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Full-scale CFD simulation of tsunamis. Part 2: Boundary
layers and bed shear stresses

Bjarke Eltard Larsena,∗, David R. Fuhrmana

aTechnical University of Denmark, Department of Mechanical Engineering, Section of
Fluid Mechanics, Coastal and Maritime Engineering, DK-2800 Kgs. Lyngby, Denmark

Abstract

This paper presents results from numerical simulations of the propaga-
tion and run-up of full scale tsunamis, using a Reynolds-Averaged Navier-
Stokes model, with emphasis on the resulting boundary layers and bed shear
stresses. Spatial distributions of the Shields and Rouse parameters during
run-up and draw-down show that for the tsunamis considered, with a sedi-
ment grain size corresponding to medium sand, considerable sediment trans-
port (Shields parameter O(10)-O(100)) can be expected during run-up and
that the sediment transport can be expected to be dominated by suspended
load. The results likewise show that the expected sediment transport during
draw-down will similarly be considerable and dominated by suspension. The
tsunami-induced boundary layers are monitored in time, and the observed
boundary layer thickness ranges from spanning only a small fraction of the
water depth to spanning the entire depth. The velocity profiles beneath the
tsunamis are shown to have good correspondence with a logarithmic profile
within the boundary layer. Similarly, the bed shear stresses beneath the
tsunamis are investigated and a new and simple engineering model is de-
veloped for predicting the temporal variation of the bed shear stress based
only on a free-stream velocity signal. The new engineering model is shown
give better predictions for the bed shear stress than a standard Manning
approach, and is likewise shown (in the Appendix) to produce reasonable
predictions for shorter (wind scale) waves. It is finally also shown how the
temporal evolution of the boundary layer thickness can be predicted based
on the free-stream velocity signal alone. The results presented here are Part
2 of a larger study, where Part 1 presents the model validation and detailed
descriptions of the run-up process.
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1. Introduction

The potentially fatal impact of large tsunamis is well known. The two1

recent major tsunami events, the Boxing Day tsunami in 2004 in the Indian2

Ocean, and the Tohoku tsunami near Japan in 2011 were responsible for3

approximately 230,000 and 20,000 fatalities, respectively (Suppasri et al.,4

2012). Therefore, it is natural that most tsunami research in the past has5

rightly focused on predicting run-up height and inundation distance, as in-6

creased knowledge in these areas can potentially save human lives.7

In addition to fatalities, tsunamis can also potentially have a long term8

effect on entire coastal regions. Beaches can get eroded, scour can occur9

around coastal structures, large sediment deposits can enter harbours, and10

sediment deposited inland can hinder recovery work. Following the Tohoku11

tsunami, it was reported that 90% of the beach had disappeared in the12

Takata Matsubara area (Japan), and it was estimated that the total volume13

of morphological change over an approximately 2000 m stretch was 1.9 x14

106 m3 (Kato et al., 2012; Yamashita et al., 2016). Before-and-after satel-15

lite images of the beaches of Banda Aceh, Indonesia from the 2004 Indian16

Ocean tsunami likewise show large scale erosion, with the coast locally re-17

treating up to 200 m (Paris et al., 2009; Borrero et al., 2006). For other field18

studies of the morphological impacts of tsunamis see e.g. Udo et al. (2016)19

and Kuriyama et al. (2014). The above-mentioned field studies all provide20

some useful insight on tsunami induced sediment transport and morphology.21

They do not, however, give insight into the detailed transport patterns that22

emerge, which is needed if prediction of tsunami-induced sediment transport23

should be improved.24

Despite the potentially large effect on beaches and coastal profiles the25

tsunami-induced sediment transport and morphology has, apart from the26

previous mentioned surveys, received relatively little attention compared to27

e.g. run-up height and inundation distance. The few studies that have28

treated this have primarily been numerical using the non-linear shallow wa-29

ter (NLSW) equation models. These have either been two-dimensional hor-30

izontal (2DH) where the flow is assumed uniform across the depth (e.g. Li31

et al. (2012), Kuriyama et al. (2014), Ontowirjo et al. (2013), Sugawara et al.32

(2014b)) or three-dimensional where the vertical direction is resolved using33

a number of σ-layers. Often these have been reduced to two-dimensional34
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vertical models (2DV) (e.g Apotsos et al., 2011a,b,c). For a more detailed35

review on numerical modelling of tsunami induced sediment transport using36

NLSW models see Sugawara et al. (2014a). Such models are reasonably good37

at handling tsunami propagation and inundation. They do not describe dis-38

persion, however, and will therefore not be able to capture the splitting of39

steep tsunami wave fronts into an undular bore, nor do they describe wave40

breaking accurately. Furthermore, in 2DH models the flow is uniform across41

the depth, and hence the bed shear stress and resulting sediment trans-42

port is typically based on either a Manning coefficient, a Colebrook-White43

type friction formula or an assumed logarithmic velocity profile. Due to the44

very limited number of studies on tsunami-induced boundary layers it is not45

known how well these approximations work in such instances, however.46

Studies relating to tsunami-induced boundary layers are seemingly lim-47

ited to the field measurement of Lacy et al. (2012), as well as the numer-48

ical studies of Williams and Fuhrman (2016) and Tanaka et al. (2016).49

Lacy et al. (2012) showed that the tsunami-induced boundary layer from50

the 2010 Chilean Tsunami, measured off the coast of California, were ex-51

pectedly larger than typical wind wave boundary layers, though still only52

spanning a small portion of the entire depth. In a one dimensional verti-53

cal (1DV) Reynolds-Averaged Navier-Stokes (RANS) model Williams and54

Fuhrman (2016) simulated a series of tsunami-scale boundary layers, empha-55

sizing that they are both current-like due to their long duration, but also56

wave-like, in the sense that they are unsteady and that the boundary layer57

may not span the entire water depth, similar to observations made by Lacy58

et al. (2012). Williams and Fuhrman (2016) likewise proposed formulas for59

predicting tsunami boundary layer thickness and friction factors for vari-60

ous tsunami signals and various bed roughnesses. Their study was limited61

to offshore regions (depths ≥ 10 m) to prevent the boundary layer being62

depth-limited, and the driving tsunami signal was treated as a time varying63

current. Treating the tsunami induced boundary layer as a time varying64

current has also been utilized in studies of tsunami induced scour around65

monopiles by Larsen et al. (2017) and Larsen et al. (2018). In an attempt66

to combat the uncertainties of the NLSW models regarding the bed-shear67

stress Tanaka et al. (2016) simulated tsunami run-up with a NLSW model68

coupled with a RANS model, using a k-ω turbulence model for describing69

the boundary layer. They showed that this gave different shear stress ap-70

proximations compared to those that would be predicted using a Manning71

coefficient. It is unclear, however, exactly how they coupled the two models.72

Despite this, it is an interesting attempt to remedy some of the uncertainties73

regarding the bed shear stresses predicted by NLSW models.74
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Finally, tsunami-induced sediment transport has also been considered75

in a branch of the paleo-tsunami research community trying to predict flow76

characteristics of historic tsunamis based on sediment deposits, using what is77

normally referred to as inverse models. Many different inverse models exist78

see e.g. Moore et al. (2007), Soulsby et al. (2007) and Jaffe and Gelfenbuam79

(2007). These models all rely on numerous assumptions, and amongst the80

most common are: (1) sediments travel in suspension and (2) are not re-81

suspended during draw-down. In an attempt to contribute to the paleo82

tsunami research, Johnson et al. (2016) studied deposits left by a breaking83

bore and concluded that an existing advection-settling model was able to84

predict flow depths within a factor two and velocities within a factor 1.5,85

thus showing a reasonable performance of one of the paleo tsunami inverse86

models. Yoshii et al. (2017, 2018) studied experimentally tsunami deposits87

in their 205 m long flume for a range of topographies. They concluded88

that the majority of the deposits came from the onshore flow. The return89

flow created seaward fining (sediment tending to have smaller grain sizes),90

something contrary to many paleo tsunami inverse models, a point also made91

by Paris et al. (2012). For a more complete overview of inverse models see92

Sugawara et al. (2014a), and a review on tsunami-seabed interaction in93

general can be found in Larsen (2018).94

With the use of computational fluid dynamics (CFD) the present work95

aims at both qualitatively and quantitatively describing tsunami-induced96

boundary layers and shear stresses as well as the implications for sediment97

transport. The knowledge on boundary layers and bed shear stresses can98

be useful for implementation in ”simpler” potential flow models (i.e. NLSW99

type or Boussinesq type), possibly improving their sediment transport pre-100

dictive capabilities. The results can likewise be useful for the previously de-101

scribed inverse models, as it will shed light on the validity (or lack thereof)102

of some of the common assumptions made in these models.103

The results presented in this work build on the same simulations pre-104

sented in Larsen and Fuhrman (2018a) (hereafter referred to as Part 1). In105

Part 1 the numerical model was described, validated (for free surface eleva-106

tions, run-up, wave breaking and bed shear stresses) and used to investigate107

in detail the run-up processes of full-scale tsunamis.108

The remainder of the paper is organized as follows: In Section 2 the109

model is briefly described and the set-up of the model is provided. In Section110

3 the model results for (1) Shields and Rouse parameters and (2) boundary111

layer dynamics are presented, and a new method for predicting instanta-112

neous tsunami-induced boundary layer thickness and bed shear stress is113

proposed. In Section 4 overall conclusions are drawn. In Appendix A the114
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performance of the proposed method is demonstrated for short waves.115

2. Model description and setup116

For a complete description of the CFD model employed in the present117

work the reader is referred to Part 1. For the sake of efficiency, only an ab-118

breviated description is provided here. The CFD simulations are performed119

in the two-phase volume of fluid method (VOF) flow model waves2FOAM120

developed by Jacobsen et al. (2012). Here, the Reynolds-averaged Navier-121

Stokes (RANS) equations are solved. To close the system the k-ω model122

of Larsen and Fuhrman (2018b) is used, who extended the Wilcox (2006)123

model such that it is formally stable (i.e. does not un-physically produce124

turbulence) in the potential flow region beneath surface waves. For the125

turbulence quantities at the bottom the generalized wall function approach126

presented in Fuhrman et al. (2014) is used. These wall functions have also127

been used by e.g. Baykal et al. (2015), Larsen et al. (2016), Bayraktar et al.128

(2016) and Larsen and Fuhrman (2018b).129

The tsunami waves in this study, will be specified as initial conditions and130

are the same as considered in Part 1. As an inspiration for the tsunamis the131

well-known Mercator yacht signal, taken during the Indian Ocean tsunami132

in 2004 was used. The leading wave of this signal was estimated by Madsen133

and Fuhrman (2008) to be approximately sinusoidal to have a wave height of134

5 m and a period of T=13 min at a water depth of h = 14 m. Specifically the135

tsunamis will be represented by a general N-wave form (the summation of a136

positive and negative single wave) inspired by Madsen and Schäffer (2010),137

but with x-variation now included. The free-surface is given by138

η(x, t) = A1sech

[
Ω1

(
(t− t1)−

x− x0√
gh

)]2
−A2sech

[
Ω2

(
(t− t2)−

x− x0√
gh

)]2 (1)

where A1 and A2 are the amplitudes of the two single waves and g is the139

gravitational acceleration. The effective frequencies Ω1 and Ω2 defines the140

time span of the two single waves according to Ωi = 2π/Ti where Ti can be141

interpreted as the effective period of the corresponding single wave, defined142

as the time where the surface elevations drops below 0.7% of the amplitude.143

In the above x0 defines the center of the wave and t1 and t2 can be used144

to phase shift the two single waves. This signal can be reduced to a ”single145

wave” by setting A2=0. The initial horizontal velocity is then given by linear146
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S = 1/5–1/500

Figure 1: Layout of the computational domain, with origo positioned at the original
shoreline. This sketch is a repeat from Part 1.

shallow water theory147

u(x, t) =

√
g

h
η(x, t). (2)

The vertical velocity is derived from the local continuity equation, and the148

pressure is calculated as hydrostatic.149

In the simulations we consider the simple canonical case of 2D tsunami150

waves propagating over an initial constant depth region, before running up151

a constant slope. The waves will be initialized on a flat bed, which is one152

wave length long, such that the flat part of the domain houses the entire153

wave. The waves will then propagate and deform before reaching a constant154

slope region, where the slope will be systematically varied. A general setup155

of the computational domain can be seen in Figure 1.156

Table 1 gives a summary of the cases to be considered in detail in this157

study, corresponding to a sub-set of those in Part 1. In the first two rows158

of the table A2=0 and therefore these waves are single waves, with only a159

positive displacement. The third row contains an N-wave with a leading160

depression. The periods and phase shifts of the N-wave are chosen to yield161

the same wave length and crest-to-trough wave height as the single wave162

cases. In Part 1 a total of 14 cases were presented, but here we only go163

into great detail with three of these, for the sake of brevity. These three are164

specifically chosen to represent different run-up scenarios as detailed in Part165

1. The grain size of the bed is taken as d = 0.4 mm (medium sand) such that166

the roughness for the present cases is given by ks = 2.5d = 0.001 m. For all167

cases the domain is discretized into cells ∆y = 0.25 m and ∆x = 0.5 m and168
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Case S A1[m] A2[m] T1[s] T2[s] t1[s] t2 [s] x0 [m]

S030 1/30 5 0 780 0 0 0 -4990.5
S200 1/200 5 0 780 0 0 0 -7370.5

N100 1/100 2.52 2.52 520 520 130 -130 -5970.5

Table 1: Cases, slopes and initial wave parameters for the simulated cases considered in
the present work.

from 5 m above the bed and lower the grid is gradually refined (using 51169

cell) in the vertical with near-bed cells having ∆y = 0.0014 m corresponding170

to ∆y/ks = 1.4. The bottom 0.5 m is discretized into 21 cells.171

3. Model results172

In this section the modelled results will be presented. The first part of173

this section will focus on the spatial distribution of the Shields and Rouse174

parameters during run-up and draw-down of the three characteristic tsunami175

events in Table 1. The next part will focus on the tsunami-induced bound-176

ary layers, describing both the temporal development in boundary layer177

thickness and the shape of the velocity profiles. Finally, based on the re-178

sults from the detailed boundary layer analysis a new engineering approach179

for estimating the friction velocity (and hence the bed shear stress) will be180

developed.181

In this section some mentioning of the run-up characteristics of the182

tsunami will be made, but for a full discussion on these, please see Part183

1.184

3.1. Shields and Rouse parameters185

In the present study to save computational time, only the hydrodynamics186

were solved for (i.e. velocities, surface elevations, turbulence and bed shear187

stresses). However, some conclusions regarding sediment transport can be188

made by looking at the Shields and Rouse parameters. The Shields param-189

eter is a non-dimensional number proportional to the ratio of driving and190

stabilizing forces on sediment grains and is defined (Fredsøe and Deigaard,191

1992) as192

θ =
Uf |Uf |
g(s− 1)d

(3)

where s = 2.65 is the assumed relative sediment density and Uf is the193

friction velocity. The Rouse parameter can be interpreted as proportional194

7



to the ratio between settling velocity and near-bed turbulent fluctuations,195

and is conventionally defined (Fredsøe and Deigaard, 1992)196

Z =
ws
κ|Uf |

(4)

where κ = 0.4 is the von Kármán’s constant and ws is the fall velocity. On197

this basis, analogous to (3), we define198

Z−2 =
κ2Uf |Uf |

w2
s

=
κ2g(s− 1)d

w2
s

θ (5)

such that (for a given grain size d and relative density, s) θ and Z−2 differ by199

only a constant and can thus be represented with a single plot. Throughout200

the present work ws = 0.0527 m/s is taken as the settling velocity (calculated201

as described in Fredsøe and Deigaard, 1992). According to Fredsøe and202

Deigaard (1992) and Sumer and Fredsøe (2002) Z < 2–2.5 (|Z−2| > 0.18–203

0.25) is typically necessary for sediment to go into suspension, and sediment204

will be distributed more uniformly across the boundary layer as Z is lowered205

(or |Z−2| increased).206

It is important to stress that the result for θ and Z−2 presented herein,207

are based on the single grain size considered, again corresponding to medium208

sand. Other grain sizes would naturally result in different values for θ and209

Z−2, and as a result conclusions regarding sediment transport must be in-210

terpreted in this context. This will be further elaborated in the end of this211

section.212

As a first case we will consider case S200 (a single wave running up a213

slope of S=1/200), which runs up as a breaking bore. Figure 2 shows θ and214

Z−2 as a function of both space and time, and to complement the analysis215

Figure 3 shows surface elevations and velocities at three different instants,216

which are marked by the horizontal dashed lines in Figure 2. The times217

correspond to the tsunami shoaling (Figure 3a), inundating (Figure 3b) and218

receding (Figure 3c). During shoaling it can be seen that the steep tsunami219

wave front has split, and that a short wave is riding on the front (Figure220

3a). The short wave was not able to maintain its shape, however, and it221

broke before reaching the shore (this was shown in Part 1 to be typical of222

tsunamis running up as breaking bores). For more details regarding the223

characteristics of tsunamis running up as breaking bores please see Part224

1. The very steep tsunami wave front in Figure 3a can be seen to give a225

very sudden increase in the velocity. This increase in velocity, of course,226

causes θ and Z−2 to increase, as shown in Figure 2 (close to the lower227
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Figure 2: Shields parameter, θ and inverse of the Rouse parameter squared Z−2 as a
function of x and t for case S200. The horizontal dashed lines corresponds to the in-
stants shown in Figure 3. The maximum and minimum θ for this case are 258 and -122,
respectively.

dashed line), and the wave front can easily be identified by the very large228

gradient in either θ or Z−2 with respect to time. Behind the wave front θ229

decreases. This is due to the decreasing velocity, but also, as will be shown230

in the forthcoming sections, due to the boundary layer increasing behind231

the tsunami front. This reduces the velocity gradients and in turn the bed232

shear stresses. During shoaling θ is already high and Z−2 > 0.25 for most233

of the wave front meaning that sediment can be expected to be transported234

largely in suspension. It is important to stress that the boundary layer may235

or may not span the entire water depth, as will be discussed in the following236

section. Thus even in cases with very high Z−2, the suspended sediment237

may not necessarily span across the entire depth. It should be noted that238

the tsunami is much longer (approximately 9 km) than shown in Figure 3a,239

and further behind the tsunami front Z−2 < 0.25 meaning that bed load240

transport would likely be the most important transport mechanism.241

While inundating, the velocities increase further as seen in Figure 3b.242
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Figure 3: Surface elevations and velocities of case S200 at different times.

This results in significantly higher θ as seen in Figure 2 (near the dashed243

line in the middle). Near the front θ reaches O(100) (though the colorscale244

has been limited to −10 < θ < 10 to make the figure more readable). On the245

other hand,Z−2 reaches O(10), which indicates that the suspended sediment246

will be present to a large degree throughout the boundary layer. Behind the247

breaking tsunami front Z−2 is decreasing meaning that suspended sediment248

will likely be more and more confined to the lower part of the tsunami-249

induced boundary layer. From Figure 2 it can also be seen that during250

inundation the horizontal span with large Shields parameters widens com-251

pared to the shoaling situation. The reason for this is that the depth is252

lower (causing larger shear), but also that the boundary layer here (as will253

be shown in the Section 3.2) spans the entire depth. Therefore there will254

not be large differences in the near bed velocity gradients at the tip of the255

tsunami front and some distance behind it. It is worth noting that dur-256

ing inundation larger regions with significantly lower θ and Z−2 are present257

around x ≈ 1500 m and t ≈ 600 s. These regions occur due to undulations258

in the surface elevation in the front of the breaking bore. This appears to259

be similar to the process described in Lu et al. (2018), where new bores260
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developed at the bore front in a model scale experiment. In the vertical the261

difference in surface elevation of these undulations is not well resolved (only262

by approximately 5 cells), but this is still enough cells that we believe it to263

be a physical phenomenon.264

While receding (Figure 3c and near the upper dashed line in Figure 2) it265

can be seen that the magnitudes of the velocities and resulting θ values are266

somewhat lower than those near the breaking tsunami front. It can however267

be seen that high-magnitude θ values are present over a much longer span268

(>2 km as can also be seen from Figure 2). This can be explained by269

the water depth being much lower compared to the height of the tsunami270

front, and as a result vertical velocity gradients and shear stresses become271

larger. This results in a much broader region with high Z−2, meaning that272

the sediment transport during the draw-down would again also seemingly273

be characterized to a high degree by suspended sediment load. It is worth274

noting the whitish lines/streaks which appear during recession (x ≈ 0 −275

1000 m and t ≈ 700 − 1200 s). These appear to be related mixture of276

air and water in the vicinity of the bed. This mixture locally enhances277

turbulent production and cause variations in the velocities. These mixtures278

were generated during the breaking and have a difficulties escaping due to279

the simulations being two-dimensional. The mixture regions are only O(cm)280

in the vertical (a few cells thin), but often span several meters (the cells are281

0.5 m long). This is due to the large aspect ratios of the bottom boundary282

layer cells. The whitish while receding is therefore believed to be a numerical283

artefact caused by the two dimensional simulation and large aspect ratios.284

Though unfortunate, we dot believe that these streaks significantly affect the285

overall run-up and draw-down process and thereby the conclusions drawn286

in the current paper.287

The θ values and Z−2 values will also naturally depend on how the288

tsunami runs-up. To demonstrate other characteristic scenarios, we will289

now show results for two additional cases, namely case S030 and case N100290

(Table 1). These were chosen to also demonstrate the results in cases where291

the tsunami is not breaking (case S030, categorized as surging, see Part 1)292

or has a leading depression (case N100) which runs up as a breaking bore293

similar to case S200 (see Part 1 for the a detailed description of the run-up294

of breaking bores).295

Figure 4 shows the Shields, θ and inverse Rouse parameter squared Z−2
296

as a function of both time and space for case S030, which is a single wave297

running up a slope of S = 1/30, and Figure 5 shows surface elevations298

and velocities at three different instants. The times were again selected to299

show the tsunami during shoaling (Figure 5a), inundation (Figure 5b) and300
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draw-down (Figure 5c). While shoaling the tsunami wave front is not

Figure 4: Shields parameter, θ and inverse of the Rouse parameter squared, Z−2 as
a function of x and t for case S030. The horizontal dashed lines corresponds to the
instants shown in Figure 5. The maximum and minimum θ for this case are 123 and -12,
respectively.

301

very steep, as seen in Figure 5a. This results in lower velocities, and as302

a result also lower θ values compared to case S200 (Figure 4 compared to303

Figure 2 near the lower dashed lines). As a result Z−2 < 1 is generally the304

case while shoaling. As Z−2 > 0.252, this still means that sediment will305

likely be transported in suspension, but due to the lower values relative to306

those from case S200 the sediment would not be expected to be as uniformly307

distributed across the boundary layer, and would likely be more confined to308

the bottom part of the boundary layer. During inundation (Figure 5b and 4309

near the middle dashed line) it can be seen that the tsunami wave front has310

accelerated significantly and the velocities and resulting θ values here are311

similar in size to the front of case S200 during inundation (Figure 3b and 2312

near the middle dashed line), as are the Z−2 values, which are larger than313

0.25 all the way to the toe of the slope. Similar to case S200, it can be seen314

that while receding (Figure 5c and near the top dashed lines in Figure 4) θ315
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Figure 5: Surface elevations and velocities of case S030 at different times.

does not reach such large extreme values as near the front of the tsunami.316

Values exceeding unity are still observed all the way to the toe of the slope,317

again indicating significant sediment transport also during draw-down.318

Finally, in Figure 6 θ and Z−2 are shown as a function of space and319

time for case N100, which is a leading depression N-wave running up a320

slope of S = 1/100, and Figure 7 shows surface elevations and velocities at321

three different instants (during shoaling Figure 7a, inundation Figure 7 and322

draw-down Figure 7c). The leading depression can easily be seen from the323

shoaling position in Figure 6a. Here regions with lower surface elevations324

and negative velocities are clearly visible in front of the tsunami wave front.325

This can likewise be seen in Figure 6 where the shoreline has moved offshore326

(negative x). Similar to case S200, the front of the tsunami has split during327

shoaling, and a few shorter waves can be seen riding on the main tsunami328

wave front. Also similar to case S200, these shorter waves cannot sustain329

their shape during shoaling, and break some distance from the shore. The330

resulting Shields parameter near the crest of the shoaling tsunami is high331

(Figure 6 near the bottom dashed line), but not as high as in case S200332

(Figure 2 near the bottom dashed line), where a significantly larger wave333
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Figure 6: Shields parameter, θ and inverse of the Rouse parameter squared, Z−2 as
a function of x and t for case N100. The horizontal dashed lines corresponds to the
instants shown in Figure 7. The maximum and minimum θ for this case are 185 and -29,
respectively.

front was present. It can also be seen that the leading depression, causing334

the shoreline to retreat, has the potential to move significant amounts of335

sediment as the magnitude of θ is generally larger than one.336

During inundation (Figure 7b and near the middle dashed line in Fig-337

ure 6) and draw-down (Figure 7c and near the top dashed line in Figure338

6) the image is very similar to the two previous cases. Here, the front of339

the inundating tsunami has very high θ and Z−2, indicating significant sed-340

iment transport as well as significant amount of sediment transported in341

suspension. During draw-down θ and Z−2 are again generally high indi-342

cating likely significant suspended sediment transport during draw-down.343

Similar to case S200 some whitish lines/streaks appear in θ and Z−2. This344

is again explained by undulations in front of the wave during run-up as well345

as a mixture of air and water in the vicinity of the bed during recession.346

Additionally, in this case the scar-like features seen during recession around347

x ≈ 400 − 600 m and t ≈ 700 − 900 s are believed to come from the wa-348
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Figure 7: Surface elevations and velocities of case N100 at different times.

ter depth not decreasing monotonically towards the shore. Shorter waves349

are generated due to the complex run-up and when these shorter waves run350

down it causes variations in both velocities and bed shear stresses.351

Tsunamis of the size considered in the present work, clearly have the352

potential to move a considerable amount of sediment. The largest magnitude353

θ are seen at the tsunami front while inundating, indicating highest sediment354

transport rates here. Generally the Z−2 values in the considered cases were355

so high that the sediment transport would be expected to be dominated by356

suspension. At the front of the inundating tsunami Z−2 where even higher,357

such that suspended sediment could be expected to be present throughout358

the boundary layer and potentially mixed further via any breaking waves.359

The results presented here can help assess the assumptions commonly360

used by inverse paleo tsunami models. In the models by Moore et al. (2007),361

Soulsby et al. (2007) and Jaffe and Gelfenbuam (2007) it was assumed that362

sediment was transported only during run-up, and not re-suspended during363

draw-down. As just shown, during the draw-down phase, suspended sedi-364

ment transport can be expected to be present to a large degree. It should365

be stated, however, that the present tsunami cases can all be considered to366
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be rather large events, and smaller tsunamis would naturally have less sedi-367

ment transport potential. It should also be stated that the current setup has368

a constant slope whereas the field will have significantly more complex to-369

pographies. Jaffe and Gelfenbuam (2007) argues that the tsunami will have370

a tendency to draw-down in topographic low areas and thereby not carry371

much of the deposited sediment. The Shields parameters during draw-down372

are large, but generally slightly lower than those present near the tsunami373

wave front. If the sediment was comprised of widely varying grain sizes, this374

would mean that the largest grains, which could be carried by the tsunami375

wave front will not necessarily move during draw-down, and the assump-376

tion that sediment will not be re-suspended during draw-down may, in some377

cases, be more reasonable for the largest grains in a sample. This scenario378

would mean that deposits will not to tend to have smaller grain sizes mov-379

ing inland (deposits fining inland), as assumed by many inverse models, as380

the finer sediments would be re-suspended and be drawn seaward, while the381

coarser sediments would remain. This is similar, in fact, to the experimental382

finding by Yoshii et al. (2017).383

As mentioned previously the conclusions drawn here, are based on one384

assumed grain type. Assuming other grain sizes would mostly affect when385

and where sediment is expected to travel in suspension and how uniformly386

it would be distributed within the boundary layer. As Z−2 in three cases387

are significantly above the threshold for when sediment go into suspension388

during large parts of both the run-up and draw down, it would require389

significantly larger grains (probably gravel type) to alter this conclusion,390

however. In contrast, assuming finer grains would mean that sediment could391

be expected to travel in suspension and be more uniformly distributed for392

even larger parts of the tsunami events.393

3.2. Boundary layers394

In this section we will focus on the tsunami induced-boundary layers that395

develop during the CFD simulations. For brevity, we will not go into detail396

on all three cases. Rather, we will discuss in detail the tsunami-induced397

boundary layer of case S200 which can be considered as a typical example of398

the simulated cases. Result of boundary layer thickness and friction velocity399

of the two remaining cases (S030 and N100) will be shown to supplement400

the analysis.401
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Figure 8: (a) free-stream velocity signal where (:) and (o) marks the separation between
the phases and times for the velocity profiles shown in (b)-(e) and (b)-(e) Modelled velocity
profiles (-), modelled boundary layer thickness (*), predicted from (8) boundary layer
thickness (- -) for case S200 at the toe of the slope (x = −2800 m).
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Figure 8 shows the free-stream velocity signal (Figure 8a) as well as the402

velocity profiles (Figure 8b-e) at different times for case S200 at the toe of403

the slope (x = −2800 m). Included in the figure as asterisks are also the404

modelled boundary layer thickness δ, which has been estimated as the lowest405

vertical position where406

y − y0
|u|

∂|u|
∂y

< 0.03. (6)

Here y0 is the bed elevation. If the above is not fulfilled at any position the407

boundary layer thickness is simply taken as the water depth. This is some-408

what different from the standard way of estimating boundary layer thickness,409

which is sometimes taken as the vertical position where u < 0.99u0, u0 being410

free stream velocity. From the modelled results, however, it was difficult to411

estimate u0, as the crest of the steep waves sometimes had higher velocities412

than the near bed flow. Overcoming this difficulty therefore led to the above413

formulation, and as can be seen from Figure 8, the modelled boundary layer414

thicknesses defined using (6) corresponds well with visual expectations. The415

threshold of 0.03 was chosen as the lowest value not causing large frequent416

oscillations in the calculated boundary layer thickness. A lower value would417

have the calculated boundary layer thickness suddenly jumping to water418

depth as the threshold was not met. For the remainder of this study u0 is419

defined as the velocity at y = y0 + δ.420

Williams and Fuhrman (2016) proposed that the boundary layer thick-421

ness beneath the peak flow in a tsunami could be predicted by422

δ

a
= 0.05

(
a

ks

)−0.11

or δ = 0.05a0.89k0.11s (7)

where a = Um/Ω is the amplitude of the orbital motion and Um is the423

maximum free-stream velocity. As we would like to predict the time varying424

boundary layer thickness, we propose to extend this formula such that425

δ(t) = min
(
0.05a(t)0.89k0.11s , h

)
(8)

The first argument is similar to (7) and the second argument ensures that426

the predicted boundary layer thickness will not exceed the local water depth.427

In (8) a = Um/Ω has been replaced with428

a(t) =

∫ t

t0

|u0(t)|dt (9)
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where t0 is the time of the previous zero crossing of the free stream velocity.429

a(t) is then a measure of the distance travelled by a free-stream particle430

following flow reversal. This definition of a(t) will for the standard sinusoidal431

wave case give the same boundary layer thickness at the peak velocity as432

the formulation by Williams and Fuhrman (2016). The predicted value for433

the (now time varying) boundary layer thickness using (8) is included in the434

figure as a dashed line.435

The flow during first acceleration phase is shown in Figure 8b, the subse-436

quent deceleration phase in Figure 8c, the second acceleration phase, which437

is the tsunami drawing down in Figure 8d, and finally the second decelera-438

tion phase in Figure 8e.439

During the first acceleration phase (Figure 8b) and the first deceleration440

phase (Figure 8c) it can be seen that the boundary layer continually grows.441

It starts as only a small fraction of the water depth, but grows nearly to the442

free surface by the end of the first deceleration phase. This supports the443

results by Williams and Fuhrman (2016) which highlighted that the tsunami-444

induced boundary layers may be both wave-like and current-like. During445

the draw-down (Figure 8d-e) it can be seen that the boundary layer grows446

both during the acceleration and deceleration phases. It can also be seen447

that the predicted boundary layer thickness from (8) agrees well during the448

acceleration phase, but slightly under-predicts the boundary layer thickness449

during the deceleration phase. In Figure 8d a small oscillation can be seen450

in dashed line towards the end of the acceleration phase. This caused by a451

very small decrease in the free-stream velocity between t = 1120 − 1150 s452

velocity as seen in Figure 8 which comes from very small differences in the453

free-surface.454
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Figure 9: (a) free-stream velocity signal where (:) and (o) marks the separation between
the phases and times for the velocity profiles shown in (b)-(e) and (b)-(e) Modelled velocity
profiles (-), modelled boundary layer thickness (*), predicted from (8) boundary layer
thickness (- -) for case S200 in a shoaling position (x = −1200 m).
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When the tsunami shoals, the wave front steepens and velocities increase,455

as seen in Figure 3a. Figure 9 shows the free-stream velocity (Figure 9a) and456

the velocity profiles (Figure 9b-e) of the now-shoaled wave at x = −1200457

m now corresponding to a water depth of h = 6 m. Included in the figure458

is also the modelled and predicted boundary layer thickness, similar to be-459

fore. During the first acceleration phase (Figure 9b) it can be seen that the460

initial acceleration is is not that large but from t = 336 s to t = 348 s the461

wave accelerates from approximately 2 m/s to approximately 6 m/s. This462

corresponds to the arrival of the very steep wave front. Due to the very463

large acceleration, the boundary layer barely has time to grow, and at the464

peak velocity the boundary layer thickness is only around 1 m high. This465

development is well predicted by equation (8), shown as the dashed line.466

During the subsequent deceleration (Figure 9c) the boundary layer grows467

all the way to the free surface, which is also captured by (8). During the468

draw-down (Figure 9d) a new boundary layer forms. Here the water depth469

is almost constant, and the boundary layer eventually stretches all the way470

to the free surface. In the deceleration phase of the draw-down (Figure 9e),471

the boundary layer remains depth limited. Again an excellent agreement472

between the modelled and predicted boundary layer thickness is achieved.473
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Figure 10: (a) free-stream velocity signal where (:) and (o) marks the separation between
the phases and times for the velocity profiles shown in (b)-(e) and (b)-(e) Modelled velocity
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When the tsunami hits the coast it becomes even steeper than at the474

shoaling position, and the front of the tsunami is breaking as seen in Figure475

3b. Figure 10 shows the free-stream velocity (Figure 10a) and the velocity476

profiles (Figure 10b-e) at the original shoreline (x = 0 m). Included in the477

figure is also the modelled and predicted boundary layer thickness, similar to478

before. As a result of the increased steepness the initial acceleration phase479

is only approximately 1% of the period, where it accelerates from zero to 12480

m/s in just 8 s, as seen in Figure 10b. In this case the wave is running up like481

a breaking bore, and the boundary layers are essentially at all times limited482

by the water depth. This behaviour is not captured by (8), but as can be483

seen during the subsequent longer deceleration phase (Figure 10c), due to484

the high velocities, this expression quickly predicts that the boundary layer485

will extend all the way to the free-surface, similar to the modelled results.486

Similar to the shoaling position, Figure 10d shows that a new boundary487

layer is forming during the acceleration phase of the draw-down, and this488

boundary layer eventually reaches the free-surface. During the latter stages489

of this acceleration phase oscillations in the dashed line can be seen. At this490

stage boundary layers is depth limited and the oscillations are due to varying491

velocities in the top most cell which contain a mixture of air and water and492

might be slightly affected by air velocities. During the final deceleration493

stage (Figure 10e), the boundary layer remains limited by the water depth,494

which slowly declines towards zero.495

It is worth noting that the velocity profiles during run-up and draw-down496

are very sheared. This is similar to the velocity profiles from O’Donoghue497

et al. (2010) for the run-up and draw-down of a bore in hydraulically rough498

conditions. The sheared velocity profiles might be important for impact499

forces by floating debris which depending on geometry and buoyancy will500

be affected very differently by this sheared flow.501

In some studies logarithmic velocity profiles spanning the entire depth502

have been assumed, see e.g. Kuriyama et al. (2014) and Sugawara et al.503

(2014b). This assumption was partially backed up by Lacy et al. (2012),504

who showed a clear logarithmic profile beneath the 2010 Chilean tsunami505

(measured outside the coast of California), though this logarithmic pro-506

file only spanned a small fraction of the water depth. To demonstrate the507

appearance of the tsunami-induced boundary layers Figure 8a,b and Fig-508

ure 9a,b are re-plotted now using a logarithmic vertical scale in Figure 11.509

This shows the velocity profiles during the first acceleration and decelera-510

tion phase from case S200 at both the toe of the slope at x = −2800 m511

(Figure 11a,b) and in the shoaling position at x = −1200 m (Figure 11c,d).512

Figure 11 clearly illustrates that the computed tsunami-induced boundary513
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layers are indeed logarithmic, as nearly perfect straight lines near the bed514

are shown. The results, however, also indicate that the velocity profiles do515

not follow a logarithmic profile all the way to the free-surface, but rather a516

limited part of the water depth. It can likewise be seen that (8) depicted517

as a dashed line, gives a reasonable approximation for the region where the518

velocity profiles are logarithmic. This is typical for all the cases simulated.519

This indicates that assumed logarithmic velocity profiles could work reason-
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Figure 11: Modelled velocity profiles (-) and predicted boundary layer thickness (8) (- -)
for case S200 at (a),(b) x = -2800 m and (c),(d) x = - 1200 m.

520

ably for sediment transport purposes, provided that the limited thickness521

of the boundary layer is taken into account. For floating debris an assumed522

logarithmic profile will therefore probably not be a good assumption. Above523

the line given by (8) the velocity profiles might be uniform as was the case at524

the toe (Figure 11a,b) or they be further sheared as a consequence of break-525

ing, very steep wave front or shorter dispersive waves as in the shoaling526

position (Figure 11c,d).527
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3.3. Predicting the bed shear stress/friction velocity528

With the good agreement between the modelled and predicted time vary-529

ing boundary layer thickness, it seems obvious to extend this approach to530

likewise predict the bed shear stress (or friction velocity), which is often531

regarded as the primary factor governing sediment transport. Williams and532

Fuhrman (2016) showed that standard wave friction factor expressions also533

applied reasonably to the tsunami-scale waves at peak flow. We therefore534

suggest the following simple engineering model to predict the friction veloc-535

ity beneath tsunami waves:536

Uf (t) =

√
τ0
ρ

=

√
f(t)

2
u0(t) (10)

where τ0 is the bed shear stress, ρ is the water density and f(t) is a time537

varying friction factor. Another variant of a time varying friction factor ap-538

proach has also been used by Gonzalez-Rodriguez and Madsen (2007), see539

Appendix A for more details. For hydraulically rough flows, the constant540

friction factor is traditionally given as a function of a/ks. There exist many541

formulae for the friction factor as a function of a/ks, see e.g. Fredsøe and542

Deigaard (1992), Nielsen (1992) or Fuhrman et al. (2013). In what follows,543

we will utilize the expression from Fuhrman et al. (2013), but again sub-544

stituting a with a(t) from (9), leading to the following time-varying wave545

friction factor:546

fw(t) = exp

(
5.5

(
max

(
a(t)

ks
, 1

))−0.16

− 6.7

)
(11)

From this equation it can be seen that large orbital free stream motion will547

lead to smaller friction factors. The reason for this is that the boundary548

layer will have longer time to grow, and thus the velocity gradients become549

smaller. A max condition on a(t)/ks has been introduced to handle the550

singularity as well as limit the friction factor for very small values of a(t)/ks.551

In addition to this, it is important to recognize (as just shown) that the552

tsunami boundary layer may extend all the way to the free surface, and at553

this stage it would be more current-like. Therefore, to also account for this554

possibility we define f(t) generally as555

f(t) = max(fw(t), fc) (12)
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where fc is the current friction factor given by the Colebrook-White formula556

fc =
2

(C − 2.5 log(ks/h))2
(13)

with C = 8.5. The change from the traditional coefficient C = 6.5 from557

Colebrook and White to C = 8.5 is because the present formulation is based558

on the free-stream velocity (u0 = u(y = δ) i.e. at the top of the boundary559

layer) rather than the depth-averaged velocity. The above formulation en-560

sures a continuous transition to a current-based friction factor at positions561

where the boundary layer extends all the way to the free-surface. Note that562

the model described above may also be utilized in conjunction with depth-563

averaged velocities e.g from NLSW models, by instead setting C = 6.5.564

Additionally, for comparison, we will also estimate the friction velocity by565

what we will deem a standard approach for NLSW models. In the literature566

different approaches have been used. Kuriyama et al. (2014) and Cheng and567

Weiss (2013) e.g. used an assumed logarithmic profile spanning the entire568

depth and Yamashita et al. (2016) as well as Li et al. (2012) used a Man-569

ning approach. Here we will compare with the Manning approach, where570

the friction velocity for the present cases can alternatively be calculated as571

Uf = 〈U〉nh−1/6√g (14)

where572

〈U〉 =
1

h

∫ η

yb

udy (15)

is the depth-averaged velocity and n is the Manning coefficient, which in573

what follows has been calculated by574

n =
k
1/6
s

8.1
√
g

= 0.0125
s

m1/3
(16)

We will now compare the predicted time variation of the friction veloc-575

ity using both the new engineering approach and the Manning approach576

for cases N100 and S030. We will likewise compare the modelled and pre-577

dicted boundary layer thickness to illustrate the performance of (8) for two578

additional cases.579

Figure 12 shows free-stream velocities (Figure 12a-c), surface elevations,580

modelled- and predicted boundary layer thickness (Figure 12d-f) as well581

as friction velocities using both the present engineering approach and the582

Manning approach (Figure 12g-i) for case N100 at the toe of the slope (x =583
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−1400 m), at a shoaling position (x = −900 m,) and at the shore (x = 0584

m). For the Manning approach we have used the calculated free-stream585

velocity rather than the depth-averaged velocity. The difference between the586

depth-averaged and free-stream velocity is small, although using the depth-587

averaged velocity resulted in slightly lower friction velocity predictions than588

are presented here.589

Figure 12g-i shows the friction velocity being lowest at the toe of slope590

and highest at the shore. This is both due to an increased velocity as the591

wave shoals (see the increasing free stream velocity in Figure 12a-c), but592

also an increased asymmetry, resulting in smaller boundary layer thickness593

and higher velocity gradients. The predicted friction velocity using both594

the Manning approach (14) as well as the engineering model (10) follows595

the shape of the modelled friction velocity. There is, however, a tendency596

to under-predict the magnitude of the friction velocity using the Manning597

approach at the toe of the slope and in the shoaling position. This can598

be explained by the Manning approach not capturing the effect of the time599

varying boundary layer thickness, which at these positions only spans a small600

fraction of the water depth, when the front of the tsunami arrives (Figure601

12g-h). This physical feature, by design, seems to be well captured by the602

present approach based on (10). It can also be seen that (8), in general,603

does a consistently good job of predicting the time varying boundary layer604

thickness for case N100. The largest discrepancies are found at the shoaling605

position during the second and third deceleration phases (Figure 12e, t =606

430–670 s and t = 900–950 s).607

Figure 13 shows free-stream velocities (Figure 13a-c), surface elevations608

as well as modelled- and predicted boundary layer thickness (Figure 13d-f)609

and modelled friction velocities as well as predicted friction velocities using610

both the present engineering approach and the Manning approach (Figure611

13g-i). These are shown for case S030 at the toe of the slope (x = −420 m),612

at a shoaling position (x = −180 m,) and at the shore (x = 0 m). Similar to613

before both the present engineering model and the Manning approach follow614

the shape of the computed friction velocity (Figure 13g-i), but again there615

is a tendency to under-predict the magnitude of the friction velocity using616

the Manning approach at the toe of the slope and at the shoaling position617

(Figure 13g,h). The proposed engineering model again captures this effect.618

It is also worth noting, that in this case, where the wave is not breaking,619

the boundary layer only stretches the entire depth during the deceleration620

phase of the draw-down at the shoaling position (Figure 13e, t = 550 – 800621

s) as well as the deceleration phase of the draw-down at the shore (Figure622

13f, t = 430 – 600 s). This indicates that the tsunami-induced boundary623
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layer is very dependent on the run-up type. Finally, it can be seen from624

Figure 13d-f that the match between the modelled boundary layer thickness625

and that predicted by (8) is again reasonable.626

To demonstrate further the performance of the proposed engineering627

model and the difference between this and the standard Manning approach,628

Figure 14 shows the computed and predicted friction velocity at both the629

toe of the slope, at a shoaling position and at the shore, for 13 of the 14630

cases simulated in Part 1, sampled at 2 second intervals. The only case631

not included is case S030L, which ran up as a undular bore. In this case632

sometimes the near-bed flow reversed without the outer flow reversing which633

then caused a(t) → 0. When the near-bed flow then re-reversed the flow634

some distance away from the bed had maintained its shape, thus creating a635

much larger boundary layer and in turn much lower friction velocities than636

those predicted by (10). It should be noted that, using a standard Man-637

ning approach for this case, would also result in poor predictions, as the638

depth-averaged velocities never changed sign, and thus this approach would639

at these instants predict the friction velocity with a wrong sign. This case640

was therefore omitted from Figure 14 as it would make comparison of the641

models for the remaining cases more difficult. The difficulty predicting this642

particular case is duly noted, however. From Figure 14 it can clearly be643

seen that the proposed model improves the prediction of the friction veloc-644

ity significantly at the toe of the slope (Figure 14a,b) and at the shoaling645

position (Figure 14c,d), but remains very similar to the prediction using the646

Manning approach at the shore (Figure 14e,f). The greatest improvement647

is seen at the higher friction velocities, which correspond to the arrival of648

the steep wave front where the tsunami-induced boundary layer has not had649

significant time to grow. At the shore, where wave breaking occurs in many650

of the cases, the scatter is naturally larger for both methods.651

The general way in which the present formulas (8)-(11) are derived and652

implemented, suggests that they may well also be applicable for shorter653

waves i.e. that they are not limited to predicting the boundary layer thick-654

ness and bed shear stresses from the free-stream velocity signal alone in the655

tsunami-induced flows considered above. That the developed approach is656

more generally valid is verified in more detail in Appendix A.657

4. Conclusions658

In this work results from CFD simulations of full scale tsunamis running659

up different constant sloped regions are presented, with special focus on660

tsunami-induced boundary layers, bed shear stresses and implications for661
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sediment transport. The results presented here are connected to Part 1662

(Larsen and Fuhrman, 2018a), where the run-up process from the same full663

scale simulations were discussed.664

Spatial distributions of Shields and Rouse parameters have revealed that,665

for the cases considered, significant sediment transport could be expected to666

occur (Shields parameters of up to O(10)-O(100)), and that this sediment667

transport would in general be dominated by suspended sediment transport,668

provided that the sediment corresponds to medium sand. Large Rouse pa-669

rameters beneath the inundating tsunami front have indicated that the sedi-670

ment in suspension would probably span the entirety of the boundary layer.671

Furthermore, behind the tsunami front the lower Rouse parameters indi-672

cate that suspended sediment transport would still be dominant, but that673

it would likely be confined to the lower part of the boundary layer. Dur-674

ing the draw-down both Shields and Rouse parameters likewise indicate675

that substantial suspended sediment transport could be expected. This,676

thus, questions the validity of one of the primary assumptions in many677

inverse paleo-tsunami research models, namely that sediment will not get678

re-suspended during draw-down.679

Subsequently, the detailed physics of the tsunami-induced boundary lay-680

ers have been discussed. The observed boundary layer thicknesses have681

ranged from spanning a small proportion of the water depth to spanning the682

entire depth. Especially in the non-breaking case considered, the boundary683

layer rarely stretched the entire depth, at least from the original shoreline684

and shoreward. In the cases running up as breaking bores, the boundary685

layers stretched the entire water depth during run up, but during draw-down686

a new boundary layer formed which was not depth limited.687

It has been shown that the temporal variation of the boundary layer688

thickness can be reasonably predicted using standard empirical engineering689

formulas, but replacing the orbital amplitude with the cumulative distance690

travelled by a free-stream particle following each flow reversal. The com-691

puted velocity profiles beneath the tsunami have been shown to yield a692

reasonable match with a logarithmic profile up to the predicted boundary693

layer thickness.694

Finally, it has been shown that the time-varying friction velocity could695

be similarly well predicted by a simple engineering model based on a time-696

varying friction factor, while also taking into account the time-varying bound-697

ary layer thickness described above. This approach was shown to give better698

estimates for the friction velocity beneath the steep tsunami wave front than699

a standard Manning approach, which does not account for the time varying700

boundary layer thickness.701
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The new approach is also shown to give accurate predictions of the bed702

shear stresses for much shorter waves across a wide range of a/ks as well as703

both sinusoidal, asymmetric, skewed and irregular short waves in Appendix704

A. Both the engineering model for the time-varying boundary layer thick-705

ness and the friction velocity can easily be implemented in any NLSW or706

Boussinesq wave model, potentially improving their ability to predict sedi-707

ment transport beneath tsunamis (or much shorter waves). This can prove708

valuable in assessing the impact of tsunamis on coastal regions.709
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Figure 12: Time series of free-stream velocities (a)-(c), surface elevation and bound-
ary layer thickness (d)-(f) and friction velocities (g)-(i) for case N100 at the toe
of the slope (x = −1400 m), at one shoaling position (x = −900 m) and at
the shore (x = 0 m). Root mean square erros (RMSE) with modelled Uf :
RMSEPredicted,toe = 0.004 m/s, RMSEManning,toe = 0.013 m/s, RMSEPredicted,shoaling =
0.006 m/s, RMSEManning,shoaling = 0.016 m/s, RMSEPredicted,shore = 0.020 m/s,
RMSEManning,shore = 0.023 m/s.
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Appendix A. General applicability of the engineering model875

We have argued in the main text that the general way in which the en-876

gineering approach for predicting bed shear stresses from the free-stream877

velocity alone has been derived and formulated might make it suitable also878

for shorter waves. The performance of the engineering model will be demon-879

strated in this section, but first a small introduction to the literature involv-880

ing the prediction of time varying bed shear stress will be given.881

One of the key factors in predicting sediment transport is accurately882

predicting the bed shear stress. This is by no means an easy task, and883

has been the focus of much research. The task is particularly difficult in884

the surf and swash zone where the free stream velocity signal can become885

skewed or asymmetric. In a skewed velocity signal the maximum velocity is886

higher than the minimum. This results in higher onshore bed shear stresses.887

In an asymmetric signal the acceleration is skewed meaning that maximum888

acceleration is higher than the minimum. This means that the boundary889

layer has less time to grow during the acceleration phase, and as a result890

the velocity gradients (and thus the bed shear stresses) are higher during891

the positive half cycle than the negative. These two phenomena cannot be892

captured by the standard constant friction factor approach893

One of the earliest attempts to predict the time varying shear stress894

was made by Fredsøe (1984) who used the momentum integral approach895

together with an assumed logarithmic velocity profile. This approach can896

handle the problems mentioned above, but involves solving a differential897

equation, which contains singularities during flow reversal, and obtaining a898

robust solution for this is not trivial. Another approach to predict the time899

varying shear stress beneath asymmetric waves was made by Nielsen (1992).900

He proposed a formula which included both the free stream velocity and the901

acceleration of the free stream velocity. This was done to take into account902

the effect of favourable pressure gradients in asymmetric waves. This ap-903

proach was, however, built on a laminar boundary layer, and in Nielsen904

(2002) the approach was extended to turbulent flows. In this paper Nielsen905

argued for a phase shift of around 45◦ between the bed shear stress and the906

free stream velocity. The reason for this phase shift was that it gave bet-907

ter correspondence with experimental vertical sediment fluxes. Nielsen and908

Callaghan (2003) further extended this approach to also take into account909

streaming effects. The model was further calibrated by Nielsen (2006), but910

overall the approach was similar, i.e to calculate the bed shear stress from911

free stream velocity and the free stream acceleration accounting for a phase912

shift, but keeping a constant friction factor. The approach initiated by the913
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various works by Nielsen and colleagues was further extended by Terrile914

et al. (2009) who included a waveform parameter and by generalizing the915

velocity signals as a sum of harmonics. Finally Abreu et al. (2013) extended916

this by including an analytical expression capable of generating both skewed917

and asymmetric waves.918

Another approach was taken by Gonzalez-Rodriguez and Madsen (2007).919

In their approach the friction factor was time varying. Their friction factor920

was first estimated for both the crest and the trough of the wave and then921

interpolated linearly for the entire period. Additionally, a function for the922

phase shift between the free-stream velocity signal and the bed shear stress923

was utilized. This model, in general, compared well against a RANS model.924

Gonzalez-Rodriguez and Madsen (2011) developed an analytical model925

of the turbulent boundary-layer by using a time-varying eddy viscosity and926

gave analytical expressions to compute the bed shear stresses for asymmet-927

ric and skewed waves, both in the absence or presence of an imposed cur-928

rent. For this approach the free stream velocity signal was decomposed into929

its first two harmonics and the analysis provided the first three harmonics930

of the bed shear stress. Decomposing the free-stream velocity signal into931

Fourier components was also done in the semi-analytical study of Yuan and932

Madsen (2015) who extended the work by Gonzalez-Rodriguez and Madsen933

(2011). They no longer assumed first-and second-harmonic contributions to934

the function f(t) multiplied by the mean eddy viscosity profile to be small935

and showed that this gave better predictions for forward leaning waves.936

The above studies have shown promising results, but also have some lim-937

itations. All mentioned studies, except Fredsøe (1984), Gonzalez-Rodriguez938

and Madsen (2011) and Yuan and Madsen (2015), require a priori knowl-939

edge of the period and phase shift. This is not the case in the studies940

by Gonzalez-Rodriguez and Madsen (2011) and Yuan and Madsen (2015).941

These require a Fourier decomposition of the entire signal, however. This942

means that none of the studies above can be straight-forwardly used on943

an arbitrary instantaneous velocity signal, which could show up e.g. in a944

potential (wave resolving) flow model. Furthermore, it is also questionable945

how some of these models would handle the situation where the boundary946

layer at some point extends all the way to the free surface as could occur947

in a tsunami. Finally, all of the models (except for the momentum integral948

approach) require some kind of periodicity, and it is therefore questionable949

how they would behave in a situation e.g. where the flow is accelerated from950

zero to a fixed maximum value.951

The engineering approach for predicting the friction velocity, presented952

in this paper, again based on (9)-(13), is designed to handle all of the chal-953
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Study a/ks Re Shape Signal T [s] Um [m/s]

Jensen et al. (1989) 3700 6 x 106 sinusoidal regular 9.82 2
van der A et al. (2011) 90 1 x 106 acceleration-skewed regular 7 1.1
Yuan and Dash (2017) 300∗ 1 x 106 ∗ velocity + acceleration-skewed irregular 6.4 1.1∗

Table A.2: Key parameters for the studies used for comparison with the engineering model.
∗ since these studies were irregular Urms =

√
2std(u0) has been used instead of Um.

lenges mentioned above. In what follows we will now compare the present954

model to the well-known experiments of Jensen et al. (1989) which were955

based on a sinusoidal oscillatory flow, the experiments of van der A et al.956

(2011) involving acceleration-skewed flows and finally the experiments of957

Yuan and Dash (2017) which involved random amplitude modulated (with958

constant period), velocity and- acceleration-skewed flows. These three have959

been chosen to demonstrate the performance of the engineering approach960

for free stream signals typical of sinusoidal, velocity-skewed, acceleration-961

skewed and random modulated waves waves, as well as to demonstrate the962

performance across a wide range of a/ks. These will hence complement the963

applications on the long tsunami waves in the main text. A summary of the964

cases to be considered is given in Table A.2.965

First the model will be compared to the well known test 13 of Jensen et al.966

(1989). The experiments were conducted in an oscillatory tunnel facility.967

The free stream velocity signal was sinusoidal with a period T = 9.72 s,968

maximum free-stream velocity Um = 2 m/s and a roughness ks = 0.84969

mm, see Table A.2. Figure A.15 shows the experimental friction velocities970

as well as that predicted with (9)-(13) based only on the measured free-971

stream velocity u0 as input. Included is also the predicted friction velocity972

using a constant friction factor expression from Fuhrman et al. (2013) in973

(10) i.e. substituting a(t) with a in (11). It can be seen that the predicted974

friction velocity matches the experimental well. It can also be seen that975

the predictions are reasonably in phase with the measurements, whereas the976

constant friction factor approach is in phase with the free-stream velocity977

signal i.e. the phase shift between the free-stream velocity signal and the bed978

shear stress seem to be well captured by only taking into account the effect of979

the time varying boundary layer thickness and not considering acceleration980

effects. Near flow reversal there will also be a phase shift due to the adverse981

pressure gradient turning the near flow before the free-stream. This phase982

shift will be not be captured with the present approach, but is not considered983

particularly important, since this is only significant near flow reversal, i.e.984

when the velocities are small.985
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Figure A.15: Comparison of experimentally measured friction velocities (test 13 of Jensen
et al. (1989)) with those predicted using (10) and using a constant fw.

Having demonstrated the performance of the engineering model for si-986

nusoidal flows it will now be compared to experimental results involving987

acceleration-skewed flows from van der A et al. (2011). These experiments988

were conducted in an oscillating flow tunnel. The waves in all three cases989

had a period T = 7 s, maximum free-stream velocity Um ≈ 1.1 m/s and990

ks = 13.79 mm, with varying degrees of acceleration skewness, quantified991

by:992

β =
u̇0max

u̇0max − u̇0min
(A.1)

where u̇0 is the free-stream acceleration. Specifically the model will be993

compared to their cases S5071012g, S6071012g and S7571012g having β =994

0.5, 0.6 and 0.75 respectively (note that β = 0.5 correspond to a sinusoidally995

varying flow).996

Figure A.16 shows the experimental and predicted time series of the997

friction velocity using both (10) and a constant friction factor approach998

similarly to before. Here it can be seen that the present model captures999

well the measured friction velocity and is again able to reasonably capture1000

the phase shift between the friction velocity and the free-stream velocity. In1001

contrast, the predictions using a fixed fw are in phase with the free-stream1002

velocity signal, and do not capture the increased bed shear stress associated1003
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Figure A.16: Comparison of experimentally measured friction velocities beneath accelera-
tion skewed free-stream flows (van der A et al., 2011) with those predicted using (10) and
using a constant fw.

with the smaller boundary layer thickness.1004

Finally, the present engineering model will be compared to experiments1005

from Yuan and Dash (2017). These experiments were performed in an1006

oscillating water tunnel. The velocity signals consisted of random ampli-1007
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tude modulated flows with a constant period of T = 6.4 s and urms =1008 √
2std(u0) = 1.1 m/s. These flows were in one of the experiments velocity-1009

skewed, and in another acceleration-skewed. The bed had a roughness1010

ks = 3.7 mm. Figure A.17 shows the comparison between the measured1011

and predicted friction velocity for both irregular velocity-skewed oscillatory1012

flows (Figure A.17a) and irregular acceleration-skewed oscillatory flows (Fig-1013

ure A.17b). The predicted friction velocity has again been found using both1014

(10) and a constant friction factor approach, using the measured u0 as input.1015

In general it can be seen that the engineering model, with no adjustment,1016

predicts well the friction velocity for the irregular oscillatory flows. There1017

is a small underestimation of the friction velocity beneath the peak, but1018

this underestimation is of the same order of magnitude as the scatter in the1019

experiments on which (11) is built (see Fuhrman et al., 2013). Similar to1020

the previous cases, it seems that the phase shift is reasonably captured by1021

incorporating the effect of the time varying boundary layer thickness alone.1022

In comparison, the results using a constant friction factor approach seem to1023

capture as well as (10) the magnitude of the friction velocity of the largest1024

waves, but underestimate the magnitude of the smaller waves, and does not1025

capture the phase shift.1026

The present engineering model for the friction velocity has thus been1027

shown to be able to accurately predict the time variation of the friction1028

velocity for a wide range of situations, again based only on the free-stream1029

velocity signal. These involve the long unsteady tsunami-induced flows cov-1030

ered in the main text, as well as a range of flows that would typically occur1031

beneath sinusoidal, velocity-skewed regular short waves as well as velocity-1032

skewed and acceleration-skewed irregular short wave signals. As discussed1033

in the main text, the simple way the approach is formulated enables it to be1034

implemented in potential flow models, possibly improving their predictions1035

of sediment transport. In the present formulations, the wave friction factor1036

expression from Fuhrman et al. (2013) has been used, though the method1037

may easily be adjusted to use any other friction factor formulations from1038

the literature.1039
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Figure A.17: Comparison of experimentally measured friction velocities beneath (a)
velocity-skewed irregular free-stream flows and (b) acceleration-skewed irregular free-
stream flows (Yuan and Dash, 2017) with those predicted using (10) and using a constant
fw.
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