Journal Pre-proof

Modeling the formation and migration of sand waves: The role of tidal forcing,
sediment size and bed slope effects

Zhenlu Wang, Bingchen Liang, Guoxiang Wu, B.W. Borsje

PII: S0278-4343(19)30369-3
DOI: https://doi.org/10.1016/j.csr.2019.103986
Reference: CSR 103986

To appearin:  Continental Shelf Research

Received Date: 23 October 2018
Revised Date: 29 September 2019
Accepted Date: 8 October 2019

=

e
P

CONTINENTAL
SHELF RESEARCH

Please cite this article as: Wang, Z., Liang, B., Wu, G., Borsje, B.W., Modeling the formation and
migration of sand waves: The role of tidal forcing, sediment size and bed slope effects, Continental Shelf

Research, https://doi.org/10.1016/j.csr.2019.103986.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal

disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Ltd.



https://doi.org/10.1016/j.csr.2019.103986
https://doi.org/10.1016/j.csr.2019.103986

10

11

12

13

14

15

16

17

18

19

20

21
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Abstract
Tidal sand waves are rhythmic bedforms existingelyidn shallow shelf seas and are formed by the
interaction of tidal currents and topography. Usingrocess-based numerical model, Delft3D, the wave
lengths and migration rates of sand waves were latedl and verified with field measurements. The
physical mechanism that controls the evolutionafdswaves was mainly the balance between bedload
transport, suspended load transport and the skfge.dt was found that the bedload transport iplidir,
which reflects the bed slope effect, was a keyrpatar to reproduce the observed sand wave dynamics
accurately. If the bedload transport multiplietiaed with the actual grain size, it fits the obaéions on
wavelength of sand wave much better. Both the rtiggraates and wavelengths were better predicted by
the process-based numerical Delft3D modempared to a linear stability analysis sand waweelel, since
the former adopted sophisticated process formulatimcessary for accurate field predictions. Neatd
wave formation and evolution under different enmiment settings, including tidal forcing and sediimen
sizes, were examined systematically. It was fourad the preferred wavelengthegy, fastest growing
mode) of the sand wave increased with increasita turrent magnitudes and decreasing sand diasneter

Sand waves were only formed within a certain raangg combination of tidal current magnitude and sand
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diameters. Downstream- and upstream- migratiorantl svaves were predicted by considering residual
currents or tidal constituent of higher harmonics.

Keywords: Sand waves; Delft3D; bed slope effecgration rate; Morphodynamics; tidal forcing.

1. Introduction

The bed of shallow shelf seas inhabits regularfbads of various sizes. According to their spasiehle, the
bed forms can be categorized as sand ripples, wamds or sand ridges (Németh et al., 2003). Theewav
lengths and heights of sand ripples are often toalls(order of tens of centimeters) to influence ticean
engineering facilities (such as offshore underwatigelines and cables) significantly. Tidal sandgas
typically have wavelengths of the order of 5~10 &nul can be up to 30 m high, which is more than dfalf
local water depth. The crests of sand ridges ammllysrotated 10~3@nticlockwise with respect to the
principal tidal current direction in the northerarhisphere (Hulscher, 1996). Since sand ridges yandive,
they do not interfere with ocean engineering faedi From an engineering perspective, more attesitare
drawn to the sand waves with wave lengths of uputtdreds of meters, the heights of several medasthe
migration rates of up to several meters per yeaiGdde, 1971; Terwindt, 1971; Huntly et al., 1998rde et
al., 2014). The crests of the sand waves are alpgrgendicular to the direction of the dominatingrents
(Besio et al., 2003). Sand wave migrations havigmifecant effect on many offshore activities, fexample,
the navigation, pipelines and cables, and sandngi(hémeth et al., 2003; de Jong et al., 2016; &bet al.,
2017). Understanding the characteristics of sangewdgnamics is therefore critical for smart andaiusble
design in offshore operations (Damveld et al., 2016

Theoretical model analysis and field observatiomewgidely used in sand wave studies. The most pEata

model approach is the stability analysis, considethe sandy bottom and the hydrodynamic as a edupl
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system to study whether regular features are aedcwvith free instabilities of the system. Huthre1982)

was the first to use this kind of model to predie evolution of sand banks. However, no sand waars

found with the model which is probably becausevésical structure of the flow was neglected (Hbkxcet

al.,1993). The model was further improved and medifo include the vertical dimension by Hulscheale

(1993,1996), enabling it to predict the typical rdteristics of sand waves. Hulscher (1996) deedritne

formation of sand waves as a free instability ofidsaseabed subject to tidal motions. The formation

mechanism of sand waves was explained by thainteeactions of the oscillatory tidal flows with asoidal

bed perturbations give rise to a tidally-averagesidual current, in the form of vertical recircuiat cells

directed from the trough to the crest of sand waiessje et al., 2013). In the model proposed byskeher

(1996) only bed load was considered, and a consatital eddy viscosity with a partial slip condit at the

bed instead of no-slip condition was used. By ili@ng a height- and flow-dependent model for tiebu

viscosity, Komarova et al. (2000) found long waeaa be damped and a finite separation can be fotich

is agreement with the observed data. Besio et2803) studied the effect of sediment charactesstin

formation of sand waves. Next, many more physicat@sses were included in the model, such as graded

sediment (Roos et al., 2007; van Oyen et al., 2008pended sediment transport (Blondeaux et @GD5;2

Blondeaux et al., 2016), biology (Borsje et al.028; 2009b; Damveld et al., 2019), and wind wavect$

(Campmans et al.,, 2017). Moreover, models were ldped to predict the migration of sand waves by

including residual current (Németh et al., 2002Qifferent tidal components (Besio et al., 2004)otder to

investigate the long-term behavior of sand waves-lmear stability models were developed (Némethle

2007; van den Berg, 2007; van den Berg et al., 204fhpmans et al., 2018).

Recently, process-based numerical models, sucteli8D, ROMS (Zang et al., 2011), have been widedgd
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in the study of coastal morphodynamics. Tonnonl.e{2807) studied the morphodynamic behavior of an

artificial sand wave using Delft3D. Borsje et &013, 2014) used Delft3D to study the formation nagism

of sand waves, and investigated the effect of terlme formulation and suspended sediment transpbe.

role of suspended sediment transport and tidal ety on the equilibrium sand wave height werehfeirt

examined by van Gerwen et al. (2018).

In summary, the models showed that the charadterist sand waves (wavelength, growth rate, andatian

rate) depend on various environment factors, sugtsaiment grain sizes, tidal characteristics dred t

associated residual currents. However, the seitgittfé sand wave dynamics to the environment facier

hardly explored. The characteristics of sand warekthe environment parameters in two areas ofhN®ea

were summarized by Menninga (2012). With thesel fikdta, a Delft3D model was set up and verifiedktNe

the model was used to systemically investigatedhes of variations in various environmental factorssand

wave characteristics.

The aim of the paper is threefold: (1) to expldme tmain dynamic characteristics of sand waves én th

study-sites of I[Jmuiden area and Rotterdam areaiMga, 2012) by applying a process-based numerical

model Delft3D, and compare it with a linear stapilsand wave model of Blondeaux et al. (2016), t(2)

examine the sensitivity of sand wave characteggiicenvironment factors, (3) to investigate thgration

rates under different combinations of tidal comptuaeand related phase differences systematicatlytiag

impact on wavelength of the sand wave. The remaiofdéhe paper is organized as follows:

Section 2 introduces the model equations and meetelip. In section 3, the comparison between filalich

and model results are given. Subsequently sengitifienvironment factors on characteristics ofdsauaves

are analyzed. Finally, section 4 and 5 contairdibeussion and conclusions, respectively.
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2. Methods and model description

2.1 Model formulation

The Delft3D modeling system consists of a hydrodyicamodel based on the nonlinear shallow water
equations, a suspended sediment and bedload transpdel and a bed evolution model. Because mast sa
wave crests are oriented almost perpendicularddittal currents, the main physical process cdirigpthe
sand wave morphodynamics can be captured with BhérBode of Delft3D. Coriolis effects are assumed to
have a negligible effect on the evolution of saral/@s (Hulscher, 1996) and therefore not takenantmunt

in the sand wave model. The basic hydrodynamicatems are given in Appendix A.

Sediment can be transported as bedload and suspkrade Sediment transport and morphological eiaiut
equations are given in Appendix B. A detailed mddehulations and solutions can be referred to &essal.
(2004) and Delft3D Flow manual.

2.2 Model set-up

The length of the model domain is about 50 km. 6dfreand waves are designed to lay in the centéneof
model domain. The horizontal grid size in the sasade area is 10 m and increases gradually up t6 frbat
the lateral boundaries (Figure 1(a)). In the vaftdimension, 200 -layers is set with high resolution near the
bed and decreasing towards to the water surfager@il(b)). The initial amplitude of the sand waige8.5 m,
which is small compared with the water depth. ThAedswave field is multiplied by a tapering functitm
create a transition region from the sand wave dontaflat-bed. Riemann boundary conditions are iseploat
lateral boundaries so that the tidal waves caretrawt of the model domain without reflecting bade used
S2 tide instead of M2 for the convenient with tHe€TFanalysis, because the tidal period of this dtuesit is

exactly 12 hours. Also, we considered MO tide (teal current) and the S4 tide (instead of M4) asitiput
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parameters. The Chézy coefficient is set to a emtstalue of 65 /s (Borsje et al., 2013). The time step is
12 s, and the model runs for two tidal circlesthe first tidal circle, only hydrodynamics is cdked to
achieve a steady state (spin-up time), then insémond tidal circle bed updating is activated. Dee
evolution can be described & = A(t)exp( 21X /L) +CC (here L is the sand wave length). Assuming
exponential growth (Besio et al., 2008; Borsje lgt 2013), the growth ratg/, and migration ratey, is

calculated by:
Ve :%Re( log( A1/A Q) 1)

-1
Y, :Elm(log(Al/AO)) )

The model parameters used was presented in Table 1.

Table 1. Overview of values of model parameters.

Description symbol value unit
gravity acceleration g 9.81 m/$
Chézy roughness (CY 65 st
water density P 1025 kg/m
sediment density Ps 2650 kg/m
Karman's constant K 0.41 -
bed porosity Por 0.4 -
initial sand wave amplitude A 0.5 m
245 - (a) Initi.al bgd pEoﬁIe.and. horAizontaI g_rid 25 (b) vertical layers
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Figure 1. the grid set-up with (a) initial bed pi@for wavelength of 400 m sand wave and the lomtial grid using
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the fine grid in the center 6 km where the sandesasalculated and a coarser grid towards the boiasdand (b)

the distribution of verticalo-layers over the water depth. Note that the wagtteof the initial bed profiles varies

in a range to determine the fastest growing modktlaa water depth changed for the different monhelkations.
2.3 Environment parameters and characteristicbséiwved sand waves
The model presented above was used to investigateftects of suspended sediment transport (Betsj:,
2014) and different turbulence formulations (Borsfeal., 2013) on the formation of sand waves. ogel
showed fairly good agreement with field data qaéiiely. As Figure 2 shows, data sets of two airahe
North Sea was collected and analyzed by Menninga2R IJmuiden area comprises 170°kwith latitudinal
coordinates (in UTM-WGS84) ranging from 5810106820200 and longitudinal coordinates from 546500 to
604200, and Rotterdam area comprises 316, kmith latitudinal coordinates ranging from 5742669

5766300 and longitudinal coordinates ranging fratf630D0 to 564300.
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Figure 2. Study areas: [IJmuiden area and Rotteettam(adapted from Menninga (2012)).

Table 2 shows the environmental parameters at ttes é1 the North Sea collected by Menninga (2012),

namely, IJmuiden area (denoted by 1J-, includingt@s), and Rotterdam area (denoted by R-, inctu@in

sites), respectively. The two sites have quiteediffit environmental parameters, and the water dapth

Rotterdam area is between 26.6~36 m, which is tatgm that in [Jmuiden (23.6~27 m). The tidal-eglp

amplitude in 1IImuiden area is between 0.63 m/s@6f m/s which is smaller than that in Rotterdaeaar

(0.69~0.79 m/s). The mean sediment diameter ineRiz#tn area is about 0.358 mm, which is also latgar

that in IImuiden (0.284 mm). The characteristicsasid waves are different in two areas. The mdiardnce

in characteristics of sand waves is that the wamgth and the migration rate in IJmuiden area atle larger

than those in Rotterdam area. Refer to Menningd2QR@nd Blondeaux et al. (2016) for more details on
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environmental parameters and characteristics af saves.

Table 2. Environmental parameters and Characesisfisand waves of two sites (Menninga, 2012)

Ste  H(m) dso Uwmz e, Uwma et Duo-va Uwo Lsw  Hsw Cerest Cirough Cmean
(mm)  (m/s) (m/s) (degrees) (m/s) (m) (m) (mlyear) (mlyear) (mlyear)
1J1 27.0 0.309 0.66 0.018 0.047 0.51 339 0.019 383.4 2.4 0.2 1.30
132 265 0.308 0.66 0.009 0.047 0.54 342 0.018 393.3 2.3 -0.1 1.10
133 26.0 0.288 0.65 0.001 0.046 0.58 346 0.019 458.4 2.6 0.2 1.40
134 245 0.278 0.64 0.006 0.046 0.62 352 0.018 428.6 2.8 0.4 1.60
135 243 0.268 0.64 0.011 0.045 0.64 355 0.017 392.3 3.3 0.4 1.85
136 23.8 0.271 0.63 0.012 0.043 0.67 354 0.022 31Q0.5 3.1 1.2 2.15
137 23.6 0.266 0.63 0.005 0.041 0.76 0.84 0.029 612.8 2.7 0.2 1.45
R1 36.0 0.445 0.79 0.11 0.060 0.07 115 0.019 3150 4. 01 0.0 -0.05
R2 354 0.421 0.73 0.11 0.053 0.09 130 0.04 200 3.2 01 0.0 0.05
R3 33.3 0.398 0.71 0.10 0.054 0.11 124 0.044 2701 4. 04 0.3 0.35
R4 32.6 0.372 0.73 0.11 0.057 0.16 122 0.041 2205 3. 0.7 0.5 0.60
R5 31.8 0.317 0.72 0.11 0.056 0.19 121 0039 2051 3. 10 0.9 0.95
R6 32.0 0.332 0.72 0.12 0.057 0.21 120 0.039 2253 3. 0.7 0.6 0.65
R7 29.0 0.306 0.71 0.12 0.057 0.25 116 0.039 2456 3. 1.0 15 1.25
R8 284 0.336 0.69 0.12 0.058 0.27 110 0.034 2503 3. 1.0 0.9 0.95
R9 26.6 0.301 0.67 0.11 0.059 0.27 102 0034 3151 2. 21 2.1 2.10

where H is water depth,d;, is the median sediment diameter,, is the amplitude of M2 tidal current,
ecc,, and ecc,, are M2 ellipticity and M4 ellipticity respectivelyy,,, is the amplitude of M4 tidal current,
@ur-wa 1S the phase between M2 and M4 tide,, denotes the residual current,, and H_, are the
wavelength and height of sand waves respectively,, G,y G are the crest/trough/mean migration rate
of sand waves.

Predictions using a stability analysis matchedfigde data qualitatively in terms of various chasaistics of
the sand waves (Blondeaux, 2016). In their modelwind waves and different tide constituents weaken
into account, a time-independent eddy viscositycfiom was used to close the hydrodynamic problem, a
suspended sediment transport was included in additi bedload transport. In their stability anaysiodel,

default values were used for all parameters, afhahe values of some key parameters (such as setlim
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sizes) fall into a large range. Considering thatdeled sand wave dynamics may be very sensitivadset
environment parameters, in this study we use th&3dDemodel to analyze the characteristics of thads
waves systematically with different settings of ieowmental parameters and sediment characteristics.

3. Results

3.1 Model validation: Comparison with field data

The model was established using the environmeraedmpeters of case 1J3 and case R3 in the Table 2,
respectively. Bed evolution was calculated witHed#nt sand wave numbers as the initial bed |dval.the

1J3 case, the slope factar, was set to 1.4. With Fast Fourier Transform (FFiglgsis, the relationship
between sand wave growth rates and sand wave namisrobtained, as summarized in Figure 3 (a).r&the
dot represents the fastest growing mode, whichespands the preferred wavelength of the sand waderu
the specified environmental parameters. From Figu(a), the kgy reads 450 m which matches perfectly
with the observed data. The migration rates vesarmd wave numbers are shown in Figure 3 (b). The
migration rate corresponding to the fastest growimgde (red dot) is 1.1 m/year, which is close te th
observed migration rate of 1.4 m/year. The saménadetvas used on R3 case, with the same slope fakctor
1.4, the lggm reads 400 m which is much larger than the obsedatd (270 m). After calibrating the model
with the slope factor of 1.0, it turns out a befieediction of gy (290 m). The migration rate is 1.49 m/year
with slope factor of 1.0, which is almost the sqh&1 m/year) as that with a slope parameter of 1.4

The verified model was used on other sites of the areas to calculate the preferred wavelength and
migration rate of the sand wave. As the first 8ssiiocated the same area, i.e. IJmuiden, we usedatine
slope factor of 1.4. For the rest 9 sites locatedhe Rotterdam area, the slope factor of 1.0 wsezl.u

Blondeaux et al. (2016) used stability analysis ehdd study the characteristics of sand waves heddsults

10



174 can be found in Table 3. The results of numericaligtion we used are also listed in Table 3.

(a) growth rate & sand wave number

002 (b) migration rate & sand wave number
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176 Figure 3. Growth rates (a) and migration ratesuier different sand wave numbers. The curves@responding

177 to the case of J3 and the red dot indicates thesiagrowing mode.
178 Table 3 Sand wave characteristics predicted in danx et al. (2016) and in this study
results in Blondeaux et al. (2016) ‘ results in gy
Site Lsw s(m) cs (m/year) Lsw n (M) cn(mlyear)
131 386 3.77 387 273
132 387 3.63 400 2.72
133 430 3.44 450 1.10
134 453 3.18 374 277
135 492 2.85 413 2.70
136 467 3.45 374 291
137 494 4.39 350 3.34
R1 233 -0.35 270 -0.09
R2 332 3.91 276 117
R3 337 4.32 290 1.63
R4 315 4.29 306 1.49
R5 434 4.00 283 1.35
R6 394 3.76 298 1.39
R7 434 4.08 270 1.59
R8 337 2.67 283 1.39
R9 418 2.63 270 1.68

11
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Figure 4. Comparison of predictions on wavelengthsand waves by the stability model (blue markss dor
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Figure 4 shows the predicted wavelengths of sanasvaf stability model and Delft3D versus obserfield
values. All the predicted values seemed well agemtwith the observed values qualitatively. Thiregeikes,
namely, the Bias, the Root-mean-square-errors (RM&ftd the Correlation relationship, were used &ken

guantitate comparisons between the two models.

Ng
Bias=— (S -M,) ®
N, &

Ng

RM$:\/Ni§(s—Mi)2 (4)

13
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r=—= sz - (5)
>(5-8) X(m,-)

where N, is the total number of the values of observatiand predictions,§ is the predicted value and
M, is the observed value. Bias is also referred asnikan error. A smaller Bias value indicates aebett
agreement between observed and predicted valuesr Thlenotes the correlation coefficients.

Table 4. statistical indicator values for chardstms of sand waves

Statistical indicators Tesf Values for wave length of sand waves Values forratign of sand waves
T1 117.9 2.56
RMSE
T2 81.2 0.99
T1 70.3 227
Bias
T2 6.5 0.76
T1 0.51 0.16
R
T2 0.69 0.68

* Two tests are performed, and test T1 representthéostability results of Blondeaux et al. (201B2. represent for numerical results in this
paper, g, =1.4 for IIJmuiden area and 1.0 for Rotterdam area.

Table 4 shows the statistical indicator valuesdoaracteristics of sand waves. For the wave lengtthe
stability model, RMSE is 117.9, Bias is 70.3 wtilhe correlation coefficient is 0.51. For the nurogrimodel,

the indicators are 81.2, 6.5 and 0.69 respectmélgn the slope factor,, is 1.4 for [IJmuiden area and 1.0
for Rotterdam area. The prediction of wave lengthsand waves was much better using the numeriodem
The same method was used to estimate the differbateeen predicted values and observed values of
migration rate (Figure 5). For the stability modék values of three indicators are 2.56, 2.27@hé which
means predicted values are not in agreement will elaserved values. Then for numerical model theeth

indicators are 0.99, 0.76 and 0.68 respectivelgs€hvalues are much better than that predictedaylity

14
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models. With different slope factors in two areadjetter prediction on wavelengths and migratiagasr@f
sand waves can be obtained.

The bed slope effect can change the transporbrate the sediment is in motion (van Rjin, 1993)isTdifect
can be formulated by Equation. 28 in Appendix Bgémeral, the repose angle of coarser sand isrltrga
finer sand which will induce the slope coefficient smaller. From Equation. 28 of Appendix B we cae as
smaller slope factora, to tune the slope coefficiendr, smaller. As can be found in Table 2, the sediment
diameter in the Rotterdam site is larger than ithélhe 1IIJmuiden site, so it is reasonable to usmaller slope
coefficient for the Rotterdam area.

3.2 The effects of bed slope

The effects of different slope factors on sand wgkavth and kgy were examined. A series of idealized
model settings were designed, in which only ani@ was considered. Other parameters were kepl fise
follows: H = 25 m,Ug = 0.65 m/sgdsy = 0.35 mm. These parameters resemble a typicahMN@a situation for
sand wave occurrence (Borsje, et al., 2009a). \Wed/ghe slope factora,, in the range of 0 ~ 3.5 with an

interval of 0.5.

04 (a) growth rate & wave number with different slope factors
T T

0.04 ———— — 0.1

a,_=0 | —==— sand wave number
0.075 |- - - - @, =05 B | —O— growth rate

0.05 | |- g

0.025

Vg [m/year]
o
km™
Yr [m/year]

-0.025 -

-0.05 -

0,075 | [

01k
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Figure 6. (a) The growth rates versus sand wavebetsmwith different slope factors, the blue dotfiéating the
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fastest growing mode. (b) The growth rates and sem@ numbers versus slope factors under the fagtsing
mode conditions.

As Figure 6(a) shows, without considering slopedf{i.e. a,, = 0), the sand waves will always be growing
in the range of the specified sand wave numbets-@.04. For large wave numbers, the tide-averageital
circulation flow is strongest (Borsje et al., 2018xding to the largest growth of the sand wavesyéver,
when the slope factom,, is larger than 1.0, the curves between the groatdh and sand wave number start
to display the parabolic shape as a result of siogeced transport. A critical point exists at feak of the
parabolic (blue dots in Figure 6(a)) which représehe fastest sand wave growth rates. The be@ gffpct
acts as a decaying mechanism which makes the @séom transport more difficult than downslopegpamnt.
The decaying mechanism will be enhanced under gellaslope factor, resulting in a slower growth rate
Besides, the range of possible wavelengths of waves will be narrower under a larger slope factor.
Figure 6(b) shows the relationship of growth rated the preferred wave numbers of sand waves vsisps
factors. It is clear that the wave length decreaagdlly while the growth rate of sand waves ondgrdases
slightly with the increase of the slope factor. \Whhe slope factor is large enough, the sand wheaedly
grow.
3.3 The effects of tidal currents and sedimentssize
The effects of different tidal currents and seditr@pres on sand wave growth ang;l, were examined. Two
series of numerical experiments were carried oat. the first series, some parameters were kept fa®
follows: H = 25 m,ds, = 0.35 mm, a,, = 1.5. We varied the amplitude of tidal currenisthie range of
0.4~1.2 m/s with interval of 0.05 m/s. For the seteeries, the parameters were kept fixed as fellbiw= 25

m, Uy = 0.65 m/s, a,, = 1.5. We varied the sediment sizes in the rafgel®~0.55 mm with an interval of
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(a) growth rate & wave number with different amplitude of tidal current (b) growth rate and wave num?er & amglitude of tidal currer‘lt
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247 Figure 7. (a) the growth rate versus sand wave eumiih different amplitude of tidal currents amg tlue dots

248 indicate the fastest growing mode. (b) the growatle end sand wave number versus amplitude ofdida¢nt under
249 the fastest growing mode conditions.

250 The red solid line in Figure 7(a) shows that théireent stayed still when the tidal current strengts less
251  than 0.4 m/s. For increasing tidal amplitudes eftttal current, sediment will start to move asrsae the bed
252  shear stress became larger than the critical beat stress. When the amplitude of tidal current lvager than
253  0.45 m/s, the sand waves keep growing in the rafigpecified wave numbers. The fastest growing mode
254  (blue dots) appeared in a specific range of tha tdrrents. On the other side, if the velocity wes large
255  (larger than 0.9 m/s in this study), the growtle rat sand waves stays negative, indicating thatamol waves
256  were formed. This test also proved that sand waaesonly be formed within certain range of tidafreat
257  magnitudes in accordance with previous studiesdjBat al., 2014). Generally, the range of the \ength of
258  the sand wave which may be appeared will becom@wawith the increase of the tidal current strengil
259  the sand waves disappear. Figure 7(b) shows theé wame number and the growth rate of fastest grpwin

260 mode under different tidal current magnitudes. Bhewth rates first increased, and then decreasét, w
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increasing tidal currents. For this parameter regttthe maximum value occurred at the tidal vejooit 0.7
m/s. When the velocity was smaller, less sedimerst moved thus the growth rates of sand waves wea# s
as well. When the velocity was larger, most sedinmeoves as suspended load, which may decay thetlgrow
of the sand waves (Borsje et al., 2014). The wangle of the sand wave increased rapidly in geneitl
increasing tidal currents. Note there appears ghtsliliscontinuous behavior when the amplitude dé&lti
current is 0.7 m/s. This is due to a combinatiotedload transport and suspended sediment tran¥/ibint
increasing tidal currents, the growth rate of samdes due to bedload increases while the growthdae to
suspended sediment decreases. There is a smatkedife in the rate of increase and decrease whithced
the discontinuous behavior. As shown in Figuren@,dand wave most likely occurred in the range 46-€0.9

m/s for this parameter setting.

0.06 (a) growth rate & wave number with different seiment diameters S ,('E’,),Q[?Mh,’?t,‘?,a{‘g wave number & §e,,d,im€nﬁ ?iff'f‘??,e[ 006
r T T T "

dg,=0.15mm - - - - d_=0.40mm —£%— sand wave number
= —S—growth rate

::0 20mm d5n=0 45mm
d50=0 25mm d50=0 50mm
50
50

dg,=0.55mm | 4 10.03
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kim™] dg, [mm]
Figure 8. (a) the growth rates versus wave numbihsdifferent sediment diameters and the blue dulgcate the
fastest growing mode. (b) the growth rates andménge numbers of sand waves versus sediment dissnetder
the fastest growing mode conditions.
It is found from Figure 8(a) that when the sedimdiaimeter was smaller than 0.2 mm, no sand waves we

formed and all sand waves decayed, resulting Iatabéd. It is because that suspended load dorsingten
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the sediment diameter is small, preventing the &ion of sand waves. The growth rates become pesird

the sand waves appear when the sediment diamdaegés than 0.25 mm. As the sediment diameterirmoed

to increase, bedload transport began to domindtishwromotes sand waves growth. As shown in Fig(ag

the range of possible wavelengths of sand wavegyemarally wider for larger sediment diametersuFeg3(b)

shows the sand wave numbers and growth rates dashest growing mode versus sediment diameters. Th

growth rate of the sand wave increased and the leagth decreased with the increase of the sediment

diameter. To conclude, our simulations showed fihat sediment tend to produce longer wave lengiliisle

coarser sediment tend to produce shorter wavehengt

(a) Yg(FGM)
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Figure 9. (a) the relationship between growth ddtiastest growing mode and sediment diameter idad ¢urrent.

(b) the relationship between preferred sand wagtheand sediment diameter and tidal current.

Simulations with different combinations of sedimdidmeters and tidal currents were further condLicibe

water depth was 25 m, and the slope factor watoseb. Figure 9 shows that at the upper left amel right

the sand waves are absent. When the velocity i& aed the sediment is coarse (the upper left)séument

hardly can move by the tidal current, so the beohfwill maintain stable. When the velocity is tdoosg and

the sediment is fine (the lower right), the domémhsediment transport is suspended load transpgachw
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damps the growth of the sand waves, the bed foso slays stable. The parameters of the most likely
appearance of the sand waves are coarser sedingtn¢lative lager tidal current which can be foatdhe
upper right of the Figure 9(a). Figure 9(b) shoWwe tvavelength of fastest growing mode of sand waves
mainly in the range of 200 m to 600 m. The longav&length of sand waves appears on the conditidneof
high velocity and fine sediment where the suspersitiment transport dominate the bed form evolution
Previous research and observed field data inditetethe wavelength is up to hundreds of meterschvhi
support the results here we found.

3.4 Sand wave migration: the role of tidal asymsnetr

Sand waves can be formed and grow under a symrtidgy(such as the S2 used in above simulations).
However, sand wave migrations may occur in casthefdistortion and loss of tidal symmetry. Here we
analyzed the relationship between sand wave migratand tidal asymmetry. Two series of numerical
experiments were conducted. In the first serieg anlS2 tide was considered, the parameters wetdiked

as follows:H = 25 m,Ug = 0.65 m/sds, = 0.35 mm, a,, = 1.5. We varied the residual currents in the eang
of 0~0.3 m/s with an interval of 0.05 m/s. In tleeend series, the parameters were kept fixed EsvialH =

25 m,Ug = 0.65 m/sdsy = 0.35 mmUsg, = 0.05 m/s,a,, = 1.5, and the residual current were set to 0 m/s.

We varied the phases of S4 tide in the range 060>3vith an interval of 30
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(a) migration rate & wave number with different residual current
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100 (b) migration rate and wave number & residual current
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Figure 10. (a) the migration rate versus wave numlith different residual current and the blue datiicate the
fastest growing mode. (b) the migration rate ardwhve number of sand waves versus residual cwnetgr the
fastest growing mode conditions.

The red line in Figure 10(a) shows that no migratiocurs under a single S2 tide. When the resicluraénts
are added, sand waves start to migrate in thetdireof the residual currents. The symbols in Fgaf(b)
corresponding to the fastest growing mode whidiésmost preferred bed forms that may appear.ftiued
that migration direction always followed the diieat of residual currents and the migration ratesdased
with increasing residual currents. However, whenrsidual current was too strong, the fastest igigpmode

disappeared, as shown by the black dash line iar&i§j0(a). The wavelength of the sand wave firsteased

and then decreased with the increase of the rdstduants.
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Figure 11. (a) the migration rate versus wave numilith different phases between S2 and S4 andltreednts
indicate the fastest growing mode. (b) the migratate and the wave number of sand waves versisephmder
the fastest growing mode conditions.

Previous studies suggested that the migration tireof the sand waves may be opposite to the wakid
current (Besio, 2004). Figure 11 shows the migrataie of sand waves with different phases betwleetide
component S2 and S4. The curve of sand wave nuaritemigration rate corresponding to fastest growing
mode is symmetrical on both side taking 18 the centerline. When the phase s 60270, the sand wave
cannot migrate. While the phase is falling in thepe of 90~27C, the migration direction will be negative.
Although the current induced by S2 and S4 tide ttmemnts will vanish during the time averaged, the
nonlinear relationship between fluid velocity are tsediment transport will induce the sand wavesemo
towards a specific direction. As a result, the miigm direction of the sand waves will depend anriflative
intendance of phase of different tidal components$ r@sidual current. If the residual current is lbraad the
higher harmonic tidal component is large or thesphaetween tidal components is appropriate, thgnatidn

direction of sand waves may be opposite to theduasicurrent. The dgy varied according to the phases

between the tidal components. Thel. decreased with the increasing of the migratioa nat matter the sand
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wave migrates forward or backward. When the pha8&i the wave length is the longest and the sand wave

cannot migrate.

4. Discussion

In this paper, we studied the effect of some emwirent parameters on formation and migration of seanks.

The model was calibrated with slope factor for tejecific sites, the wavelength of the sand wave is

reproduced good compared to observed data. Theatioigrrate is considerably better predicted with th

numerical model compared to the Blondeaux et @162 model. In Blondeaux et al. (2016), the eddy

viscosity was assumed to be time-independent faliguBesio et al. (2006). The eddy viscosity we useithe

Delft3D model was derived from a more accurate ulatice formulation kK —&£), and it may gave a better

prediction on the wavelengths and the migratioesaf sand waves.

In general, the migration rate of sand waves iruiden is larger than that in Rotterdam area foh boé field

data and model results. As discussed above, theatiog of sand waves is mainly caused by residuakats

and tidal asymmetries which typically result froiffetent tidal components and phases. In the |Jeuatea,

the phase between M2 and M4 is 33984, under which the migration of sand waves is pesiiccording

to Figure 9(b). The migration direction controlled the residual current is also positive, so thedsaaves

move at a fast rate in the direction of the rediduarent. On the other side, in the Rotterdam,ateaphase of

M2 and M4 is 102~13C, resulting in a negative migration of sand wavased on Figure 11.

The negative effect exerted by tidal phases coactethe positive effect induced by residual cusgihus the

migration rates are smaller in the Rotterdam aosapared with that in the IJmuiden area. Take tharpaters

of R1 site for example in the Table 2, the negatiffect induced by the tidal components’ interactio

overwhelms the positive effect caused by residuatents, making the sand waves migrate in the afgos
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direction of the residual current (0.019 m/s). Tliecus on R2 site, the residual current (0.04 ng/shuch

larger than that in R1 site. The positive effecermhelms the negative effect which may makes tmal sa

waves migrate in the direction of the residual entr The difference of quantitative results betwéss

migration rate of observed data and model datdrimulden area may be caused by the approach ofaticsiu

of the migration. Table 2 also shows that in Rd#@en area crest and trough migration is almostahgeswhile

in the IImuiden area there is quite differencergsicand trough migration. The mean migration cdtéhe

observed data was obtained by the average of ## and trough migration which may be underestichate

compared with the model result which was evalubteBFT analysis.

According to van Santen et al. (2011), the wavdlerg sand waves decreased with increasing grae si

which concurs with the results of our model. Howevre their study, the larger tidal current ampligs will

induce the decrease of tidal sand wavelength wkiopposed to ours. They only used the bedload @ to

evaluate the sediment transport while the suspesddiinent transport was also included in our motied

suspended transport may induce the longer wavdlafgtand waves as discussed by Borsje et al. [28b4

when the tidal current amplitude was large, suspérichnsport would be the dominant transport winicty

cause the longer wavelength.

The role of wind waves was not included in our medgch may influence the prediction of charactéess of

sand waves (Campmans et al., 2017). The interab&tmeen surface wave and the tidal current mayltses

the change of the flow fields. The nonlinear of waaction in shallow water should not be neglectedhe

sediment transport. So, a next step is to studydleeof wind waves in the formation and evolutiminsand

waves with the process-based model Delft3D.

5. Conclusions

24



378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

The sand wave dynamics were investigated with aga®based numerical model, Delft3D. Two sitehién t

North Sea were used for model validations. Theigeities of modeled sand save growth and migration

environmental settings and model parameters, nasedyment sizes, tidal currents and tidal asymiesgtand

bed slope effects, were examined systematically.

The conclusions can be summarized as follows:

1. The numerical model is effective to research theratteristics of the sand waves, including wavetlen

and migration rate of sand waves. The bed sloperfé critical to predict the wavelength and mtgra

rate of sand waves and need to be calibrated arelated to the local sediment grain size. In galner

when the grain size is finer, a higher slope factor be adopted to perform a better result in ptiedj the

characteristics of sand waves.

2. Sensitive analysis of environment parameters shibvat the preferred wavelength increased and the

corresponding growth rate decreased with the isered bed slope factors. In general, the sand waves

were absent when the tidal current was too largetlad sediment was too fine. The preferred wavdieng

of sand waves decreased with the increase of tliment diameter and the decrease of tidal curfeort.

coarser sediment, the growth rate of sand wavdsneilease first and then decrease with the inerefs

the tidal current. For finer sediment the growtteraill always decrease with the increase of tdalti

current.

3. The interaction between the residual current aedtittal components can explain the migration ofdsan

waves. Considering the phases between differeat tdmponents the sand waves may migrate in the

opposite of the residual current which is agreemstht the observed field data. Residual currentsaiao

influence the fastest growing modes and a larg&duel current can even up to total disappearahteeo
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sand waves. A larger residual current may indulomger wave length of sand waves. Thg.is varied
with different phases between the different tidahponents.
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483  Appendix A. Hydrodynamics model

484 Inthe o coordinate system, the 2DV shallow water equatieasd,

485 a_u+u@+Lﬂ:—iPu+Fu+;zi(vTﬂJ (6)
ot ox (H+{)oo p, (H+¢) 0o\ " ao
0| (H+J)u
e dw__0¢ 9[(H+{)u] -

lilo) ot 0X

487 where x denotes the horizontal directior; denotes the vertical direction related ¢o coordinate system,
488 u is the horizontal velocity andv is vertical velocity related tas coordinate systemp, is the water
489  density, H is the water depth below the reference plafie,is the free water surface elevation, is the
490  vertical eddy viscosity which can be evaluated [gpecified turbulence closure mode®, is the hydrostatic
491  pressure gradientF, in the momentum equation represents the horizdRésinold’s stress, which is the

492  gradient of shear stress and has the form:

493 F = or, (8)
1) 4
494 The shear stress, s,
495 Tu = 2VH (a_u+a_ua_a-j (9)
o0X 00 0X

496  where y,, is the horizontal eddy viscosity.
497  Under the so-called “shallow water assumption”, teetical momentum equation reduces to hydrostatic

498  pressure equation. The hydrostatic pressure grackenbe expressed as:

d(H +<)

499 P=-
il ZM¢) I

(10)

500 where g is the gravity acceleration.
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501  About the determination of eddy viscosity, mostd&s on sand waves using stability models adopted a
502  constant or highly simplified relationship, whil@Bje et al. (2013) showed that the- ¢ turbulence model
503  could improve the prediction of wavelength and @iigm rate of sand waves considerably. Turbulemetic

504 energy k and energy dissipatiorr can be solved by transport equations. For detailsurbulence model
505 and k-¢ equations see Rodi (1984) and Burchard et al.g200

506 At the surface, a no-stress condition is appliediartical velocity w is set to zero:

W ﬂ = =0
(H +Z) do 0, (’“Lf:o (11)

o=0

507 P

508 At the sea bed which is the closed boundary, thgetatial shear stress is calculated based on dtlogéc law
509  of the wall:

vy 0u

510 T, Epwm%

= putfu]. o, =0 (12)

o=-1

511  where 7, is the bed shear stress, is the friction velocity which is determined byettiogarithmic-law
512  related to the velocity gradient at the lowest gdht.
513  Under the assumption of a logarithmic velocity pepfthe relationship between depth-averaged vsiauoid

514  friction velocity is as follows:
U H +

515 u =—In (1+_Zj (13)
K ez,

516  where « is the K&rman's constany, is the bed roughness height, which reads:

517 z, :H—+Z (14)

14+

e@—e

518 where C, is Chézy coefficient.

519  Appendix B. Sediment transport and mor phological evolution model
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520  Sediment can be transported as bedload and sushéyate The coordinate system used to determine the
521  sediment transport is based on Cartesmrcoordinate system.

522  The vertical velocity w solved in hydrodynamics model is related to thevimp o plane (Lesser et al.,
523  2004). The vertical velocityw in the z coordinate system can be expressed in the hotiz&bacities,

524  water depths, water levels, and vertical coordinatecity according to:

525 w= w+u(0M+%j+(gM+%j (]_5)
0x 0x ot ot

526  Suspended sediment transport is modeled by thed@i¥¥ction-diffusion equation, which reads:

ac 0(cu)  o(w-w)c_a ( acJ 0 ( ac)
=+ + ="l Zl+2| e =
ot ox 0z ox\ ¥ ox) az\ **oz

527 (16)

528 where c is the suspended sediment concentratian,is the vertical velocity related t@ coordinate

529  system, w, is the sediment settling velocityg,, and &, are horizontal and vertical eddy diffusivities,

530 respectively, which are assumed to be equal thdhizontal and vertical eddy viscosity.

0.0 lp,— 1 qgd
531 W, _aiid \/1+ 1p, 'OZW 3 gk -1 (17)
d, v

532  where v is the water viscosity coefficientp, is sediment density.
533  According to Van Rijn (2007), sediment transporbwab the reference heighaE0.01H ) is regarded as
534 suspended load, which can be calculated as:

H+¢

535 S :I( )uc dz (18)
a
536  where S, is suspended load transport.

537  The bedload can be calculated using the approxamatiethod proposed by Van Rijn (1993), which reads:

538 S, = 0.50.d.,u:d.*°T (19)
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551

552

553

554

555

556

where S is the bedload transport without considering sleffect, u is the effective bed-shear velocity,

d. is non-dimensional particle diameter amd is non-dimensional bed-shear stress.

wo=u g’
where g, is efficiency factor current,
f!
Ho==¢
© f

where f/ and f, are grain-related and total current-related fictiactors, respectively.

- 1-2
f. =0.24 log, (%"‘Z))
L 90

f.=0.24 Iogo(%mj

where d,, is 90% sediment passing sizd,, =1.5d,,, k; is the Nikuradse roughness lengtk, =30z, .

VZ

\ :ds{(ps/pw—l)g}

T = :ucrb B Tcr
T

cr

where 7 is critical bed shear stress, which reads,

Tcr = (ps _pw) gdSO cr

(20)

(21)

(22)

(23)

(24)

(25)

(26)

where g, is the threshold parameter calculated accordingvan Rijn (1993) as a function of the

non-dimensional grain size.

Bedload transport should be adjusted by bed slfipetes it is affected by bed level gradients. Bdgisted

bedload transport is defined as:

S =05
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557

558

559

560

561

562

563

564

where S, is the adjusted bedload transport angd is a correction parameter for slope effect, widah be

calculated with Bagnold (1966):

a,=1l+a, tan(w) -1 (28)

S cos( taﬁl(gzn( tary) —ggj

where @ is the repose angle of sedimerz/ds is the bed slope in the direction along to thedjusted

bedload transport vectory,, is a user-defined tuning parameter.

The bed level change can be evaluated by sediratihaity equation (Exner equation):

oz @
(1- por)a—ztb+&(50+53)=0 (29)

in which p, =0.4 is the bed porosity.
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Modeling the formation and migration of sand waves: The role of tidal forcing, sediment
size and bed slope effects

Zhenlu Wang?, Bingchen Liang'?*, Guoxiang Wu'?, Borsje B. W.?

Highlights:

(1). After calibration of the slope parameter for a specific location, the sand wave length is reproduced good
compared to field observations

(2). The migration rate is considerably better predicted with the Delft3D model compared to the Blondeaux
model. This is because of the more accurate turbulence formulation (k- ¢ ) in the Delft3D model, while the
constant eddy viscosity overestimates the transport rates and thereby the migration rates.

(3). Residual currents and higher harmonics not only influence the migration rates but also the fastest growing
modes (even up to total disappearance of the sand waves)
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