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Abstract: Tidal sand waves form a dynamic bed pattern, widely occurring in shallow shelf seas such
as the North Sea. Their importance to coastal engineering has inspired many advances in process-
based sand wave modelling, aimed at explaining physical mechanisms in the formation stage (‘linear
regime’) and capturing the finite amplitude evolution to equilibrium states (‘nonlinear regime”).
However, systematic validation of particularly the nonlinear sand wave models is still lacking. Here,
we perform a two-step calibration and validation study of a sand wave model (specifically, their
linear and nonlinear model versions) against field data from the North Sea. In the first step, the linear
model is calibrated by seeking overall values of two uncertain input parameters (slip parameter,
wave period) for which the modeled and observed wavelengths show the best agreement. In the
second step, using the calibrated input parameters and preferred wavelengths from the linear model,
equilibrium heights from the nonlinear sand wave model are validated against the observed sand
wave heights. Our results show satisfactory agreement between observed and modeled sand wave
lengths (from the linear sand wave model) and a systematic overprediction of sand wave heights
(using the nonlinear model). Regression analysis can be used to rescale the nonlinear model results to
obtain realistic predictions of sand wave heights.

Keywords: tidal sand waves; morphodynamic modeling; process-based modeling; calibration;
validation

1. Introduction

Shallow shelf seas are dynamic systems and are intensively used. For example,
the North Sea is used for navigation, fisheries, hydrocarbon extraction, wind farming,
recreation, military exercising, and sand extraction (see, e.g., [1-5]), which require careful
planning and maintenance. Some of these activities, such as dredging, beam-trawl fishing,
and the construction of offshore wind farms, pipelines, and communication cables, interfere
with the seabed (see, e.g., [6-8]). At the same time, the seabed is dynamic in itself due
to the complex interplay of tides, waves, and the sediment of the seabed. This implies
autonomous behavior as well as a response to intervention [9], both of which must be taken
into account when assessing the impact of such engineering activities.

A typical example of seabed dynamics is expressed in the occurrence of tidal sand
waves. These are large-scale bedforms, occurring as more or less rhythmic patterns with
typical wavelengths of hundreds of meters, heights of several meters, and usually asymmet-
ric shapes (e.g., [10-12]). Tidal sand waves evolve over time scales of the order of years and,
depending on the flow conditions, may migrate at rates up to tens of meters per year. It is
this combination of their widespread occurrence, dimensions and dynamics that make tidal
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sand waves highly relevant for engineering purposes. Overall, there is a need to understand
sand wave dynamics, both autonomously and in response to human intervention.

Tidal sand waves have been explained as instabilities of a flat sandy seabed subject to
tidal motion [13,14]. For more information on how linear and nonlinear stability approaches
help in understanding rhythmic features in general and in particular sand waves, we refer
the reader to Dodd et al. [15]. The instability is driven by vertical recirculating cells that re-
sult from tide-topography interactions, enhancing sediment transport from trough to crest.
This mechanism was studied using linear stability analysis of an idealized morphodynamic
model with a strongly schematized description of tidal flow and sediment transport [14]
and later extended to account for the effects of residual currents [16], tidal asymmetry [17],
suspended sediment transport [18], wave and wind forcing [19], and bio-morphological
interaction [20]. The typical output of a linear model is preferred wavelength, orientation,
and migration rate in the initial stages of development. Furthermore, these linear sand
wave models have been validated regarding their occurrence [21], wavelengths [22,23],
migration rates [24,25], sediment grain sizes [2], and the influence of wave climate on sand
wave properties [26]. However, the validity of such linear models is restricted to the small
amplitude regime, making them unable to capture practically relevant properties of sand
waves in equilibrium, such as their shapes and heights. Notably, those properties are the
most relevant for many practical engineering applications.

To capture the evolution towards a finite amplitude equilibrium, various nonlinear
model studies have been developed (e.g., [27-31]). Model results show convergence to
equilibrium shapes with realistic shapes, but heights are usually overestimated. Suspended
sediment transport is found to stabilize and reduce sand wave heights [32]. Moreover,
Terwindt [10] found from observations that frequently during stormy winters, sand wave
heights decreased, likely due to high waves. Campmans et al. [30] showed that includ-
ing wind wave effects indeed suppresses the modeled equilibrium heights of tidal sand
waves. In all of these nonlinear models, computational time is a challenge, which forces
schematization of the model domain type (2DV) and size (e.g., spatially periodic boundary
conditions on a relatively short domain), solution method (morphological acceleration
factors), and/or the extent of sensitivity analyses.

Despite the increasing number of nonlinear model studies on tidal sand waves, sys-
tematic quantitative validation of these nonlinear models against field data is still sparse.
Krabbendam et al. [31] calibrated a nonlinear sand wave model for one transect of sand
waves in the North Sea, and validated this for three other transects. Such applications are
sparse because of the idealized nature of the current sand wave models, which makes them
very suitable for systematic analysis of physical mechanisms, but less so for application to
a field site with local geometry and specific in situ conditions. This is further complicated
by the model schematizations imposed by the aforementioned computational limitations.
Finally, the temporal resolution of topographic surveys is limited and long-term forcing
conditions (not only tides, wind and waves as well) are surrounded by large uncertainties.

The objective of this paper is to quantitatively calibrate and validate two existing
sand wave models [19,30] with field data from the Netherlands Continental Shelf [12,33]
containing spatially varying data on local environmental conditions and the observed sand
wave characteristics. In particular, we aim to answer the following research questions:

* Towhat extent can the observed sand wave lengths be reproduced by the linear model?
¢ To what extent can the observed sand wave heights be reproduced by the nonlin-
ear model?

To answer these questions, we follow a two-step model approach, using the linear
model to obtain sand wave lengths (addressing the first research question) and, given these
lengths, subsequently using the nonlinear model to obtain sand wave heights (second
research question). This is conducted on two disjunct sets of locations, one for calibration
and one for validation. From the input parameters, partly based on the local environmental
conditions, we use two uncertain input parameters for calibration: slip parameter and wind
wave period.
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2. Methods

The two-step methodology is schematized in Figure 1, which is further explained in
the following subsections.

observations model input
environmental parameters
| |
calibration parameters (S, T%)
environmental . .
o linear model nonlinear model
conditions
calibration O N validation O
validation [] validation []
observed modeled
sand wave |<=—pp sand wave e
characteristics ? length Ly
H modeled
\/\[i}v—v < > sand wave
x height Hg,
—Lsw— model output

Figure 1. Schematic representation of method (Section 2), showing how observations are translated
into model input, how the linear model is used for calibration on sand wave lengths (and validation),
and the nonlinear model for validation of sand wave heights.

2.1. Sand Wave Data from the Netherlands Continental Shelf

Damen et al. [12,33] quantified the lengths, heights, and asymmetries of all sand
waves in the Dutch part of the North Sea by systematically analyzing 25 x 25 m resolution
bathymetric data, resulting in 1.5 million data points. Damen et al. [12] created maps of
average sand wave characteristics on a resolution of 1 x 1 km. On the same 1 x 1 km
resolution, the data set provides local values of water depth, sediment grain size, M2 tidal
velocity amplitude, peak velocity asymmetry, and significant wave height. The water depth
was determined from bathymetric data, sediment grain size from interpolation of sediment
samples [34], and all hydrodynamic parameters from the so-called ZUidelijke NOordzee
model (ZUNO) [35], which is driven by the Dutch Continental Shelf Model [36]. The entire
data set is publicly available [33].

Next, they determined the correlations between the obtained characteristics with local
environmental parameters, such as water depth, sediment grain size, M2 tidal velocity
component, the tidal peak velocity difference, and the significant surface wave height.
The strongest correlation was found between sand wave characteristics and the Rouse
number, pointing to the importance of suspended load sediment transport.

2.2. A Two-Step Model Approach

In this study, both a linear [19] and a nonlinear sand wave model [30] are used. In
these two models, tidal currents are described by the shallow water equations, sediment
transport is described by a transport formula, and the bed evolution by the Exner equation.
Despite the suggested importance of suspended load [12], the nonlinear sand wave model
forces us to restrict ourselves to a bed-load type of formulation; see the discussion in
Section 4. Detailed model descriptions are given in Campmans et al. [19,30]. Both models
are based on the same model equations, but they differ in the solution approach. The linear
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stability model is a fast way to investigate sand wave characteristics in the formation stage
(i.e., small amplitude characteristics). This enables us to perform a large number of model
simulations. The nonlinear model requires much more computational time, but it allows
to investigate finite amplitude sand wave characteristics, such as sand wave heights and
shapes during their evolution to an equilibrium state. Here, we use the two models in a
two-step approach, where the linear stability model is used to calculate the sand wave
lengths, and the nonlinear model is used to calculate sand wave heights and shapes on
a horizontally periodic domain with the domain lengths equal to the sand wave lengths
obtained in the first step.

The linear stability model investigates the stability of a flat seabed by analyzing
the seabed response to small amplitude wavy perturbations (or modes). If all wavy
perturbations decay, the seabed is stable, if at least one perturbation grows, it is unstable.
The fastest growing mode is considered to dominate the bed-form length. The possibility of
performing a large number of simulations for various North Sea locations, systematically
varying some of the (uncertain) input parameters, makes the linear model an ideal tool for
a calibration procedure regarding sand wave lengths.

The nonlinear model numerically integrates the model equations in time, allowing
the nonlinear finite-amplitude feedback of the seabed onto the hydrodynamics, sediment
transport, and finally, seabed evolution. The seabed topography evolves towards its
equilibrium shape, from which the sand wave heights and shapes are determined.

2.3. Selection of Calibration and Validation Locations

In order to compare model results to field observations, two grids of points were
drawn over the study area, staggered to one another (Figure 2). Only the points in the
grids where sand wave characteristics in the data by Damen et al. [12] are available are
considered. One of the grids provides calibration locations for sand wave lengths using
the linear model. Similarly, the second grid is used for validation. Both the calibration
and validation sets consist of 35 locations. The choice of the number of locations is further
commented upon in the Discussion (Section 4).

2.4. Model Input

Since both sand wave models require to a large extent the same model input pa-
rameters, the model parameters are described generally for both models. Where model
parameters differ between the two models, this is stated explicitly. The model parameters
are shown in Table 1.

The hydrodynamic model requires a depth-averaged velocity amplitude of the M2
tide Uy as well as the residual current Upg. Damen et al. [12,33] provide the M2 tidal
velocity amplitude, as well as the tidal peak velocity asymmetry, which is the averaged
difference between the magnitudes of the ebb and flood current. Here, we fully attribute
this asymmetry to an MO tidal current Uygg of half this difference, thereby ignoring possible
effects of overtides.

The models solve a depth-dependent flow profile which depends on a turbulence
model with a constant eddy viscosity Ay, a slip parameter S, with a partial slip condition

at the seabed: 3
u
— = Su. 1
5 = U 1)
The eddy viscosity Ay is estimated using the water depth H and tidal velocity ampli-

tude Uy (e.g., [37,38])

Ay

AV = CuMzH, (2)

where ¢ = 2.5 x 1073, For each model location, the water depth H and the M2 tidal velocity
amplitude Uy, are taken from Damen et al. [12,33].
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Figure 2. The calibration (circles) and validation (squares) locations determined using two staggered
grids. The colored dots indicate observed sand wave lengths at locations where sand waves oc-
cur [12,33]. The location of the North Sea is indicated by the red box on the shown globe (By CIA—
CIA World Factbook—Atlantic Ocean (picture URL), Public Domain, accessed on 11 November 2022.,
https:/ /commons.wikimedia.org/w/index.php?curid=7627352).

For the surface wave height, the significant wave height from the data set [12,33] is
used. The wave period is an uncertain parameter, as wind waves typically tend to have
a range of wave periods. Additionally, the wave period that is relevant for the free water
motion does not have to be the same wave period relevant for the water motion near the
bed at tens of meters of water depth. In this model study, the wave period T, is used as
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one of the calibration parameters. The partial slip parameter S is an uncertain parameter,
which will be used as the second of the two calibration parameters.

Table 1. Overview of input parameters for the linear and nonlinear models.

Model Parameter Const. Cal. * Local * Symbol Value Unit
Water depth . . v H . m
Tidal current velocity (M2) . . v U . ms!
Residual current velocity (MO) . . v Unmo . ms~1
Tidal frequency (M2) v o 1.41 x 1074 rads™!
Tidal angle (MO, M2) v Otide 0 °

Wave friction factor v fw 0.1 -
Gravitational acceleration v g 9.81 ms2
Vertical eddy viscosity . . v Ay 2.5 x 1073 UppH m?s~!
Slip parameter . v S 0.0154 ms~!
Slope correction factor v . A 1.5 -
Coriolis parameter v f 0 rads™!
Tidal ellipticity (M2) v . M2 0 -
Sediment grain size . v d . um
Bed load exponent v . . B 1.5 -

Bed load coefficient . . v Pt 1.43 x 10764793 mPH+252P~Tkg—h
Surface wave height . . v Hy, . m
Surface wave period . Ve Tw 58871 S

* Local data from Damen et al. [12,33]; see Tables 2 and 3. Vertical eddy viscosity is derived from
these data via the water depth and tidal current velocity (M2). * Values obtained from the calibration
procedure. The v" indicates weather the parameter is a constant, a location dependent parameter, or a
(location independent) parameter used in the calibration procedure.

2.5. Calibration Using Linear Model

As already mentioned in the previous section, the wave period Ty, and the slip pa-
rameter S are used as calibration parameters. The model is calibrated quantitatively to
better approach the modeled sand wave wavelengths with observations by minimizing a
calibration cost function, given by

N
Eeal = 4| Y (kSES, — kmod)?. @3)

n=1

The summation in Equation (3) goes over the N = 35 calibration locations, all given an
equal weight. Note that we deliberately choose to optimize the topographic wave number
ksw = 27/ Lgw rather than wavelength, Ly, in order to avoid an infinite contribution
to the penalty functions for locations where the model predicts no sand waves (where
kg}\?fl = 0). By only including locations where sand waves are actually observed, we ensure
that k&b, exists.

Sw,n

2.6. Validation Using Linear and Nonlinear Models

Finally, we use the linear model to validate the wavelengths on the grid with validation
locations. At each location, the modeled wavelength Lgv‘\?d obtained by the calibrated linear
model is then used as the domain length in a nonlinear model run to validate sand wave
heights. To this end, the observed sand wave heights are compared with the equilibrium

heights as obtained from nonlinear model runs (example in Figure 3).
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Figure 3. The sand wave crest and through elevation as function of time in the nonlinear model.
The sand wave height HZ9 is determined as the difference between crest and trough elevation after
the model reached equilibrium. The example run shown here corresponds to validation location
number 1 (Table 3).

3. Results
3.1. Uncalibrated Sand Wave Lengths
Figure 4 shows modeled sand wave lengths for uncalibrated model parameters, which

were used in Campmans et al. [19], on top of observed sand wave lengths. Modeled sand
wave lengths were mostly overestimated compared to observations. This first comparison

serves as a reference result to illustrate the importance of the subsequent calibration.
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Figure 4. Uncalibrated modeled sand wave lengths L9 at calibration locations using S = 0.01m/s,
Tw = 65, the same values as used in Campmans et al. [19], plotted on observed sand wave lengths
L35S [12,33]. White markers indicate locations for which the model predicts no sand waves to occur.
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3.2. Calibration on Topographic Wave Number

Figure 5 shows the values of the calibration cost function for varying slip parameter S
and wave period Ty, values. This reveals a local minimum, attained for

5 =0.0154m/s, Tw = 5.88s, 4)

which are realistic values for the slip parameter and wave period. Wavelengths obtained
after calibration are given in Table 2.

Cost function Eea [m™]
6.4 0.09
6.2 |
0.08
6

)

E? 58 0.07
5.6 0.06
5.4

0.05
5.2 ‘
0.01 0.012 0.014 0.016
S [m/s]

Figure 5. Cost function E,; in the neighborhood of the local minimum. The calibration parameters at
the local minimum, denoted with the white cross, are S = 0.0154m/s and Ty, = 5.88s.

Table 2. Location-dependent quantities for the 35 calibration  locations: model parameters, and ob-
served vs. modeled sand wave characteristics after calibration.

#  East North H d Un Uvo Hw Ay o Lgs Lmed  pobs  gmed  pres
[<] [km]l [kml [m]l [pm] [ms™1 [ms™'] [m] [m?s71]  [m?5s’kg=%]  [m] [m] [m] [m]  [m]
1 499 5722 29.0 342 0.50 005 36 3.66x1072 157 x 107° 161 220 4.2 12.1 42
2 513 5723 255 379 0.49 004 36 313x1072 152 x107° 246 276 3.7 10.9 34
3 485 5745  34.9 438 0.55 0.04 40 477x1072 1.46 x 107° 256 256 7.5 17.6 8.1
4 499 5745  33.0 410 0.53 0.04 40 435x1072 1.49 x 107° 223 237 6.2 15.7 6.7
5 514 5745  29.0 309 0.53 004 40 3.86x1072 1.62 x 107° 229 238 6.6 12.8 47
6 528 5745  26.7 386 0.53 004 39 354x1072 151 x107° 203 272 48 11.9 4.0
7 543 5745 175 315 0.49 005 36 214x1072 1.61 x107° 157 1102 2.6 9.3 22
8 485 5767 385 427 0.57 005 41 549x1072 1.47 x 107° 272 294 6.3 208 104
9 499 5766  34.9 417 0.53 005 42 4.66x1072 1.48 x 107° 230 250 46 17.0 7.6
10 514 5767  33.7 424 0.52 005 42 433x1072 1.47 x 107° 237 236 46 15.5 6.6
11 528 5767  30.2 493 0.50 005 42 380x1072 1.41x107° 225 231 47 12.3 43
12 543 5767  27.2 399 0.49 005 41 329x1072 1.50 x 1072 320 276 5.0 10.9 34
13 557 5767  22.4 376 0.47 006 41 2.62x1072 153 x107° 315 557 3.8 9.7 25
14 499 5789 353 386 0.53 006 43 473 x1072 151 x107° 241 253 46 17.0 7.6
15 514 5789  33.0 348 0.53 0.06 43 435x1072 1.56 x 107° 226 238 5.3 14.7 6.0
16 528 5789  30.0 358 0.50 006 44 377x1072 155 x107° 236 235 5.1 11.6 3.8
17 543 5789  27.3 360 0.48 006 44 329x1072 155 x 107° 280 289 5.2 10.5 3.0
18 557 5789 247 348 0.47 006 43 2.88x1072 1.56 x 107° 375 409 5.1 9.9 26
19 572 5788  21.3 296 0.45 006 42 237x1072 1.64 x 107° 707 817 26 9.5 23
20 585 5789  17.8 379 0.41 006 41 1.82x1072 152x107° 1541 - 1.4 - -
21 514 5812  32.6 332 0.51 007 44 414x1072 1.58 x 107° 276 230 3.6 13.1 49
22 528 5812 321 327 0.50 007 45 4.00x1072 1.59 x 107° 298 228 44 12.5 44
23 543 5812 29.0 315 0.49 007 45 357x1072 1.61 x 1072 296 259 49 10.7 32
24 557 5812  26.0 295 0.48 007 45 312x1072 1.64 x107° 328 355 39 9.9 26
25 572 5812 235 283 0.46 007 45 271x1072 1.66 x 107> 453 547 3.0 9.3 22
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Table 2. Cont.

#  East North H d Ui Uvo Hy Ay a L%bs  pmed  pobs  pmod  pyres
[<] [km]l [kml [m]l [pm] [ms™'1 [ms™'] [m] [m?s71]  [m>5s’kg=1%]  [m] [m] [m] [m]  [m]
26 586 5811 19.3 290 0.44 0.08 43 212x1072 1.65 x 107° 934 1362 2.8 79 1.2
27 514 5834  30.7 298 0.51 0.07 45 395x1072 1.64 x 1072 241 236 3.1 11.7 3.9
28 528 5834 293 307 0.49 0.08 45 3.61x1072 1.62 x 1072 248 248 2.7 10.5 3.0
29 543 5833  28.7 300 0.48 0.08 47 342x1072 1.63 x107° 364 270 2.2 10.0 2.7
30 557 5834  27.2 267 0.48 0.09 47  3.25x 1072 1.69 x 1072 260 316 1.8 9.7 2.5
31 572 5833 24.1 243 0.48 0.10 47 290 x 1072 1.74 x 1072 361 508 1.3 9.0 2.0
32 514 5856  29.3 286 0.46 0.09 46  3.40 x 1072 1.66 x 1072 312 251 3.0 9.9 2.6
33 542 5856  28.8 280 0.46 0.10 48 328 x 1072 1.67 x 1072 450 270 2.2 9.6 24
34 514 5877  28.1 276 0.42 0.10 47 297 x 1072 1.68 x 107° 952 293 1.3 8.9 1.9
35 600 5877 239 348 0.44 0.15 49 2,60 x 1072 1.56 x 107° 736 611 2.5 8.8 1.8

* The linear model is calibrated on sand wave lengths Lgy. The nonlinear model is not calibrated for
heights, see Figure 1.

3.3. Validation of Topographic Wave Number

With the calibrated values from Equation (4), the linear model is then validated on
the validation locations. The modeled sand wave lengths L299 for both calibration and
validation locations are shown in Figure 6 on top of observed sand wave lengths L%, which
visually indicates a good agreement. For a more quantitative comparison, Figure 7 shows
the corresponding topographic wave numbers kg = 277/ Lsyw. Specifically, we compare
the modeled wave numbers k%99 (as obtained from the uncalibrated and calibrated model)
with observed topographic wave numbers k9%, These results show that our calibrated
model performs reasonably well, also on the validation locations and significantly better
than the uncalibrated results (as used in [19]). The R? values indicate that the model
explains the observed variation in sand wave lengths to some extend, but does not explain
all variability. The p-values show that the model is statistically significant, meaning that
there is a significant relation between observed and modeled sand wave wavenumbers.
The observed and modeled sand wave lengths (L% and L29¢) are given in Tables 2 and 3
for the calibration and validation locations, respectively.

ng |m|
: m——
o Ty '»

5900 H 0 "M 600
£ 5850 1500
=,

)
g
= 1400
= 5800 A
3
Z
0. 300
5750 - fl
200
500 550 600 650
Easting [km]

Figure 6. Modeled sand wave lengths L% using the calibrated S and Ty values, plotted onto the
background of observed sand wave lengths LI2® [12,33]. Circles (squares) are the locations used
for calibration (validation). White markers indicate locations for which the model predicts no sand
waves to occur.
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Table 3. Location-dependent quantities for the 35 validation locations: model parameters and observed

vs. modeled sand wave characteristics.

#  East North H d Unz Uvo  Hyw Ay @ LY%s Lmed  pobs  gmed  pyres
[-]  [km] [km] [m] [pm] [ms™'] [ms™'] [m] [m?s~1]  [m*%s?kg='5]  [m] [m] [m] [m]  [m]
1 507 5712 22.8 341 0.48 007 35 287x1072 157 x 107° 535 381 2.8 9.2 2.1
2 492 5734 334 469 0.53 004 38 410x1072 1.43 x107° 215 239 5.7 16.3 7.1
3 507 5734 321 416 0.52 0.04 38 438x1072 1.48 x 107° 216 228 4.8 14.9 6.2
4 521 5734  27.6 372 0.53 004 38 3.63x1072 153 x107° 216 247 35 12.5 4.4
5 535 5734 221 352 0.51 004 36 294x1072 1.56 x 107° 450 409 41 10.4 3.0
6 477 5755  44.0 469 0.55 005 41 582x1072 1.43 x107° 269 328 6.4 240 126
7 492 5756  37.6 446 0.54 0.04 41 458x1072 1.45 x 107° 242 270 6.1 19.4 9.3
8 507 5756  33.2 391 0.52 004 41 473x1072 151 x10°° 241 237 5.4 15.6 6.7
9 520 5756  30.3 334 0.52 004 41 4.05x1072 158 x 107> 213 233 43 13.2 5.0
10 535 5756  27.1 352 0.50 004 40 349x1072 1.56 x 107> 202 271 3.7 11.6 3.8
11 550 5756 219 338 0.49 006 39 276x1072 1.58 x 107° 205 530 29 9.8 26
12 491 5778 389 410 0.54 006 42 472x1072 1.49 x 107° 377 283 5.7 203 10.0
13 507 5778  33.7 405 0.53 005 42 392x1072 1.49 x 107° 252 240 5.1 15.5 6.6
14 521 5778 319 403 0.51 0.05 43 426x1072 1.50 x 1072 258 231 5.3 13.6 5.2
15 535 5778  29.0 340 0.50 005 43 3.82x1072 157 x 107° 275 245 5.6 11.5 3.8
16 550 5778  25.7 365 0.48 006 42 323x1072 1.54 x 107° 436 334 6.6 10.2 2.8
17 564 5778  22.6 368 0.46 006 42 272x1072 154x107° 1193 571 3.8 9.7 25
18 507 5800  36.6 342 0.53 0.05 44 427x1072 157 x107° 316 259 6.1 18.0 8.4
19 521 5800  35.3 353 0.49 007 44 393x1072 1.56 x 107> 313 232 6.0 15.5 6.6
20 535 5800  29.4 316 0.49 006 44 3.01x1072 1.61 x107° 269 246 4.0 11.0 34
21 550 5800  26.5 348 0.48 006 45 337x1072 1.56 x 107° 300 325 45 10.1 2.8
2 564 5800  23.4 327 0.47 007 44 292x1072 1.59 x 10~° 391 533 3.8 9.7 25
23 521 5823  24.6 316 0.52 007 45 3.04x1072 1.61 x107° 233 404 3.8 10.0 2.7
24 535 5823  30.3 304 0.50 007 46 3.64x1072 1.63 x107° 296 240 4.0 11.1 35
25 550 5823  30.3 267 0.48 007 47 348x1072 1.69 x 107° 304 240 3.7 10.7 3.2
26 564 5822 253 265 0.47 0.08 46 278x1072 1.70 x 10~° 292 411 2.7 9.4 23
27 579 5823  24.1 254 0.48 009 45 310x1072 1.72 x 107° 647 466 25 9.1 2.1
28 521 5845  26.2 291 0.50 0.08 46 322x1072 1.65 x 107> 277 341 2.7 9.8 2.6
29 535 5845  29.4 296 0.48 009 47 350x1072 1.64 x 107° 341 252 22 10.2 2.8
30 550 5845  27.2 280 0.47 009 48 326x1072 1.67 x 1072 308 320 1.9 9.5 23
31 564 5844  27.9 282 0.47 010 48 337x1072 1.66 x 107° 430 300 1.6 9.6 24
32 521 5867  29.8 290 0.44 010 47 347x1072 1.65 x 107° 274 240 26 9.5 23
33 593 5888  29.1 311 0.39 015 50 3.32x1072 1.62 x 107° 976 279 23 10.7 3.2
34 608 5889 222 339 0.43 015 49 234x1072 1.57 x 10~° 462 926 2.5 6.8 04
35 592 5912 281 299 0.34 015 52 3.06x1072 1.64x107° 1277 385 1.9 8.8 1.8
0.04 . .
R2=0.2869, /p=9.1x10"*
R?>=0.3101, /p=51x10~"*
R?=0.2527,/ p=2.1x 10
0.03 1:2 ]
1 [}
:  ENe,
e 0.02 ' u £
EN -
iﬁ % [ ] . ] AN .. o [ ]
O9 © <
0.01} o, 8 VeC #
® [ ]
°® L ®
0 *—0-o: : :
0 0.01 0.02 0.03 0.04
kr)bs [mfl]

sw

Figure 7. Observed versus modeled topographic wave numbers for the calibration locations (blue

circles) and validation locations (red squares). The black circles correspond to the calibration loca-

tions, using uncalibrated values (S = 0.01m/s and T,y = 6s) as adopted by Campmans et al. [19].

For comparison, the 1:1, 2:1, and 1:2 lines are shown and the correlation coefficients R and p-values

between the observed and modeled sand wave wavenumbers are given.
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3.4. Comparison of Sand Wave Heights

As pointed out in Section 2.6, the modeled wavelengths L1%9 obtained by the cali-
brated linear model are used as the domain lengths in the nonlinear model. Figure 8 shows
the modeled HXZ9? sand wave heights at calibration and validation locations on top of
observed sand wave heights H3®, which shows that the overall spatial variation in sand
wave heights is captured, but that sand wave heights are overestimated by the model. For a
more quantitative comparison, Figure 9 compares modeled HXo? and observed sand wave
heights HS. Sand wave heights are systematically overestimated by the model.
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Figure 8. Modeled sand wave heights H;"}\?d on both calibration (circles) and validation locations
(squares). The background shows observed sand wave heights HS® [12,33]. White markers indicate
locations for which the model predicts no sand waves to occur.

25 T T

& (m]
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Figure 9. Modeled HXo versus observed H32 sand wave heights, for the calibration locations (filled
blue circles) and validation locations (filled red squares). The R? and p values are the correlation
values between H® and HZOY. Open symbols indicate rescaled sand wave height HIS$, using the
obtained correlation for the calibration locations only (solid blue line). Finally, the dashed red line
shows the correlation for the validation locations only.
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Linear regression is used to determine the relation between modeled and observed
sand wave heights. The best linear fit between modeled and observed sand wave heights
is shown for the validation locations only and calibration locations only. The correlation
coefficients R? and the p-values are evaluated to test if there is a significant relationship.
The small p-values indicate that the correlations are statistically significant.

3.5. Rescaling of Sand Wave Heights Using Observations

The obtained linear regression model based on the calibration locations only (blue line
in Figure 9) is given by
HE = Co + CrHYY ()

sSw 7

with coefficients Cy = 6.20m and C; = 1.41. Rescaling of the modeled sand wave heights
H2od is performed according to

Hmod _
g = T S ©
1

where H! are the rescaled sand wave heights. The observed HZ.®, modeled HZ9, and
rescaled modeled sand wave heights HI5> are given in Tables 2 and 3 for the calibration
and validation locations, respectively.

Figure 10 shows the rescaled modeled sand wave heights Hiy; for both the calibration
and validation locations. The rescaling of the modeled sand wave heights at the validation
locations, using the correlation coefficients obtained from calibration locations only, did not
involve the observed sand wave heights at those locations. This implies that the model can
be used for sand wave height predictions on locations where the sand wave characteristics

are not known, provided that a correlation is available for similar environmental conditions.
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Figure 10. Modeled sand wave heights after rescaling Hgy;, using the obtained correlation curve
based on calibration locations only (the blue line in Figure 9). The background shows observed sand
wave heights HS® [12,33]. White markers indicate locations for which the model predicts no sand
waves to occur.

4. Discussion

First, we reflect on the choice of the calibration parameters—slip parameter S and
wave period Ty. The slip parameter is an uncertain model parameter that is difficult to
estimate, and is therefore a logical choice to calibrate with. The wave period might at first
glance not be an obvious choice to calibrate with. However, there are little data available
to accurately determine the relevant wave period from. The vast majority of available
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wave data are on the height of waves at the water surface. When data are available on
the wave period, this is concerning the wave period that is dominant at the water surface.
The wave period of dominant waves at the surface is not the same as that of waves that are
dominant near the seabed because a wave orbital motions of a wave with a longer wave
period will reduce less with depth compared to a wave with a shorter wave period. Hence,
to determine the relevant wave period accurately for sand wave modeling is difficult.
Moreover, the cost function in Figure 5 shows that the model is sensitive for the chosen
wave period.

If we had calibrated with the slip parameter only from for instance the parameters
used in Campmans et al. [19], and using T,y = 65, we would have found an optimum
with a similar small value in the dark blue area in Figure 5. However, the choice for the
value of the wave period would have been highly uncertain, and, as mentioned earlier, the
figure also shows that the results would have been highly sensitive to this choice. How the
calibration on topographic wave number based on a single parameter would have turned
out for sand wave heights is difficult to determine as the nonlinear model has not been run
for these cases.

Alternatively, we could have added other model parameters to our set of calibration
parameters, such as the bed slope parameter (quantifying the downslope bed load trans-
port). This is likely to improve the results and is thus interesting for a follow-up study; here,
we chose the above calibration parameters to demonstrate our new two-step approach.

Our choice for the number of calibration and validation locations (35, as shown in
Figure 2) is motivated by the need to capture the natural variability in the study area
with a number of locations that exceeds the number of calibration parameters. Taking
even more locations in the same area is not helpful, as it would merely increase the
computational burden without significantly increasing the variability in sand wave data
and environmental conditions. Instead, adding locations from other study areas would be
helpful to extend this variability, which is left for future research.

The capability of the linear sand wave model to predict sand wave lengths is in line
with Hulscher and Van den Brink [21], who used the modeled wavelengths to predict if
sand waves would occur in the North Sea, and Van Santen et al. [23], who compared sand
wave lengths with observations (both studies used models different from the ones used in
this study).

Validation of sand wave heights from a nonlinear process-based model at the scale of
the Dutch part of the North Sea has not yet been performed. Although sand wave heights
are still overpredicted by the nonlinear model, the results can be rescaled with observations
to gain a representative value for sand wave heights at other locations.

Even though Damen et al. [12] suggested the importance of suspended load for sand
wave dynamics, we did not explicitly include the suspended load in our two-step model
approach. Nevertheless, the model calibration and validation performed quite well. We
expect that including the suspended load will have a damping effect on the modeled sand
wave heights, as, for example, found by Roos et al. [39] for tidal sand banks, which may
(partly) resolve the above issue of overpredicted heights.

The predictive capabilities of this model show the potential of applying the linear and
nonlinear model at other study sites. The approach followed in this paper, i.e., calibration
of two uncertain model parameters and using this input in the nonlinear model to predict
heights, needs a considerable amount of data in order to be applicable. It would be worth-
while to investigate whether the rescaling of sand wave heights in different regions would
be similar to the rescaling in this paper. If so, this rescaling would be generically applicable
to sand waves. If not, the variability could possibly point at damping mechanisms that are
now missing in the nonlinear model. This would be of large interest, thereby improving
the idealized modeling of sand waves morphology. Potential uses can be finding suitable
locations for wind farms, placing pipelines, or finding suitable locations for oyster farms.

The modeled sand wave lengths and heights agree with the correlations observed by
King et al. [40,41] between continental shelf scaled sediment transport rates and sand wave
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characteristics. Possibly combining the two sand wave characteristic predictor methods,
process-based models and the data-driven trained model by King et al. [41], could result in
even better quantitative sand wave height predictions.

5. Conclusions

In this paper, we have shown that process-based sand wave models can be used to
predict sand wave length and height characteristics. This was achieved with a two-step
approach involving a linear sand wave model to obtain wave lengths and, given these
wavelengths, a nonlinear model to obtain sand wave heights.

The computational speed of the linear sand wave model allowed to perform a cal-
ibration procedure to find the optimal values of the input parameters, slip parameter S
and wave period Ty, as to improve the modeled and observed topographic wave number
in the calibration locations. The sand wave lengths in both the calibration and valida-
tion locations match the observed sand wave lengths to a satisfactory extent, given the
large uncertainty in the input parameters and simplifications of processes in the idealized
process-based model.

Subsequently, the nonlinear model is employed using the modeled sand wave lengths
from the linear model as horizontal model domain lengths. The sand wave heights obtained
from the nonlinear model systematically overpredict sand wave heights compared to field
observations, and modeled and observed sand wave heights show correlation and capture
the overall qualitative spatial pattern. This overprediction of sand wave heights is a
recurrent problem in sand wave modeling [27,28,30].

Finally, using the correlation between observed and modeled sand wave heights at a
limited number of locations allows to rescale modeled sand waves using the regression
line between observations and model results. Using this rescaling, the model can be used
to predict sand wave heights for locations where no sand wave observations are available.
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