength) in field observations on the continental
slope and shelf areas, which are believed to be related to NLIWSs shoaling (Karl et al., 1986, Van
Rijn, 1993, Reeder et al., 2011, Ma et al., 2016). Ma et al. (2016) observed upslope migrating sand
waves formed on west off Dongsha Atoll in the northern South China by fission of an oblique
NLIW of depression over the continental shelf. Southard and Cacchione (1972), in their
experimental study, also observed that bedforms (as ripples) began at the breaking point (the
maximum size was just upslope of the breaking point) and spread upslope with decreasing size
until dissipating (see their figure 33).

This thesis investigates sediment resuspension and transport by fission of NLIWSs of depression
over a mild slope, representing the continental shelf and slope areas. In chapter 2, the objectives
are to understand the physics of the final stages of NLIW breaking by fission, parameterizing the
bolus dynamics (number of boluses, bolus size, propagation distance), in terms of readily
measurable incident wave parameters, and to compare boluses generated from fission to those
generated by other mechanisms. The same experimental set-up is applied in chapter 3, but the slope
is covered with sediments to study sediment transport and resuspension mechanism under fission
of NLIWs at different stages of shoaling. The applicability of the different methods, for computing
the bottom shear stress in response to sediment movement as bedload and resuspension, is
investigated by comparing the analytical results with observations from high-frequency profiling
Acoustic Doppler Velocimetry. In chapter 4, the objectives are investigation ofthe temporal and
spatial evolution of bedforms during different stages of fission, using the same experimental set-up
with a LiDAR scanner. In addition, the sediment transport and resuspension mechanism over
bedforms is investigated via high frequency profiling Acoustic Doppler Velocimetry, as well as
offering a method to check the possibility of bedform formation based on the characteristics of both
coming wave and sediments. In chapter 5 the summary and conclusions along with suggestions for

future work are given.
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Chapter 2
Bolus formation from fission of nonlinear internal waves over a mild

slope

2.1 Introduction

Nonlinear internal waves (NLIWSs) are ubiquitous phenomena of stratified lakes and coastal oceans
(Jackson, 2007; their figure 1, Osborne and Burch, 1980, Boegman and Ivey, 2009, Boegman and
Stastna, 2019) where they can freely travel for hundreds of kilometers before losing their energy
through turbulent mixing and viscous dissipation during shoaling and breaking (Apel, 2002,
Boegman et al., 2005, Shroyer et al., 2009, Barad and Fringer, 2010). The formation of NLIWSs in
oceans, via tide-topography interaction (Apel et al., 1985, Lamb, 1994), is different from lakes,
where they form by nonlinear steepening of basin-scale internal seiches (Horn et al., 2001,
Boegman and Ivey, 2009). Shoaling and breaking of NLIWs on sloping boundaries leads to
localized mixing of the background density stratification (Wunsch, 1971, Wiest et al., 2000,
Allshouse and Swinney, 2020), drives vertical biogeochemical fluxes (Haury et al., 1979,
Sandstrom and Elliott, 1984, Scotti and Pineda, 2007) and energizes sediment resuspension and
transport along continental margins (Southard and Cacchione, 1972, Pomar et al., 2012, Ma et al.,
2016).

Experimental and numerical studies on NLIW shoaling and breaking on slopes can be categorized
into three groups: (1) breaking over idealized continental slope-shelf topography (Helfrich and
Melville, 1986, Venayagamoorthy and Fringer, 2007, Lim et al., 2010, Lamb and Xiao, 2014); (2)
breaking over a uniform slope (Wallace and Wilkinson, 1988, Boegman and Ivey, 2009, Aghsaee
et al., 2010, Nakayama et al., 2019, Xu and Stastna, 2020); and (3) breaking over realistic
topography (Vlasenko and Stashchuk, 2007, Lamb and Warn-Varnas, 2015, Masunaga et al., 2017,
Rivera-Rosario et al., 2020, Guo et al., 2021). Uniform slope topography (figure 2.1) is common
to the margins of lakes, fjords and some coastal regions, e.g., Mono Lake (Macintyre et al., 1999),
Lake Biwa (Boegman et al., 2003) , Lake Michigan (Hawley, 2004), the Oregon continental shelf
(Klymak and Moum, 2003), the Alboran slope (Puig et al., 2004), the Australian north west shelf
(Holloway et al., 2001, Jones et al., 2020), the Faeroe-Shetland Channel (Hosegood et al., 2004),
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the St. Lawrence River estuary (Bourgault et al., 2014), Monterey Bay, CA (Walter et al., 2014)
and the continental slope of the northern South China Sea (Reeder et al., 2011, Ma et al., 2016).

Figure 2-1 Schematic showing the propagation of an NLIW of depression in a two-layer stratification system toward
a uniform boundary slope. Here the total depth (H) consists of a thicker (h2) and commonly denser (p2) lower layer
which is overlaid by a thinner (h1) and lower denser (p1) layer. An NLIW of depression with amplitude a and

wavelength ¥ =2Lw propagates towards a planer slope with steepness S. Li is the pycnocline length above the slope.

Laboratory and numerical studies, to examine NLIW breaking on uniform slopes (Boegman et al.,
2005) identified three different breaking mechanisms (spilling, plunging and collapsing), based on

an internal form of the Iribarren number:

Ir =— (1.1)

where S is the boundary slope, S, = a// is the wave slope, a is the wave amplitude and

/ is the wavelength (figure 2.1).

Aghsaee et al. (2010; their figure 6) further classified breaking by performing high-resolution fully
nonlinear 2D DNS simulations, over a wider range of bottom slopes. They categorized breaking of
internal solitary waves (ISWs) into four distinct processes (collapsing, plunging, surging and

fission) as a function of S and S, = a/L,, ,where L, =0.5/ is the wave half-width. An

ISW is an idealized ocean wave, defined as an isolated nonlinear-dispersive wave that propagates
without changing shape (Lamb, 2014); whereas, NLIW is a general term that includes ISWs.
Sutherland et al. (2013) combined the results of Aghsaee et al. (2010) and Boegman et al. (2005),

with their own experimental data, to generally classify breaking in terms of the Iribarren number.
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Nakayama et al. (2019) performed further 3D simulations to show that that S and S, can

separate fission and surging breakers, but not collapsing and plunging breakers (figure 2.2). They

introduced a new criterion to classify these two specific breaker types (see their eq. 12).
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Fig ure 2-2 Different breaking mechanism regimes for incident NLIWSs, classified according to wave slope ( SW )

and bottom slope ( S ) based on the results by Nakayama et al. (2019).

Most wave breaking events (e.g., Oregon shelf, New Jersey shelf, South China Sea) occur on mild

slopes (0.001 < S < 0.01) where fission is the predominant breakdown process as incident waves
of depression change polarity to waves of elevation during shoaling (Aghsaee et al., 2010, Lamb
and Xiao, 2014, Shroyer et al., 2009). Fission requires a gradual slope in a large domain, and so

has only been computationally modelled over slopes S <0.05 (e.g., Aghsaee et al., 2010, Arthur
and Fringer, 2014, 2016, Lamb and Warn-Varnas, 2015, Nakayama et al., 2019, Guo et al., 2021);
typical experimental boundary slopes (e.g., Boegman et al., 2005, Sutherland et al., 2013) being
too short (~ 2 — 6 m) for fission to be observed (table 2.1; figure 2.2). Given that Helfrich (1992)
had a long flume with a gentle slope ( S =0.03; table 2.1), it is likely that he observed fission, as
suggested by (Michallet and Ivey, 1999)
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Table 2-1 Comparison between boundary slopes used in experimental studies of shoaling NLIWSs and observed boundary slopes in the coastal ocean. Note that the experimental

slopes are typically orders of magnitude greater than those observed in the ocean, leading to differing breaking mechanisms in the laboratory compared to the ocean.

- Bottom slope, S Flume length (m) Fluid depth, H (m) Incident wave / Breaker type

Southard and Cacchione (1972) Sinusoidal Internal Waves / collapsing
Wallace and Wilkinson (1988) 0.03, 0.054 18 0.5 ISWs of elevation / Transfer to bolus
Helfrich (1992) 0.034, 0.05, 0.067 18 0.36 ISW of depression / collapsing & fission
o Michallet and Ivey (1999) 0.069, 0.169, 0.214 4.47 0.15 ISW of depression / collapsing & plunging
g Boegman et al. (2005) 0.1,0.15 6 0.29 ISW of depression / collapsing, plunging & spilling
g Boegman and lvey (2009) 0.145 6 0.29 ISW of depression / plunging
é Sutherland et al. (2013) 0.143, 0.417 1.97_6.90 0.43_0.46 ISW of depression / collapsing, plunging & surging
L%— Moore et al. (2016) 0.2 4.88 0.56 Periodic Internal Wave / collapsing, plunging & surging
Allshouse and Swinney (2020) 0.176 4 0.4 Isolated Internal Wave/ surging
Deepwell et al. (2020) 0.035_0.173 1.97 0.36 ISW of depression / collapsing, plunging & surging
Present study 0.04 18.2 0.4 NLIWs of depression / fission
Halpern (1969) 0.005
Sandstrom and Elliott (1984) 0.005
" Holloway (1987) 0.0015
-% Klymak and Moum (2003) 0.007
g Hosegood et al. (2004) 0.017
g Reeder et al. (2011) 0.005, 0.03
f_'-, Richards et al. (2013) 0.008, 0.035
Ma et al. (2016) <0.017

Jones et al. (2020) 0.0015, 0.0055




Fission is the transformation of an ISW into a wave train due to a change in the environmental
conditions (Boegman and Stastna, 2019). In our experiments, this occurs due to a change in total
depth, causing an incident NLIW of depression to pass through a turning point (figure 2.1), where
the lower fluid layer becomes thinner than the upper fluid layer, leading to fission of the incident
wave into a rank-ordered packet of NLIWs of elevation (Grimshaw et al., 1998, Nakayama et al.,
2019, Xu and Stastna, 2020).

Considering the common gradual slopes in lakes (~0.01) and coastal oceans (~0.001; Cacchione et
al., 2002 and Table 1), it can be deduced that fission would be the most common breaker type, as
shown by field observations (Orr and Mignerey, 2003, Shroyer et al., 2009, Ma et al., 2016).
Despite the common occurrence of fission, the limitations of small domains in both experimental
and numerical setups has resulted in a research focus on steeper slopes and the associated breaking
mechanisms (e.g., plunging and collapsing) that are less common in the field (table 2.1; also see
Boegman et al. (2005), their table 2). The numerical studies that have been performed on fission
have been analytical (Grimshaw et al., 1998), 2D (Aghsaee et al., 2010, Xu and Stastna, 2020), a
3D simulation that did not examine a wide parameter space (Arthur and Fringer, 2014, 2016), or
one that did not provide detailed information about the final stages of shoaling (Nakayama et al.,
2019).

Shoaling and breaking of internal waves can result in the formation of a bolus (a turbulent vortex
with a circulation region within its interior) that progresses along the bed and may become detached
from the pycnocline. Boluses may transport mass and bed material upslope in a (quasi-)trapped
core (Helfrich and Melville, 1986, Helfrich, 1992, Venayagamoorthy and Fringer, 2007, Vieira and
Allshouse, 2020). Observations of boluses in the ocean have been reported in field studies (e.g.,
Klymak and Moum, 2003, Carter et al., 2005, Moum et al., 2007, Walter et al., 2012, Richards et
al., 2013, Jones et al., 2020). Bolus-induced transport influences coastal ecosystems, where dense,

cold and nutrient-rich water is transported up-slope. This can be critical for the maintenance of
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coral reefs and kelp forests (Leichter et al., 1996), the cool ambient water reducing coral bleaching
(Leichter et al., 1996, Goreau et al., 2000, West and Salm, 2003). Breaking of NLIWs and the
resultant formation of boluses can act as a nutrient pump, supplying required nutrients to the
euphotic zone on the shelf (Sandstrom and Elliott, 1984, Bogucki et al., 1997, Scotti and Pineda,
2004). Boluses may also resuspend and transport sediments upslope (Southard and Cacchione,
1972, Bourgault et al., 2005, Richards et al., 2013, Vieira and Allshouse, 2020) with the finer grains
transported offshore by the return flow to form an intermediate nepheloid layer (Ivey and Nokes,
1989, McPhee-Shaw, 2006, Nakayama et al., 2012, Pomar et al., 2012) and the coarser sediments
settling to make bedforms (Karl et al., 1986, Reeder et al., 2011, Boegman and Stastna, 2019).
Resuspension and transport can act on settled larvae and cysts, injecting them into the water column
and transporting them upslope inside trapped cores (Scotti and Pineda, 2004).

The formation of bolus-like flow features has been studied experimentally (Wallace and Wilkinson,
1988, Helfrich, 1992, Michallet and Ivey, 1999, Moore et al., 2016, Allshouse and Swinney, 2020)
and numerically (Venayagamoorthy and Fringer, 2007, Aghsaee et al., 2010, Bourgault et al., 2014,
Arthur and Fringer, 2014, 2016, Vieira and Allshouse, 2020). Wallace and Wilkinson (1988)
observed the formation of one bolus for each incident wave, as the final stage of shoaling of ISWs
of elevation over gentle slopes (5=0.03, 0.054; table 2.1). In comparison, Helfrich (1992) observed
the formation of several boluses (3-10; their figure 9) during ISW shoaling on uniform slopes (table
2.1). Michallet and Ivey (1999) also studied breaking of NLIWSs of depression on steep slopes,
observing a single bolus after breaking (table 2.1). The most comprehensive laboratory study
(Moore et al., 2016), observed bolus formation as the final stage of periodic internal wave train
shoaling in a quasi-two-layer system on a uniform slope (5=0.2; table 2.1). They categorized
boluses into four types, based on the breaking mechanism (collapsing, plunging and two types of

boluses for surging). They did not observe fission, as their slope was too steep.
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Aghsaee et al. (2010) performed 2D DNS of bolus generation from collapsing, plunging and
surging breakers. They proposed that ISWs of elevation, with trapped cores, are the final stage of
shoaling during fission. Bourgault et al. (2014) and Masunaga et al. (2017) simulated the 2D field-
scale sediment movement and resuspension by boluses from fission and surging breaking of
internal waves, respectively. These were in good visual agreement with field observations.
Venayagamoorthy and Fringer (2007) simulated propagation of boluses over slope-shelf
topography and concluded that 2D simulations could accurately reproduce bolus dynamics. Three-
dimensional boluses were simulated to occur from fission by Arthur and Fringer (2014) and were
strikingly similar in structure to the observations of Helfrich (1992) for the same wave amplitude
and bathymetric slope. More recently, Vieira and Allshouse (2020) performed numerical
simulations that found the thickness of the pycnocline influenced the bolus characteristics resulting
from surging of internal waves over steep slopes (S =0.105-0.231). This was validated
experimentally by Allshouse and Swinney (2020) who observed three ball, hook and sliver boluses
to evolve from surging breakers.

Given the lack of experimental data on shoaling of boluses generated by fission of NLIWSs, there is
a need for further laboratory-based research on this topic. The objectives of the present study are
to characterize experimentally the final stage of breaking by fission, to parameterize bolus
dynamics (number of boluses, bolus size, propagation distance) in terms of readily measurable
incident wave parameters and to compare boluses generated from fission to those generated by
other mechanisms. This knowledge will help oceanographers better understand NLIW shoaling and
breaking, to better choose mooring sites, will provide for better interpretation of observed data and

will help validate and improve numerical simulations at both laboratory and field scale.

2.2 Materials and methods

2.2.1 Theoretical background
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To parameterize our results and compare our data to existing parameterizations, we present the
relevant theoretical background. In stratified lakes and oceans, when the pycnocline is much thinner
than the total depth H= hi+h,, a density stratified fluid can be approximated as a quasi-two-layer

system with a lower layer depth h, and density r, which is overlaid by an upper layer with depth
h, and density r, .

Although many of their waves were strongly nonlinear (e.g., a > h, Stanton and Ostrovsky (1998);
al/h,> 0.22,Cui et al. (2021)), Helfrich (1992) and Aghsaee et al. (2010) parameterized their

results in terms of the weakly nonlinear Korteweg—de Vries (KdV) equation for an inviscid fluid
under the Boussinesq approximation (Osborne and Burch, 1980, Apel, 2002, Ostrovsky and

Stepanyants, 2005):

h +ch +a h p+b R, =0, (2.1)
3¢, h, - h, Co
a=———-—= b=—hh,,
2 hh, 6 '° (2.2)
¢, = 9':_‘;“2 2.3)
c=c,+(5) (2.4)
3
[126
[ wav =H|—— (2.5)
aa
aa 3 |h-h
g=| | b, - | 2.6)
¢, 2 hh,

Here 7 is the vertical displacement of the pycnocline, a is the nonlinearity coefficient, £ is the
dispersion coefficient, ¢ is the linear long-wave speed, ¢ is the nonlinear wave phase speed, a is

the wave amplitude (negative for a wave of depression), g'=g(r, - r,)/ r, isthe reduced gravity

due to stratification, / is the characteristic lengthscale of a KdV-type solitary wave and ¢ is

Kdv
the non-dimensional nonlinearity parameter (Boegman et al., 2005).
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The applicability of weakly nonlinear KdV theory, to characterize our observations, was assessed
by an a/ h, criterion applicable for density stratifications 0.11 <h, /h, < 0.43 (Cui et al., 2021,
their table 5). In KdV theory, waves of depression exist only when h; < h, causing fission to occur
as the wave passes through the turning point where the nonlinearity coefficient vanishes ( © ).
Equations (2.2) and (2.5) show a and & to have the same sign and, consequently, the change to a
wave of elevation as & > 0 whence h; > h; after the turning point (Grimshaw et al., 1998). We

differentiate our lab-observed waves as narrow or broad-crested according to 0.1<g<3, or
equivalently a < (h, - h,)/2, from (2.6). Aghsaee et al. (2010) applied this criterion to show

that the majority of ISWs observed in the field were narrow crested.

To calculate the observed NLIW half-width, we followed Michallet and Ivey (1999):

o]
L, =~ pp(t)dt 2.7)
a,
where the corresponding wave period is:
2L (2.8)
T="
c

We compared our results to the parameterizations introduced by Hult et al. (2010) and Moore et
al. (2016). These embody both the incident wave and ambient fluid properties, which are readily
measurable in the field. They include wave steepness (ka), wave Reynolds number (Re) and wave

Froude number (Fr).

ka = 22 (2.9)
/
MZ
Re = (2.10)
u
nwa
Fr=——— (2.11)
g.'H
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Where k = 2/—’0 is the wavenumber, w= 2T—’0 is the wave frequency, 9.'= 29(r; - 1) jsthe

r,+r,
reduced gravity for this set of equations, H'= hh, in an equivalent depth and v is the kinematic
H

viscosity.

2.2.2 Experimental setup and measurement techniques

The experiments were conducted in the Queen’s University Internal Wave Flume, a glass-walled
rectangular wave flume (figure 2.3, 18.2 m long, 0.75 m wide, and 0.58 m deep). A planar Perspex
slope (S= 0.04) extended upward from the bed to a height of 40 cm at the end wall. This was the
mildest practical slope that could be installed in the flume and expected to generate fission (figure
2.2). This slope was close to the oceanic case (S = 0.035 ; table 2.1), where Richards et al. (2013)
observed boluses. At the other end of the flume, an aluminum flapping airfoil-type horizontal wave
paddle (Thorpe, 1978, Nakayama and Imberger, 2010) was installed to generate internal waves
with different amplitudes and periods. The wave paddle was as wide as the flume and consisted of
a 33 cm long airfoil connected with a piano hinge to a 93 cm long flapping plate (figure 2.3). The
plate was driven by an electric motor connected with an eccentric drive shaft.

The flume was filled to a total depth of H= 40 cm using two different layer densities (p.= 1020 or
1040 kg m®) and heights (h.= 25 or 30 cm) chosen based on the limitations of the wave paddle
(size and practical movement) and also the wave gauge (operational range in saline water). The
density stratification was prepared by adding fresh water to the flume to the desired depth (hy),
which was measured with transparent ruler tape (°2 mm) and then adding salt (Cargill Calcium
Magnesium Free) to reach the desired density (p2), which was measured with a hydrometer
(Fisherbrand™ 11555G; °2 kg m?3). The lower layer was seeded with food dye to enable flow

visualization. Fresh water (p1= 998 kg m=) was slowly added over the lower layer, using two
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floating sponges (~50 cm x ~50 cm sponges were floated on the water surface, with the hose on
top of it) to minimize mixing between the two layers, until the appropriate upper layer thickness
(h1) was achieved. This method created a density stratification with a thicker lower saline layer
underlying a thinner fresh layer separated by a thin pycnocline @ ° 2 cm®° 2 mm (Troy and Koseff,
2005), commonly known as a ‘quasi two-layer’ stratification. The stratification profile can be
theoretically reproduced as a hyperbolic tangent function and supports NLIWSs of depression, which
is typical oceanic stratification (Helfrich and Melville, 2006, Jackson et al., 2012, Allshouse and
Swinney, 2020).

The wave paddle was positioned at the interface between the two fluid layers. To generate NLIWSs
of depression, the plate was flapped downward at the end wall to a desired depth (approximate
wave amplitude) and then driven upward to the horizontal (i.e., the location of the quiescent density
interface) using the electric motor. Measured wave amplitudes were typically 70% of the flapping
plate displacement along the end wall. Periodic movement of the paddle forced both the upper and
lower layers generating a continuous train of NLIWs of depression. The wave amplitude was
increased, in successive experiments, until the paddle movement created excessive localized
mixing. In coastal regions, observations of ~3-11 NLIW packets (Jackson, 2007), with ~10 rank
ordered NLIWs in each packet (e.g., Stanton and Ostrovsky, 1998, Shroyer et al., 2009, Zulberti et
al., 2020) are more common than lone solitary waves. Therefore, we followed the approach of
Wallace and Wilkinson (1988), Helfrich (1992) and Moore et al. (2016) and generated periodic
trains of NLIWSs. This also facilitated piece-wise measurement of the velocity profile over
successive wave shoaling events.

The applicability of KdV theory to describe our experimentally generated waves was not known a
priori. The NLIW half-width was expected to scale with the length of the flapping plate and, for
KdV waves, would be coupled to the wave amplitude according to (2.5). Therefore, the wave

amplitude was first set by the vertical excursion of the flapping plate and then equation (2.5) was
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applied to compute the wavelength, which was takenas /7 © 9/ following the observations in

Kav
Aghsaee and Boegman (2015). Using this modified wavelength, the wave period (2.8) was then
determined and set as the period of rotation of the motor. Regardless of whether or not the NLIWs
were accurately described by KdV theory, similar to lone waves formed by lock release, the
resultant periodic NLIWs will evolve to their natural form once generated by an interfacial

disturbance.
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Figure 2-3 Schematic of experimental setup. Periodic NLIWSs of depression were generated within the two-layer

fluid by flapping the wave paddle with an electric motor connected via an eccentric drive shaft. The upper fluid layer

was fresh water, and the lower fluid layer was saline. See Table 2 for a list of the experimental parameters.

For this study, eight experiments with different wave amplitudes and density stratifications were
performed (table 2.2). In order to measure a and T, a capacitance-type surface wave probe was
customized to measure internal waves, using foam insulation to prevent spurious oscillations of the
free surface from contaminating the internal wave signal (Wallingford HRIA-1018). The wave
probe was installed 3 m downstream from the wave paddle (figure 2.3). The flow was visualized
with backlight from fluorescent tubes illuminating translucent Perspex diffusing sheets, and
recorded with three high-definition video cameras, two Canon 650D recorded the upslope wave
propagation, from the side, and a Canon VIXIA HV30 recorded the overhead plan view. The

physical characteristics of the observed phenomena were measured with transparent ruler tape
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affixed to the flume and by digitizing the videos in Grapher software. The bolus propagation
distances were recorded manually during each experiment.

Timeseries of velocity profiles within the boluses were recorded with three profiling Acoustic
Doppler Velocimeters (ADVp; Nortek Vectrino II; 1 mm s precision and +5% measurement
error). One ADVp was positioned where the pycnocline intersects the slope (interaction point;
figure 2.1) and the other two ADVp were positioned both 90 cm upstream and downstream of the
interaction point (figure 2.3). All three ADVp were set to measure 3D velocity profiles at 50 Hz
over a 3 cm vertical profile (4 cm to 7 cm from the ADVp probe) with 1 mm resolution. At the
beginning of each test, the ADVp were 6 cm above the bottom, causing 1 cm of the profile to be
lost beneath the bed, so as to locate the region of maximum signal-to-noise ratio (SNR) or ‘sweet
spot’ directly at the bed and minimize acoustic reflection. The SNR was also increased by local
seeding with talcum powder (Ahmari, 2013). During each experiment, the velocity profile was
measured by iteratively moving the ADVp vertically through the water column on pointer gauges
(0.1 mm). At each depth, five consecutive NLIWs of depression were measured (from five
rotations of the motor) with the middle wave being chosen to be representative of an NLIW in a
shoaling packet. The first and last waves had different characteristics than those in the middle,
consistent with observations by Wallace and Wilkinson (1988), Helfrich (1992) and Moore et al.

(2016).
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Table 2-2 Experimental parameters, where a is the wave amplitude (negative means wave of depression), p2 is the
lower layer fluid density, hz is the lower layer thickness, y is non-dimensional nonlinearity parameter (2.6), T is the
wave period (2.8), c is the nonlinear wave phase speed (2.4), Lw is the wave half-width (2.7), Sw is the wave slope, ka is
the wave steepness (2.9), Re is the wave Reynolds number (2.10) and Fr is the wave Froude number (2.11) (The
boundary slope S=0.04 and the total height H=0.4 cm were constant for all the tests).

12
(kg m®) (ms’ 1)

-0.024 1020 0.30 0.24 26.3 0.136 1.790 0.013 0.042 0.045
2 -0.045 1020 0.30 0.45 16.6 0.145 1.206 0.037 0.117 764 0.134
3 -0.028 1040 0.30 0.28 19.2 0.188 1.812 0.015 0.048 256 0.052
4 -0.045 1040 0.30 0.45 12.2 0.198 1.206 0.037 0.117 1045 0.133
5 -0.055 1020 0.25 0.22 30.1 0.151 2.277 0.024 0.076 631 0.081
6 -0.083 1020 0.25 0.33 22.9 0.156 1.791 0.046 0.146 1890 0.161
7 -0.055 1040 0.25 0.22 22.0 0.207 2.277 0.024 0.076 863 0.081
8 -0.083 1040 0.25 0.33 17.2 0.214 1.836 0.045 0.142 2524 | 0.156

A sensitivity analysis showed that the measurements were invariant for packets consisting of 10
consecutive waves. After each cycle of five waves, the ADVp were moved 2 cm upward and the
procedure was repeated to capture new velocity profiles, with 1 cm overlap, until the ADVp reached
the surface. A maximum of 7 runs was required to capture the entire velocity profile (for h,=0.25m;
table 2.2). Diapycnal mixing from shoaling boluses was observed to be minimal over the very long
pycnocline (16.25 m to 18.5 m; figure 2.1), consistent with numerical simulations by Arthur and
Fringer (2014), (2016). Experiments were terminated before appreciable variation in the bolus
characteristics or thickening of the pycnocline was observed (e.g., Ivey and Nokes, 1989, Michallet
and Ivey, 1999, Boegman and Ivey, 2012).

Only velocity data with average correlation and SNR >60% and >15 dB, respectively, were retained
for analysis (McLelland and Nicholas, 2000, Nikora and Goring, 2000, Chanson, 2008). The data

were despiked using a phase-space thresholding technique (WinADV 2.031) and the final

profiles were stitched together in Matlab. As the flow was unsteady, mean velocity profiles (U ,
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V , W ) were obtained by applying a low-pass filter to the instantaneous velocity data (u , v, w
) with a spectral cutoff between peaks associated with the NLIWSs and small-scale turbulence
(Aghsaee and Boegman, 2015). The velocity signals were then decomposed into mean and
turbulent components using a Reynolds decomposition (e.g., u =U +u'). We were unable to
measure velocity profile within 4 cm of the free surface and 0.5 cm of the bed, due to the probe
configuration and SNR limits close to the solid boundary, respectively (Chanson, 2008, Aghsaee

and Boegman, 2015).

2.3 Results

2.3.1 Flow field

Periodic movement of the paddle generated a train of NLIWs of depression that traveled toward
the slope passing through the wave probe (figure 2.4). Wavelengths (table 2.2), measured by the
wave probe (figure 2.4 and eq. (2.7)) were larger than the characteristic KdV wavelength from

(25); 71 =2L,° 7/, - Itiswell known that for large amplitude NLIWs, the wavelength from

(2.5) is too narrow (Wallace and Wilkinson, 1988, Stanton and Ostrovsky, 1998, Boegman and

Stastna, 2019). For example, field observations show / © 3.6/ ., (Holloway, 1987, Boegman
et al., 2003) and lab experiments show / © 9/ ., (Aghsaee and Boegman, 2015). Therefore,
our NLIWSs were not well described by KdV theory (e.g., when a >h, Stanton and Ostrovsky,

1998). We found a/h, > 0.22 (Cui et al. 2021), confirming that weakly nonlinear KdV theory

was not applicable to our observations and eKdV would be more approptiate.

The non-dimensional nonlinearity parameter (2.6) confirms that all the observed waves were

narrow crested as 0.1 < g <3 (table 2.2). Moreover, in all the experiments, L, <0.35 L, , where

L, is the pycnocline length above the slope (figure 2.1). Therefore a positive tail was expected to
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form behind the rear face of the wave of depression over the slope (Aghsaee et al., 2010). Shear
induced breaking was not observed prior to shoaling, as confirmed by a <2.24.,/h,d(1+ d/h,)

(Fructus et al., 2009).

t(s)

H (cm)

Figure 2-4: Time series of the pycnocline displacement () for the run 6 recorded by the wave probe. The resultant

wave amplitude (a) and wave period (T) are shown.

2.3.2 Wave shoaling and bolus formation

When the train of NLIWs of depression shoaled over the mild slope, each incident NLIW of
depression (figure 2.5b; blue arrow) degenerated through fission into one or two NLIWs of
elevation as it passed through the turning point (figure 2.5; green line). In this process, the leading
face of the NLIW of depression became elongated, parallel to the slope and the rear face steepened.
A positive tail (Aghsaee et al., 2010) formed behind the rear face of the wave, which eventually
evolved into one or more NLIWSs of elevation (figure 2.5d; blue arrow), as in the observations by
Orr and Mignerey (2003) and Ma et al. (2016).

In figure 2.5 (run 2, table 2.2), for each NLIW of depression, there was only one NLIW of elevation
after the turning point. Each NLIW of elevation then transformed into a bolus at the ‘birth point’
(figure 2.5g; blue arrow), which was between the turning point and the interaction point (figure 2.1;
see also sections 4.1 and 4.2). The boluses propagated upslope, decreasing in size until they

degenerated (figure 2.5k; blue arrow). Each bolus preceded the next bolus formed from the
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subsequent NLIW of depression in the train (bolus downslope of the blue arrow in figure 2.5k).

There was no evidence of reflection, as in the observations by Haury et al. (1979).

Turning point

Figure 2-5 Snapshots in time for run 2 (each row represents a time step), which show fission for a typical NLIWSs of
depression over a mild slope and bolus formation when there is one bolus for each incident NLIW of depression. The
blue arrows in b, d, g and k show the incident NLIW of depression, the evolving NLIW of elevation after the turning
point, the bolus, and the point where the bolus has completely dissipated, respectively. Time period between snapshots
is At= 6s and the locations of the ADVp are shown with red dots. All three image panels were acquired simultaneously

with the same camera.

The transformation from an NLIW of elevation into a bolus is difficult to observe with discrete
oceanographic moorings (Jones et al., 2020); this transformation is shown in figure 2.6 (run 6; table

2.2). The NLIW of elevation formed after the turning point, which is outside the field of view
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(figure 2.6b) and progressed upslope as the rear face steepened (figure 2.6c). At the bolus birth
point (figure 2.6d; blue arrow), the rear face steepness was maximum and shear instabilities, in the
form of Kelvin-Helmholtz billows, were observed to develop through the density interface,
particularly along the rear face. The bolus formed, with a thin trailing return flow of lower layer
fluid attached to the pycnocline (section 4.1), and moved upslope while gradually deceasing in size
until it degenerated (run 2, figure 2.5). The boluses were all similar in shape (e.g., Wallace and
Wilkinson, 1988; their figure 7); hook and sliver type boluses simulated on thicker pycnoclines and

steeper slopes were not observed (Vieira and Allshouse, 2020).

® ADVs

Figure 2-6 Snapshots in time for the run 6 which show typical transformation of an NLIW of elevation to a bolus when
there is one bolus for each incident NLIW of depression. The blue arrow shows the location where the rear face of the
NLIW of elevation reached maximum steepness, and shear instability in the form of Kelvin-Helmholtz billows formed
through the rear face. We consider this to be the bolus birth point. Thereafter, the bolus progressed upslope, decreasing
in size until it degenerated. The time interval between snapshots was At= 5s and the locations of the ADVs are shown

with red dots. Each image panel was acquired with a different camera.
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For some experiments two boluses formed from each incident NLIW of depression (section 4.3.4);
thin return flow in the lower layer, both in front and behind, connected the boluses (section 4.3.3).
As an example of this, figure 2.7 shows snapshots for run 1 (table 2.2), where an NLIW of
depression has passed the turning point. The first NLIW of elevation formed behind the rear face
of the incident wave of depression, which had steepened (figure 2.7b). The first NLIW of elevation
evolved into a bolus (as for the lone bolus in figure 2.6d) but remained attached to the pycnocline
with a tongue of lower layer fluid (figure 2.7d; blue arrow). As the first bolus propagated away a
second NLIW of elevation formed where the rear face continued to shoal (figure 2.7e; orange
arrow). A second bolus was similarly generated after forming another positive tail (figure 2.7f;
green arrow). The creation of more boluses was prevented by elongation of the leading face of the
next NLIW of depression in the wave-train (figure 2.7h).

The waves of elevation, generated by fission, were rank-ordered and there was no evidence of
interaction between the first wave of elevation (or bolus) generated by a trailing wave of depression
and the last wave of elevation (or bolus) generated by the preceding wave of depression. Each bolus
completely degenerated before the arrival of the trailing bolus (figure 2.7 and Movie S2.1). These
observations (figure 2.7) are consistent with the Arthur and Fringer (2014) simulations (their figure

18).
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Figure 2-7 Snapshots in time for run 1 which show typical bolus formation mechanism when there are two boluses for
each incident NLIW of depression. The blue arrow shows the tongue of lower layer fluid attaching the first bolus to the
pycnocline. The orange arrow shows the second NLIW of elevation and the green arrow shows the second bolus. (see
Movie S2.1). The time interval between snapshots was At= 4s and the locations of the ADVs are shown with red dots.
The third ADV is outside the field of view.

2.3.3 Bolus instability

Shear instability was observed through the bolus pycnocline and lobe-cleft instability at the leading
edge (Simpson, 1972, Venayagamoorthy and Fringer, 2007, Arthur and Fringer, 2014). The
instabilities through the pycnocline, particularly near the crest and through the rear face, formed

from strong shear in the parallel flow (section 4.1; movie S2.3 in the supplemental material). At
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times the instabilities were in the form of Kelvin-Helmholtz billows, for example at the front of the
bolus (just above the nose) in figure 2.8a. Similarly, Jones et al. (2020) also observed shear
instability through the rear face of near-bed NLIWSs of elevation in the ocean.

A linear stability analysis (Gimez-Giraldo et al., 2008, Smyth et al., 2011, Bouffard et al., 2012)
using a tanh density profile and the mean observed horizontal velocity profile (figure 2.8a, trailing
the bolus), showed peak growth of mode-one instabilities to be centered at a wavelength of 0.6 cm.
This wavelength is consistent with the size of the small-scale overturns in figure 2.8a (figure S2.1).
A plan view (figure 2.8b, yellow arrow) shows the lobe-cleft instability of the leading face (Hartel
et al., 2000, Venayagamoorthy and Fringer, 2007, Xu et al., 2016, Jones et al., 2020). There is no
return flow toward the leading bolus (figure 2.8b, yellow arrow), which is visually similar to a
shoaling ISW of elevation or gravity current (e.g., Simpson, 1972; their figure 11, Hartel et al.,
2000; their figure 1, Xu et al., 2016; their figure 5). The irregular pattern of the leading edge (figure
2.8b; green arrow) shows the lobe-cleft instability occurred during the presence of a return flow
(before degeneration of the leading bolus) as simulated by Xu et al. (2016). The three-dimensional
structure of the lobe-cleft instability is evident in our observations, with finite-amplitude features
that are long in the streamwise direction (e.g., velocity structure in figure 2.9b) and short in the
spanwise direction (e.g., density field in figure 2.8b), as identified by Xu et al. (2016; see their
figure 7). Lobe-cleft instability has also been observed in oceanographic observations of shoaling
NLIWs of elevation (Jones et al 2020).

A strong down-draft of lower layer fluid, near the bed, occurred during the progression of the bolus
and diapycnal mixing across the pycnocline was weak, suggesting continued mass flux to the lower
layer may be more important than diapycnal mixing across the pycnocline, in regulating bolus
progression and degeneration. This has implications for irreversible vertical flux of sediments,
nutrients and buoyancy along coastal margins (Sandstrom and Elliott, 1984, Helfrich, 1992,

Boegman and Stastna, 2019).

30



Figure 2-8 Images showing run-up of a bolus after its formation (run 4). The bolus is travelling from left to right in the

upslope direction. a) Side view (see Movie S2.2), b) Top view of two boluses as indicated by arrows, the green arrow
shows the top view of the bolus in panel a, the yellow arrow shows the preceding bolus during its final stage of
shoaling as it degenerates (see Movie S2.3). In this run there was one bolus for each NLIW of depression. The bolus in
panel a has a height of ~ 4 cm and the smaller-scale shear instabilities have length scales of ~1 cm.

2.3.4 Velocity field

The velocity profiles from the three ADVp, during the eight experiments, captured boluses with
different sizes and velocity magnitudes, yet they were qualitatively similar. As an example, figure
2.9 shows timeseries of the ADVp-observed instantaneous velocity profiles (u,w,v) during the
passage of the largest observed bolus (run 8; first ADVp). When the bolus formed, it was preceded
by a thin downslope lower-layer flow (figure 2.9a; t = 0-9 s; also see figure 2.8a; movie S2.3),
which formed either from the elongated leading face of the first incident NLIW of depression or
the trailing edge of the preceding bolus. When the bolus passed the ADVp, there was an upslope
flow of lower layer fluid inside the bolus and a downslope flow of upper layer fluid above (figure
2.9a; t = 9-14 s). The flow along the leading face of the bolus was upward (figure 2.9b; t = 9-12 s)
and was downward flow at the rear face (figure 2.9b; t = 12-15 s). Spanwise flow within the bolus
core was evident, but was strongest through the pycnocline (figure 2.9c; t = 10-15 s); indicating the
presence of 3D instability, particularly along the rear face (e.g., figure 2.9a).

After the bolus passed, a thin downslope return flow (e.g., figure 2.8; movie S2.3) was also
observed (figure 2.9a; t = 15-25 s). This drained the dense fluid inside of the bolus to the lower

layer or toward the trailing bolus. These velocity fields (figure 2.9) are consistent with those
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observed by Richards et al. (2013; their figure 9); although they were unable to capture velocity
profiles close to the bottom (<1 m above the bed); potentially not resolving a return flow. The size
and velocity magnitude, associated with the boluses, decreased as they propagated upslope (figure
S2.2). The fluctuating velocity components were roughly one-tenth the magnitude of the
instantaneous components and were elevated within the bolus and along its boundary, indicating

active turbulence (figure S2.3).
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Figure 2-9 Hovmoller diagram of instantaneous velocity profiles for a bolus in a) the streamwise direction (u
component), b) the vertical direction (w component) and c) the spanwise direction (v component) for run 8 (table 2.2)
as captured by the first ADVp. Measured data within 5 mm of the bed have been removed because of poor signal-to-
noise ratio and correlation from acoustic reflection of the bottom. Of all the experimental data, this is the largest bolus

that was recorded with the strongest velocities.

2.4 Discussion

2.4.1 Difference between a NLIW of elevation and a bolus
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Here, we propose that comparison of the velocity fields can be used to differentiate NLIWSs of
elevation and boluses. Shoaling NLIWs of elevation have been investigated in the literature (e.g.,
Stastna and Lamb, 2008, Carr and Davies, 2010, Xu et al., 2016), but their dynamics after
generation though fission of an NLIW of depression and the difference between an NLIW of
elevation and a bolus remain comparatively uninvestigated in the laboratory. Stastna and Lamb
(2008) and Carr and Davies (2010) considered propagation of ISW of elevation over a horizontal
bed, while Wallace and Wilkinson (1988) and Xu et al. (2016) considered shoaling over a planar
slope and a small-amplitude shelf, respectively. Wallace and Wilkinson (1988) proposed that
internal waves of elevation steepened, over the slope, until they became unstable and eventually
overturned transforming into a bolus with instabilities at the crest. Each bolus moved upslope
decreasing in size as it degenerated. Carr and Davies (2010) reported three wave types and observed
shear instability through the pycnocline for one of them. Arthur and Fringer (2014) simulated the
final stage of shoaling, for fission, to be a train of rank-ordered solitary waves of elevation
(boluses). Xu et al. (2016) simulated the start of lobe-cleft instability, at the nose of the wave, and
shear instability in the form of Kelvin-Helmholtz billows through the rear wave face during the
shoaling over the shelf, but as with Carr and Davies (2010), they did not call these boluses. In the
present study, our observations after the turning point were very similar to those in Wallace and
Wilkinson (1988) (figure 2.6).

We compared the velocity fields for a NLIW of elevation and two boluses (figure 2.10) from run 1
(table 2.2). Both boluses formed from fission of one incident NLIW of depression; however, the
second NLIW of elevation was not captured by the first and second ADVp (figure 2.7). In this run,
the boluses did not propagate to the third ADVp (figure 2.7i). Therefore, the NLIW of elevation
(figure 2.10a,c,e) transformed into the first bolus (figure 2.10b,d,f; bolus on left). The bolus velocity
signatures (figure 2.10b,d,f) were qualitatively similar to the already investigated bolus from run 8

(figure 2.9a,b,c). However, the velocity signature associated with the NLIW of elevation (figure
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2.10a,c,e) was distinct from those due to the boluses. The u velocity (figure 2.10a,b) had a return
flow, in the lower layer, behind the boluses (figure 2.10b, t = 8-13s and t = 15.5-20s) that was not
present for the NLIW of elevation (figure 2.10a, t = 14-20s). This is in agreement with simulations
of NLIWs of elevation by Xu and Stastna (2020; their figure 2a). The v velocity (figure 2.10e,f)
shows striking spanwise flow for the case with boluses (figure 2.10f, t = 5-7s and t = 13.5-155s),
which was not observed in the NLIW of elevation (Hosegood et al., 2004). These instantaneous
fluctuating velocities (figure S2.3) are maximum around the bolus edge, due to the instabilities in
the pycnocline.

The thin region of three-dimensionalization < ~1 cm (figure 2.10f) is consistent with the
wavelength of the most unstable mode (0.5 cm) from a linear stability analysis (figure S2.4). The
size of our instabilities is likely limited by the large density difference across the pycnocline (20-
40 kg m3) in the present experiments, relative to the smaller density gradients in oceanic
observations (Moum et al., 2003), which would allow for growth of larger instabilities relative to
the wave/bolus height. Moreover, the observation that the thin region (figure 2.10f) was dominantly
blue (negative direction) shows span wise circulation in or movement of the bolus. This was
characteristic of many boluses and occurred in both spanwise directions.

The current speed inside the first bolus (u and w; figure 2.10b,d) was greater than in the initial
NLIW of elevation (u and w; figure 2.10a,c), even though the bolus was smaller and the data were
captured 0.9 m further upslope. Considering the reduction in bolus size and velocity magnitude
during propagation over the slope (figure S2.2), it can be surmised that the peak in u and w velocity

components occurs at the bolus birth point.
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Figure 2-10 Hovméller diagram showing contrasting instantaneous velocity profiles for an NLIW of elevation and two
boluses. Panels (a)/(b), (c)/(d) and (e)/(f) show the streamwise (u component), vertical (w component) and spanwise (v
component) velocity components, respectively, for the NLIW/boluses. These data are for run 1 as captured by the first
and second ADVp. The first bolus formed from the shown NLIW of elevation, whereas the second bolus formed from
the trailing NLIW of elevation (not shown). Both NLIWs of elevation occurred through fission of the same incident
NLIW of depression. See figure 2.7 and Movie S2.1.

2.4.2 Bolus formation

The bolus formation mechanism, for shoaling internal waves on a slope, depends on the wave form
(depression vs. elevation). From our results and Moore et al. (2016), for an incident NLIW of
depression, bolus formation depends on the breaker type (fission, collapsing, plunging, and
surging). However, for an ISW of elevation, Wallace and Wilkinson (1988) proposed that the
structure of the bolus was independent of the breaking mechanism and only determined by the
inclination of the slope.

The steep-slope boluses, observed by Moore et al. (2016), consisted of a vortex with a mixed

breaking region that was pushed shoreward under wave inertia. This has also been simulated
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(Aghsaee et al., 2010) and experimentally observed (Michallet and Ivey, 1999, Allshouse and
Swinney, 2020) by others. However, in the present mild-slope experiments (Section 4.1), all
boluses were formed by transformation of an NLIW of elevation without intense mixing, as in the
experiments by Wallace and Wilkinson (1988). Aghsaee et al. (2010) distinguished between ISWs
of elevation with trapped cores and the turbulent boluses that emerged from collapsing breakings.
However, their 2D model was unable to resolve 3D instability in the boluses after fission, leading
to an overestimation of wave inertia during breaking and reduced mixing by secondary spanwise
instabilities, relative to the 3D case (Fringer and Street, 2003, Aghsaee et al., 2010, Arthur and
Fringer, 2016). Therefore, in general, a bolus formed by fission from an NLIW of depression (mild
slope) will have less mixing than boluses generated on steep slopes, as it is initialized from a wave
with minimal reflection.

Xu and Stastna (2020) used a 3D model (SPINS), restricted to 2D because of the computational
cost, to simulate fission, where an ISW of elevation shoaled after the turning point. A separation
bubble gradually developed beneath the wave and eventually broke down into two parts (their
figures 3 and 5): one trapped inside the wave; and the other shed behind the leading wave to interact
with the trailing waves. Their simulation of separation bubble breakdown provides insight into our
bolus formation mechanism. We observed formation of a quasi-trapped core (figure 2.13c; see
section 4.3.1) within the bolus and shear instability through the pycnocline, particularly along the
rear face. This is where the velocities induced by the wave were maximum, and they modelled
strong cross-boundary-layer transport. Therefore, where the separation bubble broke down and
shear instabilities formed through the wave boundary layer (Ma et al., 2016), the NLIW of elevation

evolved into a bolus (figure 2.10).
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Figure 2-11 Schematic showing fission of a train of NLIWSs of depression over a mild slope. Xor is the distance between
the bolus birth point (star) and the interaction point and xo is the bolus propagation distance.

Comparing the local bolus propagation speed c, (from the video) to the maximum local fluid

velocity umax (from the ADVp) at the bolus birth point for runs 2, 5 and 7 (table 2.2), we evaluated
the Lamb (2002), (2003) criterion, that a trapped core will form when Umax > Cy, . This criterion
was valid for all boluses, with our observations showing the wave-induced current became unsteady
at the bolus birth point and a quasi-trapped core formed inside of the NLIW of elevation (figure
2.13c; see section 4.3.1) and became a bolus (figure 2.10). These observations are consistent with

the simulations by Xu et al. (2016). At the bolus birth point y__ © 0.7c,, as observed for a NLIW

degenerating through plunging breaking (Boegman and Ivey, 2009) following Sveen et al. (2002).
The location of the bolus birth point, for all breaking mechanisms except fission, was near the
breaking point and close to the “surging region” (Aghsaee et al., 2010, Moore et al., 2016,
Allshouse and Swinney, 2020). The simulations by Aghsaee et al. (2010; their figure 18) introduced
an equation for the breaking point and proposed that the breaking point, for fission, was where the
first wave of elevation emerged. However, the present observations show bolus formation to begin
at a point between the turning point and the interaction point. Here, shear instabilities form through
the pycnocline, due to separation bubble breakdown, as the NLIW of elevation emerges (figure
2.11). Regressing the bolus birth point against "Oi (2.11) gives an equation (R?>= 95%, normalized
root-mean-square error (NRMSE) = 12.9%) to predict the location of bolus birth for fission on a

mild slope (figure 2.12a):
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Here, xor is the distance between the bolus birth point and the interaction point and _ is from

(2.6). The bolus birth point was always between the turning and interaction points (figure 2.11).

The location of the bolus birth point, occurring where y__ ° 0.7¢,, depended on Fr (ratio of fluid

velocity to wave celerity). The bolus birth point moved closer to the turning point as the incident
wave energy increased (figure 2.12a), and local current velocities associated with larger incident
NLIWs more rapidly approached the local phase speed. Wallace and Wilkinson (1988) also
introduced a criterion for the bolus birth point but acknowledged that their results showed large

variability and they did not report sufficient data to compare their result with our own.

a 0.9 b 2
0.8 ] 1 8 I '—‘—
— 16 — & 7]
07 >7f 6 ’7f7 - | S
0.6 —— 14
212
%05 ~ —
3 T S S—
3 oa — = |
T 0.8
03 ) _Ll% 06 I t
0.2 l Present study 04 Present study
o1 Equation (4.1) 0.2 Equation {4.2)
(1] o
) 0.05 19 015 02 0 0.05 0.1 015 02
Fr Fr
C 0.07 d 018
0.06 - 016
— -1 v.14
0.05 - e
012
Y S
2 0.04 4
— 0.1
§ _ L f
= 0.03 47, B oas
. —
It 0.06
0.02 4
Present study vo04 —_—
0.01 4 Nb-1
5 002
Equation (4.3) A Nb=2
0 . . T \ 0 . : . : y
[ 0.05 0.1 01s 02 [ 500 1000 1500 2000 2500 3000
Fr Re

Figure 2-12 Parameterization of bolus characteristics. (a) Bolus birth point criterion: ratio of the distance between the
bolus birth point and the interaction point (xsr) normalized by Lw (2.6) versus Fr (2.11). (b) The total bolus propagation
distance (xo) normalized by Lwversus Fr. (c) The initial height of the bolus (Ho) normalized by Lw versus Fr. (d)
Classification of number of boluses (Nb) birthed during shoaling of each NLIW of depression in relation to the initial

wave forcing parameters Fr and Re (2.10). Data points are mean  standard deviation in panels a-c.
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Moore et al. (2016) classified different types of bolus formation according to Fr, Re and the wave
steepness ka. They found that Fr > 0.2 marked a transition from a coherent bolus to a turbulent
surge/bore (i.e., a transition from a bolus due to collapsing to a bolus due to either plunging or
surging). The Re did not have a considerable effect on the bolus type, except for when Re < 500
(or ka < 0.4) the bolus would be coherent. While they did not consider changes in bottom slope,
our results using a mild slope show that the type of bolus depends on the wave breaking mechanism.
The present boluses (Fr < 0.2 and ka < 0.4; table 2.2) were coherent and Re > 500 for all
experiments, except runs 1 and 3. Inspection of the observed boluses and their mean velocity
profiles (not shown) shows that U increases with Reynolds number, causing more shear instabilities

and more mixing with associated energy loss.

2.4.3 Bolus Characteristics

The boluses observed in this study were all similar in shape (figure 2.8), with shear instabilities
through the pycnocline, especially along the rear face (e.g., Wallace and Wilkinson, 1988, Helfrich,
1992, Venayagamoorthy and Fringer, 2007, Arthur and Fringer, 2014). However, the boluses were
not identical, therefore, we investigated what parameters led to changes in the physical

characteristics of the boluses.

2.4.3.1 Bolus dynamics
Spatial velocity distributions, under a frozen-time assumption, were computed by multiplying the

velocity profile timeseries (figure 2.9) by the local bolus propagation speed C, . The spatial

horizontal velocity distribution, for the bolus in figure 2.9, and the corresponding velocity vector
field in the horizontal-vertical plane show circulation around the bolus, with an upslope flow inside
the bolus and downslope flow above (figure 2.13a). The center of the circulation was considered to

be the top of the bolus (x = 41 cm and depth =~ 8 cm) and the distance to the bottom was the bolus
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height H, . The bolus length L, was equal to the distance along the bed between where U =~ 0 m

st (x=20 and 58 cm).

Overlaying the vector field on the corresponding video (figure 2.13b) provides an image similar to
field observations by Bourgault et al. (2014; their figure 13) both in the St. Lawrence Estuary and
in their Reynolds-averaged model. Venayagamoorthy and Fringer (2007) and Vieira and Allshouse
(2020) also showed visually similar velocity vectors superimposed on the density contours for one
of their simulated boluses (their figure 2.15a and figure 2.4d, respectively); although the formation
mechanisms were different. Jones et al. (2020) presented similar velocity vectors superimposed on
temperature observations of a bolus on the Australian North West shelf.

The top of the bolus found from the velocity vectors (centre of the circulation) was inside the bolus;
as visualized from the video camera (figure 2.13b); in agreement with field observations by
Bourgault et al. (2014; their figure 13). The red fluid above the centre of the circulation is mixed-
density downslope flow (Wallace and Wilkinson, 1988; their figure 9) created by shear instabilities
through the pycnocline (Venayagamoorthy and Fringer, 2007).

The bolus-induced currents may lead to sediment resuspension (Hosegood et al., 2004, Boegman
and Stastna, 2019). At the front face of the bolus, close to the bed (figure 2.13b; x = 58 cm), an
upward flow may lift bed material; similar to the field-scale model results by Bourgault et al. (2014;
their figure 13b). However, the lack of near-bed velocity data makes interpretation of the
resuspension mechanism difficult from backscatter observations both in the field (Richards et al.,
2013; their figure 9, Klymak and Moum, 2003; their figure 5, Jones et al., 2020; their figure 3e)

and in the lab (Aghsaee and Boegman, 2015).
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Figure 2-13 Flow within a bolus. (a) Spatial distribution of the U velocity superimposed on the 2D velocity vector
field for a bolus from run 8 as captured by the first ADVp. (b) The 2D velocity vector field superimposed on a video
image of the bolus in panel a. (c) Streamlines from a reference frame moving with the wave for the bolus in panel a. In
all panels, the bolus moves from left to right.

Streamlines were generated by subtracting C, from U (Wallace and Wilkinson, 1988,

Venayagamoorthy and Fringer, 2007) to achieve a reference frame moving with the wave (figure
2.13c). The streamlines show a quasi-trapped core (e.g., Lamb, 2002, 2003, Klymak and Moum,
2003), which is thought to carry sediments along the continental shelf (Richards et al., 2013,
Bourgault et al., 2014). The size of the bolus decreased while moving upslope, due to drainage of
the core by the return flow and mixing between the core and the ambient fluid (Xu et al., 2016),
confirming the appropriateness of using ‘quasi-trapped core’ terminology to describe the boluses.
The largest closed streamline passed over the top of the bolus, showing that the boundary of the

quasi-trapped core region was the same as what we considered to be the bolus. Venayagamoorthy
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and Fringer (2007) identified two circulation regions within the bolus: one was larger and in the
upper portion of the bolus, which is analogous to figure 2.13c, and the other was close to the bottom
with flow in the reverse direction that caused lower layer fluid to drain from the bolus through the
rear face. In figure 2.13c, there is flow separation beneath the circulating core, but due to the lack
of data close to the bottom, it is not clear if this is the secondary circulation cell modelled by
Venayagamoorthy and Fringer (2007) is occurring. This requires further investigation using
neutrally buoyant particles to visualize the near-bed flow. In their comprehensive field
observations, Jones et al. (2020) did not mention boluses with trapped cores, rather their most
observed phenomenon was a solitary-like wave with a trapped core that had a recirculation region
centered inside the wave (their figure 3a). We did not observe these waves in the present
observations (e.g., figure 2.10).

To relate bolus propagation speed to the initial wave forcing, Moore et al. (2016) plotted the

C, / wa versus Fr (figure 2.14a) and ka (figure 2.14b). Despite the bolus generation mechanisms

being different, our data agree with their trend, showing that by increasing the initial wave forcing,
the normalized bolus speed decreased. Moore et al. (2016) proposed that this was because some of
the incident wave energy was lost to turbulence and when the bolus became unstable, more energy
would be dissipated. Although they did not generate boluses by fission, our observations also show
that for the runs with higher wave forcing (Re > 500), the edges of the boluses were more irregular

with instability-driven mixing.
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Figure 2-14 Local bolus propagation speed (C, ) (normalized by 11a ) versus (a) wave Froude number ( Fr ) and (b)

wave steepness (ka). Average bolus height (h__) (normalized by a) versus (c) wave Froude number ( Fr ), (d) wave

steepness (ka ).

2.4.3.2. Bolus propagation distance

It is important to know the total distance a bolus will propagate after forming, transporting cold

dense fluid, sediments and nutrients. Figure 2.12b shows the bolus propagation distance X,

normalized by L, (2.6), relative to Fr (2.11). Regressing data gives an equation for bolus

propagation distance (R?= 96%, NRMSE= 8.2%):

X
—9 =5.81Fr %%

w
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Larger incident waves, with more fluid inertia and greater Fr, will form boluses that propagate

further upslope (figure 2.12b).

2.4.3.3 Bolus size
The size of a bolus had been shown to consistently diminish as it propagates upslope in both process
based investigations (figures 5, 6, 7, 8, Wallace and Wilkinson (1988), Helfrich (1992), Moore et
al. (2016), Allshouse and Swinney (2020)) and field observations (Sandstrom and Elliott, 1984,

Bourgaultetal., 2014, Moum et al., 2007). The bolus height-to-length ratio H, /L, © 0.3 (figure

2.15a) remained approximately constant (Wallace and Wilkinson, 1988). Figure15b shows that the
change in "O from the initial bolus height ("O) through bolus degeneration is linear (Wallace and
Wilkinson, 1988, Helfrich, 1992; their eq. 8, Bourgault et al., 2007). This is independent of whether
the boluses were generated from NLIWs of elevation (Wallace and Wilkinson, 1988), collapsing

NLIWs of depression (Helfrich, 1992) or fission (present study).
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Figure 2-15 Parameterizations for bolus aspect ratio. (a) The bolus height-to-length ratio as a function of the
normalized distance from the bolus birth point. The ordinate scale is the distance of the bolus from the bolus birth point
(x) normalized by the bolus propagation distance (o). b) Variation of normalized bolus height (Ho = initial bolus
height) versus the distance to the bolus from the bolus birth point (x) normalized by the bolus propagation distance (xo).
Wallace and Wilkinson (1988) refers to as WW (1988).
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To parameterize 'O Helfrich (1992) proposed H,/a =1.75° 0.25 for 0 </, /L, < 0.25,
which was shown by Aghsaee et al. (2010) to decrease with increasing 7, /L, (figure S2.5).
However, all of our NLIWSs (0.24 < a/h, < 0.55), most of the NLIWSs in Aghsaee et al. (2010)
(0.2 < a/h,<2.05) and some of the NLIWs in Helfrich (1992) (0.07 < a/ h, < 3.4) were not of

the weakly nonlinear KdV-type (i.e., a/h,> 0.22, Cui et al. 2021). Consequently, / >/

Kdv
bringing into question the utility of this parameterization. To better classify surging and collapsing

breakers, Aghsaee et al. (2010) introduced the parameter H_ /H, , where H is the depth where

the separation bubble has reached the pycnocline. However, we found that this criterion was not
applicable to breaking by fission, as the separation bubble split before reaching the pycnocline.
Therefore, there was a need for a new relation to predict 'O for fission.

Motivated by the results of Moore et al. (2016) and given the data scatter (figure S2.5), we predicted

the initial height of the bolus (normalized by _ ) relative to Fr (R*= 94%, NRMSE= 9.5%):

% = 0.16Fr **° (4.3)

w

The waves became taller and narrower as Fr increased (figure 2.12c). This observation was
surprising, given that field data shows higher frequency NLIWSs to have taller (sech? vs. sinusoidal)
profiles and less energy (Boegman et al 2005; their figure 2.15). We surmise that Fr is locally

regulated by shoaling, enhancing u__ relative to c, .
The relation of the average bolus height (h__ = H,/2) normalized by the incident wave amplitude

to wave inertia and steepness (figure 2.14c and d) were also investigated as in Moore et al. (2016).
The average bolus height decreased with increasing wave inertia, as energy was lost to turbulence
and drag. The discrepancy between our results and those by Moore et al. (2016) results from the
differences in incident wave types (periodic sinusoidal internal waves vs. NLIWSs of depression)

and, as a result, different definitions of wave amplitude. We have also chosen a different criterion
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for bolus height (section 4.2.1), using the top of the bolus to be the inflection point in the velocity
field (U = 0; figure 2.13a), whereas Moore et al. (2016) chose the pycnocline (e.g., figure 2.13b).
We believe that our definition is more conceptually sound, as it is based on the finding boundary
between the upslope moving bolus and downslope return flow. Moreover, this will be easier to
locate in profiles from moorings, considering that the height of the bolus is a function of pycnocline
thickness (Vieira and Allshouse, 2020).

Given the decrease in bolus size as it shoals, it remains important to quantify how much of the
lower layer fluid, contained in the bolus, is lost to irreversible mixing with the upper layer, relative
to what is lost to the near-bed return flow (Southard and Cacchione, 1972). We do not have
sufficient data for a complete analysis; however, we were able to estimate the return flow from the
mean ADVp velocity profiles for run 8 (figure 2.16a). The return flow thickness and velocity were
observed to decrease as the boluses shoaled. Taking a control volume between ADV-1 and ADV-
3 (figure 2.16b), the change in bolus volume was estimated from the digitized video images (not
shown) as AV1 = Vapv-1 -Vapv-3 = 0.025 — 0.003 = 0.022 = 0.01 m®. This was compared to the
volume flux in the return flow, at these two points (figure 2.16a), and the travel time of the bolus

from ADV-1to ADV-3as AV2 = At x AQ~19.8 x 0.0012 = 0.023 = 0.01 m®. The computed values

for AV1 and AV2 are within the error bounds associated with estimating the density profiles of the

return flow and the bolus. This back-of-the-envelope example suggests that, for this case, the bulk
of the bolus core may be lost to the return flow, with irreversible mixing of bolus fluid to the upper
fluid layer (e.g., as required for nutrient flux) being minimal. Here, we have neglected transport
and mixing that may occur due to other mechanisms and at different stages of bolus evolution. For
example, Xu and Stastna (2020) showed that when boluses started to form, significant cross-
boundary-layer transport could occur. Given the implications for nutrient supply to the continental

shelf, these back-of-the-envelope calculations should be investigated further.
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Figure 2-16 (a) Mean velocity profiles of the return flow at the ADVp for run 8. (b) Schematic showing boluses
propagating over the boundary slope, with fluid draining to a return flow. In panel a, the mean velocities for depth < 0.5
cm were modeled by using the log-law.

2.4.3.4 Number of boluses

From the literature, it remains unclear how many boluses to expect from each incident NLIW of
depression. For a lone NLIW of depression a different number of boluses will be generated
depending on the characteristics of the wave and the slope (Aghsaee et al., 2010; their figure 13).
For a packet of two incident ISWs of depression, Helfrich (1992) observed the first wave to form
only one bolus, but for the second wave, the number of boluses was the same as the number of
boluses for a similar lone wave (see their figure 18). For ISWs of elevation, Wallace and Wilkinson
(1988) found one bolus for each wave, as did Moore et al. (2016) for each wave in a train of
sinusoidal internal waves.

We observed either one or two boluses to be generated from a single NLIW of depression; matching
the number of NLIWSs of elevation formed during fission after the turning point (Wallace and
Wilkinson (1988). The number of NLIWSs of elevation, generated by fission, depended on the
characteristics of incident NLIW of depression. Malomed and Shrira (1991) proposed a KdV-based
equation to predict the number of secondary solitons (ISWs of elevation), but as with Helfrich
(1992) and Aghsaee et al. (2010), this relationship only worked when there was a lone ISW of

depression; not a periodic train, as in the present study.
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The number of boluses increased as both Froude number (2.11) and Reynolds number (2.10)
decreased; with "Oi 0.1 separating the data (figure 2.12d). The decreasing number of boluses,
with increasing wave inertia ("Oi), can be interpreted according to the generation timescale for each
NLIW of elevation. Each NLIW of depression has a finite ‘duration of transition’ (Grimshaw et al.,
1998; transformation timescale from an NLIW of depression to a packet of NLIWSs of elevation).
Increasing "Oi causes the wave period to decrease and each NLIW of depression has a shorter
duration of transition, before arrival of the next NLIW in the packet, preventing further boluses

from forming (section 3.2; figure 2.7).

2.5 Conclusions

The present study extends prior work on NLIW fission and bolus formation on mild slopes as
commonly observed in lakes and continental margins. As each NLIW of depression shoals, it
evolves into a packet of NLIWs of elevation after passing the turning point; the number of waves
of elevation depends on the Froude number of the incident wave. The waves of elevation transform
into boluses where shear instability occurs through the pycnocline. At this ‘bolus birth point’, flow
velocities are maximum. Each bolus propagates upslope as a quasi-trapped core, decreasing in size
and velocity magnitude, through loss of volume to a near-bed return flow emanating from the rear
face and diapycnal mixing from instability across the pycnocline. A simple calculation suggests
that for some cases, the volume-flux to the return flow may predominate, thereby limiting the
overall effectiveness of some boluses in driving biogeochemical fluxes in the coastal ocean.
However, this topic requires further research as both shear and lobe-cleft instabilities were observed
to drive mixing, which was not quantified experimentally.

The formation mechanism, birth point, propagation distance and initial height of the boluses
generated from fission were distinct from those generated by other breaking mechanisms associated

with NLIWSs of depression or elevation, but the height to length ratio, change in size with
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propagation and the velocity field inside and around the boluses were all remarkably similar. The
bolus birth point, initial height, and dissipation lengthscale were parameterized in terms of variables
that are measurable in the field by oceanographers. These bolus characteristics were related to Fr,

with u__ © 0.7c, atthe bolus birth point. Future work should investigate effects of changing the

boundary slope (S < 0.05) as well as the generality of the equations describing the bolus birth point,

the initial bolus height and the total bolus propagation distance.
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Chapter 3
Sediment resuspension and transport by fission of nonlinear internal

waves over a mild slope

3.1 Introduction

Shoaling and breaking of nonlinear internal waves (NLIWSs) over boundary slopes in stratified lakes
and coastal oceans influences the density stratification (Wunsch, 1971, Wiest et al., 2000,
Allshouse and Swinney, 2020), regulates vertical biogeochemical fluxes (Haury et al., 1979,
Sandstrom and Elliott, 1984, Scotti and Pineda, 2007), and drives sediment resuspension and
transport (Southard and Cacchione, 1972, Pomar et al., 2012, Ma et al., 2016). NLIW induced
currents can increase the bottom shear and Reynolds stresses applied to the sediment bed, causing
them to be greater than the critical stress (Van Rijn, 1993), leading to sediment movement as
sliding, rolling, and bouncing (successive contact with the bed) over the bed (bedload) and/or
suspension into the water column (suspended load). This often occurs in the presence of near-bed
instabilities (Boegman and Ivey, 2009, Aghsaee and Boegman, 2015, Valipour et al., 2017).

The interaction mechanisms between NLIWSs and the bottom boundary layer (BBL) have
commonly been investigated in three idealized contexts (Boegman and Stastna, 2019): 1) NLIWs
of depression over a flat bottom, 2) NLIWSs of elevation over a flat bottom and 3) NLIW interaction
with topography. In all three contexts, sediment resuspension occurred at the location of a
separation bubble in the adverse pressure gradient (APG) wave-wake region; however, the location
of the separation bubble differed in each case.

For NLIWSs of depression, the separation bubble forms near the region of global instability
(Diamessis and Redekopp, 2006, Carr and Davies, 2006, Carr et al., 2008) in the APG region of

the rear wave shoulder (Carr et al., 2008, Aghsaee et al., 2012, Boegman and Stastna, 2019; see
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their figure 6), leading to localized sediment resuspension (Aghsaee and Boegman, 2015).
However, field observations show sediment resuspension both directly beneath the wave trough,
where the shear stress calculated using the mean horizontal velocity (the quadratic law) is
maximum (Quaresma et al., 2007, Zulberti et al., 2018) and also under the rear shoulder of stable
waves due to pumping of the bottom boundary layer (Zulberti et al., 2020, Edge et al., 2021).

For NLIWs of elevation, Stastna and Lamb (2008) modelled the separation bubble to form near the
leading edge of the wave, in agreement with observations (e.g., Hosegood and van Haren, 2004).
However, separation was conditional on the existence of a background current directed opposite to
the wave propagation direction (Stastna and Lamb, 2008, Boegman and Stastna, 2019; see their
figure 6). For example, on the California Shelf, Bogucki et al. (1997) observed rapid particulate
loading throughout the bottom 12 m of the watercolumn during the passage of an NLIW of
elevation. At this time, the shear stress calculated using the horizontal velocity was minimal and
they proposed that the sediment resuspension occurred in the APG region at the leading edge of the
NLIW of elevation (see their figure 14). As the NLIW of elevation propagated upslope, they
hypothesized the APG acted to pump sediments.

For NLIW interaction with topography, the behavior depends on the characteristics of both the
wave and the topography (e.g., through an internal form of the Iribarren number (Boegman et al.,
2005)). Experimental and numerical studies have investigated different topographic slopes
(Wallace and Wilkinson, 1988, Boegman and lvey, 2009, Aghsaee et al., 2010, Sutherland et al.,
2013, Arthur and Fringer, 2014) and isolated topography (Olsthoorn and Stastna, 2014, Harnanan
etal., 2015, Deepwell et al., 2017). During shoaling an NLIW of depression becomes asymmetrical,
with a steeper rear face, increased near-bottom currents and a growing APG in the BBL (Boegman
and Ivey, 2009, Aghsaee et al., 2010; figure 3.2a). This makes it is more likely to observe sediment

resuspension behind a NLIW of depression shoaling over a boundary slope than over a flat bottom.
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When NLIWSs of depression break, a separation bubble and spanwise vortex forms at the breaking
location for all convective breakers (collapsing, surging and plunging; see figure S3.1) (Boegman
and Stastna, 2019; see their figure 7a). We can, therefore, expect sediment resuspension at the
breaking point. For example this was observed by Southard and Cacchione (1972) (bottom slope
(S)= 0.1, collapsing breaking), Boegman and lvey (2009) (S= 0.145, plunging breaking), and
Deepwell et al. (2020) (S= 0.035 - 0.173, collapsing, plunging & surging breaking). While for
fission, the NLIW of depression transforms to a packet of NLIWSs of elevation at the turning point
(Grimshaw et al., 1998, Aghsaee et al., 2010, Xu and Stastna, 2020) and then eventually to boluses
at the bolus birth point (Ghassemi et al., 2022; figure 3.1). In this case, there is not an established
breaking location, as for convective breaking, and the wave-sediment interaction dynamics in the
BBL at the turning point (the location over the slope where the thicknesses of the lower and upper
layers are equal), the bolus birth point (the location over the slope where an NLIW of elevation

transforms to a bolus) and further upslope remain uninvestigated (Boegman and Stastna, 2019).

Figure 3-1 Schematic showing fission of a train of NLIWSs of depression over a mild slope (S). Here each NLIW of

depression propagates with amplitude a and wavelength / = 2| in a two-layer stratification that consists of a
thicker (h2) and denser (p2) lower layer which is overlaid by a thinner (h1) and less dense (p1) upper layer. x _is the

distance between the bolus birth point (star) and the interaction point, and x is the bolus propagation distance.

Field observations show that formation and upslope propagation of boluses has the potential to
initiate upslope sediment movement and resuspension (Klymak and Moum, 2003, Richards et al.,

2013, Bourgault et al., 2014). In the laboratory, Southard and Cacchione (1972), investigated
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breaking of a continuous train of sinusoidal internal waves over a planar bed (S=0.1) with acrylic
sediment. They reported that boluses resuspended and transported sediment upslope, both as
bedload and suspended load, within the bolus core. The return flow, before and after each bolus,
transported sediment downslope as bedload resulting in net downslope sediment transport (see their
figure 32). In the field, Hosegood and van Haren (2004) observed strong vertical velocities at the
leading edge of the boluses (solibores) in the Faeroe-Shetland Channel, that suspended large
particles (>100 um), exposed the underlying sediments, and promoted biological growth. They
mentioned that these boluses, although intermittent, were the predominant cross-shelf sediment
transport mechanism. Therefore, it can be expected that boluses produced during fission of NLIWs
of depression have the potential to transport and resuspend bottom sediments. Given that fission is
the most commonly observed breaking mechanism on the mild slopes of continental margins
(Ghassemi et al., 2022), process-based laboratory investigation of sediment movement and
resuspension by boluses can be applied to develop parameterizations that will help interpret field
observations.

Sediment resuspension and transport are commonly parameterized from the bed-stress (Boegman
and Stastna, 2019). However, the frequently applied quadratic stress law (Bourgault et al., 2014,
Masunaga et al., 2017, Lin et al., 2021) can give unrealistically high results (Bluteau et al., 2016).
Often when the quadratic stress diminishes, the near-bed turbulent kinetic energy, Reynolds
stresses and turbulent vertical velocities increase (Hosegood and van Haren, 2004, Boegman and
Ivey, 2009, Aghsaee and Boegman, 2015, Deepwell et al., 2020). These observations suggest a
hypothesis that bed stresses parameterized from the mean flow should capture bedload transport,
whereas those parameterized from turbulent fluctuations (Reynolds stresses) should capture
resuspension. There is a need to further investigate these relationships (Kim et al., 2000, Andersen

et al., 2007, Bluteau et al., 2016, Zulberti et al., 2018).
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The objectives of the present study are to experimentally characterize and parameterize the
mechanisms of sediment transport and resuspension from fission-generated boluses. This will
require evaluation of the sediment response to the different methods of computing the bottom shear
stress. This knowledge will help oceanographers better understand sediment transport mechanisms
from NLIW shoaling and will help validate and improve numerical simulations of sediment

movement at both laboratory and field scale.

3.2 Materials and Methods

3.2.1 Theoretical background

3.2.1.1. Sediment and boundary layer theory
A sediment particle resting on the bed will begin to move when the instantaneous fluid force on the
particle becomes larger than the instantaneous resisting force at the threshold for incipient motion
(Shields, 1936, Van Rijn, 1993, Soulsby, 1997). To find the critical shear stress on sediment
particles that causes their movement as bedload (sliding, rolling, and bouncing frequently in contact

with the bed), Yalin (1976), using the experimental results of Shields (1936), introduced a direct

method based on the critical Shields parameter 9 and the particle parameter D. :
qcr:tcr /[(rs_ rf)gdso] (321)
D.=[SG - g /u*1"?dg, (3.2.2)

— 2 . . .- .
Here, I, = I (U, isthe time-averaged critical shear stress for sediment movement as bedload,

U Is the critical shear velocity for incipient motion as bedload, sG = r_/ r, is the specific

gravity, ', is the sediment density, 7 ; is the fluid density, d., is the median particle size, and

U is the kinematic viscosity.
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These parameters have been combined to form a curve (Van Rijn, 1993; their figure 4.1.4), to which

Soulsby (1997) fit an equation:

g. = 15125 +0.055[1- exp(-0.02D.,)] (3.2.3)

*

In practice, 7 is evaluated by solving (3.2.3) for g, based on the sediment properties D.
(3.2.2). Equation (3.2.1) is then solved for 7 also giving u., = ,/fcr/rf :

The Shields (1936) data for critical shear stress calculation (as bedload) is from unidirectional flow
over a horizontal plane bed (Hydraulics, 1972). For a bed sloping in the longitudinal streamwise

direction the modified critical bed-shear stress (¢, ) can be calculated as (Van Rijn, 1993):

crb

[y, = kbl‘Cr (3.2.4)
sin(f - b,)
=1 "s/ Downslope flow
k, o p (k, <1) (3.2.5)
sin(f + b,)
=21  Ts/ Upslope flow
k, e pslop (k, >1) (3.2.6)

Where £ is the angle of repose of the sediments, and p_ = arctan( ) is the angle of the sloping bed.

Suspension of sediments, in a steady, unidirectional, and unstratified flow, has been modelled to

- . . —— (0.5
occur when the root-mean-square vertical fluctuating velocity component [w'z] 2 w,, where w_

is the particle settling velocity (Van Rijn, 1993). Particles will remain suspended as long as this
relation is satisfied (Bagnold, 1966b). To predict the critical threshold for incipient suspension, Van
Rijn (1993) presented a diagram (their figure 4.1.4), which indicated the critical parameter for

suspension related to the particle parameter D, :
qCTS

Qo T Lo /I(rs- ri)gdgl (3.2.7a)
o wi /[(SG - 1)gd,] (3.2.7b)
where
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W, =[(SG - Dgdi1/18u (3.2.8)

_ 2 . . .- .. .
Here, ,, = I ;U isthe time-averaged critical shear stress for incipient suspension, and U

is the critical shear velocity for incipient suspension. In practice, g, is evaluated from D, (3.2.2)
using the Van Rijn (1993) diagram (their figure 4.1.4) or the settling velocity (3.2.7b) and then ¢ __

is found from (3.2.7a).
In a turbulent boundary layer flow over a flat bottom, sediment transport by bedload or

resuspension will occur when the total stress, t T ort T , respectively. The total stress is

the sum of the viscous Z, and Reynolds LR stresses (Schlichting and Gersten, 2003):

pU

t=rul=t +to=ur,—-r.uw (3.2.9)

where U. is the shear velocity. The instantaneous velocities have been Reynolds decomposed

into mean and fluctuating components, i.e., U =U +U', where an overbar or prime denotes a
mean or fluctuating velocity component, respectively. Here, u, v, and w are the velocity

components in the streamwise ( X ), spanwise (Y ), and vertical directions ( z ) (figure 3.1).

As the bed is approached, the viscous stress becomes predominant (# , >>¢ ) and so the bed stress,
in the form of a shear velocity (u. = ,/z‘/rf ), can be directly measured from uU/pz through

the viscous sublayer (VSL method; (3.2.10) ; figure S3.2). However, this is difficult in practice due
to the thickness of the viscous sublayer (O1 mm above the bed; (Caldwell and Chriss, 1979,
Boegman and Ivey, 2009)). Therefore, the bed stress is often evaluated from: (i) measured velocity
profiles according to the quadratic law (QL method; (3.2.11)); (ii) fitting to the logarithmic law-of-
the-wall profile (LP method; (3.2.12)); (iii) the dissipation of turbulent kinetic energy (TD method;
(3.2.13)); (iv) the covariance of velocity fluctuations (COV method; (3.2.14)) using the Reynolds

stress; or (v) the turbulent kinetic energy (TKE method; (3.2.15)) (Van Rijn, 1993, Kim et al., 2000,
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Andersen et al., 2007, Zulberti et al., 2018). The VSL, QL and LP methods use the first moment
(mean flow) to calculate the bed shear stress, whereas the other methods use the second moment

(fluctuating components).

U
Usys = U“_ (3.2.10)
pz
U = c,u’ (3.2.11)
U 1, &zu..,3
Bl 1Y (3.2.12)
Ui p k c U =
g = (€ B2 (3.2.13)
Uecoy = UW] (3.2.14)
Uere =4/ CW'W (3.2.15)

Here, C, = 4.53 10 ° is the drag coefficient (evaluated in section 3.4.2), k =0.41 is

the Von Karman constant, e = ul5(uw'/ wz)” +2.5(pu/pz)? + 2.5(uv'/ uz)ZJ is the rate of
turbulent kinetic energy dissipation, as computed from timeseries of the measured velocity profile

(Piccirillo and van Atta, 1997, Saggio and Imberger, 2001, Zahedi et al., 2021), and C, = 0.9

is a correlation coefficient (Kim et al., 2000, Bluteau et al., 2016). All methods, except the VSL
method, are applied to the measured velocity data at one point above the bed within the ‘constant
stress’ layer, where velocity profiles are logarithmic (figure S3.2; Kim et al., 2000, Andersen et al.,
2007, Valipour et al., 2015). The VSL method is only applicable to the hydraulically smooth flow
regime, since for the case of hydraulically rough flow (which is most common in the field), no
viscous sub layer exists in the BBL (figure S3.2; Van Rijn, 1993). The LP method further assumes

the flow is turbulent and hydraulically smooth.
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3.2.1.2. Wave theory
In stratified lakes and oceans, when the pycnocline is much thinner than both the lower layer (with
depth h, and density p2) and the upper layer (with depth h; and density p1), the density stratification
can be approximated as quasi-two-layered (figure 3.1). For this system, fission of a NLIW of
depression will form NLIWs of elevation, after the turning point, each of which evolve into a bolus

at the bolus birth point (figure 3.1; Ghassemi et al., 2022). The distance between the bolus birth
X
point and the interaction point ("~ °f ) is given by the wave Froude number ( I:f) (see section 2.4.2):

X
L—"f = 3.35Fr % (3.2.16)

w

where the observed NLIW half-width is calculated following (Michallet and Ivey, 1999):
4
L, = g ()t (3.2.17)
to
Here, /1 is the vertical displacement of the pycnocline, a is the wave amplitude, and C is the

nonlinear wave phase speed (see section 2.2.1 for more details).

We compared our observed NLIWs of depression to the wave Reynolds number (Re) and Fr
parameterizations introduced by Hult et al. (2010) and Moore et al. (2016). These embody both the

incident wave and ambient fluid properties, which are readily measurable in the field:

Fr = 3.2.18
g.'H' ( )
2
Re = 22 (3.2.19)
u
Here, W=2_|_—p is the wave frequency, T = 2L, is the wave period, g.'= 29(r5 - 1) isthe
C Cc

ro,+r,

reduced gravity, H'= hhﬁ is the equivalent depth, and U is the kinematic viscosity.

62



3.2.2 Experimental Setup and Measurement Techniques

The experiments were conducted in the Queen’s University Internal Wave Flume, a glass-walled
rectangular wave flume with a concrete bottom (figure 3.2, 18.2 m long, 0.75 m wide, and 0.58 m
deep). A uniform planar Perspex slope (S= 0.04) extended upward from the bed to a height of 40
cm at the end wall. At the other end of the flume, an aluminum flapping airfoil-type horizontal
wave paddle (Thorpe, 1978, Nakayama and Imberger, 2010), driven by an electric motor connected
with an eccentric drive shaft, was installed to generate internal waves. The details of the wave
paddle and its operation are described in section 2.2.2 (Ghassemi et al., 2022).

To investigate sediment movement and resuspension, the slope was covered with a sediment layer
(@2cm ) (figure 3.2). The sediments were wetted to minimize dust generation, then levelled using
a wooden stencil with a 2 cm opening and finished with a drywall trowel. Experiments were
conducted with silica (D-1; SG=2.65), which was the finest available sand (a smaller grain size
would be silt and cohesive effects would occur), and acrylic sediments (T-5; SG=1.18), which had
a lower specific gravity (table 3.1). Samples of both sediments had uniform grain size distributions

with a uniformity coefficient (Cu =d, /d,, ) <4, where d, and d,,are the particle diameters

representing the 60% and 10% cumulative percentile values (Das, 2008). For the experiments using
T-5, a wetting agent (Kodak professional Photo-Flo 200) was added to both the upper and lower
fluid volumes so as to prevent the acrylic sediments from clumping.

The upper and lower fluid layers were prepared separately in reservoirs and left for >24 hours to
equilibrate with room temperature. In one of the reservoirs, filtered freshwater was mixed with salt
(Cargill CMF) to achieve the desired lower layer density (p2= 1020 or 1040 kg m3), which was
measured with a hydrometer (Fisherbrand™ 11555G; ° 2 kg m3). We then added the wetting agent
and food dye to enable flow visualization. Only the wetting agent was added to freshwater

comprising the upper layer fluid (p1= 998 kg m=). To minimize the sediment movement over the
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slope, the lower layer fluid was first slowly pumped into the flume to reach the desired height (h,=
25 or 30 cm). Then the upper layer fluid was slowly introduced over the lower layer using a floating
sponge to minimize mixing between the two fluid layers, until the appropriate upper layer thickness

(h, ) was achieved. This method created a density stratification with a thicker lower saline layer

underlying a thinner fresh layer separated by a thin pycnocline (d'© 2 cm ° 2 mm). The resultant
stratification profile can be reproduced theoretically as a hyperbolic tangent function and supports
NLIWs of depression, which is typical of the oceanic stratification (Helfrich and Melville, 2006,

Jackson et al., 2012, Allshouse and Swinney, 2020).

Electric Drive
Control Motor

® Wave probe 0.14m 1.69m
> >
»
" g

hy

ADV
ADV

0.58m

10m

18.2m

Figure 3-2 Schematic of experimental setup. Periodic NLIWs of depression were generated within the two-layer fluid
by flapping the wave paddle with an electric motor connected via an eccentric drive shaft. The upper fluid layer was
fresh water, and the lower fluid layer was saline. The slope (S=0.04) was covered with a 2 cm thickness of sediment.

See table 3.2 for a list of the experimental parameters. x, . is the distance between the bolus birth point and the

interaction point (see section 3.2.1.2 and figure 3.1).
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Figure 3-3 The measured sediment grain size distributions according to ASTM D6913

Table 3-1 General properties of the sediments. The dg, d

o and d, - are, respectively, the particle diameters

representing the 50%, 60% and 10% cumulative percentile values. Cu =d,, /d,, is the uniformity coefficient, and f is

the angle of repose of the sediments according to Lim and Cheng (1998).

Specific gravit d d d [0)]

Sediment PECliC gravity %0 °0 0 Cu
(SG) () (mm) () ©)

D-1 0.18 0.2 0.1 2

2.65 40

T-5 1.18 0.32 0.34 0.23 1.48 35

Herein, we are continuing of previous work on bolus formation (Chapter two; Ghassemi et al.,
2022), where we performed eight experiments using a range of wave amplitudes, layer thicknesses
and layer densities (see table 2.2). In the present study, we repeated selected experiments for the
case of a sediment-covered slope. The experimental design began with the largest waves (run 8,
table 2.2) and progressively reduced the wave forcing until sediment movement was not observed.
As a result, seven experiments with different wave amplitudes, density stratifications and sediment
types were performed (table 3.2). Only one run used the silica D-1 sediment, as for the largest
incident waves (run 7) we only observed intermittent and isolated bedload movement and no

resuspension. Data is not presented for the runs with r,=1020 kg m®and h,=0.3m (runs 1 and 2
in table 2.2) because there was little/no sediment movement.
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The wave amplitude (a) and the wave period (T) were measured using a capacitance-type surface
wave probe (figure 3.2), installed 3 m downstream from the wave paddle, which was customized
to measure internal waves, using foam insulation to prevent spurious oscillations of the free surface
from contaminating the internal wave signal (Wallingford HRIA-1018; see section 2.3.1 and figure
2.4). Two high-definition video cameras (Canon 650D) recorded the upslope wave propagation and
a GoPro HEROS recorded the overhead plan view. To improve the flow visualization, the fluid was
illuminated with backlight from banks of fluorescent tubes that illuminated translucent Perspex
diffusing sheets. The sediment bed was also illuminated using LED light bars mounted above the
flume at both ends of the slope.

The wave paddle was located at the interface between the two fluid layers and its continuous
movement (flapping downward at the end wall to the desired depth and then moving back upwards
to the horizontal) generated a train of NLIWSs of depression (section 2.2.2). The paddle motor was
stopped after 100 rotations, but for the present study we only analyze the data from the first ten
waves. The remaining data will be analyzed in a companion study on the development of bedforms
(Chapter 4). To avoid spin-up/down conditions, waves were only analyzed from the middle of the
train (Wallace and Wilkinson, 1988, Helfrich, 1992, Moore et al., 2016).

Timeseries of velocity profiles above the bed were recorded using three Acoustic Doppler Velocity
Profilers (ADVPs; Nortek Vectrino IlI; 1 mm s precision and 5% measurement error). The first
ADVP was positioned where sediments were observed to first resuspend along the slope. This
location was determined visually during each test. The second ADVP was positioned at the bolus
birth point (figure 3.1), calculated from (3.2.16), and the third ADVP was positioned at the
interaction point (figure 3.2). All three ADVPs measured 3D velocity profiles at 20 Hz over a 3 cm
vertical profile (4 to 7 cm from the ADVP probe) with 1 mm resolution. Each ADVP was 6 cm
above the bottom, causing 1 cm of the profile to be lost beneath the bed, so as to locate the region

of maximum signal-to-noise ratio (SNR) or ‘sweet spot’ directly at the bed and minimize noise
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from acoustic reflection, which typically contaminates the velocity signals (low SNR) within 5 mm
of a rigid bed (Aghsaee and Boegman, 2015). The ADVP positions remained constant during each
test and the flow was not artificially seeded, so as to enable identification of suspended sediments
in the acoustic backscatter signal. Velocity data with average correlation and SNR >60% and >15
dB, respectively, were retained and despiked using a phase-space thresholding technique (WinADV
2.031) for analysis (McLelland and Nicholas, 2000, Nikora and Goring, 2000, Chanson, 2008).

In the presence of sediments, which attenuated acoustic reflection from the bottom, we had useable
data from 1 mm above the sediment layer. Due to the unsteady nature of the flow, we obtained
mean velocity profiles (U , vV , W ) by applying a low-pass filter to the instantaneous velocity
data (U, vV, W) with a spectral cut-off between peaks associated with the NLIWs and small-scale
turbulence (Aghsaee and Boegman, 2015). A Reynolds decomposition was then applied to separate

the mean and turbulent velocity components (e.g., u =U +u').
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Table 3-2 Experimental parameters, where a is the wave amplitude (negative means wave of depression), r, is the
lower layer fluid density, h, is the lower layer thickness, C is the nonlinear wave phase speed (2.2.4), L, is the

wave half-width (3.2.17), Fr is the wave Froude number (3.2.18), Re is the wave Reynolds number (3.2.19), D,
the particle parameter (3.2.2), q. is the critical Shields parameter (3.2.3), U, = /,a/,f is the critical shear

velocity for incipient motion calculated from (3.2.1), and Usge = /[m/, . is the critical shear velocity for incipient

suspension (3.2.7) corresponding to the critical suspension parameter presented by Van Rijn (1993; their figure 4.1.4).
The boundary slope S =0.04 and the total height H = 0.4cm was constant for all the tests. Considering the low
steepness of the slope, the effect of the longitudinal sloped bed (i.e., equations 3.2.4-3.2.6) on the calculated parameters

was neglected (k, © 1° 0.05)

= Sediment | D+ der ter Wers
(kgm?) | (m) (msl) (msY) | (ms?

-0.028 1040 030 0.188 1.812 0.052 256 3.51 0.061 0.0051 0.0062
2 -0.045 1040 030 0198 1.206 0.133 1045 T-5 3.51 0.061 0.0051 0.0062
3 -0.055 1020 025 0451 2277 0.081 631 T-5 3.69 0.059 0.0054 0.0065
4 -0.083 1020 025 0456 1.791 0.161 @ 1890 T-5 3.69 0.059 0.0054 0.0065
5 -0.055 1040 0.25 0.207 2277 0.081 863 T-5 3.51 0.061 0.0051 0.0062
6 -0.083 1040 025 0214 1836 0.156 2524 T-5 3.51 0.061 0.0051 0.0062

7 -0.083 1040 025 0214 1836 0.156 2524 D-1 446 0.052 0.0119 0.0150

3.2.3 Measurement of viscous sub-layer, log-law layer and shear velocity

The 1 mm vertical resolution velocity data was analyzed to determine the heights of the viscous
sublayer and log-layer. The mean upslope (under the passage of an NLIW of elevation or a bolus;
e.g., figure 3.8a; t = 13.4-17.5 s) and downslope (return flow; e.g., figure 3.8at=5-12.4 s) directed
phases of the periodic flow were consistent across wave shoaling events and analyzed separately.

The first two points above the bed followed a linear velocity distribution and were combined with
the assumed no-slip bottom boundary condition (LTZ:O = 0) to determine the viscous sub-layer

thickness of ~2mm (figure 3.4; red dashed line). These data can be used to directly compute the

bottom bed stress from the bed-shear velocity (VSL method, eq. 3.2.10). The presence of a viscous
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sub-layer confirmed the hydraulic smooth regime, as we expected by having g, 2 0.035 (Van

Rijn, 1993) for all the runs (table 3.2).

Least-squares fitting of the logarithmic law-of-the-wall (Valipour et al., 2015) for the hydraulic
smooth regime (eq. 3.2.12) over the observed velocities above the viscous sub-layer (figure 3.4;
blue line) gave the log-law layer thickness. By applying this method to the other periods of analysis
and other and runs, we observed that the thickness of the log-law layer varied between ~3-6 mm

(not shown).

To investigate the variation of U. with time (egs. 3.2.10 - 3.2.15), the filtered data from the

Reynolds decomposition were used by averaging over 0.2 s segments with 0.1 s windowing to

provide a representative values every 0.1s. For U, the first two data points above the bed were

used (by taking LTZ:O = 0), and for the other methods data (U , u', w' and v') at ~3 mm above
the bed was used as this point was the closest data to the bed in the log-law layer (figure 3.4).

Therefore, by having D. (3.2.2) and using (3.2.3) and Van Rijn (1993; their figure 4.1.4) diagram,

qg. (3.2.1) and G (3.2.7a), and as a result U.,, and U.,, (table 3.2), can be found, respectively.
Then by having measured velocity profiles above the bed, the shear velocities will be calculated

using different methods (3.2.10-3.2.15) and compared with U., and U.,s to investigate which

method can pridict sediemnt movement as bedload (when U. >U. ) or resuspension (when U. >

U. ) better, respectively, according to observations (section 3.3.2). Shear velocity (U« ) was

used over shear stress (f ), because the differences between the results from the different methods

(3.2.10-3.2.15) was more obvious with Ux .
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Figure 3-4 The mean streamwise velocity (LT ) during a) the return flow (figure 3.8at =5-12.4 s) and b) the upslope
flow (figure 3.8a; t = 13.4-17.5 s) versus height from bottom for run 6 (table 3.2). The red dashed line and blue line
denote the viscous sub-layer (3.2.10) and log-law layer (3.2.12), respectively, and the circles show the measured
velocity data from the second ADVP.

3.3 Results

3.3.1 Flow field

A train of NLIWSs of depression, generated by the periodic movement of the wave paddle, shoaled
over the sediment-covered boundary slope. Each NLIW of depression evolved into one or two
NLIWs of elevation after passing through the turning point, and then each wave of elevation formed
a bolus at the bolus birth point (figure 3.1). The boluses progressed upslope decreasing in size until
they degenerated thorough instability and a return flow to the lower layer (figure 3.1; see section
2.3.2). Here, we discuss sediment movement by NLIWs of depression, NLIWSs of elevation and

boluses.
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3.3.1.1. Sediment movement by NLIWs of depression
Sediment resuspension induced by NLIWSs of depression has been reported in the literature
(Johnson et al., 2001, Quaresma et al., 2007, Aghsaee and Boegman, 2015, Bluteau et al., 2016,
Zulberti et al., 2020); however, we did not observe sediment movement beneath the NLIWs of

depression before the turning point. We believe this could be achieved with stronger wave-induced
near bed currents by increasing @ and/or 7, (for more details see: Aghsaee and Boegman, 2015).

As the focus of the present study is sediment transport by boluses, we did not pursue this further.

3.3.1.2. Sediment movement by NLIWs of elevation

Incipient sediment movement as bedload (sliding over the bed) was observed ~0.5-1.5 m after the
turning point, in both downslope and upslope directions, by the action of the return flow in front of
each NLIW of elevation and by the flow inside of the wave, respectively (figure 3.5a). Detection
of the first location of incipient of motion was not an objective of this study and so data was not
collected at this location.

For a single NLIW of elevation, a short distance further upslope (~0.3-1 m) from the observed
location of incipient bedload transport, the wavelength narrowed and sediments resuspended under
the front face, propagating upslope as a sediment cloud within the wave core (movie S3.1). A large
portion of the suspension remained inside the lower layer, within the core of the NLIW of elevation
or draining to the return flow behind the wave (figure 3.5a). Some sediment intruded into the upper
layer fluid from the rear face of the wave, as shown by Bogucki et al. (1997; their figure 14).

For the case of two shoaling rank-ordered NLIWs of elevation, sediment resuspension began under
the front face of the first wave, while there was no evidence of resuspension associated with the
second wave (figure 3.5c). The sediments resuspended by the first wave drained toward the second

wave in the return flow between the waves and were advected upward by the vertical velocity
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beneath the front face of the second wave (movie S3.2). Further upslope, sediments resuspended

under the front face of the second wave.

Figure 3-5 Schematic showing sediment movement and resuspension for a) a NLIW of elevation, b) a bolus, c¢) two

rank-ordered NLIWSs of elevation formed from fission of one incident NLIW of depression, d) a bolus at the bolus birth
point and the trailing NLIW of elevation, when two NLIWs of elevation formed from fission of one incident NLIW of
depression. The blue, red and brown arrows denote the upper layer, the lower layer, and sediment movement direction.

These diagrams are based on the observed sediment movement in Supplemental Videos 3.1-3.5.

3.3.1.3. Sediment movement by boluses
Sediment movement induced by boluses was qualitatively similar at both the bolus birth point and
the interaction point, where ADVP were located (figures 3.1 and 3.2). The return flow (before the
bolus) accelerated sediments downslope as bedload when the bolus approached (figure 3.5b). The
sediment then decelerated and stopped before the arrival of the bolus, with intense sediment
resuspension occurring under the front face of the bolus, while coincidently transitioning to upslope
bedload transported (figure 3.6, see movie S3.3). This sediment resuspension mechanism by the
bolus was identical to that by the NLIW of elevation (section 3.3.1.2). The upslope bedload,

beneath the bolus, accelerated toward the middle of the bolus and then decelerated to a stop by the
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end of the bolus. Suspended sediments, under the front face of the bolus remained partially trapped,
with some draining to the return flow at the back end of the bolus and some intruding to the upper

layer fluid from the rear face (figure 3.5b, see movie S3.3).

Figure 3-6 Sediment resuspension under the front face of a bolus (Run 6; table 3.2). Side view of a bolus travelling
from left to right in the upslope direction at the interaction point (the third ADVP is visible in this image). The field of

view is 20x10cm.

For the case of two boluses generated from fission of each incident NLIW of depression, sediment
movement was the same for each bolus, but as the precursor NLIWSs of elevation were ranked order,
the distance between the two boluses increased as they progressed upslope. As a result, the location
of the bolus birth point from the second NLIW of elevation was further upslope than that from the
first NLIW (see figure 2.7). When the first NLIW of elevation transformed into a bolus, the second
NLIW of elevation was not yet able to resuspend sediments (figure 3.5d). Therefore, sediments
previously resuspended by the first bolus were advected toward the second NLIW of elevation and
lifted into the watercolumn; similar to when there were two NLIWSs of elevation (figure 3.5¢, movie
S3.4). The second NLIW of elevation resuspended sediments further upslope and then transformed

into a bolus at its own bolus birth point.
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Suspended sediments in the bolus core moved in a circular path (upward at the front face and
downward at the rear face), with some sediment remaining in suspension until the latter stages of
shoaling (movie S3.5). At this time, the bolus was not powerful enough to resuspend sediments
from the bed, confirming the proposed quasi-trapped core mechanism (Helfrich and Melville, 1986,
Venayagamoorthy and Fringer, 2007, Vieira and Allshouse, 2020; also see section 2.4.3.1) and the
concept that boluses can act as a nutrient pump (Sandstrom and Elliott, 1984, Bogucki et al., 1997,

Scotti and Pineda, 2004).

3.3.2 Comparison of critical shear velocities with observations of sediment transport

To determine the ability of (3.2.10) to (3.2.15) predict bedload transport and resuspension, we
compared the calculated shear velocities to the critical values and observations of sediment
movement (figures 3.7-3.10). No distinction was made between sediment movement from NLIWSs
of elevation and boluses, as the stress-sediment responses were analogous. We present the ADVP-
observed instantaneous velocity profile timeseries, in the streamwise and vertical directions, as well
as the corresponding timeseries of the calculated shear velocities (3.2.10-3.2.15). The observed
acoustic backscatter signal strength (counts) was taken as a qualitative indicator of the suspended
sediment concentration (resuspension) and bedload transport was determined by inspection of the
video images.

We first considered the arrival of the return flow, preceding an NLIW of elevation (e.g., figure
3.7a;t=1-7.7 s & figure 3.9a; t = 0-9.9 s) or bolus (e.g., figure 3.8a; t = 0-12.6 s & figure 3.10a; t
= 0-9.6 s). At this time, sediments were observed (section 3.3.1) to move as bedload in the

downslope direction by the action of the return flow (blue lines in figures 3.7d-3.10d). The

observations showed U, to increase and peak before decreasing to zero at the end of the return

flow period (figures 3.7-3.10c). Both U p and U«q followed qualitatively similar distributions

(R?= 88.8%, and 82.1%, and normalized root-mean-square error (NRMSE) = 13.2%, and 13.8%,
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respectively relative to U.g ); however, they differed as the VSL method used data from the
viscous sub-layer, whereas the LP and QL methods used data from the log-law layer, where the
turbulence may have been unsteady (see section 3.2.3). These three methods, all based on the mean
horizontal velocity (first moment), predicted sediment movement (U. > U., ; table 3.2) during the

return flow (e.g., t = 3.7-6.8 s; figure 3.7¢), which is in agreement with visual observations (blue
lines in figures 3.7d-3.10d, see section 3.3.1).

The second moment methods (TD, COV and TKE) were unable to predict sediment movement as

bedload. The U..oy and U.rp were > U., on occasion, but their shear velocity distributions

were not consistent with bedload observations (blue lines in figures 3.7d-3.10d).

Following the return flow, on the arrival of the NLIW of elevation (or bolus) at the ADVP (e.g.,
figure 3.7a; t = 7.7-8.1s and figure 3.8a; t = 12.4-13.15s) the streamwise velocity, close to the bed,
decreased to zero and a vertical jet velocity formed that was maximal when the streamwise velocity
was zero (e.g., figure 3.7a & b; t = 7.8s & figure 3.8a & b; t = 12.7s). The vertical velocity coincided

with observations of sediment resuspension in the acoustic backscatter signal (e.qg., figure 3.7d; t =

8-8.7 s & figure 3.8d; t = 13-17.6 s). Through comparison to U.. (table 3.2; figure 3.7c-3.10c;

horizontal blue line), U.rxg was most accurate in predicting incipient sediment resuspension,

reaching the critical value (x8%) under the leading face of the NLIW of elevation (e.g., figure

3.7¢,d; t = 7.8 s and figure 3.9¢,d; t = 10.5 s) or bolus (e.g., figure 3.8¢,d; t = 11.5-13 s). Both U.rp

and U..o, showed discrepancies in comparison to U.kg by over or underestimating the

magnitude and time of occurrence (R?= 35.9%, and 57.8%, and NRMSE = 18.1%. and 22.64%,

respectively, relative to U.rkg ) of the instantaneous shear velocity or predicting resuspension

before the arrival of the wave, which does not agree with observations (e.g., figure 3.7c,d; t = 4.5-

6sand 7-7.53).
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The first moment methods (VSL, LP, and QL) predicted U. - 0 as U - 0 under at the front face

of the NLIW of elevation (or bolus; e.g., figure 3.7a,c; t = 7.8 s and figure 3.8a,c; t = 12.7 s);
therefore, they were not suitable for prediction of sediment resuspension.
As the core of the NLIW of elevation (or bolus) passed the ADVP, the observed upslope velocity

(e.g., figure 3.7a; t = 7.9-12s and figure 3.8c; t = 12.6-18.1s) caused upslope bedload transport (red
line in figures 3.7d-3.10d). Again, U.yg , U« p and U.g > U, (e.g., figure 3.7¢c;t=9-10s

and figure 3.9¢c; t = 13.6-17 s) predicted bedload movement in agreement with observations.

Moreover, there was evidence of local resuspension corresponding to local vertical velocities and

peaks in Usye , Uscoy and Usrp > Usy (e.9., figure 3.7b, ; t = 8-9 s and figure 3.8b,c; t = 13-

17.7 s). However, the presence of a cloud of suspension within the wave/bolus core (e.g., figure
3.7d; t = 8-9 s and figure 3.8d; t = 13-17.7 s) rendered it impossible to verify whether resuspension

occurred at these times to verify the accuracy of each method.

During passage of the rear face of the NLIWSs of elevation or boluses, U - 0 and sediment
movement was not observed. The flow at the rear face was characteristically downward (figure
3.5a,b; figure 2.10; Ghassemi et al., 2022); however, close to the bed upward velocities were also
observed (e.g., figure 3.10b; t = 14-15 s). The return flow after the passage of an NLIW of elevation
(or bolus) had the same bedload and resuspension characteristics as the return flow preceding the
wave/bolus as described above.

For the case of two NLIWSs of elevation forming after the turning point (Runs 1, 3, and 5; table
3.2), the second NLIW of elevation was not observed to move sediments as bedload or resuspension
at the point of incipient motion (First ADVP, figure 3.9¢c; t = 15-23 s; section 3.3.1.2) and the bolus
birth point (figure 3.10a & c; t = 15.5-20 s). However, resuspension was observed between the rear

face of the leading bolus and the front face of the trailing NLIW of elevation (e.g., figure 3.10d; t

= 13.7-16.6 s). At this time, U.rg <U., and so we hypothesize resuspension results from
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pumping of previously suspended sediments by the local vertical velocity close to the rear face of
the bolus (e.g., figure 3.10b; t = 13.6 s; figure 3.5d). The upward velocity, between the bolus and
NLIW of elevation and under the front face of the NLIW of elevation, could retain sediments in

suspension (e.g., figure 3.10c; t = 13.6-19 s; figure 3.5d; section 3.3.1.3).
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Figure 3-7 Time series of a) the instantaneous velocity profile of the streamwise direction (u component), b) the
instantaneous velocity profile of the vertical direction (w component), c) the shear velocity (U.. ) calculated by

different methods (section 3.2.1), d) the signal strength (amplitude) captured by the first ADVP at the location of
incipient suspension for run 2 (table 3.2), when there was one NLIW of elevation after the turning point. The blue and
red lines in panel d denote sediment movement observed as bedload in the downslope and upslope directions,

respectively.
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Figure 3-9 Time series of a) the instantaneous velocity profile of the streamwise direction (u component), b) the instantaneous
velocity profile of the vertical direction (w component), c) the shear velocity ( U .. ) calculated by different methods (section 3.2.1), d)

the signal strength (amplitude) captured by the first ADVP at the location of incipient resuspension for Run 5 (table 3.2), when there
were two NLIWSs of elevation after the turning point. The blue and red lines in (d) denote sediment movement as bedload in the

downslope and upslope directions, respectively. (see movie S3.2)
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Figure 3-10 Time series of a) the instantaneous velocity profile of the streamwise direction (u component), b) the
instantaneous velocity profile of the vertical direction (w component), c) the shear velocity ( U.. ) calculated by

different methods (section 3.2.1), d) the signal strength (amplitude) captured by the second ADVP at the bolus birth
point for Run 5 (table 3.2), when there were two NLIWSs of elevation after the turning point. The blue and red lines in
(d) denote sediment movement as bedload in the downslope and upslope directions, respectively. (see movie S3.4)

3.4 Discussion

3.4.1 Bedload transport and sediment resuspension

Sediment resuspension under the front face of the NLIWs of elevation and boluses coincided with
periods of low bed shear stress, as calculated using mean horizontal velocity (3.2.10-3.2.12). Here,
bottom-convergent currents and vertical burst velocities (at the separation bubble) formed in the
APG region, leading to prediction of resuspension as a function of the vertical turbulent velocity
(3.2.15). This was analogous to the resuspension mechanisms observed at the trailing edge of an
NLIW of depression (Johnson et al., 2001, Aghsaee and Boegman, 2015) and during convective
NLIW breaking (Boegman and Ivey, 2009, Deepwell et al., 2020) and has been simulated (Stastna
and Lamb, 2008) and observed in field observations (Bogucki et al., 1997, Hosegood et al., 2004).

Sediment resuspension by NLIWs of elevation and boluses was not only observed beneath the front
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face, but also under the core from enhanced local vertical velocities (figure 3.7a; t = 8-9s & figure
3.8c; t = 13-17.7s).

Sediment resuspension by boundary-layer pumping has been observed to resuspend bottom
sediments during NLIW shoaling (Bogucki et al., 1997, Hosegood and van Haren, 2004, Zulberti,
2021).

The present experiments show subsequent transport upslope in a quasi-trapped core (e.g., figure
3.8d; t = 13-17.6s), in agreement with observations/simulations by Bourgault et al. (2014), and
downslope in the return flow (section 3.3.1.3). Sediment movement in the quasi-trapped core is in
good visual agreement with the observed high intensity acoustic backscatter data inside boluses in
field studies (Klymak and Moum, 2003; their figure 2, Richards et al., 2013; their figure 9e).
There are limited field observations of bedforms (5-16m amplitude, and 350-650m wavelength) on
continental slopes and shelves that are believed to be related to NLIWs shoaling (Droghei et al.,
2016) and the evidence of sediment movement as bedload (Karl et al., 1986, Reeder et al., 2011,
Ma et al., 2016). Ma et al. (2016) observed upslope migrating sand waves off Dongsha Atoll in the
northern South China Sea to result from fission of an obliquely incident NLIW of depression over
the continental shelf. We also observed sediment movement as bedload in both upslope and
downslope directions under NLIWSs of elevation or boluses, and the preceding return flow,
respectively. This was previously observed by Southard and Cacchione (1972) in an experimental
study under boluses formed during shoaling of a train of sinusoidal internal waves over a uniform
slope (S= 0.1). From this discussion, the general process of sediment resuspension and transport
under a shoaling NLIW of elevation and a bolus is shown schematically (figures 3.5a and 3.5b,

respectively).

3.4.2 Comparing the usage and accuracy of different methods in estimating the shear

velocity
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Comparison of the different methods to estimate the shear velocity to observations (section 3.3.2)
showed that the first moment methods using the mean horizontal velocity component (3.2.10-
3.2.12) were appropriate to predict sediment transport as bedload, but not as resuspension. This
was expected as the mechanism responsible for resuspension requires an upward or vertical
component of turbulent eddies to be greater than the particle fall velocity (Bagnold, 1966b, Van

Rijn, 1993), which is not considered in the equations.

Of the first moment methods (table 3.3), U.,g_ had stronger correlation (R?= 0.89) to U., p than
U.o  (R*= 0.82), which can be attribiuted to U.,p following the log-law equation where, if

evaluated through the constant stress layer (section 3.2.1.1), U« p = U.g , which was derived

from the viscous sub-layer. In contrast U., was only determined by multiplying a constant by

the measured mean velocity. The U, p also had a strong correlation to U.q_ (R*=0.97), because
they utilized the same time-series from the mean velocity profile U at ~3 mm above the bed.

The U.q_ was highly dependent on the choice of drag coefficient (c ). Regression of U.q

against U., gave C, =4.5210° with the lowest NRMSE = 13.6%. This value of ¢, was

identical to the observed value in central Lake Erie (Valipour et al. (2015)); however, Zulberti et
al. (2018) showed high agreement (R? > 0.91) between U.q, and Us p, U.«p and U.cq, for

field observations on the Australian North West Shelf using ¢, =1.63 10°®, while Bluteau et al.

(2016) proposed C, =1.53 10°° at the same field site. To scale our experimental study from z = 3

2

o ~

a 0
e . 0
mm to z = 1.0 m, to better compare with field observations, we used C,, ae k 0 , Where

inaey

» = 0.11(es/u. ) is the roughness length for the smooth flow regime (Van Rijn, 1993, Lorke and

81



Maclntyre, 2009). From U.yg , the mean roughness length z, =2.683 10 °m, giving

C,,. =1.5310"2, which compares well to the oceanic field observations (Lorke and Macintyre,

dim

2009, Bluteau et al., 2016, Zulberti et al., 2018).

Table 3-3 The correlations between first moment shear velocities U.,,g, » U.g_»and U, p using data from figures
3.7,3.8,3.9, and 3.10.
= 0.82 0.89
0.82 = 0.97

0.89 0.97 -

The second moment methods (TKE, COV and TD methods) were more suitable to predict sediment

resuspension, not bedload. Resuspension was best modelled comparing U.«ge to U., (Van
Rijn (1993; their figure 4.1.4), with c, = 0.9 giving acceptable results (section 3.3.2). However,

there is still a need for further investigation into how universal this value is for different sediment

size distributions (e.g., non-uniform sediments) or cohesive sediments, which cause an increase in
U..s (Kimetal., 2000, Bluteau et al., 2016, Valipour et al., 2017). The U.cq, and U.rp have
predicted resuspension in the lab and field (Boegman and Ivey, 2009, Bluteau et al., 2016).
Boegman and lvey (2009) found that U.-q, was the best predictor of resuspension beneath

convectively breaking NLIWs by both shearing (u') and lifting ( w" ) sediments. However, we
find they occasionally show high shear velocity in complex flows when there was no velocity

fluctuation in the vertical direction and, therefore, resulted in incorrect prediction of resuspension

(section 3.3.2). The U.coy and U.rp had low correlation with each other (R?= 0.35) and with
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W.rke (R? < 0.58) (table 3.4), which are expected for complex anisotropic boundary layer flows
(Jabbari et al., 2015). Here, U.rp considers v' through -, which the two other methods do not.
Moreover, U.rxe does not consider u', which is in U.-q, and U.p . High correlation (R? >

0.91) between the U.coy , Usrp , Ux p and U.g  (Zulberti et al., 2018) may result from the

turbulence being stationary in the quasi-steady tidal flow, more isotropic at higher Reynolds
number and a strong NLIW-induced vertical pumping of the bottom mixed-layer (Zulberti et al.,
2020). This vertical pumping of the near-bed nepheloid layer is believed to drive near-bed

suspension dynamics (Zulberti et al., 2020; their figure 3, Edge et al., 2021; their figures 15 and
16); thereby, explaining why resuspension is occurring when U.q is maximum beneath the

NLIW trough (Quaresma et al., 2007, Zulberti et al., 2018) and our results suggest bedload
transport is expected.

Deepwell et al. (2020) also introduced a method to predict sediment resuspension by
following separation of streamlines from the bottom at the breaking point of convective breakers.
This was consistent with the parameter for the initiation of suspension at the breaking point by

Aghsaee et al. (2010). Deepwell etal. (2020) argued that the vertical Lagrangian velocity parameter
(w, =w- Su), based on the measured velocities (u, and w) and S, predicted sediment
resuspension when w, /w, >1. However, we observed sediments to stop moving as bedload

immediately before the arrival of the bolus, with sediment resuspension occurring under the front

face, where vertical turbulent velocities lifted the sediment. Therefore, the streamline model is not

necessarily applicable to all observations in this study and is similar to U.coy (3.2.14) in
formulation. For the period peresented in figure 3.4, we found that the criteria introduced by

Deepwell et al. (2020) peridicted resuspension (W, /w, >1) during the return flow, which was not
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in direct agreement with observation (figure S3.3). Therefore, we recommend using Usrke

(3.2.15), which does not rely uopn the horizontal velocity component and has also been shown to

be accurate for unidirectional flows like fluvial channels (Bagnold, 1966a, Van Rijn, 1993).

Table 3-4 The correlations between second moment shear velocities U, » U ,and U.;p , using data from

*CoVv

= 0.58 0.36

figures 3.7, 3.8, 3.9, and 3.10.

0.58 - 0.35

0.36 0.35

In field studies, correct choice of moored instrument height is challenging, as the limnologists and
oceanographers need to assume a priori that their measured data are in the constant stress layer
(Quaresma et al., 2007, Valipour et al., 2015, Zulberti et al., 2020). In the present study, by having
velocity data ~2 cm above the bed with 1 mm resolution, we were able to evaluate the sensitivity
of equations (3.2.10) to (3.2.15) to the measurement height above the bed (figure 2.11). Profiles of

shear velocity, using each method, were averaged for both upslope (inside the bolus) and

downslope (return) flow over the same period as figure 3.4. The U, was asingle value evaluated

through the viscous sublayer. The U. p and U.q_show very low sensitivity (+2-12%) to the

height within in log-law layer (figure 3.11, shaded area) and also above it (figure 3.11). They
decreased through the viscous sub-layer (< 3mm) confirming that these methods can only be used

in the constant stress layer (Valipour et al., 2015; see their figure 3) and above it. Andersen et al.
(2007) found U. p to be the best approach to estimate bed shear stress under wave conditions in

shallow water, as it was insensitive to height. The discrepancy between U. p and U.g with
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U.yg_in the upslope flow (figure 3.11b) likely resulted from the velocity profile not being fully

developed within the complex interior flow inside of the bolus.

Of the second moment methods, U.rxg had the least variation with height and increased with
turbulence intensity away from the bed. The U.xg also decreased within the laminar viscous
sublayer, as expected. Both U.-q, and U.rp were sensitive to height, even within the log-law

layer at 1 mm increments. We speculate that variation of U«rkg , Uscoy and Usrp (£6-16%) in

the log-law layer (figure 3.11, shaded area) resulted from the extreme nonstationary nature of the

turbulence.

The U., and U.. (table 3.2) are also given in figure 2.11 to show how the averaging period, in

complex flows, has an impact on prediction of sediment movement. In the log-law layer, during

the downslope flow U., = U, and= U. p (figure 3.11a, shaded area), whereas in upslope

flow U, < U,g and L U. p (figure 3.11b, shaded area). This suggests that sediment
movement should be more intense during upslope flow, while our observations (figure 3.8¢) show

the opposite. Moreover, U.rxg does not predict resuspension in upslope flow through the log-law

layer (figure 3.11b, shaded area), but the observations do (figure 3.8¢). Therefore, we should use
the shortest averaging period possible in complex flows to capture the instantaneous sediment

response to changes in flow conditions.
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Figure 3-11 The calculated shear velocity (u.. ) by different methods (section 3.2.1) during a) the return flow (figure

3.8; t = 17-25s) and b) the upslope flow (figure 3.8; t = 27-32s) versus height from bottom for run 6 (table 3.2) using
measured laboratory data from the second ADVP. The shaded area represents the log-law layer, according to the
observation (figure 3.4); where below is the viscous sub-layer.

3.4.3 Development of criteria for the sediment movement and resuspension with field
application

The findings of this study can be applied to help analyze field observations. To predict sediment

movement as bedload, near-bed velocity observations in the constant stress layer, should be used

in (3.1.12) to compute U p . The results should be compared with U., (3.2.1-3.2.3) from the

Shields diagram using the sediment grain size distribution of the bed material and the boundary

slope steepness (3.2.4-3.2.6), which was neglected in this study because k, - 1 (Van Rijn, 1993;

their figure 4.1.4, Quaresma et al., 2007). To predict sediment resuspension, we recommend using

U.rke (3.2.15) should be computed, again from near-bed velocity observations in the constant
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stress, and compared to U...; (3.2.7) from Van Rijn (1993; their figure 4.1.4). These two methods

are less sensitive to the mooring height (as long as the measurement height (z) is accurately known).
Further insight that can be gained for an observed near-bed velocity, is to find the range of sediment

particle sizes that will move as bedload or resuspend to the flow. To find the range of particles for
the bedload, first U._p should be calculated same as before, then by assuming U. p = U. , the
g., (4.2.5) can be calculated and then by using (4.2.7), D. and as a result d, can be found using
(4.2.6). If the calculated D. was in the smooth regim part of the Shields diagram (linear part of the

curve), the calculated d, would be the samllest particle that will move, otherwise it would be the

coarsest particle.
On the other hand, for the particle size of suspended sediments, after calculation of U.rxg , and
assuming U.e = U.g , it is needed to calculate g, (4.2.8) and then finding of D. using Van

Rijn (1993; their figure 4.1.4). Again d., can be found using (4.2.6). The same rule for the smallest

or coarsest particle as bedload is valid for the suspended load.

3.5 Conclusions

In the present study, we extend previous work on shoaling NLIWSs of depression to investigate
sediment resuspension and bedload transport. Following fission both bedload transport and
resuspension were observed. Sediment movement as bedload began under NLIWSs of elevation after
the turning point. Further upslope, sediments were resuspending under the front face of the NLIW
of elevation where bottom currents converged causing upward flow. At the bolus birth point the
bedload and resuspension mechanisms were the same as for the NLIW of elevation, however,
velocities were stronger. During return flow (both before and after blouses\NLIWSs of elevation),

only downslope moving bedload was observed, while under blouses\NLIWSs of elevation both
87



sediment resuspension and upslope bedload observed. Suspended sediments remained trapped
inside the core of the NLIWs of elevation and boluses and also drained to the return flow. There
was minimal entrainment to the upper layer thorough the rear face of the NLIWSs of elevation or
boluses. The quasi-trapped core mechanism inside of boluses was moving sediments upslope.

Using critical thresholds for bedload and resuspsneison from Van Rijn (1993), evaluation of

different methods to compute shear velocity showed that U., p was best able to predict sediment

movement as bedload through inclusion of the mean horizontal velocity component, which applied

a shearing stress to the bed. The U.. g was best able to predict sediment resuspension by

considering the ability of fluctuating vertical velocity components to lift sediment. These methods
must be applied above the viscous sub-layer (in hydraulically smooth flows) and preferably at close
as possible to the bed in the log-law region. Extension of our laboratory-based findings to the field

requires further investigation.
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Chapter 4
Formation of sediment bedforms by fission of nonlinear internal waves

over a mild slope

4.1 Introduction

Shoaling and breaking of nonlinear internal waves (NLIWSs) over continental slopes and shelves
impacts density stratification (Wunsch, 1971, Wiiest et al., 2000, Allshouse and Swinney, 2020),
regulates vertical biogeochemical fluxes (Haury et al., 1979, Sandstrom and Elliott, 1984, Scotti
and Pineda, 2007), and drives sediment resuspension and transport. Bottom shear stress due to
NLIW induced currents can surpass the critical thresholds for sediment movement as sliding,
rolling, and bouncing while frequently in contact with the bed (bedload) and/or suspension into the
water column (suspended load), often in the presence of near-bed instabilities (Boegman and Ivey,
2009, Aghsaee and Boegman, 2015). Resuspension pumps sediments vertically through the water
column (e.g., Bogucki et al., 1997, Valipour et al., 2017) until background stratification inhibits
vertical transport, and then they intrude laterally in the form of nepheloid layers (Moum et al., 2007,
Bourgault et al., 2014) and form geologic features such as sand waves (e.g., Reeder et al., 2011).
Internal wave shoaling and internal tides are believed to affect sedimentation patterns (Pomar et
al., 2012) and bottom gradients (Cacchione et al., 2002), thereby shaping the continental slope and
its geological history. This sediment transport impacts pipelines and other engineering
infrastructure on continental shelves (Droghei et al., 2016).

Sediment movement will deform a planar bed to create bedforms (ripples, dunes, bars, sand waves,
etc.) depending on the flow and sediment parameters (Van Rijn, 1993, Garde and Raju, 2000).
Characteristics of these bedforms, in relation to flow conditions, in unidirectional flows like rivers

and channels (Jain and Kennedy, 1974, Van Rijn, 1993, Mogridge et al., 1994, Nikora et al., 1997)
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and also under surface waves (Bagnold, 1946, Allen, 1982, du Toit, 1982, Van Rijn, 1993) have
been investigated, but their formation under the NLIW-induced currents remains unknown.

There are limited field observations of bedforms on continental margins that are believed to result
from NLIW currents (Boegman and Stastna, 2019). Karl et al. (1986) reported observation of sand
waves (5 m height and about 650 m wavelength) on the northern margin of the Bering Sea. They
were unable to determine the formation mechanism(s), but they speculated that the sand waves
were created by NLIW propagation. Reeder et al. (2011) observed large sand waves (16 m average
amplitude and 350 m average wavelength) on the upper continental slope of the northern South
China Sea. They proposed that the formation of these sand waves and the thick (~200 m) bottom
nepheloid layer (see their figure 3) cannot be related to any common formation mechanisms (dense
water cascades, downwelling or slope failure) and they must result from the large observed NLIWs
(~100 m amplitude) at the location. Pomar et al. (2012) also proposed that observed hummocky-
like cross-stratification sedimentary structures in different depositional environments are related to
propagation of NLIWSs over the outer continental shelf. They suggested that bedforms were created
during breaking or beneath a shoaling NLIWSs of depression over a steep slope. Droghei et al. (2016)
through a combination of field observations and numerical modelling showed, that NLIW induced
currents could form observed asymmetric sand waves off the Strait of Messina. They proposed that
their findings and previous observations of sand waves on continental margins (Bogucki et al.,
1997, Reeder et al., 2011) reinforce the idea that the occurrence of NLIW-generated sand waves
might have been underestimated.

The only experimental study on bedform formation by internal waves was performed by Southard
and Cacchione (1972), who considered a train of sinusoidal internal waves over a uniform slope
(S=0.1) covered in acrylic sediments (specific gravity, SG=1.18). They observed that the formation
of bedforms (as ripples) began at the breaking point (ripples were largest just upslope of the

breaking point) and spread upslope with decreasing in size until dissipating (see their figure 33).
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The breaker type was collapsing (Boegman et al., 2005, Aghsaee et al., 2010, Sutherland et al.,
2013) and ripples were symmetrical during upslope bolus propagation and asymmetrical, facing
downslope, during return flow (see their figure 35). Aghsaee and Boegman (2015) also observed
nascent dunes in the unstable wake of an NLIW of depression shoaling over a flat bottom.
Considering the gradual boundary slopes of continental margins (~0.001; Cacchione et al., 2002),
the dominant NLIWSs breaking type is fission (see section 2.1); as reported by field observations
(Orr and Mignerey, 2003, Shroyer et al., 2009, Ma et al., 2016). During fission, an NLIW of
depression will transform into a packet of NLIWSs of elevation at the turning point (the location on
the slope where the thickness of the lower layer is equal to the thickness of the upper layer, i.e.,
hi=hy). Further upslope each NLIW of elevation will evolve into a bolus at the birth point (where
the flow separates, figure 4.1) and will continue propagating while decreasing in size as it
degenerates.

A recent experimental study (chapter 3) shows that at each stage of fission, there is sediment
movement and the potential for resuspension, with the highest possibility at the bolus birth point.
Therefore, bedforms may occur beneath shoaling NLIWs of depression before the turning point
(Pomar et al., 2012) and/or beneath shoaling NLIWSs of elevation and boluses after the turning
point. Ma et al. (2016) observed sand waves off Dongsha Atoll, in the northern South China Sea,
from fission of obliquely-incident NLIWs of depression on the continental shelf. The sand waves
were categorized into two groups, based on their formation mechanisms and shape (type 1: upslope
migrating by NLIWSs, and type 2: downslope migrating by internal tides). They did not have
instrumentation to measure the characteristics of the incident NLIWs of depression and the
bedforms both further upslope. Given these field observations, there is a need for further process-
based laboratory investigations on bedform formation by fission of NLIWSs in order to develop

parameterizations that will help interpret field data.
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Figure 4-1 Schematic showing fission of a train of NLIWSs of depression over a mild slope (S). Here each NLIW of

depression propagates with amplitude a and wavelength / =21 ina two-layer stratification comprised of a thicker
(h,)anddenser () lower layer overlaid by a thinner (h,) and less-dense ( 7, ) upper layer. The variable x_is the

distance between the bolus birth point (star) and the interaction point, and x is the bolus propagation distance. When

the fluid is quiescent, the pycnocline intersects the bed at the interaction point and hi=hz at the turning point.

The objective of the present study is to experimentally investigate the temporal and spatial
evolution of bedforms by fission of NLIWSs over a sedimentary boundary slope. Specifically, the
type of bedforms, their location and the generation mechanisms will be determined. Results will be
parameterized in terms of wave and sediment properties; thereby, enabling oceanographers to better
interpret field observations and help validate and improve numerical simulations at both laboratory

and field-scale.

4.2 Materials and Methods

4.2.1 Theoretical background
4.2.1.1. Wave theory

In stratified lakes and oceans, when the pycnocline is much thinner than both the lower layer (with
thickness h, and density 7 ,) and upper layer (with thickness h, and density ), a density

stratified fluid can be approximated as a quasi-two-layer system (figure 4.1). In this system, fission
of a NLIW of depression over a mild slope forms NLIWSs of elevation after the turning point, each

of which evolves into a bolus at the bolus birth point (figure 4.1; see section 2.4.2):
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X
L—"f = 3.35Fr °® (4.2.1)

w

Here, X, is the distance between the bolus birth point and the interaction point (figure 4.1), and

L, is the observed NLIW half-width (Michallet and Ivey, 1999):

L, :gt%ﬁ(t)dt (4.2.2)
t
where /1 is the vertical displacement of the pycnocline, @ is the wave amplitude, and C is the
nonlinear wave phase speed (section 2.2.1).
The nondimensional wave Froude number (Fr) and wave Reynolds number (Re) have been
employed to generalize laboratory studies on NLIW-topography interaction (Hult et al., 2010,

Moore et al., 2016). These embody both the incident wave and ambient fluid properties and are

readily measurable in the field:

Fr = e
= 4.2.3
gcIHI ( )

VVd2
Re = (4.2.4)

u
The variable W=2—p is the wave frequency, T = 2L, is the wave period, g = 29(r, - ri)js
T c ¢ ry,+r,
h.h

the reduced gravity for this set of equations, H'= —1-2 is an equivalent depth, and  is the
H

kinematic viscosity.

4.2.1.2. Sediment and boundary layer theory
Incipient motion of sediments resting on the bed occurs when the instantaneous fluid force on a
sediment particle becomes larger than the instantaneous resisting force (Shields, 1936, Van Rijn,

1993, Soulsby, 1997). Therefore, for a specific flow condition and sediment characteristics, there
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should be a critical shear stress acting on the sediments such that the particle starts moving when
the critical stress is exceeded. The threshold (critical amount) for sediment motion as bedload
(sliding, rolling and bouncing of sediment particles near the bottom) can be predicted (Yalin, 1976),

based on the experimental results of Shields (1936), by calculating two parameters: the critical

Shields parameter Der , and the particle parameter D..:

Qo =ta(r.- r)gdy] (4.2.5)

D.=[(SG - Dg/u*]"*d,, (4.2.6)

Here, ¢, = r u’, is the time-averaged critical shear stress, U., is the critical shear velocity for

. . = . - . . . . r
incipient motion as bedload, SG=r.lry is the specific gravity, rs is the sediment density, =

is the fluid density, O

50 js the median particle size, and U is the kinematic viscosity.
These parameters have been combined into curve (Van Rijn, 1993; their figure 4.1.4), to which

Soulsby (1997) fit an equation:

= 0.055[1 - -0.02D.
Qe = 1310, *O0M- exp( ) 4.2.7)

*

In practice, 7 is evaluated by solving (4.2.7) for g_ based on the sediment properties D.

(4.2.6). Equation (4.2.5) is then solved for # , also giving U. =,/l‘cr/rf :

Suspension of sediments, in a steady, unidirectional, and unstratified flow, has been modelled to

. . . —— 0.5
occur when the root-mean-square vertical fluctuating velocity component [w'z] 2w, , where w,

is the particle settling velocity (Van Rijn, 1993). Particles will remain suspended as long as this
relation is satisfied (Bagnold, 1966b). To predict the critical threshold for incipient suspension, Van

Rijn (1993) presented a diagram (their figure 4.1.4), which indicated the critical parameter for

suspension ( G o ) related to the particle parameter D. :
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qcrs :[crs /[(rs - rf)gdso] (428a)

Q. = WS /I(SG - Dgd, ] (4.2.8b)
where
W, =[(SG - 1)gd51/18u (4.2.9)

Here, £, = r U’ is the time-averaged critical shear stress for incipient suspension, and u

*crs

is the critical shear velocity for incipient suspension. In practice, g, isevaluated from D.. (4.2.6)

using the Van Rijn (1993) diagram (their figure 4.1.4) or the settling velocity (4.2.8b) and then £

is found from (4.2.8a).

In a turbulent boundary layer flow over a flat bottom, the total stress (Z ) is the sum of the viscous

¢, and Reynolds [  stresses (Schlichting and Gersten, 2003):

W, v (4.2.10)

t=rul=t, +t,=ur
where u, is the friction or shear velocity. The instantaneous velocities have been Reynolds

decomposed into mean and fluctuating components (i.e., U = U+ u') where an overbar or prime
denotes a mean or fluctuating component, respectively. Here, U, V , and W are the velocity

components in the streamwise ( X ), spanwise (Y ), and vertical ( Z ) coordinate directions.

Near the bed, the viscous stress is dominant (£, >>f ), but is difficult to measure because of the

thinness of the viscous sublayer (O1 mm above the bed (Caldwell and Chriss, 1979, Boegman and
Ivey, 2009)). Therefore, the bed stress is often evaluated from measured velocity profiles inside the
‘constant stress’ layer, where velocity profiles are logarithmic (Kim et al., 2000, Andersen et al.,
2007, Valipour et al., 2015). Following section 3.4.2 the bed stress was evaluated from the

logarithmic profile (LP; (4.2.11)), and the turbulent kinetic energy equation (TKE; (4.2.12)) in the
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form of a shear velocity (Kim et al., 2000, Andersen et al., 2007, Bluteau et al., 2016, Zulberti et

al., 2018). The LP method is based on a horizontal shearing velocity and, therefore, is appropriate

for the prediction of bedload (4.2.5-4.2.7); when U. p >U., , sediments move as bedload. The

TKE method is based on a vertical turbulent velocity and, therefore, is appropriate for prediction

of suspension (4.2.8-4.2.9); when U.ryg >U. . sediments are resuspended. The equations are:

In,e——0+B (4.2.11)

Uire =4/C,W'W' (4.2.12)

Here, & = 0.41 is the Von Karman constant, C, = 0.9 is a correlation coefficient (Kim et al., 2000,

Bluteau et al., 2016), and B =5 is a constant appropriate for hydraulically smooth flow regime
(see section 3.2.3) (Van Rijn, 1993, Zulberti et al., 2018).

Using (kinematic) instability analysis, there have been many attempts to explain the type of
bedforms generated by unidirectional currents (Kennedy, 1963, Engelund, 1970, Van Rijn, 1993).
The conditions for the formation of specific bedform types can be identified using the instability
method and not the equilibrium dimensions of the bedforms (Van Rijn, 1993). There are four
classification groups for sand beds (Liu, 1957, Simons and Richardson, 1966, Van den Berg and
Van Gelder, 1989, Van Rijn, 1993), among which the classification offered by Liu (1957) used
parameters most applicable for the present study. They identified the bedform types (ripples, dunes,

plane bed or standing waves, plane bed or anti-dunes) in terms of a suspension parameter ( P, ) and

a particle-related Reynolds number (Re..):

u. (4.2.13)

u.d., (4.2.14)
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Here, U. = U, p (4.2.11) at the bolus birth point, under the bolus (maximum value).

4.2.2 Experimental Set-up and Measurement Techniques

The experiments were performed in the Internal Wave Flume, a glass-walled rectangular wave
flume (figure 4.2, 18.2 m long, 0.75 m wide, and 0.58 m deep) located at the Queen’s University
Coastal Engineering Research Laboratory. A planar Perspex slope (S= 0.04) was installed at one
end of the flume with a height of 40 cm at the end wall. In order to generate a continuous train of
NLIWs of depression, an aluminum flapping airfoil-type horizontal wave paddle (Thorpe, 1978,
Nakayama and Imberger, 2010), driven by an electric motor connected with an eccentric drive
shaft, was installed at the opposite end of the flume. Further details on the experimental facilities
and operation of the wave paddle can be found in sections 3.2.2 and 2.2.2, respectively.

To investigate the formation of sediment bedforms, the slope was covered with a constant thickness
(@2cm ) of low specific gravity acrylic sediments (T-5; SG=1.18); chosen based on the
experiments by Southard and Cacchione (1972) and Aghsaee and Boegman (2015) (figure 4.2).
The sedimentary bed was prepared by first moistening the sediments, to minimize dust, and then
levelling by manually sliding a wooden stencil with a 2 cm gap over the slope. The bed was then

finished by smoothing with a drywall trowel. The sediments in this study had uniform grain size

distributions, with the uniformity coefficient (Cu =d, /d,, =1.48) < 4 (figure S2.1), where 60%

and 10% of the particles are finer than the d, = 0.34mmand d,, = 0.23mm grain size, respectively
(Das, 2008), measured at the Queen’s University GeoEngineering centre, following ASTM D6913.
Fluid for the upper and lower layers was prepared in separate reservoirs and allowed to equilibrate
to room temperature before filling the flume. The upper layer fluid (p1= 998 kg m™®) was filtered
municipal tap water. The lower layer had salt (Cargill CMF) added to reach the desired density (p.=
1020 or 1040 kg m), which was measured with a hydrometer (Fisherbrand™ 11555G; °2 kg m-

3). In order to prevent sediment clumping, a wetting agent (Kodak professional Photo-Flo 200) was
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added to the reservoirs and food dye was added to the lower layer fluid to enable flow visualization.
The flume was filled by slowly (to minimize disturbance of the sediment bed) pumping in lower
layer fluid to reach the desired layer height (h,= 25 or 30 cm). Upper layer fluid was then slowly
introduced over the lower layer, using a floating sponge to minimize interfacial mixing, until the

appropriate upper layer thickness (h,) was achieved. Filling the flume resulted in a density

stratification with a thicker lower brine layer underlying a thinner fresh layer separated by a thin

pycnocline (~ 2 cm), commonly known as a ‘quasi-two-layer’ stratification.
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Figure 4-2 Schematic of experimental setup. Periodic NLIWs of depression were generated within the two-layer fluid
by flapping the wave paddle with an electric motor connected via an eccentric drive shaft. The upper fluid layer was
fresh water, and the lower fluid layer was saline. The slope (S =0.04) was covered with 2 cm thickness of sediment.

See table 4.1 for a list of the experimental parameters.

The experimental design was based on a previous study to measure bed stress and resuspension
from shoaling boluses (chapter 3). Sediment movement/resuspension was observed in six of the
seven prior experiments (section 3.2; table 3.2) and so these runs were further examined to
investigate the formation of bedforms over the sediment-covered slope (Run 7 was neglected). As

a result, six experiments with different wave amplitudes and density stratifications were performed

(table 4.1). The wave amplitude (&) and the wave period (T ) were measured 3 m downstream
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of the wave paddle using a capacitance-type surface wave probe (figure 4.2), which was customized
to measure internal waves, by using foam insulation to prevent spurious oscillations of the free
surface from contaminating the internal wave signal (Wallingford HRIA-1018)(see figure 2.4).
Three high-definition video cameras (two Canon 650D, and one Canon VIXIA HV30) recorded the
side view and one GoPro HEROS recorded the overhead plan view. The flow was illuminated using
backlight from fluorescent tubes illuminating translucent Perspex diffusing sheets and overhead

light from two LED light bars above the flume at either end of the slope.

Table 4-1 Summary of experimental parameters. The variable a is the wave amplitude (negative denotes wave of

depression), r, is the lower layer fluid density, h, is the lower layer thickness, C is the nonlinear wave phase speed

2

(2.2.4), L, is the wave half-width (4.2.2), T is the wave period (T =2L,/c), Fr is the wave Froude number

(4.2.3), Re is the wave Reynolds number (4.2.4), U, is the critical shear velocity for incipient of motion as bedload

*cr

4.2.7), U is the critical shear velocity for incipient suspension (4.2.8) corresponding to the critical suspension

*crs
parameter presented by Van Rijn (1993; their figure 4.1.4), P, is the suspension parameter (4.2.13), and Re.. is the
particle Reynolds number (4.2.14). The boundary slope S =0.04, the total depth H =0.4m, and the sediment (d =
0.32mm, r =1180kg m-3) were constant for all the tests. Considering the low steepness of the slope, the effect of the

longitudinal sloped bed on the calculated parameters (k, © 1° 0.05) was neglected, see section 3.2.1.

a 12 h2 C Lw T Uscr Uxcrs
Run Fr Ps
(m) (kgm?) | (m) | (ms?) (m) (©) (ms?) (ms?)
1 -0.028 1040 0.30 0.188 1.812 19.2 0.052 256 0.0051 0.0062 0.41 0.99
2 -0.045 1040 0.30 0.198 @ 1.206 122 | 0.133 1045  0.0051 0.0062 0.73 1.76
3 -0.055 1020 0.25 0.151 2.277 30.1 0.081 631 0.0054 0.0065 0.62 1.73
4 -0.083 1020 025 0156 @ 1.791 229 0.161 1890 0.0054 @ 0.0065 0.68 192

5 -0.055 1040 0.25 0.207 @ 2.277 220 0.081 863 0.0051 0.0062 097 3.34

6 -0.083 1040 025 0.214  1.836 172 | 0156 2524 0.0051 0.0062 113 @ 2.72

An acoustic Doppler velocity profiler (ADVP; Nortek Vectrino 1l; 1 mm s precision and 5%
measurement error) was positioned at the bolus birth point (figure 4.1; determined from (4.2.1)), to

record time series of velocity profiles above the expected bedform surface. The ADVP was set to
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measure at 20 Hz over a 3 cm vertical profile (4 cm to 7 cm from the ADVP probe) with 1 mm
resolution. The position was adjusted using a pointer gauge (0.1 mm) to be 6 cm above the bottom.
This causes 1 cm of the profile to be lost beneath the bed, so as to locate the region of maximum
signal-to-noise ratio (SNR) or ‘sweet spot’ directly at the bed and minimize noise from acoustic
reflection, which typically contaminates the velocity signals (low SNR) within 5 mm of a rigid bed
(Aghsaee and Boegman, 2015). To allow for the acoustic backscatter signal to represent sediment
resuspension, we did not artificially seed the flow. Only velocity data having average correlation
and SNR >60% and >15 dB, respectively, were retained and despiked using a phase-space
thresholding technique (WinADYV 2.031) for analysis (McLelland and Nicholas, 2000, Nikora and
Goring, 2000, Chanson, 2008). The presence of a sedimentary bed provided useable data
(correlation and SNR >60% and >15 dB, respectively) from 1 mm above the bed.

To avoid spin-up/down conditions, waves were analyzed from the middle of the train (Wallace and
Wilkinson, 1988, Helfrich, 1992, Moore et al., 2016). As the nature of flow was unsteady, by
applying a low-pass filter to the instantaneous velocity data (U, V, W) with a spectral cutoff
between peaks associated with the NLIWs and small-scale turbulence (Aghsaee and Boegman,

2015), we obtained mean velocity profiles (U , VV , W ). Then the turbulent components were
calculated using a Reynolds decomposition (e.g., u =U +u'). Time series of U.. were evaluated

using the LP (4.2.11) and TKE (4.2.12) methods using velocity data (U and W', respectively) at z
= 3 mm above the bed that was averaged over 0.2 s segments with 0.1s windowing (See section
3.2.3).

After 100 NLIWSs had shoaled, the wave paddle was stopped and both fluid layers were slowly
drained using a submersible pump so as to minimize any disturbance of the sedimentary bed. The
sediments were left to dry for at least two days and then the final 3D topography of the bedforms
was measured using a LIDAR scanner (FARO Focus®) and the plan view of bedforms was captured

with the GoPro HEROS8. By mounting the LiDAR on a moveable frame along the flume (figure
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4.2), scans were taken at four locations above the sedimentary bed (~ 2.5 m), using fixed calibration
targets. The LiDAR was set to measure in 10 m indoor scan mode with a resolution of %2 megapoints
and quality 2x, which gave a resolution of 1.1 mm £ 0.1mm over the sedimentary bed. The captured

data were analyzed using CloudCompare and MATLAB.

4.3 Results

4.3.1 Flow field

At the start of each run, periodic movement of the wave paddle generated a train of NLIWSs of
depression that propagated toward the boundary slope. The NLIWs of depression became
asymmetrical over the slope as the front face elongated, parallel to the slope, and the rear face
steepened. When passing through the turning point, each NLIW of depression transformed into one
or two NLIW of elevation (depending on the characteristics of the incident wave; section 2.4.3.4).
Further upslope, each NLIW of elevation evolved into a bolus at the bolus birth point (figure 4.1)
and propagated further upslope decreasing in size as it degenerated (section 2.3.2). As the waves
propagated over the slope, sediments began to move beneath the NLIWSs of elevation as bedload
both in downslope and upslope directions, initiated by both the return flow in advance of the wave
and the flow inside the wave, respectively. Further upslope, sediment resuspension occurred under
the front face of each NLIW of elevation. Both sediment movement as bedload and suspended load
continued and became more intense as the NLIW of elevation approached the bolus birth point.
Further upslope, sediment movement by boluses (bedload and suspended load) gradually lost its
intensity but continued until the boluses degenerated (sections 3.3.1 and 3.3.2). Sediment
movement and/or resuspension did not occur before the turning point (under the NLIWSs of
depression, section 3.3.1.1), even though this has been observed in the ocean and other lab

experiments (Johnson et al., 2001, Quaresma et al., 2007, Aghsaee and Boegman, 2015, Zulberti et
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al., 2020); we expect this may occur with stronger wave-induced currents by increasing a and/or

r , (for more details see: Aghsaee and Boegman, 2015).

4.3.2 Bedform evolution

A plan view of the flume shows bedform formation (figure 4.3; run 6, table 4.1). After ~40 waves,
spanwise bedforms were established near the bolus birth point (figure 4.3c). Bedforms were also
observed further upslope, under boluses propagating toward the interaction point, and further
downslope, close to point of incipient suspension (which was determined visually during each test)
beneath the NLIWs of elevation. With time, the bedforms became more pronounced as their
characteristic shape developed and their size increased (figure 4.3f, see movie S4.1). There was
little visual change between ~80 and ~100 waves, suggesting the bedforms were approaching
equilibrium. The tuning-fork bifurcation structure of bedforms shows that equilibrium was not
achieved. As the lower layer was dyed red, the boluses were visible as linear red spanwise fluid
structures progressing up the slope. In figure 4.3d, because of the shadow from the sidewall
columns and refraction, the bolus (after the bolus birth point) appeared to be curved, which was not

the actual shape.
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No Wave

The turning point The bolus birth point The interaction point
The point of incipient suspension

Figure 4-3 Snapshots from the video (supplementary movie S4.1) captured by the GoPro for run 6 showing a plan view
of the typical evolution of bedforms over the slope when there was one bolus for each incident NLIW of depression
(see movie S4.1). The blue, green, magenta, and red lines indicate the turning point, the point of incipient suspension,
the bolus birth point, and the interaction point, respectively. The lower layer was dyed red, making the NLIWs and
boluses visible as red spanwise fluid structures progressing up the slope. The time interval between snapshots was At=

5min.

4.3.3 Final bedform profile

At the end of each run, the final bedform distribution over the boundary slope was revealed from

the plan view (figure 4.4). The largest bedforms were observed at the bolus birth point (figure 4.4;
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magenta line) and the size of the bedforms decreased moving in both upslope and downslope
directions. The rate of decrease in size was greater in the downslope direction, as the distance
between the bolus birth point and the point where bedforms were initiated was shorter than the
distance to the extinction of bedforms further upslope. This confirms that, during fission of NLIWs
of depression over a mild slope, the maximum near-bed velocity occurs at the bolus birth point
(section 2.4.2). The observed bedform pattern (figure 4.4) was identified as linear (rhomboidal
ripple) or irregular (sinuous bifurcating) ripples following Clifton (1987) and Shipp (1984).
Irregular ripples were observed at the bolus birth point and a distance further upslope and
downslope, before transforming to linear ripples. The larger bedforms (irregular ripples) were not
observed for run 3 (figure 4.4c) and for run 4 (figure 4.4d), with only linear ripples observed near
the bolus birth point (figure 4.4d). Therefore, irregular ripples formed where the near-bed fluid
velocity was higher. From figure 4.4 and considering the location of the point of incipient
suspension (figure 4.4; green line), we found that initiation of suspension resulted in considerable
sediment transport, because at this point either bedforms began forming (figure 4.4a,e) or the type

of observed ripples changed from a linear to an irregular pattern (figure 4.4b,f).
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Figure 4-4 Plan view of the final state of the sedimentary beds after propagation of 100 consecutive NLIW of
depression and draining the flume. The images were taken by the GoPro. Runs 1 to 6 correspond to panels a to f,
respectively (table 4.1table 4.1). The blue, green, magenta, and red lines show the turning point, the point of incipient

suspension, the bolus birth point, and the interaction point, respectively.

Of note are the bedforms observed beyond the interaction point in Run 3 (table 4.1; figure 4.4b).
In this run, the thin upper layer (h;=10 cm) and relatively fast wave paddle movement (T=12.2 s;

table 4.1) resulted in the formation of weak surface waves, which shoaled at the end of the flume
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generating ripples at the end of the slope. The presence of the surface waves also had a considerable
effect on the internal wave movement, by accelerating/decelerating the bolus or NLIW of elevation
in association with the surface wave orbital velocity structure. For this run, the maximum bedform
size was observed at the bolus birth point, as in the other runs, but the considerable distance between
the point of incipient suspension and the bolus birth point (in comparison to the other runs; green
and magenta lines in figure 4.4) shows that the point of incipient suspension moved further
downslope due to the spurious acceleration of the NLIWSs of elevation in the presence of the surface
waves.

The linear ripples behind the point of incipient suspension diminished before the turning point
(figure 4.4) as the sediment movement was arrested (section 3.3.1). Therefore, bedforms were not
observed at the turning point and further downslope; although they may be generated by increasing
the incident wave energy (Pomar et al., 2012).

Both Re and Fr were larger in run 4, compared to runs 1 and 2 (table 4.1); however, the bedforms
were smaller (figure 4.4d). Run 3 also has higher wave energy than run 1 (table 4.1), but bedforms
were not observed (figure 4.4c). Therefore, the formation of bedforms cannot be predicted from
only the nondimensional wave parameters. Parameterization of bedform formation is discussed
further in section 4.4.1

To visualize the final cross section of the sedimentary bed, the 3D topography data from the LiDAR
scanner were investigated. The cross section for run 6 (figure 4.5a; see also figure 4.4f) is presented
at the middle of the flume W/2, W/4 and %W (W=75 cm is the flume width), to allow visualization
of the spanwise bedform variation. The final shape of the ripples was observed to be asymmetrical
(gentle stoss (downslope) side and steep lee (upslope) side), which shows that dominant sediment
transport is upslope directed, in agreement with the field observations (type 1 sand waves: upslope

migrating by NLIWs) by Ma et al. (2016).
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The full 3D topography of the bedforms, between the point of incipient suspension and the
interaction point for run 6 (from figure 4.5a, between the green and red lines), shows the height and

length of the ripples to be between 9-32 d, and 100-313 d. , respectively (figure 4.5b). This is

lower than the proposed range for ripples (50-200d,, and 500-1000d ., , respectively) by Yalin

(1985). We speculate that this may be because our observed ripples did not reach equilibrium, or

the proposed range only applies to sediments with a higher specific density (e.g., SG = 2.65 as is

typical of sediments in oceans and rivers).
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Figure 4-5 (a) Cross-section of the final state of the sedimentary bed for run 6 (table 4.1) at the middle of the flume
W/2, W/4 and %W (W=75 cm is the flume width). Also shown is the initial sediment surface. (b) Full 3D topography
showing the final state of the sedimentary bed for run 6 (table 4.1) between the point of incipient suspension (green
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frame) and the interaction point (red frame). The magenta frame in panel b at x= 4.81m indicates the bolus birth point.

These data were collected using the LiDAR.

4.3.4 Sediment transport after the creation of bedforms

The presence/absence of bedforms was observed to modify sediment transport patterns. After the
creation of bedforms, during the return flow (before a NLIW of elevation or a bolus) sediments
were observed to move downslope as bedload transport. This movement was most intense near
ripple crests, while in the trough between two ripples, sediments were stagnant (movies S4.2 and
S4.3). Resuspension was not observed during the return flow; however, some sediments that rested
on the upslope face of the ripples were thrown downslope from the crest to the trough. The sediment
movement during the return flow made the crest of the ripples sharp (figure 4.6c, green arrows; see
movie S4.3) evolving the cross-section of the ripples into a symmetrical shape (figure 4.6a, yellow
schematic line; see movie S4.2), which was in contrast to the observations by Southard and
Cacchione (1972); they observed asymmetrical ripples, facing downslope, during the return flow
(see section 4.1).

As a bolus/NLIW of elevation arrived, the sediments decelerated and ultimately stopped moving.
Considerable sediment resuspension then occurred under the front face of the bolus/wave in the
vicinity of the ripple crest. This was coincident with intense upslope sediment movement as
bedload, with sediments pouring over the ripple crest to the upslope trough (movie S4.2). The
upslope sediment movement, as bedload, occurred with considerable spanwise transport (movie
S4.3) and continued beneath the bolus/wave increasing toward the mid-point and decreasing
thereafter to stop movement at the trailing edge. Again, in the trough between two ripples, the
sediments were motionless (movie S4.2). The upslope sediment movement modified the ripple
crest position by changing the cross-section into an asymmetrical shape, with a relatively gentle
downslope face (stoss side) and a relatively steep upslope face (lee side) (figure 4.6b, yellow

schematic line; see movie S4.2), which is again in contrast with the observations of Southard and
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Cacchione (1972) under the bolus, as they observed symmetrical ripples (see section 4.1). The

reasons for these discrepancis are discussed in section 4.4.2.

b

Figure 4-6 Side (a, b) and plan (c, d) views of the ripples formed at the bolus birth point for run 6 (table 4.1; figure

4.5). (a, c) Before the arrival of a bolus (symmetrical shape due to the return flow; yellow line in a), (b, d) after the
passing of the bolus (asymmetrical shape; yellow line in b). Green arrows show the ripple crests and indicate the
direction of sediment movement. Upslope is to the right and top for panels a, b and c, d, respectively. The field of view
for panels a, b is 20x10cm (movie S4.2), and for panels c, d is 25x12.5cm (movie S4.3).

After the creation of bedforms and at the end of the tests, fine sediments were observed to be
deposited where the bedforms diminished (figure 4.7), near the interaction point (figure 4.4e). The
sediments moved upslope inside of the quasi-trapped bolus core until the last stages of shoaling
(section 3.3.1.3; movie S3.5). As they were advected downslope with the return flow, they were

trapped by the bedforms and accumulated as shown.
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Figure 4-7 Top view of the sedimentary bed (the whole width of the flume) showing deposition region of the finest
particles (yellow rectangle) around the point where bedforms faded (run 5; table 4.1). The field of view is 130x75cm.

4.3.5 Critical shear velocities

To apply 4.2.5 — 4.2.9 to model sediment transport, the ability of 4.2.11 and 4.2.12 to predict
sediment movement required investigation. This was accomplished using timeseries of the ADVP-
observed instantaneous velocity profiles (in the streamwise and vertical directions), both at the crest
and trough of a ripple formed at the bolus birth point (figures 4.8 and 4.9, respectively), the
corresponding time series of the shear velocity and the acoustic backscatter signal strength (counts;
a qualitative indicator of suspended sediment). The bedload transport was also determined by
inspection of the video images. Because of the similarities in the sediment movement mechanisms
resulting from a bolus and a NLIW of elevation, here we only consider sediment movement under
a bolus at the bolus birth point. The velocity profiles at this location, before the formation of ripples,

were presented and discussed in section 3.3.2 (figure 3.8).

4.3.5.1. Sediment transport at the ripple crest
The timeseries of the ADVP-observed instantaneous velocity profiles in the streamwise and vertical

directions at the crest of a ripple formed at the bolus birth point are shown. Comparison of the
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streamwise velocity (u) before (figure 3.8a) and after (figure 4.8a) the formation of ripples, shows
the flow close to the bed to be qualitatively analogous, with the velocity being ~15% less over the
ripple. This can be due to frictional resistance in the presence of bedforms and redirection of the

horizontal flow toward the vertical.

During return flow (figure 4.8a, t = 0-9.8s), the corresponding U. p shows sediment movement as

bedload when U. p >U., (figure 4.8c, the horizontal red line; t = 1.2-9s), which is in agreement

with observations (blue line in figures 4.8d, t = 1.2-9s; movie S4.2; section 4.3.4). With the arrival

of the bolus, the upward bursting velocity close to the bed under the front face of the bolus (figure

4.8b, t = 9.8-11s) increased U.ryg >U. (figure 4.8c, horizontal blue line; t = 9.8-10.8s)

coincident with observations of intense resuspension (figure 4.8d, t = 9.8-15.5s; movie S4.2; section
4.3.4).

Comparing the vertical velocity (w) before (figure 3.8b) and after bedform creation (figure 4.8b) at
the ripple crest, shows that the vertical flow was ~50% stronger after ripple formation. Therefore,

the rate of sediment resuspension should be more at the ripple crest than on a flat-bed (figure 4.11b).

Under the bolus, sediment moved upslope as bedload where U. p >U. (figure 4.8c, t = 10.6-

13.3s; red line in figure 4.8d), with occasional resuspension when U.rxg > Usqs (figure 4.8¢, t =

11.4s & 12.8-13.3s); in agreement with observations (figure 4.8d, t = 9.8-15.5s; see movie S4.2).
After the bolus, sediment movement was the same as for the return flow (figure 4.8, t = 15-30s;
blue line in figure 4.8d, t = 20.5-29.8s). Comparison between figure 4.8 and figure 3.8 shows that
the sediment movement and resuspension mechanisms under the bolus, at the ripple crest, was
conceptually the same as the mechanisms before formation of the bedforms at the same location.
However, the upward velocity under the front face of the bolus increased at the ripple crest,

suggesting the bedforms modified the flow patterns to further enhance sediment transport.
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Figure 4-8 Time series at the ripple crest of a) the instantaneous streamwise velocity profile (u), b) the instantaneous
vertical velocity profile (w), ¢) the shear velocity (u.. ) calculated using various methods (section 3.2.1), and d) the

signal strength (amplitude) of the ADVP acoustic backscatter. The data are from the bolus birth point (see figure 4.5)
for run 6 (table 4.1; see movie S4.2), when there was one NLIW of elevation after the turning point. The blue and red

lines in panel d denote sediment movement as bedload in the downslope and upslope directions, respectively.

4.3.5.2. Sediment transport at the ripple trough

At the ripple trough located near the bolus birth point, during return flow before the bolus (figure

4.9a,t=0-13.7s) U. p >U., predicting weak sediment movement as bedload (figure 4.9¢c, t = 6.4-

11.9s). This was even weaker during the return flow after the bolus (figure 4.9c, t = 25.4-27.3s), in
agreement with the observations (blue lines in figure 3.9d; section 4.3.4; movie S4.2). Upon the

arrival of the bolus and under its front face, the strong downward vertical velocity close to the bed

(figure 4.9b, t = 14-14.75s) caused an increase in U«rxg (figure 4.9c, t = 14-14.75s).

The observed thin region of downward flow (thickness <1cm) shows flow separation under the

front bolus face, after the ripple crest, due to the abrupt reduction in bed level (figure 4.11c); similar
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to observations for dunes in unidirectional flows (Van Rijn, 1993, Lyn, 1993). The downward
velocity should stabilize sediments from resuspending, but suspended sediments were observed
above the bed (figure 4.9d, t = 14.2-18.7s). By observation (section 4.3.4; movie S4.2), these
sediments eroded from the crest of the ripples toward the trough under the front face of the bolus,
where they were deposited with bedload. The remaining suspended sediments continued to move

in the core of the bolus. The suspension caused high acoustic backscatter while resuspension did

not occur. Considering that under the bolus U« p <U., , and Uk <U.,e, (figure 4.9c, t =

13.7-18.3s), sediment did not move as bedload or suspended load in agreement with video

observations (section 4.3.4).
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Figure 4-9 Time series at the ripple trough of a) the instantaneous streamwise velocity profile (u), b) the instantaneous
vertical velocity profile (w), c) the shear velocity (U.. ) calculated using various methods (section 3.2.1), and d) the

signal strength (amplitude) of the ADVP acoustic backscatter. The data are from the bolus birth point (see figure 4.5)
for run 6 (table 4.1; see movie S4.2), when there was one NLIW of elevation after the turning point. The blue lines in
panel d denote video-observed sediment movement as bedload in the downslope direction.
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4.4 Discussion

4.4.1 Bedform type
The present observations (figure 4.4), consisting of bedforms centered on the flow separation region

near the bolus birth point under shoaling waves, were evaluated according to the bedform

classification by Liu (1957) (figure 4.10) derived from turbulent channel flows. Suitable for

bedload transport, U« p was evaluated using measured velocity profiles at the bolus birth point
(e.g., figure 4.8c, t = 11.9s). The observed bedforms (figure 4.4) were mostly in agreement with the
Liu (1957) classification of no movement or ripples. However, for runs 1 and 2 no movement was
predicted from the classification (figure 4.10), but ripples were observed at the bolus birth point
(figure 4.4a,b). Investigation of the velocity profiles at the bolus birth point for runs 1 to 4, revealed

that U. p <U. under the bolus, indicating no or weak sediment movement as bedload (e.g.,

figures S4.2, S4.3). Observations of sediment resuspension, for runs 1 and 2, under the front face

of the bolus where U.rge > U, (e.g., figure S4.2; movie S4.4), but not for runs 3 and 4 where

Usrke <U. (e.g., figure S4.3; movie S4.5) suggests that sediment resuspension is an important

mechanism in bedform formation and is capable of creating bedforms where the horizontal velocity
is not sufficiently powerful for bedload transport.

We have shown above (section 4.3.3), that bedforms cannot be predicted solely based on wave
inertia-gravity and inertia-viscosity relations (Fr and Re). Comparison of the experimental

parameters for runs 1 to 4 (table 4.1), shows that p, has the strongest impact on bedforms, as it

effects both ¢ and U.,, . Therefore, the non-dimensional parameter Yo < 0,04 (figure S4.4)
c

suggests bedforms will evolve from resuspension, when not predicted by the bedload classification

of Liu (1957).
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Figure 4-10 Bedform classification diagram according to the suspension parameter (u., /w ) and particle-related

Reynolds number (u.d,, /u), based on the results by Liu (1957). Colored circles indicate present results (table 4.1),

where U. = U, p (4.2.11) calculated at the bolus birth point. Field data from Droghei et al. (2016) is also shown.

4.4.2 Bedform creation mechanism

Sediment transport under boluses, after the creation of bedforms (ripples), is shown schematically
in figure 4.11a. It is conceptually analogous for NLIWs of elevation, except there is no quasi-
trapped core to transport suspended sediments upslope (figure 3.5 and section 3.4.1). During return
flow, in front of the wave/bolus, the ripple was symmetrical and sediment movement only occurred
as bedload through erosion of upslope sediments leading to deposition on the downslope side
(section 4.3.4; Van Rijn, 1993, Giri and Shimizu, 2006). Under the front face of the wave/bolus
convergent near-bed currents and vertical bursting velocities (section 3.4.1) caused intense
sediment resuspension from the downslope side of the ripples, especially at the crests (figure
4.11b). This combined with the upslope velocity in the core of the wave/bolus to form an upslope
moving cloud of suspended sediments. At this time, bedload transport changed the shape of the

ripples to an upslope directed asymmetrical form (figure 4.11, movie S4.2). The upslope velocity
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under the wave/bolus acted opposite to the return flow by eroding sediments over the downslope
side of the ripples and depositing them to the upslope side. At the front face of the wave/bolus, over
the ripple trough a very thin near-bed downward velocity was formed due to the abrupt reduction

in bed level (figure 4.11c), which prevented resuspension from the bed (section 4.3.5.2).

Figure 4-11 (a) Schematic showing sediment transport (bedload and resuspension) by a bolus after the creation of a
bedform (ripple). Blue, red and brown arrows denote upper layer fluid, lower layer fluid, and sediment movement
(movies S4.2 and S4.3. (b) Detail view of the bottom-convergent currents and burst of vertical velocity under the front
face of the bolus (red rectangle in panel a) at the ripple crest, before (transparent purple arrows) and after (red arrows)
the creation of bedforms. The initial sediment surface before the bedforms is shown with transparent shading in panel
b. (c) Detail view of the bottom-convergent currents and burst of vertical velocity under the front face of the bolus at
the ripple trough. The blue, red and brown arrows denote the upper layer, the lower layer, and sediment movement

direction.

The final shape of the bedform, at the end of wave shoaling, indicated that upslope sediment
movement under the NLIWSs of elevation and boluses was dominant, as the observed ripples were
upslope-migrating (figure 4.5). Considering that the duration of the return flow was longer than the

upslope horizontal velocity under the waves/boluses and occurred both before and after each
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wave/bolus (see section 4.3.5), net downslope sediment movement was expected (Same as
observation of Southard and Cacchione, 1972); this observation was surprising (section 2.4.3.3).
Ma et al. (2016) also observed upslope dominant transport by NLIWSs (their type 1) and concluded
that sediment resuspension has a strong effect on total transport.

The vertical bursting velocities under the waves/boluses drove upslope transport by reducing the
frictional resistance of sediment particles over the bed and, as a result, enabled massive upslope
bedload transport during the short period of upslope horizontal velocity. Moreover, sediment
resuspension under the waves/boluses (particularly under their front face) eroded sediments from
the bed and moved them further upslope in the quasi-trapped core (sections 2.4.3.1 and 3.4.1). This
was found to be an effective bedform creation mechanism when the horizontal velocity was too
weak to move sediments (section 4.4.1). The observation of upslope dominant sediment movement,
and also deposition of fine sediments around the point where bedforms dissipated (section 4.3.4),
confirms the concept that boluses can act as a nutrient pump along coastal margins (Sandstrom and
Elliott, 1984, Helfrich, 1992, Boegman and Stastna, 2019), although it was found that the return
flow limited upslope mass flux which needs further investigation (Ghassemi et al., 2022).

The contradictory findings between the present observations (dominant upslope sediment
movement) and the laboratory observations by Southard and Cacchione (1972) (dominant
downslope sediment movement), can be related to the differences in breaking mechanisms. In the
present study, upslope sediment movement by waves/boluses during fission was more intense than
during the return flow; however, Southard and Cacchione (1972) observed the opposite beneath
collapsing breakers, which have a strong return flow (Aghsaee et al., 2010; their figure 7a) without
strong upslope mass transport. Ghassemi et al. (2022) proposed that boluses on steep slopes (e.g.,
from collapsing breakers) formed a vortex with a mixed breaking region that was pushed shoreward
under wave inertia (Aghsaee et al., 2010, Moore et al., 2016, Allshouse and Swinney, 2020), while

during fission on mild slopes boluses formed by transformation of an NLIW of elevation without
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mixing and reflection. Therefore, boluses from fission will have more embodied inertial to move
sediments. The return flow over steep slopes should also be more intense because of the

gravitational force and, therefore, more powerful to move sediments downslope.

4.4.3 Development of criteria for bedform creation with field application

It is not always straightforward to apply results from laboratory-based experiments to field
applications. For example, Southard and Cacchione (1972), using Buckingham theory, argued that

observed lab-scale sediment movement by breaking internal waves cannot be a dynamic model of
what occurs at the oceanic scale. They found that Re and Fr were at least one to two orders of
magnitude smaller than oceanic cases and the ratio of a/d,, was much too large. Therefore, we

cannot scale the bedform size from the laboratory to the ocean. Similarly, Boegman and Stastna
(2019) argued that bedform patterns in the lab cannot be properly reproduced in the field and that
Fr and Re cannot be simultaneously matched between the ocean and laboratory in order to maintain
dynamic similarity for both gravity-driven (waves and currents) and viscosity-related (boundary
layer and sediment transport) processes.

Despite the problems in scaling laboratory results, similar to Southard and Cacchione (1972), we
believe that the fundamental aspects relating to wave breaking and sediment transport in
experimental results can qualitatively reproduce the oceanic case. Therefore, the results of the
present study can be considered as a model for sediment transport by of fission of NLIWs of
depression on the continental shelf or upper continental slope. For example, near-bed velocity data

from moorings and sediment data (Quaresma et al., 2007, Bluteau et al., 2016, Valipour et al., 2017,

Zulberti et al., 2020, Jabbari and Boegman, 2021) can be used to compute U« p (Valipour et al.,

2015) and solve (4.2.13) and (4.2.14) with the Liu (1957) criteria to predict the bedform type (figure

4.10). Employing this approach with the data presented in Droghei et al. (2016) predicts standing
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waves (figure 4.10), which is in agreement with their observations (their figure 1c) as they observed
both symmetrical (standing waves) and asymmetrical (dunes) sand waves.

Further insight can be gained for the case of an observed NLIW of depression (or a packet of waves)
shoaling toward a mild slope where fission is expected (figure 2.2). We know the bedforms will be
maximal near the bolus birth point (figure 4.4), which can be located using (4.2.1). Here, the

maximum local fluid velocity u__ © 0.7c,, where ¢ is the linear long-wave speed (sections
2.2.1 and 2.4.2); therefore by assuming the mean horizental velocity in the constant stress layer ~
U . » U« p Can be computed at the bolus birth point and employed in the Liu (1957) criteria (4.2.13

and 4.2.14) to predict the possibility of bedforms.

In the event bedform are not predicted, the criteria Yas < 0,04 should be checked to see if they may
c

be formed through sediment resuspension. It is left to field oceanographers to further test these

methods at field scale.

4.5 Conclusions

We extended previous work on shoaling NLIWs of depression over a mild slope to investigate the
evolution of bedforms. Following NLIW fission, the largest bedforms were observed between the
point of incipient suspension and interaction point, centered on bolus birth point. The evolution of
bedforms depended on the characteristics of both the incident waves and the sediments. Bedform
classification, due to bedload transport, was predicted using the suspension parameter and particle-

related Reynolds number (figure 4.10), where the shear velocity was computed from the log-law (

. . . . U. .
U., p ). Sediment resuspension was a factor in bedform creation when — < 0.04 in the absence
c

of bedload transport.
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The sediment movement mechanism, in the presence of bedforms, was revealed to be the same as
over flat bottom, except the upward vertical velocity under the front face of a bolus/NLIW of
elevation at the ripple crest was higher than over the flat bed. Sediments at the ripple trough were
largely motionless during both upslope and downslope flow.

Downslope sediment movement during the return flow made the ripples symmetrical, while the
upslope sediment movement under a bolus/NLIW of elevation made them asymmetrical with a
relatively gentle downslope face (stoss side) and a relatively steep upslope face (lee side). Net
sediment transport was upslope, as the final shape of ripples at the end of each run was upslope
moving asymmetrical. Therefore, fission of NLIWSs of depression over continental shelves and
slopes can act as a nutrient pump by moving bed material upslope as bedforms.

Future research should validate the bedform classification diagram (figure 4.10) for field-scale
flows, investigate bedform evolution before the turning point, where we did not collect data, and

consider transport of both non-uniform and cohesive sediments.
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Chapter 5

Conclusions and recommendations for future work

This thesis has qualified and quantified the fission breaker mechanism for nonlinear internal waves
(NLIWSs) of depression over mild slopes (representing boundary slopes of lakes and continental
margins) and the associated sediment movement (bedload and resuspension) mechanisms, which
resulted in the formation of bedforms.

Chapter 2 showed that during fission breaking each NLIW of depression over a mild slope evolved
into a packet of NLIWSs of elevation after passing the turning point; the number of waves of
elevation depended on the Froude number of the incident wave. Further upslope, each NLIW of
elevation transformed into a bolus at the bolus birth point by initiating shear instability through the
pycnocline. It was found that the flow velocities were maximum at the bolus birth point, and its
location was always downslope of the interaction point. After the bolus birth point, each bolus
propagated upslope as a quasi-trapped core, decreasing in size and velocity magnitude through
volume loss to a near-bed return flow emanating from the rear face and diapycnal mixing from
instability across the pycnocline. According to a simple calculation, the volume-flux to the return
flow seemed to be predominant, which would limit the overall effectiveness of boluses in driving
biogeochemical fluxes in the coastal ocean.

Comparison between the observed boluses from fission breaking (the present study) with those
generated by other breaking mechanisms showed that the formation mechanism, birth point,
propagation distance, and initial height of the boluses were different, while the height to length
ratio, change in size with propagation and the velocity field inside and around the boluses were all
remarkably similar. New equations were presented to parametrize the bolus birth point, initial

height, and dissipation lengthscale, in terms of variables (the wave half-width and the wave Froude
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number) that are measurable in the field by oceanographers. These remain to be further tested in
the field.

Future work is also needed to investigate the mixing characteristics of fission over different
boundary slopes in the range (S < 0.05) by performing PIV/LIF laboratory experiments Ofr
numerical simulations, which allow measurement of both instantaneous velocity and density fields.
This can reveal detailed information about the mixing characteristics of fission breaking as they
can contribute to the biogeochemistry of lakes and oceans.

In chapter 3, the sediment transport and resuspension mechanism by fission of NLIWs of
depression was investigated using the same experimental facilities but covering the planar slope
with sediment. It was found that during different stages of fission, there was sediment transport and
resuspension, but the most probable location was the bolus birth point where the fluid velocity was
maximum. Sediments moved as bedload at a distance from the turning point both in the upslope
(under the NLIW of elevation) and downslope (under the return flow) directions. Further upslope
resuspension was also observed under the front face of the NLIW of elevation due to bottom current
convergence and bursting of the upward flow in the adverse pressure gradient region. Sediment
movement intensified by moving upslope and reached a maximum at the bolus birth point. The
sediment movement mechanism under the boluses was qualitatively similar to NLIW of elevation
with a difference that there was a quasi-trapped core mechanism inside of the bolus that trapped
sediments and moved them upslope. The resuspended sediments remained inside the
boluses/NLIWSs of elevation, with some deposited further upslope and some draining with the
return flow. Limited sediments intruded to the upper layer through the rear face of the NILWs of
elevation or boluses.

Different shear velocity calculation methods were evaluated using observations and they were
compared with the critical thresholds for both sediment movement as bedload and resuspension

offered by Van Rijn (1993). The logarithmic law-of-the-wall profile method was found to be the
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best method in prediction of sediment movement as bedload considering the mean horizontal
velocity (which is the main mechanism in moving sediments over the bed as bedload), being less
sensitive to the measurement height, and also not having challenging coefficient like the quadratic
law method. The turbulent kinetic energy method was also found to be the best method in the
prediction of sediment resuspension by considering the fluctuating vertical velocity component as
the main parameter in the resuspension mechanism, and less sensitive to the height, while the

universality of the constant C, needs further investigation. Both methods should be applied in the

log-law region as close to the bed as possible. These two methods and the critical thresholds for
sediment motion (Van Rijn 1993) were found to be applicable for field studies to predict sediment
movement; although this needs further verification.

In chapter 4, the temporal and spatial evolution of sediment bedforms by fission of NLIWs of
depression was investigated, using the same experimental facilities as chapter 3, but over 100 wave
periods. As in chapter 3, it was found that there was bedform formation during different stages of
fission, but the most probable location would be the bolus birth point. It was proposed that bedform
formation can be predicted based on the characteristics of both sediments and the incident waves
by using the measured shear velocity from the logarithmic profile method, or at the bolus birth

point by having the characteristics of the incident waves before shoaling.

Sediment resuspension impacted bedform evolution when Yoo o 0.04, allowing bedform formation
c

where the horizontal velocity was not intense enough to move sediments as bedload. Sediment
resuspension at the point of incipient suspension showed that thie location is coincident with either
the initiation of bedforms or the point where bedforms changed from linear ripples to irrigular
ripples.

The sediment movement mechanism were identical to over flat bottom. During return flow,
downslope sediment movement as bedload was mainly around the ripple crest, changing the shape

to symmetrical. However, upslope sediment transport (around the ripple crest) was found to change
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the ripple shape to asymmetrical with a relatively gentle downslope face (stoss side) and a relatively
steep upslope face (lee side).

Althougt not necessarily in equilibrium, the final shape of the bedforms at the end of each run
showed that dominant sediment transport was upslope directed as the ripples were upslope moving
asymmetrical, confirming that fission of NLIWs of depression over a mild slope, despite their
infrequent occurrence, can act as a nutrient pump moving sediments and other bed material upslope.
They also change the bed level, which can be critical for engineering structures such as pipelines.
Considering the results from chapter 1, an overall conclusion is that sediment transport, as opposed
to fluid transport, may be the principal driver of upslope mass flux.

Further investigation is required on the final bedform shape, the dynamics of other breaking
mechanisms on bedforms generation, formation of bedforms before the turning point for fission
breaking, and the bed respopnse for cohesive sediments. The applicability of the proposed criteria

also needs to be carefully tested in the field.
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Appendix A

Supplementary materials (chapter 2)
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Figure S2. 1 Growth rate as a function of the wavelength calculated by linear stability analysis using a tanh density
profile and the mean observed horizontal velocity profile of the trailing face of the bolus in figure 2.8a. (Details of this
method can be found in Gimez-Giraldo et al., 2008, Smyth et al., 2011, Bouffard et al., 2012)
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Figure S2. 2 Time series of mean velocity profiles for a bolus in horizental direction (U component) captured by a) the
first ADVP, b) the second ADVP and c) the third ADVP for the run 8 (table 2.2).
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Figure S2. 3 Time series of fluctuating velocity profiles for a bolus in a) horizontal direction (x’ component), b)
vertical direction (w’ component) and c¢) spanwise direction (v’ component) for run 8 (table 2.2) captured by the first
ADVP. Measured data within 5 mm of the bed have been removed because of the poor signal-to-noise ratio and

correlation.
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Figure S2. 4 Growth rate as a function of the wavelength calculated by linear stability analysis using a tanh density
profile and the mean observed horizontal velocity profile of the trailing face of the bolus in figure 2.10. (Details of this
method can be found in Gimez-Giraldo et al., 2008, Smyth et al., 2011, Bouffard et al., 2012)
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137



Appendix B

Supplementary materials (chapter 3)

Figure S3. 1 Schematics illustrating (a) collapsing, (b) plunging, and (c) surging breaking mechanism for NLIWs of
depression over a planar slope.
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Figure S3. 2 Velocity distribution in smooth flow and applicable methods in each layer to calculate bed shear stress.
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Figure S3. 3 Time series of a) the instantaneous vertical Lagrangian velocity (w. component), b) the instantaneous
vertical Lagrangian velocity (w. component), and c) the signal strength (amplitude) of the ADVP acoustic backscatter
at 3mm above the bottom, captured by the first ADVP at the location of incipient suspension for run 2 (table 3.2), when
there was one NLIW of elevation after the turning point. The horizontal green line in (b) is the sediment settling
velocity (3.2.8).
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Figure S4. 1 The sediment grain size distribution of T-5, according to ASTM D6913
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Figure S4. 2 Time series at the ripple trough of a) the instantaneous streamwise velocity profile (u), b) the
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instantaneous vertical velocity profile (w), c) the shear velocity (u, ) calculated using various methods (section 3.2.1),

and d) the signal strength (amplitude) of the ADVP acoustic backscatter. The data are from the bolus birth point (see
figure 4.6) for run 1 (table 4.1), when there was one NLIW of elevation after the turning point. The horizontal red and

blue lines in (c) indicate u,_ and u,__, respectively.
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Figure S4. 3 Time series at the ripple trough of a) the instantaneous streamwise velocity profile (u), b) the
instantaneous vertical velocity profile (w), c) the shear velocity (u.. ) calculated using various methods (section 3.2.1),
and d) the signal strength (amplitude) of the ADVP acoustic backscatter. The data are from the bolus birth point (see

figure 4.6) for run 4 (table 4.1), when there was one NLIW of elevation after the turning point. The horizontal red and

blue lines in (c) indicate u,__and u,__, respectively.
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Figure S4. 4 Calculated for each run (table 4.1) at the bolus birth point. The orange line represents the criterion

U, . . .
—% < 0.04 to separate bedform formation by sediment resuspension.
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