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1. Introduction
The shape of our coastline is dynamic. Sediment mounds form in locations of sediment flux convergence and 
diffuse in locations of sediment flux divergence. Presumably, both convergent and divergent processes occur 
when the flow field conditions are not in equilibrium with the morphology (Ribas et  al.,  2015). In the case 
of modeling morphologic evolution, models often parameterize morphologic change of the bathymetry using 
coefficients of diffusion (de Vriend, 1987b; Lesser et  al., 2004; Moulton et  al., 2014). The efficacy of these 
models and their parameterizations are tested with idealized cases of morphological evolution, such as spreading 

Abstract We investigate pathways of sediment diffusion for a Gaussian-shaped sand mound subjected to 
monochromatic waves. Our unique results nearly close the sediment budget by quantifying each of the sediment 
transport processes responsible for mound diffusion associated with sediment flux due to slope driven transport 
and ripple migration. Downslope ripple progression was observed as ripples formed at the mound top advanced 
down the side slopes in a direction perpendicular to wave propagation. Once ripples formed on the sides of the 
mounds the ripples became pathways for sediment flux from the top to the bottom of the mound, persisting 
even after ripples reached the base of the mound as sediment avalanching due to gravity and mound slope. 
Lateral ripple migration caused ripples to migrate along the sides of the sand mound in a direction parallel to 
wave propagation. Once ripples reached the base of the mound, lateral migration of ripples caused spreading 
of sand around the sides of the mound. Lateral ripple migration was largely driven by ripple splitting caused by 
a large downslope sediment flux from the center of the mound that generated ripples with longer wavelengths 
than wave orbital hydrodynamics could support. To restore equilibrium between sediment and flow conditions, 
ripples with longer wavelengths continuously split and migrated laterally around the mound. Our results reflect 
the importance of slope driven transport, bed fluidization, and ripple dynamics on the larger scale diffusivity 
and suggest that slope driven and ripple driven sediment fluxes should be more explicitly included in sediment 
transport formulations.

Plain Language Summary To maintain the shape of our coastlines we nourish our beaches by 
placing large volumes of sand on the beach itself or slightly seaward of the shoreline. Natural waves and 
currents then distribute the placed sand. For the purposes of coastal planning, we need to know: How long 
will the nourishment last? and Where will the sand go? In order to predict the time scale and direction of 
sand dispersal, we depend on sediment transport parameterizations within coastal change models. However, 
many sediment transport parameterizations were designed for flat surfaces, while they need to be applied 
to the slopes of the nourishment mound, which is further covered in ripples. As such, we are likely missing 
important physical processes associated with the sediment transport of nourishment diffusion. Here we present 
a laboratory scale experiment with an idealized Gaussian sand mound and observe the mechanisms of sediment 
transport associated with the re-distribution of the mound sediments on a three-dimensional bathymetry. The 
measurements show how slope driven sediment transport and sand ripple migration dynamics modify the 
sediment flux processes important for mound diffusion. The insights are useful for improvement of sediment 
transport formulations that are used to predict coastal change.
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of a Gaussian shaped mound under currents and waves (de Vriend, 1987b; Lesser et al., 2004) or infilling of a 
hole in the surfzone (Moulton et al., 2014). However, many morphologic change models still have error in their 
prediction (Bosboom et al., 2014; Hewageegana & Canestrelli, 2021; Sherwood et al., 2022) and potentially not 
coincidentally, morphologic change models do not necessarily consider each sediment transport mechanism that 
is important for mound spreading. Herein, we build upon past idealized sediment mound diffusion experiments 
with full characterization of each sediment transport mechanism that contributes to idealized 3D mound diffusion 
under waves alone. With our observations we were able to fully close the sediment budget of the three dimensional 
mound spreading via observations of ripple and slope driven transports. Results are important because there are 
few, if any, studies that are able to fully close the sediment budget in a three dimensional case. The three dimen-
sional nature of the experiments highlight that depending on position around the 3D mound, the key transport 
processes are variable, which could be important for morphological evolution models and future improvements 
to diffusion coefficients to accurately predict the change in morphologic shape. Finally, recent field experiments 
suggest that small scale morphological evolution contributes substantially to larger scale morphologic change 
(Jones & Traykovski, 2019; Wengrove et al., 2022), this study confirms those findings by fully closing the sedi-
ment budget of mound spreading. We quantify the contribution of individual transport mechanics of associated 
with small scale ripples and variability in mound slope to account for larger scale morphologic change of the 
three dimensional mound.

Here we use “diffusion” to mean attenuation of relief of sediment forced by local hydrodynamics (i.e., waves). 
Several studies adopted similar usage of the term diffusion to describe spreading of morphologic features, such 
as a nourished sand profile (Dean & Dalrymple, 2004; de Schipper et al., 2016), Gaussian-shape dredged hole 
(Moulton et al., 2014), or shoreline sand waves (Van den Berg et al., 2012). Morphologic diffusion has been 
studied through numerical modeling and experiments such as investigations of mound diffusion under steady and 
unidirectional flow to diffusion experiments in more complex flow conditions. The seminal numerical experi-
ments of de Vriend (1987b) used mathematical models to investigate the morphological evolution of a sinusoidal 
hump under a steady 0.5 m/s current. He argued that even though sediment transport is governed by 2D flow or 
a quasi-2D flow after depth-averaging (2DH), morphological evolution should be considered three-dimensional 
because three-dimensional sediment structures propagate in all directions even under the 2D or quasi-2D assump-
tion. An early flume experiment that implemented a sinusoidal-shape sand hump by Hauguel (1979) and mathe-
matical analysis of the hump diffusion by de Vriend (1987b) suggest that quasi-2D depth-averaged models are not 
valid for sand hump diffusion because key bed properties (e.g., bed slope, bottom roughness) are not considered 
in the model. For the hump-shaped mound, the bed slope was found to be the most crucial factor for predicting 
morphological diffusivity. As such, new morphological diffusivity flume experiments and field experiments were 
carried out to investigate three-dimensional morphological change. Stansby et al. (2009) investigated diffusion 
of a Gaussian circular mound under long period sinusoidal oscillatory flow conditions and found that ripple 
formation on the mound top agitates sediment particles within the wake region, which causes greater volume loss 
than depth-averaged bathymetric models predict, indicating that ripple formation may be significant to mound 
diffusion. Smith et al. (2017) also carried out laboratory experiments focusing on morphological diffusivity of 
a submerged sand mound under oblique random waves. They observed mound diffused with an offshore down-
drift in the direction of undertow and observed diffusion rates to depend on bed slope (Aagaard et al., 2002; 
Longuet-Higgins, 1983; Longuet-Higgins & Stewart, 1964); observations indicate that beach slope is important 
to diffusion. During the same experiments with Stansby et al. (2009), García-Hermosa (2008) investigated mound 
diffusion under 0.5 m/s steady currents, and observed significant ripple-dominant sediment flux during the most 
significant periods of mound shape modification. Collectively, the previous mound diffusion experiments (de 
Vriend, 1987a, 1987b; García-Hermosa, 2008; Hauguel, 1979; Smith et al., 2017; Stansby et al., 2009) suggest 
(a) that mound diffusion is a 3D process given that the 2DH models poorly represent experimental data for 
both wave driven and current driven diffusion, and (b) that bottom irregularities, such as ripples, can dominate 
morphodynamics during three-dimensional mound diffusion.

Here we report on the MOrphological Diffusivity EXperiment (MODEX) that examined mechanisms of 
three-dimensional sediment diffusion of a Gaussian shaped sand mound subject to waves. As stated, our aim 
is to quantify the sediment transport mechanisms leading to morphological diffusivity of the three-dimensional 
mound. We hypothesize that mound diffusion is primarily driven by ripple generation and migration and slope 
effects under wave-driven flow in the energy regime where bedload transport is of leading order. We look in detail 
at individual sediment transport mechanisms in order to ultimately suggest how formulations used in large-scale 
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morphologic change models may be improved. Although it is likely that individual mechanisms cannot all be 
included due to numerical constraints, it may be that each could be better represented to more accurately capture 
the diffusion process. In the following, the specific transport mechanisms relevant to the study are defined to aid 
in structuring of the results. To conclude, we outline potential pathways to more holistically represent the contri-
bution of ripple migration and slope driven sediment flux contributions to morphodynamic change in existing 
models and address the potential influence of scale effects on the study results and conclusions.

1.1. Ripple Mechanics

During bedload transport dominated conditions, sediment flux driven by bedform translation and deformation can 
contribute to the depositional and erosion patterns in the nearshore (Aagaard et al., 2001; Coco & Murray, 2007; 
Hay & Mudge, 2005; Saulter et al., 2003; van Rijn, 2007; van Scheltinga et al., 2020; Wengrove et al., 2018). 
The sediment flux mechanisms important for the diffusion of a three-dimensional sediment mound include ripple 
migration and propagation (Figures 1a and 1c), ripple growth and decay (Figure 1e), ripple splitting leading to 
higher rates of lateral migration (Figure 1d), and gravitational influence leading to sediment flux driven by mobile 
ripple layer avalanching (Figure 1b) (Aagaard et al., 2004; Allen & Collinson, 1974; Dalrymple & Rhodes, 1995; 
Dietrich & Smith, 1984; Lefebvre et al., 2013; Passchier & Kleinhans, 2005; Ruggiero et al., 2016; van Scheltinga 
et  al.,  2020; Winter et  al.,  2008). Each ripple dynamic described herein and observed through the MODEX 
experiment has already been observed by previous field and flume experiments (Doucette & O’Donoghue, 2006; 
García-Hermosa, 2008; Stansby et al., 2009; van Scheltinga et al., 2020). However, unlike previous observations, 
the MODEX data set quantifies the sediment flux contribution associated with each ripple driven and gravity 
driven transport mechanism and quantifies the contribution of each sediment flux mechanism to larger scale 
mound diffusion. Following, we define each sediment flux mechanism in the context of Figure 1.

Ripple migration occurs when the ripple sediment flux is in phase with the ripple shape (Nielsen, 1992); sedi-
ment is transported from one side of the ripple and deposited on the other side (Figures 1a and 1c). As such, in 
subcritical current-driven flows, ripples travel in the flow direction. Under waves, mechanics of ripple migration 
are understood to be driven by wave-driven currents and wave streaming (Kranenburg et al., 2012), sloping bed 

Figure 1. Schematics describing sediment flux mechanisms important for mound diffusion. (a) Downslope ripple 
progression (form of avalanching), (b) mobile ripple layer avalanching due to gravity, (c) lateral ripple migration, (d) ripple 
splitting, and (e) ripple shrinking during migration. In panel (b) U indicates mean avalanche velocity, Y is mobile layer 
thickness, and β is the slope. In panel (d) arrows with a concave-down shape and arrows with a concave-up shape illustrate 
sediment pick-up and deposition during one wave cycle.
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(Wang & Yuan, 2018) or by the orbital motion under asymmetrical and/or skewed waves (Crawford & Hay, 2001; 
van der Werf et al., 2007). Ultimately, ripple migration is important because it has been observed to drive sedi-
ment transport (Masselink et  al., 2007; Miles & Thorpe, 2015; Petrotta et  al., 2018; Traykovski et  al., 1999; 
Wengrove et al., 2018, 2019, 2022). The use of the general term “ripple migration” in literature often refers to 
what we refer to herein as “lateral ripple migration.” We consider lateral ripple migration to be the process where 
ripples begin to migrate in the direction perpendicular to their orientation on the mound in the direction parallel 
to the wave propagation in both the shoreward and the wave maker directions (Figure 1c). Downslope ripple 
progression is introduced as the process where ripples are initially formed due to agitation of sediments at the top 
of the mound and then their terminus (or tips) propagate in the direction parallel to the ripple orientation down the 
side slopes of the mound partially due to gravity and partially due to continued agitation of the bed (Figure 1a).

When ripples form and remain dynamic, there is a portion of the ripple near the crest that remains mobilized by 
oscillatory motion and released vortices from the ripple crest (Ruggeri et al., 2020). Known as the fluidal zone, 
this part of the ripple can be inferred to be the mobile layer (Flores & Sleath, 1998; Sleath, 1999; van der Werf 
et al., 2007). With guidance from literature an assumption can be made that the mobile layer adds to the sediment 
flux during downslope ripple progression due to slope effects, which is a form of mobile layer avalanching. The 
slope of the mound can alter sediment diffusion, ripple migration, and ripple formation (Baar et al., 2018). For 
a sloping bed, the gravitational force parallel to the bed slope will affect bedload sediment transport through the 
mobile layer. Downslope ripple progression can also occur, and is a form of mobile layer avalanching as the ripple 
migrates parallel to the crest line down the sides of the mound due to both agitation of the bed and the mound 
slope. Both downslope progression and mobile layer avalanching contribute to mound diffusion and their flux 
magnitudes are a function of mound slope. As such, the bed slope must be considered when quantifying morpho-
logical diffusivity (Damgaard et al., 1997; Engelund, 1981; Luque & van Beek, 1976). The effect of slope on 
mound diffusion through the fluidized ripple layer is not well investigated. In the experiments reported here, the 
feedback between changing mound slope and ripple dynamics are considered in detail.

Ripple splitting is a mechanism where a new ripple is generated between two existing ripples to maintain equi-
librium with the flow field (Doucette & O’Donoghue, 2006). As the ripple splits and a new ripple is formed, 
the split ripple drives migration laterally of all ripples fore and aft of its location, thereby driving sediment flux 
in both the shoreward and wave maker directions (Allen, 1973, 1976; Baas, 1994; Jerolmack & Mohrig, 2005; 
Miles & Thorpe, 2015). During ripple splitting under waves, when the spacing between the two ripples is much 
larger than the water particle orbital diameter d0, sediment is deposited continuously between the ripples, forming 
a third smaller ripple and the ripples deform in order to move toward equilibrium with the flow (Figure 1d). The 
oscillatory flow tunnel experiments of Doucette and O’Donoghue (2006), which tested varying flow periods, 
flow orbital diameters, and mobility numbers, suggest that equilibrium ripple geometry is a function of flow 
condition. In oscillatory flow, ripples are said to be orbital when they are in hydrodynamic equilibrium with the 
ambient waves. Generally, the orbital ripple wavelength, λ, scales linearly with the water particle orbital diameter, 
d0, at a ratio of λ/d0 = 0.65 for fine sand (Clifton & Dingler, 1984), and decreases to about λ/d0 = 0.55 for coarse 
sand (Ruessink et al., 2015). Ripple splitting changes the ripple geometry of adjacent ripples. To accommodate 
the emergence of excess sand flowing down the sides of the mound, adjacent ripples in the center of the mound 
extend in spacing, increase in volume, and decrease in slope. The extended spacing between ripples force the 
ripples out of equilibrium with the flow field (moving from orbital to suborbital ripples). The sediment trans-
ported over the crest of the adjacent ripples can only reach to the center of the trough between the two adjacent 
ripples, thereby re-instating equilibrium with the generation of a new ripple formed via ripple splitting, and the 
adjacent bedform scale decreases once again to scale with the flow conditions (Kocurek et al., 2010).

Ripples can also change geometry by growing and/or decaying (Figure 1e) when the ripple sediment flux is 
out of phase with the ripple shape (Nielsen,  1992; Wengrove,  2018). Ripple growth and decay can occur in 
wave dominant, current dominant, and combined flow conditions (Doucette & O’Donoghue, 2006; Nienhuis 
et al., 2014; van Scheltinga et al., 2020; Wengrove et al., 2018). Both laboratory and field studies on planar beds 
have observed that growth or decay occurs when the ripples “pick up” or “leave behind” sediment, respectively. In 
the case of a planar bed with low-mobility condition, ripples are considered to be two-dimensional (O’Donoghue 
et al., 2006), meaning that all ripples will respond equally to a change in the flow conditions. However, the diffu-
sion process is three-dimensional in the case of a sediment mound. For three-dimensional sediment diffusion, 
ripple geometry is dependent on the mound's surface slope since the flow energy at the bed decreases with depth. 
As such, ripples at the top of a submerged mound can be larger than those at the bottom. For example, the linear 

 21699011, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JF006467 by T

u D
elft, W

iley O
nline L

ibrary on [05/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Earth Surface

LEE ET AL.

10.1029/2021JF006467

5 of 27

scaling of orbital ripple wavelength with orbital diameter suggests that ripple wavelength should decrease as a 
function of mound height due to the decay in orbital diameter as a function of depth.

2. Methods
2.1. Experimental Description

Data were collected during the Hydralab + MODEX laboratory experiment in June of 2018. Experiments were 
performed in the Total Environment Simulator at the University of Hull (United Kingdom) (see de Schipper 
et al. (2019) for more detailed experimental setup and test conditions). The flume is 12 m long and 6 m wide and 
is capable of simulating combined wave-current flows (Figure 2). We created an artificial beach with a rough 
surface to encourage wave absorption and dissipation and to mitigate wave reflection (Figure 2). During the 
MODEX experiments a total of nine hydraulic conditions were tested, we focus on two wave conditions to inves-
tigate diffusion of a Gaussian shape sand mound for the analysis performed herein (see de Schipper et al. (2019) 
for more detail on other forcing conditions).

The sand mound was 150 cm diameter and 20 cm high with a 0.215 mm median grain size sand. Herein, we 
investigate mound diffusion in 40 cm water depth during two monochromatic intermediate depth wave cases 
(Table 1). Series 1 was composed of 10 sequential runs carried out for a total of 150 min of run time. Series 2 

Figure 2. Photos of the Hydralab + Total Environment Simulator flume showing the position of the wave maker and beach, 
instruments and the Gaussian shape sand mound. Top panel shows wave paddle side (wave maker side) and bottom panel 
shows beach side (shoreward side).
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was composed of nine sequential runs carried out for a total of 90 min of run time. Due to time constraints and 
consistency between series, runs were performed until the mound height decayed to approximately 50% of its 
original height (de Schipper et al., 2019).

For the purpose of the analysis presented herein, four Nortek Vectrino Profiling ADVs (pADV), two Marine 
Electronics 3D Ripple Profiling Scanners (RPS), a FARO Focus X330 lidar scanner, 10 Seatek 2 MHz ultrasonic 
altimeters (ultrasonic range sensor (URS)) and a GoPro camera were used to investigate morphodynamic and 
hydrodynamic characteristics of sand mound diffusion (Figure 3). The pADVs measured a profile of velocity 
over 35 mm of vertical range at 1 mm resolution. Two RPS with 0.5 m spacing were used for measuring the 
subaqueous mound shape between runs; each RPS had a resolution of approximately 1 cm just below the scan-
ner at a range of 0.4 m, and a 1.7 cm resolution at 60° from the center. Sonar scans were repeated to create six 
overlapping locations to resolve the full sediment mound shape between each run. Lidar scans were collected 
before the flume was filled with water and after the entire series once the flume was drained slowly so as to 
not disturb the sediment surface. The lidar has a resolution of 3 mm at 10 m distance (de Schipper et al., 2019). 
Each URS collects time series of bed elevation change at a frequency of 1 Hz directly below the 1 cm diameter 
transducer with 1.8° beam width. The URS were grouped in 5 s to track the directionality of the sand ripple 
migration using cross correlation between the individual URS sensors when the water clarity was poor. Sediment 

Figure 3. Schematic of the MOrphological Diffusivity EXperiment experimental setup. (a) Shoreward view of sand mound. (b) Side view of sand mound. (c) Top view 
of sand mound with lidar scan data from pre-series. Colorbar shows initial mound elevation and white solid contour illustrates zero-elevation of the mound. Instruments 
(4 Profiling ADVs [pADV] and 10 ultrasonic range sensor [URS]) are also shown. (d) GoPro view with pADV (V1–V4) and URS locations.

Table 1 
Wave and Mobility Conditions, Where θ2.5 = 0.5f2.5ρ(Aω) 2/(ρ(s − 1)gd50), 𝐴𝐴 𝐴𝐴2.5 = exp

[

5.213(2.5𝑑𝑑50∕𝐴𝐴)
0.194 − 5.977

]

 , d50 Is Mean Grain Diameter, ω Is Angular 
Frequency, ρ Is Water Density, s Is Specific Gravity of Sand (=2.65), A Is Semi-Orbital Excursion, and Kr Is Wave Reflection Coefficient (Hi/Hr) After Separating 
Incident and Reflected Waves (Baldock & Simmonds, 1999; Goda, 2010)

Series number Number of runs Length of each run (min) Wave height (m) Wave period (s) θ2.5 at mound bottom θ2.5 at mound top kh Kr

Series 1 10 15 0.11 1.00 0.08 0.13 1.72 0.35

Series 2 9 10 0.14 1.20 0.16 0.22 1.30 0.31
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morphodynamics were documented during each run using a GoPro camera mounted underwater facing the side 
of the mound. The GoPro camera captured 12 megapixel images with a 30-s sampling interval to monitor ripple 
dynamics on the sand mound.

2.2. Hydrodynamics

Profiles of wave-driven mean currents and orbital statistics are analyzed using the pADV measurements. All 
pADV measurements were decomposed into mean (𝐴𝐴 𝐴𝐴𝐴  ) and wave 𝐴𝐴 (�̃�𝑢) components 𝐴𝐴 (𝑢𝑢 = �̃�𝑢 + �̄�𝑢) , and all wave statis-
tics were phase-averaged over 30  s to pair with morphological sampling from GoPro timelapse images. The 
wave components of velocity were found using a down-crossing method to divide the regular wave signal in the 
x-direction. Same crossing positions in time were used to divide the y-directed wave velocities. The individual 
waves were phase averaged to determine 𝐴𝐴 𝐴𝐴𝐴  and 𝐴𝐴 𝐴𝐴𝐴  . All pADV time series used for data analysis were measured at 
a fixed near-bed vertical location of 4 mm above the bed (i.e., each pADV profile was adjusted to distance from 
boundary coordinates where the boundary was found using the instrument amplitude return). We adjusted the 
elevation of each pADV after each run so that the pADV profile was always intersecting with the boundary. The 
wave component was found using a zero-crossing method. The wave orbital diameter, d0, is estimated following 
Maier and Hay (2009),

𝑑𝑑0 =
2�̃�𝑢1∕3

𝜔𝜔𝑝𝑝

. (1)

where 𝐴𝐴 𝐴𝐴𝐴1∕3 is the significant wave orbital velocity, which is calculated from the root-mean square of the wave 
orbital velocity time series (𝐴𝐴 𝐴𝐴𝐴1∕3 = 2 𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟  ), and ωp is the angular frequency at the peak of the wave energy spectrum.

2.3. Image Processing

Each image from the GoPro camera contains information about ripple geometry with the exception of ripple 
height, which cannot be obtained using image rectification. With the 2-D geometry reconstruction of the ripples, 
ripple wavelength, and morphodynamical features, such as ripple generation and migration, can be estimated 
from each image. The process of image rectification uses a transformation matrix to convert the two-dimensional 
coordinates of each oblique image to a real-space coordinate system. The transformation matrix is determined 
from the known intrinsic parameters of the camera and the real-world coordinates of five ground control points 
(see Lee et al. (2019)).

The recovered two-dimensional real coordinates of each pixel at the mound elevation under the pADVs were 
extracted to compare the boundary layer hydrodynamic data to the corresponding morphodynamics. The extracted 
pixel data, organized as time-stack plots, were used to estimate ripple migration rates. Since z-coordinates cannot 
be recovered from the GoPro images, images were draped over linearly interpolated elevations from lidar and 
sonar scan measurements (Figure 4) to roughly recover the vertical coordinates of the mound.

When processing the hydrodynamic measurements, the time series of the first run was decomposed into wave and 
current components by phase averaging each 90-s time interval, giving a total of 10 phase averaged wave velocity 
and residual current estimates over the first run. Remaining runs in the series were decomposed and averaged for 
the full run. The reason for this scheme is because the mound went under dramatic change over the first run. For 
the current driven component, error was placed on each measurement using a ±standard deviation.

2.4. Wavelet Analysis

To observe ripple formation and migration, Fourier analysis is used to compute the power spectrum as a function 
of spatial wavenumber (inverse of ripple wavelength). The peak spatial wavenumber with a maximum power 
spectral density corresponds to the dominant ripple wavelength. Wavelet analysis is used to provide information 
on both the spatial location and the morphologic scale of the a non-stationary spatial time series (Cataño-Lopera 
et  al.,  2009; Gutierrez et  al.,  2013; Raja et  al.,  2002). We use the Morlet wavelet form (Farge,  1992) where 
a complex exponential term is used as a carrier and it is multiplied by a Gaussian window. For the admissi-
ble condition, where the function has zero mean and is localized in both the time and frequency domains, the 
non-dimensional frequency of the Morlet wavelet, ω0 = 6 was used (Farge, 1992). The Morlet wavelet is given by

𝜓𝜓0(𝜂𝜂) = 𝜋𝜋−1∕4𝑒𝑒𝑖𝑖𝑖𝑖0𝜂𝜂𝑒𝑒−𝜂𝜂
2∕2 (2)
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where ω0 is the non-dimensional frequency and η is the non-dimensional time parameter. The discrete wavelet 
transform WTn(a) is estimated by convolution of the inverse Fourier transform of the product,

𝑊𝑊 𝑊𝑊𝑛𝑛(𝑎𝑎) =

𝑁𝑁−1
∑

𝑘𝑘=0

�̂�𝑥𝑘𝑘𝜓𝜓∗(𝑎𝑎𝑎𝑎𝑘𝑘)𝑒𝑒
𝑖𝑖𝑎𝑎𝑘𝑘𝑛𝑛𝑛𝑛𝑥𝑥 (3)

where n is the space index, a is the wavelet scale, ωk is the angular frequency, δx is the space interval, xn is the 
discrete sequence, 𝐴𝐴 𝐴𝐴𝐴𝑘𝑘  is the amplitude of the Fourier coefficients of the discrete sequence xn, and ψ* is a complex 
conjugate of the carrier wavelet (Cataño-Lopera et al., 2009). By using the wavelet transform, which is composed 
of real and imaginary parts, the wavelet power spectrum can be estimated by

|𝑊𝑊 𝑊𝑊𝑛𝑛(𝑎𝑎)|
2 =

𝑁𝑁−1
∑

𝑛𝑛=0

𝑊𝑊 𝑊𝑊 ∗
𝑛𝑛 (𝑎𝑎)𝑊𝑊 𝑊𝑊𝑛𝑛(𝑎𝑎) (4)

where 𝐴𝐴 𝐴𝐴 𝐴𝐴 ∗
𝑛𝑛 (𝑎𝑎) is the conjugate of WTn(a). The wavelet power spectrum on each ripple wavelength domain can 

give us the location and amplitude of each power spectrum, which illustrates the dominant wavelength. Detailed 
methods of the wavelet transform are introduced by Torrence and Compo (1998). Wavelet analysis was applied 
to each spatial time series of crest position of the ripple. At each spatial location the dominant wavenumber was 
determined based on the location of the maximum power spectral density and the dominant ripple wavelength 
was estimated as the inverse of the peak wavenumber.

2.5. Ripple Migration Rate

Lateral ripple migration was measured by tracking the parallel crest lines of the ripples (Figure 1). Lateral migra-
tion is influenced by the mound shape evolution (e.g., slope, near-bed hydrodynamics), and so it is not exactly 
parallel to the propagating oscillatory waves. Three different instruments were used to capture the variability 
in lateral migration rates around the mound. Using the GoPro images, time-stack plots of cross-sectional pixel 
intensity at each elevation along the mound (each y-position of Figures 4a–4d; see Figure 9b e.g.,) was used to 
estimate migration rates. Each crest position could be identified and extracted from the time-stack plots where 
the slope of the extracted crest lines is the ripple lateral migration rate. Additionally, the bottom tracking data 
from the URS and pADV were used to estimate lateral migration rates directly under those instruments. Time 
between the  passing of each ripple crest and the corresponding ripple wavelength at that mound elevation deter-
mined  through the wavelet analysis were used to estimate migration rates. All migration rates are measured 
values, which are combination of contribution of mound slope and near-bed hydrodynamics.

Figure 4. (a–d) Original GoPro images are rectified with Ground Control Points, lidar, and Ripple Profiling Scanners data. Rectified images of sand mound (top) and 
corresponding raw GoPro image (bottom).
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Downslope ripple progression (downslope movement of the ripple in longitudinal direction) rates were measured 
by tracking the downslope ripple terminus (tip) location (Figure 1a), as such the distance between the ripple 
terminus in sequential GoPro images was measured and divided by the time between the images. The coverage 
area of the GoPro image is not large enough to include the whole mound, thus at some point the termini are 
outside the GoPro image frame. Therefore, the distance between the final accretion contour and the position of 
the downslope ripple terminus after the ripple terminus leaves the field of view (run 3 in wave Series 1) is divided 
by the corresponding time to determine the downslope ripple progression rate after run 3.

2.6. Volumetric Sediment Flux Estimates

2.6.1. Ripple Migration

To quantify the contribution of sediment flux driven by lateral ripple migration to mound diffusion, the following 
formulas are introduced. We define the time-dependent sediment flux (qb) due to lateral ripple migration using 
the one-dimensional sediment continuity equation and assuming a triangular ripple shape as,

𝑞𝑞𝑏𝑏 = −𝑛𝑛
𝜂𝜂

2
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 (5)

where η is height of the ripple, Vmig is the ripple migration rate, and n is the sediment volume fraction (Jones 
& Traykovski, 2019; Simons et al., 1965). The contribution of ripple migration to volumetric bedload sediment 
transport is estimated using Equation 5.

The downslope ripple progression was estimated by again assuming a triangular ripple shape and measuring 
migration rates by tracking the ripple terminus (tip) propagating downslope through a threshold contour defined 
in Section 2.6.4.

2.6.2. Mobile Layer Avalanching

Using the average ripple geometry along the threshold contour with an estimated downslope-directed sediment 
transport velocity of the mobile layer, we can estimate the contribution of mobile layer avalanching to mound 
diffusion. Bagnold (1954) suggests empirical shear stress formulas for mobile layer avalanching that consider 
both the particle shape and the dominant flow regime. Bagnold  (1954) introduced two different regimes for 
avalanching. One is inertial regime avalanching where the domain of interest is not submerged in water, and the 
other is the viscous regime avalanching where the domain of interest is submerged into a fluid, such as water. 
Hence, for our subaqueous sand mound, we used the gravity-driven avalanching formula for the viscous case. For 
the viscous regime, the shear stress is given by

𝜏𝜏𝑣𝑣 = (1 + 𝐶𝐶𝑔𝑔)

(

1 +
𝐶𝐶𝑔𝑔

2

)

𝜇𝜇

(

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

)

 (6)

where τv is the grain shear stress in the viscous dominant region, μ is the dynamic viscosity of the fluid medium, 
U is the mean avalanching velocity, and Cg is the linear grain concentration, which is defined as the ratio between 
the grain diameter (D) and the free distance (b) between each grain particles (D/b). Equation 6 is equated with an 
expression of shear stress by Sleath (1994) for an inclined slope,

𝜏𝜏 = (𝜌𝜌 − 𝜌𝜌𝑓𝑓 )𝑔𝑔sin 𝛽𝛽𝛽𝛽𝛽𝛽 (7)

where τ = τv, ρf is the density of fluid, y is the vertical distance from a fixed bed, β is the slope angle, and C is 
grain concentration (𝐴𝐴 = 𝐶𝐶0∕(1∕𝐶𝐶𝑔𝑔 + 1)3 where C0 is the maximum possible grain packing concentration). With 
Equations 6 and 7, Allen (1970) introduced an equation for the viscous flow condition of fine sand,

𝑈𝑈 = 0.00063
(𝜎𝜎 − 𝜌𝜌)𝑔𝑔sin 𝛽𝛽

𝜇𝜇
𝑌𝑌 2. (8)

where σ is the material density, ρ is the density of water, μ is the dynamic viscosity, β is the bed slope angle, and 
Y is the mobile bed thickness. The estimated mean avalanching velocity is applied to the mobile layer thickness 
based on ripple height and is used to estimate the volumetric sediment flux (see Text S1 in Supporting Infor-
mation S1). Although the mobile layer thickness is generally variable with the flow field, ripple mobile layer 
thickness has been observed to be approximately half of the ripple height (Wengrove, 2018). In this study, we 
use half of the ripple height to estimate mobile layer thickness. Hence, we estimate the sediment flux due to the 
mobile layer avalanching as follows,
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𝑞𝑞𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
1

2
𝜂𝜂𝜂𝜂 (9)

2.6.3. Ripple Shrinking

Assuming that ripple geometry changes linearly, a change in ripple geometry drives a change in ripple volume. As 
the ripples propagate down the side slopes of the mound they decrease in sediment volume to scale with the local 
wave hydrodynamics (which are less energetic in the deeper waters), we refer to this process as ripple shrinking. 
Based on linear wave theory (d0 = H/sinh(kh), where d0 is orbital diameter, H is wave height, k is wavenumber, 
and h is water depth), as a ripple migrates from the top to the bottom of the mound, the water depth increases 
0.15–0.2 m, and as such, the ripple wavelength should decrease approximately 2–3 cm ripple wavelength decrease 
under the given wave conditions. Ripple shrinking can occur both in the lateral and downslope directions. When 
ripples migrate laterally (±x direction—along tank), a change in ripple volume and its migration rate are given by

𝑑𝑑𝑉𝑉

𝑑𝑑𝑑𝑑
= 𝑛𝑛

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
𝐿𝐿 = 𝑛𝑛

𝑑𝑑

(

1

2
𝜂𝜂𝜂𝜂

)

𝑑𝑑𝑑𝑑
𝐿𝐿

 (10)

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. (11)

where 𝐴𝐴 𝑉𝑉  is the ripple sediment volume, A is cross-sectional area of ripple, L is the length of the ripple crest, n 
is sediment volume fraction, η is ripple height, λ is ripple wavelength, and Vmig,la is lateral ripple migration rate. 
Combining Equations 10 and 11 gives the sediment volume change due to ripple shrinking (sh) during lateral 
ripple migration (la) (𝐴𝐴 Δ𝑉𝑉 sh,la  ), and when divided by the migration time, T, we derive the sediment flux contribu-
tion due to shrinking or ripples propagating in the lateral flume direction (qb,sh,la),

𝑞𝑞𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
Δ𝑉𝑉 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑇𝑇
=

𝑑𝑑

(

1

2
𝑛𝑛𝑛𝑛𝑛𝑛

)

𝑑𝑑𝑑𝑑
𝐿𝐿𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑏.

 (12)

During downslope ripple progression (down) (±y-direction—across tank), the sediment flux contribution due to 
ripple shrinking is defined by

𝑞𝑞𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
Δ𝑉𝑉 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑇𝑇
=

𝑏𝑏𝑉𝑉

𝑏𝑏𝑑𝑑
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = Δ

(

1

2
𝑏𝑏𝑛𝑛𝑛𝑛

)

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏. (13)

2.6.4. Total Sediment Flux

To estimate the total diffusive sediment flux (sand moving from the top of the mound to the sides and base of the 
mound), we define a threshold contour on the mound where there is no bed elevation change over the full series 
(i.e., the threshold between the region of erosion of and the region of accretion on the mound). We can use the 
contour as a threshold over which we calculate contributions of ripple and gravity driven sediment flux to the 
diffusion of the sediment mound. All estimates of sediment flux are performed along or through the threshold 
contour.

To quantify the time 𝐴𝐴 (⋅) and space 𝐴𝐴 (⟨⋅⟩) integrated sediment flux through the threshold contour contributing 
to mound diffusion (𝐴𝐴

⟨

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
⟩

 , which is equivalent to the volumetric change of the mound 𝐴𝐴 Δ𝑉𝑉 mound  ), we time 
integrate of all of the sediment flux contributions from Equations 5, 9, 12, and 13 along the threshold contour,

Δ𝑉𝑉 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
⟨

𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
⟩

= ∫
2𝜋𝜋

0
∫

𝑡𝑡𝑏𝑏

𝑡𝑡𝑎𝑎

(𝑞𝑞𝑏𝑏𝑏𝑚𝑚𝑚𝑚𝑏𝑏𝑚𝑚 + 𝑞𝑞𝑏𝑏𝑏𝑏𝑏𝑎𝑎 + 𝑞𝑞𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚𝑏𝑏𝑚𝑚 + 𝑞𝑞𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎 + 𝑞𝑞𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏) 𝑚𝑚𝑡𝑡 𝑑𝑑(𝜃𝜃)𝑚𝑚𝜃𝜃 (14)

where r(θ) is the distance between the center of the mound and threshold contour with respect to angle around the 
mound, and the integration is performed through space (from 0 to 2π around the mound) and with respect to time 
from ta = time zero to tb = the end of the series.

3. Results
Prior to showing results of the sediment flux contributing to each measured diffusion process, we show the 
overall patterns of diffusion of the mound over time. We then show details of each diffusion process and meas-
ured hydrodynamic patterns contributing to diffusion of the mound. Finally, we present results that quantify the 
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sediment flux contribution from each ripple and slope driven process leading to mound diffusion as outlined in 
the Methods section.

3.1. General Patterns of Mound Diffusion

General patterns of sediment deposition and erosion were observed by differencing the pre- and post-series lidar 
scans and each RPS sonar scan collected after each run during the series (Figure 5).

We show the total morphological difference (Figures 5b and 5e) as the summation of the accretional and erosional 
difference. We find that the total erosional volume (Figures 5d and 5g) of the mound is balanced by the total 
accretional volume of sediment moved from the top of the mound and diffused down the mound side slopes 
(Figures 5c and 5f). The accretional patterns (Figure 5a) show relatively large amounts of sediment are depos-
ited along the y-direction side lobes of the mound (Figure 5f) compared to the x-direction on the shoreward and 
wave maker sides of the mound (Figure 5c). We see that the accretional volume in the y-direction is spread over 
a longer length, approximately 40 cm on each side of the mound compared to 20 cm in the x-direction on each 
shoreward and wave maker areas of the mound. Additionally, we observe that there is increased accretion on 
the shoreward side of the mound (Figure 5e, x = 0.4 m, direction of wave propagation) compared to the wave 
maker  side (Figure 5e, x = −0.4 m).

We explore basic time and phase averaged hydrodynamic patterns that may contribute to the morphological 
diffusivity of the mound (Figure 6). Within the first run, the mound diffused rapidly so the wave velocity changed 
through the 15 min progression at each of the V1–V4 pADV stations (Figures 6a–6c colors). We observe that 𝐴𝐴 𝐴𝐴𝐴  
are in phase across the sides and downslope of the mound (V1–V4) (Figure 6a) and the largest wave velocities 
occur near the mound top (V1 and V2). The waves are considered to be in intermediate depth water at the base 
of the mound (Table 1), so the wave component velocities decay with depth moving down the sides of the mound 
(V3 and V4). The amplitude of 𝐴𝐴 𝐴𝐴𝐴  at V1 and V2 is observed to decrease with time as the mound top erodes, and the 

Figure 5. Volumetric change of the sand mound for Series 1. As the mound is symmetrical about the y axis, only half of the mound is shown. (a) Elevation change 
between pre- and post-series lidar scans (red is accretion and blue is erosion). The point between accretion and erosion is defined as the contour around the mound 
with no change, where accretion of sediment is indicated as positive elevation difference and erosion of sediment is indicated by negative elevation difference. (b and 
e) Illustrate the volumetric change between each run and the initial mound profile, spatially integrated in the x and y directions, respectively with dx = dy = 0.05 m. (c 
and f) Show the accretional component of total volumetric change and (d and g) show the erosional component. In (b–g), the difference between runs is indicated as 
subscript of z in color bar.
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amplitude of 𝐴𝐴 𝐴𝐴𝐴  is observed to increase with time as the side lobes of the mound accrete (V3 and V4). Additionally, 
we observe that 𝐴𝐴 𝐴𝐴𝐴  (cross-tank wave velocity) was non-negligible around the mound (Figure 6b), and is attrib-
uted to the mound itself creating 3D flow. The y-directed wave velocity is non-zero and out of phase between 
the four positions (V1–V4) (Figure 6b). At V1 (right side of mound) the 𝐴𝐴 𝐴𝐴𝐴  component is negative with a phase 
of approximately 0.5 2πt/T, at the same phase V3 and V4 (left side of mound) the 𝐴𝐴 𝐴𝐴𝐴  component is positive with 
decreasing amplitude from V3 (middle side) to V4 (base) due to intermediate wave energy conditions. Finally, 
V2 (top of mound) the 𝐴𝐴 𝐴𝐴𝐴  component varied near zero. The patterns in the phase averaged 𝐴𝐴 𝐴𝐴𝐴  indicates a cyclic 
downslope component of the near bed wave velocity along the sides of the mound. We attribute the non-zero 𝐴𝐴 𝐴𝐴𝐴  
(cross flume wave velocity) to be important for driving downslope currents on the sides of the mound. Velocity 
skewness and asymmetry were investigated, but there is no significant relation between the wave velocity skew-
ness and asymmetry to ripple processes and the three-dimensional mound diffusion (see Text S2 and Figure S1 
in Supporting Information S1 for details).

The time-averaged current velocities 𝐴𝐴
(

𝑣𝑣
)

 during the initial stages of mound diffusion (Figure 6c colors) show 
that after 6 min the downslope currents reach quasi-equilibrium and remain consistent for the remainder of 
the series. Similar to 𝐴𝐴 𝐴𝐴𝐴  , estimated 𝐴𝐴 𝑣𝑣  at each pADV position shows a negative downslope directed current on 
the mound right (V1), nearly negligible current at the top of the mound (V2), and positive downslope directed 
current on the mound left (V3 and V4). As such, we observe a downslope directed current on both sides of 
the mound (y-directed current). The magnitude of the downslope current on the middle side of the mound is 
observed to be nearly 3 cm/s in magnitude, which is approximately 15% of the wave orbital velocity at the 

Figure 6. Hydrodynamics forcing across the sand mound. (a) Phase-averaged wave velocity for each Profiling ADVs 
(pADV) V1–V4 for 𝐴𝐴 𝐴𝐴𝐴  and (b) 𝐴𝐴 𝐴𝐴𝐴  components. Symbol colors in panels (a–c) correspond to time as shown in the colorbar next 
to panels (a and b) (only shown for first run). Dash-dot line, dashed line, and dotted line on panels (a and b) are corresponding 
to the 0, ±0.1, and ±0.2 m/s. (c) Mean current velocity in the y direction for each pADV for all runs. Mean current velocity 
during the first run was estimated for each 90 s (1.5 min) interval, and subsequently all runs for Series 1 are shown as run 
averaged current velocities (subsequent black filled symbols). Symbol shapes correspond to V1–V4 (same as Figure 3b). 
±Standard deviation error bars are placed on each mean current value (red, blue, black, and green correspond to V1, V2, V3, 
and V4, respectively).
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same location. The wave- and morphology-driven currents are considered to be important drivers for gravity 
driven, downslope ripple progression driven, and lateral ripple driven transports and the resulting mound 
diffusion.

3.2. Mechanisms of Ripple-Induced Mound Diffusion

Observations of the sediment mound during all stages of diffusion show it to be covered by small ripples 
(Figures 4a–4d and 5a, see Movie S1 file for more detail). As such we investigate the potential for sediment 
flux divergences driven by mechanisms of ripple and gravity driven sediment transport to contribute to broader 
patterns of mound diffusion. The mechanisms we investigate include lateral ripple migration, downslope ripple 
progression (downslope movement of the ripples in longitudinal direction, form of gravity driven avalanching), 
sediment avalanching, and ripple shrinking leading to sediment deposition as potential mechanisms contributing 
to diffusion of the sediment mound. We sub-divide the series as three subsets of runs based on the observations 
through rectified GoPro images. The first subset (runs 1–3) are downslope ripple progression/gravity driven 
dominant, the second subset (runs 4–6) transition from downslope/gravity to lateral ripple migration dominant, 
and the third subset (runs 7–10) are lateral ripple migration dominant. The total sediment volume flux is esti-
mated by integrating the erosional volume of the top of the mound at each time step. Ripple shrinking for the first 
time step was neglected (Figures 7a and 7b). Uncertainties are estimated for each mean value and are based on 
the standard deviation of the mean ripple height, migration rate, and ripple wavelength; uncertainty is propagated 
using standard error methods (see Text S3 in Supporting Information S1 for more detail). In Figure 7 we quan-
tify the volumetric sediment flux attributed to each described mechanism. The dark blue bar to the left of each 
subset of runs shows the total volumetric flux related to erosion of the top of the mound during each time period 
(Figure 7b). The right composite bar shows the contribution of each measured sediment flux process contrib-
uting to diffusion of the mound as measured through the threshold contour. By comparing the accumulation of 
each sediment transport process with the volumetric flux of mound top erosion, we nearly close the sediment 
budget for the mound diffusion. Our observations show that sediment flux driven through ripple and slope driven 
processes account for the near total volumetric mound diffusion to within 10% of the total mound diffusional 
volume. These results underline the impact that small scale sediment transport processes can have on larger scale 
morphological diffusion.

Most volumetric sediment flux due to the mound top erosion is explained by ripple- and slope-driven processes 
(Figures  7a and  7b). The largest contribution of sediment flux to diffusion for the first subset of runs (runs 
1–3) is driven through downslope ripple progression. If we consider mobile layer avalanching as a form of 
downslope ripple progression, then downslope ripple progression accounts for approximately 85% of the total 
sediment volume change during runs 1–3. As the slope decreases, the contribution of downslope ripple progres-
sion/avalanching decreases during the second and third subset of runs (runs 4–6 and 7–10) to less than 50%. For 
the second and third subsets, the increase in the contribution of lateral ripple migration suggests that new ripple 
formation due to continuous ripple splitting increases the sediment transport capacity, which is corroborated 
by the increased volume change by lateral ripple migration (Figures 7a and 7b). Even though downslope ripple 
progression is significant for all three subsets of runs (Figures 7a and 7b), we see that the ratio of sediment flux 
driven through lateral ripple migration to downslope ripple progression and mobile layer avalanching increases 
from less than 10% for the first three runs to about 40% for the remaining runs (Figure 7c). The initial mound 
diffusion is dominated by sediment flux driven by downslope ripple progression and avalanching of the mobile 
layer due to mound slope steepness and gravity (runs 1–3), and as the mound slope decreases due to mound 
diffusion, the downslope ripple progression and mobile layer avalanching contribute less to the total volumetric 
sediment flux as measured through the mound top erosion over each run subset. Formed ripples begin to migrate 
laterally and include changes in their contribution because of their mobility and changing volume from ripple 
splitting and shrinking (run 4–6 and 7–10). The volumetric sediment flux during the third subset of runs in 
particular is mostly comprised of sediment flux gradients driving diffusion through the lateral ripple migration 
mechanism (Figures 7a and 7b). During this period, sediment continues to accrete on the sides of the mound due 
to sediment flux driven through mobile layer avalanching and ripple shrinking, which moves sediment from the 
mound top to feed spreading of sediment via the lateral ripple migration mechanism. A mechanistic schematic of 
mound diffusion driven by sediment flux contributed from various ripple migration and gravity driven processes 
(Figure 8) shows the changing contributions of each process during the three stages of mound diffusion observed. 
Following, we present results related to the sediment flux driven through each observed diffusional process.
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3.2.1. Downslope Ripple Progression

We observed downslope ripple progression as the ripple terminus appears and propagate down the side of the 
mound (Figures  9a and  9b). Rapid propagation of the ripples toward the y-axis side lobe of the mound was 
observed during the first 10 min of run 1. The yellow tracked line (Figure 9a) follows the path of downslope 
ripple progression; between 1 and 2 min the terminus of the ripple moves by about 0.2 m in the y-direction, or 
with an approximate 20 cm/min downslope ripple progression rate. However, as time persists, the downslope 
ripple terminus progression slowed, between 4 and 10 min the terminus of the ripple migrated at a rate of 1.7 cm/
min in the y-direction. The sediment accretion between y = 0.4 and 0.7 m from the top of the mound (Figure 5c) 

Figure 7. (a) Volumetric sediment flux contributions to mound diffusion as measured through ripple driven sediment transport and gravity driven transport with 
corresponding uncertainty. See legend below panel (b) for the key to contributions. (b) Total volumetric sediment flux considering packing density for each run subset 
(shown as dark blue bar to left of each column) and the cumulative volumetric sediment flux contribution during each run subset from each ripple/gravity-driven 
diffusion mechanism (shown as the colored and stacked bars to the right of each column) with corresponding uncertainties. (c) The relative ratio between sediment 
flux driven through lateral migration and through downslope ripple progression and mobile layer avalanching for each subset of runs (downslope driven = 0 and lateral 
driven = 1).
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after run 1 is attributed to downslope ripple progression. Rapid sediment flux driven through downslope ripple 
progression at the very beginning of the first run was concomitant to observed erosion at the center of the 
mound, subsequently the sediment flux driven through downslope ripple progression decreases as the slope of 
the mound became more mild. Once the ripple terminus is observed to approach the pADV, ripple wavelengths 
remain relatively large (about 5 cm), which is out of equilibrium with the orbital excursion at that elevation and 
as such indicates that the ripple was formed near the mound top where larger orbital excursions occur. The larger 
ripple then is forced to progress along the downslope of the mound (Figure 9b), which is a form of mobile layer 
avalanching.

3.2.2. Mobile Layer Avalanching

The average slope angle and cross-sectional area of ripples along the threshold contour are used to estimate the 
contribution of mobile layer sediment transport to the volumetric sediment flux through the threshold contour 
leading to mound diffusion (Figure 8). The mean velocity of the mobile layer avalanching is estimated by Equa-
tion 8, and associated erosional volume with uncertainty is shown in Figure 7. Results shows that approximately 
half of the erosional volume during the first subset (runs 1–3) is associated with mobile layer avalanching, and 
the contribution of mobile layer avalanching decreases during the subsequent subsets because of the mound slope 
decay. We assumed the mobile layer to encompass half of the ripple height; however, at steeper slopes, the mobile 
layer may be thicker, which would increase the contribution of sediment flux due to mobile layer avalanching 
during the first subset of runs. Mobile layer avalanching of sediment down the sides of the mound uses the sand 
ripples as a sediment pathway, as such, we cannot differentiate sediment flux driven by avlanching from the 
influence of ripples on enabling that sediment flux.

3.2.3. Lateral Ripple Migration

After the ripple terminus reaches the base of the mound, the transport mechanism shifts to lateral migration in 
both the positive and negative x-direction (Figures 8 and 9b). Fairly constant lateral migration rates of 0.08 cm/
min observed in the positive x-direction and 0.17 cm/min observed in the negative x-direction, shown by the 
constant slope of the tracked ripple crest position in the time-stack (between time 150 and 300 in Figure 9b). Both 
crest lines migrate from the center of the mound (x = 0 m in Figure 9b) with newly generated ripples forming near 

Figure 8. Mechanistic schematic of mound diffusion driven by sediment flux contributed from various ripple migration 
and gravity driven processes. Top panel shows mound diffusion (decrease in height and increase in diameter). Bottom 
panel shows mechanistic processes broken down by labeled run subsets. The inner red contour indicates the elevation of the 
transition from erosion to accretion for each run subset, and the outer black contour indicates the position of the base of the 
mound at the end of each subset. Downslope ripple progression and avalanching are shown with black arrows, lateral ripple 
migration is shown as yellow arrows, and red crosses indicate ripple splitting positions.
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the center of the mound, causing pre-existing ripples to continuously migrate laterally in both the ±x directions 
(Figure 9b).

The interpolated time evolution contours of the estimated ripple geometry (Figures 10a-i and  10a-ii), lateral 
migration rates (Figures 10b and 10c), and spatial estimates of ripple volume based on lidar data (Figure 10a-iii) 
are shown in Figure 10. In Figures 10b and 10c, the panels are broken into three subsets of runs for (i) during 
dominant downslope ripple progression and weak lateral migration except shoreward and wave maker sides of 
the mound due to the large initial slope (0 < y < 0.5 m, Figures 10b-i and 10c-i), (ii) during shifting dominance 
to lateral migration with decreasing downslope ripple progression, and (iii) during continuous lateral migration 
and weak downslope ripple progression.

3.2.4. Balance of Gravity Driven Downslope Ripple Progression and Avalanching With Lateral Ripple 
Migration

Downslope ripple progression and mobile layer avalanching forced large y-directed mound diffusion (across 
tank), while lateral migration forced sediment spreading in the x-direction. Sediment deposited on both the 
wave maker and shoreward sides of the mound (along the x-direction, Figure 5) is primarily caused by lateral 
ripple migration. The accumulated sediment on the sides of the mound is skewed toward the shoreward side 
of the  mound (positive x-direction), in the same direction as wave propagation. We compare diffusion patterns 

Figure 9. Downslope ripple progression and lateral ripple migration observed during Series 1. (a) Rectified images show 
downslope ripple progression by tracking of the ripple terminus in yellow, the time is marked at the top of each subpanel. 
((b)-top) GoPro images from pre-series to post-series are shown in the two top panels. ((b)-bottom) Time-stack showing the 
progression of lateral ripple migration at the mound elevation under V3 and V4 showing tracked ripple crests in yellow. Black 
vertical solid lines show the x-location of each Profiling ADVs, white horizontal bands indicate missing data.
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during runs 1–3 (Figure  11a) to runs 4–10 (Figure  11b) to estimate the relative contribution of sediment 
flux driven through downslope ripple progression and mobile layer avalanching with that of lateral ripple 
migration to overall mound diffusion. The time interval for Figure 11a is 45 min and Figure 11b is 105 min, 
during which approximately the same volume of sediment was diffused from the mound top. Diffusion was 
therefore observed to occur almost two times faster during the beginning of the series (runs 1–3) compared 
to the middle-end. We hypothesize that the rapid initial downslope ripple progression from the center of the 
mound (Figure 9a) results in a larger magnitude of downslope sediment flux (Figure 11a). Additionally, the 
timing of slowing downslope ripple progression (Figure 9a) coincides with lower rates of mound top diffusion 
(Figure 11b).

During runs 1–3, we found that downslope/gravity driven sediment transport was important to mound diffusion, 
and after run 3 when the mound slope became more mild, volumetric sediment flux driven by lateral ripple 
migration seems to become more important for distributing sediment around the mound. To confirm these 
observations we first determine the ratio (r) of accreted to eroded volume of the mound for runs 1–3 and runs 
4–10 (Figure 11c) and then we take the ratio between such quantities R = r4−10/r1−3 (Figure 11d), which shows 
the relative change in normalized accretional volume within each directional sector between the period where 
we believe downslope sediment flux (runs 1–3) to be more dominant than lateral sediment flux (runs 4–10). A 
relative ratio, R > 1, indicates that the accretion volume ratio during runs 4–10 > accretion volume ratio during 
runs 1–3. The accretion patterns indicate a greater lateral directed mound diffusion along the ±x-direction of 
the mound during the middle-end runs 4–10 (Figure 11b) compared to the beginning runs 1–3 (Figure 11a). We 
observe R > 1 (red) near the shoreward and wave maker sides of the mound (e.g., at −45° and +45°). The R < 1 
values (blue) on the sides of the mound (0°) indicate that more sand was deposited during runs 1–3 than during 
runs 4–10 on the sides of the mound, where we observed downslope sediment flux to be important. We deduce 
that the relatively large accretional volume at the side of the mound is due to downslope ripple progression and 
subsequently the accreted sediment from downslope ripple progression diffuses in the ±x-direction due to lateral 
ripple migration.

Figure 10. Time evolution of interpolated ripple-induced mound diffusion estimated from downslope ripple progression and lateral ripple migration for Series 1. Only 
one half of the mound is presented. (a-i–a-iii) Show ripple height, ripple wavelength, and ripple volume, respectively. Red and black contours show erosional contour 
(inside) and threshold of accretional area (outside), respectively. (b) Interpolated average lateral ripple migration rate (color), inside contour line (red) shows threshold 
between the erosional (inside) and accretional (black outside) regions of mound, black contours outline the base of the mound. (c) Observed regions of volumetric 
erosion (blue) and accretion (red); colored contour line shows the lateral migration rate as observed at the erosion threshold contour line (threshold line coloring 
corresponds to colorscale in panel (b)). Time steps correspond to (i) between pre-series and third run (downslope-directed progression dominant), (ii) between the 
fourth run and sixth run, and (iii) between the seventh run and post-series (lateral directed migration dominant). The lateral migration rate on the threshold contour is 
used to estimate the volumetric sediment flux driven by lateral migration through the threshold contour from the central erosional area and diffused to the sides of the 
mound.
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3.2.5. Ripple Splitting

During lateral migration, new ripples form through the mechanism of ripple splitting, where sediment is 
deposited in-between two large ripples at the center of the mound. Figure 12 shows low-pass filtered obser-
vations of ripple wavelength extracted from wavelet analysis at the mound elevation associated with V3 for 
Series 1.

Based on the time-stack of ripple wavelength growth and shrinking estimated using wavelet analysis at a mound 
elevation under V3 (Figure 12) and a corresponding time-stack image (Figure 9) we track four representative 
ripple splitting events. The waterfall plot shows ripple splitting events marked with a diamond at times 149, 182, 
206, and 242 (Figure 12b). The ripple wavelength decreases when ripple splitting occurs, and thereafter, the 
ripple wavelength again begins to lengthen. All of d0/D values from the MODEX experiment were in a narrow 
band, as the wave orbital diameter was not measured to vary significantly over the mound (see Text S4, Figure S2, 
and Figure S3 in Supporting Information S1 for more detail), and we observe the ripple wavelength to grow with 
time before abruptly decreasing in size near the splitting points (Figure 12b). Therefore, during ripple splitting 
events, we see that the ripple wavelength is independent of the wave orbital diameter, which suggests that waves 
alone are not solely responsible for driving ripple growth and splitting cycles. Ripple growth is instead modified 
by mound bathymetry, gravity, and the wave-driven current, which continuously force sediments from the top of 
the mound down the slope. The central ripple acts as a pathway for sediments at the top of the mound to diffuse to 
the bottom of the mound. As such, the central ripple does not scale with the wave orbital diameter during periods 
of ripple growth. Although we cannot visually see the continuous movement of sediments parallel to the ripple 
crests once the initial downslope ripple progression period ends, the constant growth and splitting cycles of the 
central ripples on the mound indicate that sediments are continuously being transported downslope during the 
experiment. Interestingly, during ripple growth, we observe the ripple maximum wavelength to reach the normal-
ized ripple wavelength of anorbital ripples in Clifton and Dingler (1984), but at a much smaller normalized wave 
orbital diameter than previously observed anorbital ripples in Clifton and Dingler (1984). Additionally, prior to 
ripple growth and after ripple splitting, the ripple scaling returns to the wave orbital ripple regime. When ripple 
splitting occurs, the larger ripple at the center of the mound that was created by downslope flow of mound top 
sediment is the source for newly generated ripples with smaller ripple wavelengths (see Text S4, Figure S2, and 
Figure S3 in Supporting Information S1). The cyclic central ripple growth and splitting is a mechanism for lateral 
ripple migration which drives lateral volumetric sediment flux on the sides of the mound.

Figure 11. Sediment volume change during Series 1 for two representative time intervals. Only one half of the mound is 
presented. Wave direction is from right to left (positive x-direction). (a) Bed level change between pre-lidar scan and average 
of sonar after run 2 and run 3; downslope ripple progression is dominant. (b) Bed level change between post-lidar scan and 
the average of sonar scans after run 2 and run 3, lateral migration is dominant. (c) The domain of panels (a and b) are divided 
into 10-degree sectors, shown by dotted lines. The 𝐴𝐴 𝐴𝐴 = 𝑉𝑉 𝑘𝑘∕𝑉𝑉 total  is the ratio of the accretional volume in each sector to the 
total eroded volume of each subset of runs. r Is calculated and plotted in panel (c), for panel (a)-green and panel (b)-purple. 
(d) Relative accretion ratio, R = rb/ra, between panel (a) and panel (b), when R > 1, the sector in panel (b) has relatively more 
accretion than that sector in panel (a).
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3.2.6. Ripple Shrinking

During downslope ripple progression and lateral ripple migration, sediments that constitute the ripple are trans-
ported by ripple migration and spread down and around the mound. The ripple geometry also changes from the 
top to the bottom of the mound (Figures 5a and 10a). Ripple height in Figures 10a-i and ripple wavelength in 
Figures 10a-ii are used to calculate ripple volume (0.5nηλ) in Figures 10a-iii.

We do not have sufficient data to determine whether ripple shrinking was time-dependent. However, evidence 
of ripple shrinking is visible in the post-experiment lidar scan data (see Figure 10a-iii). The ripple geometry 
changes as the ripple migrates farther from the mound top, and presumably during downslope ripple progression. 
As the volume of the ripples decrease, the ripples deposit excess sand on the sides of the mound. During ripple 
migration, ripples enter deeper water, in intermediate wave conditions the wave orbital diameter decreases, which 
drives a reduction in oscillatory ripple geometry. Observations show that ripples shrink in volume by approxi-
mately 10%–15% (see Section 2.6 for volume loss estimation and Figure 7). The deposited sediment due to ripple 
shrinking is a small source of volumetric sediment flux through the threshold contour leading to mound diffusion.

3.3. Observations of Mound Diffusion During a More Energetic Wave Energy Condition

Higher wave energy (Series 2) results in a larger sediment flux contributing to mound diffusion. Unfortunately, 
the sonar scan data extent did not capture the full window of the mound diffusional area for the more energetic 
wave condition (Series 2, see Figure 13a), so it is difficult to close the sediment budget as we did for Series 1. 
However, during Series 2, similar patterns of sediment accretion and erosion were observed (Figures 5 and 13), 
with the magnitude of sediment diffusion greater than during Series 1.

In Series 2 the erosional area was larger in both volume and diameter than the lower energy case (Series 1) and 
the accretional lobes were also wider for the higher energy case. Presumably, during the more energetic wave 

Figure 12. (a) Ripple wavelength variations under V3 extracted through wavelet analysis highlighting ripple splitting and 
growth events during Series 1. (b) Representative splitting events are illustrated with diamond shape markers at panels (a–d) 
on the colorbar that illustrates time (from blue to red). Scale bar represents ripple wavelength change with respect to time and 
x-position. Solid vertical lines (black in (a) and white in (b)) indicate the x-position of V3. x = 0 m is the center of the mound.
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condition, the ripples either propagate downslope toward the sides of the mound much faster than during the less 
energetic wave condition, or it could be that downslope progression of ripples does not occur during the more 
energetic wave condition because the wave condition invokes shallow water waves at the bottom of the mound, 
where during Series 1 the wave condition at the bottom of the mound was intermediate. As such, during Series 
2, ripples could have formed at the bottom of the mound due to wave orbital forcing rather than formed due 
to downslope progression from the mound top.  In either scenario, the ripples become pathways for sediment 
avalanching, which causes persistent downslope sediment flux over the duration of the trial.

We observe that the larger volume of mound diffusion during Series 2 results from increased lateral ripple migra-
tion rates (Figure 14). However, the increased mound diffusion is also largely affected by larger wave forcing 
causing greater sediment flux due to avalanching. The top of the mound diffused very rapidly upon the onset of 
the higher wave energy condition. Consequently, lateral ripple migration, which began after the initial downslope 
ripple progression during Series 1, occurs almost immediately in Series 2.

With respect to ripple splitting events (Figures 14 and 15), there were fewer splitting instances during Series 2 
compared with Series 1. Presumably the more energetic waves drive larger wave orbital diameter ripples, such 
that the ripple wavelength could support more downslope sediment flux before splitting, causing less frequent 
ripple splitting events.

4. Discussion
4.1. Significance of Three-Dimensionality of Ripple Process and Implications for Sediment Transport 
Modeling

The MODEX experiments show that ripple migration and slope driven sediment flux are crucial contributors 
to three-dimensional mound diffusion under wave forcing, with slope driven flux actually using ripples as the 
sediment transport pathway down the sides of the mound. The case investigated in the presented manuscript was 
for non-breaking waves, and we present (to the best of our knowledge) the only study in literature that mecha-
nistically nearly closes the sediment budget for morphologic evolution. In our study, even under monochromatic 

Figure 13. Volumetric change of sand mound for Series 2. (a) Elevation change between pre- and post-series lidar scans 
(red is accretion and blue is erosion). (b, e) Illustrate the volumetric change between each run and the initial mound profile, 
spatially integrated in the x and y directions, respectively. (c, f) Show the accretional component of total volumetric change 
and (d, g) show erosional component. In panels (b–g) differences in runs are indicated by subscripts to Δz in the colorbar.

 21699011, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JF006467 by T

u D
elft, W

iley O
nline L

ibrary on [05/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Earth Surface

LEE ET AL.

10.1029/2021JF006467

21 of 27

waves, complex ripple geometry and migration processes over the sediment mound were observed. The 
three-dimensionality of the sand mound drives three-dimensional hydrodynamics around the mound, which 
causes mound diffusion due to an aggregation of non-stationary and non-uniform sediment transport processes. 
We observed that morphology-generated currents had substantial influence over sediment avalanching mechan-
ics, where volumetric sediment flux due to downslope sediment transport/avalanching contributed significantly 
(30%–70%, dependant on mound slope) to mound diffusion, and lateral migration forced volumetric sediment 
flux of the majority of the remainder observed. Also, at the wave maker and shoreward sides of the mound, 
ripple migration rates depend on the mound slope (Figure 16), which show similar trends to existing observations 
of ripple migration on sloped bathymetries collected in larger scale oscillatory tunnel experiments (Wang & 
Yuan, 2018).

In order to estimate sediment fluxes, most three-dimensional morphologic change models implement empir-
ical or stochastic shear based sediment transport formulations. Many of the prominent sediment transport 

Figure 14. Lateral ripple migration from Series 2 (H = 0.14 m, T = 1.2 s). GoPro images from pre-series and post-series 
(top). Bottom: Time-stack at mound elevation under V3 and V4, yellow lines track ripple crests. Black vertical solid lines 
illustrate x-location of Profiling ADVs V3 and V4, respectively. White horizontal bands indicate missing data.
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formulations do not fully capture ripple mechanics nor slope effects in their formulations (Baar et  al., 2018; 
Wengrove et al., 2019). Once sediment transport is calculated, morphologic change is generally modeled using 
the sediment continuity equation to distribute sediment in the coastal zone (Ancey,  2020). However, current 
methods for prediction of morphological evolution estimate transport at best within a factor of 2 (Ancey, 2020; 
Baar et  al., 2018; Bosboom et al., 2014; Brakenhoff et  al., 2020), which raises the question of how well the 
transport gradients, that drive morphological change, are modeled around large topographic gradients, such as 
a mound. Ranasinghe (2020) calls for the need of coastal process based models that incorporate the physics of 
multi- and intra-scale morphological change. Both dynamic bottom roughness and bed slope effects may need 
to be more precisely represented in our current suite of morphologic change models to quantify morphodynamic 
change with greater skill.

Even though the sediment continuity equation (Exner) is theoretically correct, in order to accurately predict 
morphologic change the sediment flux cannot be assumed to occur uniformly over time and space (Ancey, 2020). 
Some recent studies suggest an advection-diffusion approach (more representative of gradients in time and space) 
to modeling sediment flux and morphologic change instead of the sediment continuity approach (Ancey, 2020). 
Our observations (as with many) are not suited to an advection-diffusion approach because we were unable to 
observe transport on a grain-by-grain scale. Instead, the three-dimensional ripple and gravity-driven sediment 
flux process contributions were quantified individually. The variability in space and time of the measured volu-
metric sediment flux through the threshold contour accounts for the volumetric mound diffusion with high accu-
racy (Equation 14). With this approach, we were able to nearly close the sediment budget for the diffusion of the 
idealized mound under highly three-dimensional conditions. While a stochastic grain-scale approach is perhaps 
not needed, the three-dimensional coverage certainly was.

Hence, morphologic change models should consider all individual transport pathways rather than average esti-
mates of sand fluxes under bulk bedload transport formulations to be better suited to mimic naturally observed 
three-dimensional morphologic change. Ripple processes generally occur on a sub-grid scale, meaning that 

Figure 15. (a) Ripple wavelength variations under V3 calculated using wavelet analysis showing ripple growth and splitting 
during Series 2. (b) Waterfall plot of ripple wavelength changing in time. Representative splitting events are illustrated 
with diamond shape markers at panels (a–d) on the colorbar that illustrates time (from blue to red). Scale bar represents 
ripple wavelength change with respect to time and x-position. Solid vertical lines (black in (a) and white in (b)) indicate the 
x-position of V3. x = 0 m is the center of the mound.
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three-dimensional morphodynamic change models generally have grid sizes that are larger than the scale of 
potential roughness source such as ripples, as such, ripple processes are not modeled directly. This is problem-
atic, because a reduction in grid size for process based models could drastically increase model computation 
time, and therefore is not realistic. Instead we propose to update sediment transport parameterizations to include 
ripple-driven transport and the effect of slope. The following are recommendations for improving morphody-
namic change models; each recommendation is suggested based on our observations. We suggest to:

1.  parameterize a dynamic and non-spatially uniform bed roughness and diffusion coefficient based on wave 
orbital and mean current conditions as well as on bed slope. We observed ripples to grow or split out of equi-
librium depending on the slope of the underlying morphology. The implication is that ripple dimensions and 
dynamics must be well understood and predictable for the relevant conditions, and particularly for sloping 
beds, while present ripple predictors are mainly derived from (quasi-)plane bed observations.

2.  parameterize the mobile layer thickness and the influence of agitation and gravity on mobile layer avalanch-
ing. While the mobile layer may not be as important on flat bathymetries, our observations show that even for 
mild bed slopes, the mobile layer influences sediment avalanching down the sides of the mound slope. One 
implication is that this parameterization must be coupled to the sheet flow parameterization, again requiring 
better understanding of this bed state on sloping beds. The model used herein by Allen (1970), seemed to 
represent slope driven transport well with a good estimate of mobile layer thickness.

3.  represent secondary flows. We observed that secondary flows due to wave and morphologic driven currents 
had influence on both downslope ripple progression and lateral ripple migration.

4.  represent morphology driven transport. We observed that the majority of lateral ripple migration on the 
mound was only secondarily driven by hydrodynamic patterns; oversized ripples and subsequent ripple split-
ting to accommodate equilibrium conditions at one place on the mound caused ripple migration to accommo-
date space for the influx of new sediments on the mound center. As such, ripple migration was not driven by 
asymmetric or skewed waves, but rather by accommodating for space when ripples adjusted to equilibrium 
conditions.

4.2. Influence of Scale

The flume-scale experiments are significantly smaller scale than field scale. We cannot actually interpret 
the small-scale mound diffusion experiment as representative of field scale because of the difference in the 
length-scale of ripples, neglecting suspended sediment, breaking waves, non-homogeneous sediments, and more. 

Figure 16. Ripple migration rate (Cb) for different bottom slopes (β). MOrphological Diffusivity EXperiment observations 
of the shoreward (circle) and wave maker (square) side of the mound during three subsets with different bed slope (same time 
periods as Figures 8 and 10) are shown by the black markers and black dotted regression line (Ubm = 0.2 m/s). The black, 
blue, and red solid lines show regression fits between ripple migration rate and bed slope for larger wave velocity amplitudes 
(Ta040, Ta060, and Ta080 with Ubm = 0.4, 0.6, and 0.8 m/s, respectively) observed in Wang and Yuan (2018).
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Consequently, the magnitude of contribution to morphological diffusion in the field may not be completely 
represented by ripple migration and slope driven sediment flux, as they are in this lab experiment. On the other 
hand, most sediment transport models that we use in morphologic change models were derived from, or cali-
brated on, experimental laboratory data. The key variable that we can compare regardless of scale is sediment 
mobility, which is captured in the laboratory experiments. Rather than being representative for a specific situation 
in nature, the present experiments serve to identify important processes related to three-dimensional diffusion, 
where most sediment transport parameterizations were formulated from two-dimensional experiments. We focus 
on the combination of ripple driven influence and bed slope influence on sediment transport in three dimensional, 
wave driven flows. As such, the major contribution of our experiments is that they quantify the influence of both 
ripple migration driven and slope driven sediment flux on three-dimensional bathymetry under waves, which 
also causes three dimensional circulation. Processes occurring on the field scale may be different in magnitude; 
however, we can take lessons learned from the laboratory scale into account while considering ways in which 
we can improve the predictional capability of our morphologic change models. Several recent publications pres-
ent results from field experiments highlight the potential importance of ripples to larger scale sediment flux 
(Aagaard et al., 2001; Jones & Traykovski, 2019; Wengrove et al., 2018, 2022), and other larger-scale laboratory 
experiments have shown the importance of slope driven transport to larger scale sediment flux (Baar et al., 2018; 
Wang & Yuan, 2018). With our observations, we were able to close the sediment budget over a three dimensional 
bathymetry, which is no simple feat, and in actuality makes this data set extremely valuable for model improve-
ment (following the suggestions made in the previous section) and model calibration.

5. Conclusions
We present, for the first time, an essentially closed sediment budget for three-dimensional mound diffusion under 
waves. We show volumetric sediment flux contributions due to four main ripple migration and slope driven 
processes that sum to account for the total volumetric erosion of the mound top. As such, we show the importance 
of small-scale sediment transport processes to the large-scale morphodynamic change of a sediment mound.

During both mild and more energetic wave conditions (i.e., Series 1 and 2), our results suggest that sediment 
flux driven through downslope ripple progression (downslope movement of the ripples in longitudinal direction: 
±y-direction) and mobile layer avalanching are the main drivers of the initial rapid mound diffusion when the 
mound was steep. While Series 1 intermediate water depth conditions forced initial downslope progression of 
ripples generated on the top of the mound toward the mound base, the more energetic wave forcing of Series 2 
caused ripples to form ubiquitously due to shallow water wave conditions at the mound top and base. However, 
both Series were significantly influenced by mobile layer avalanching of sediments from the mound top to base. 
Sediment avalanching, which used ripples themselves as sediment pathways, persisted through a combination of 
both a steep mound slope and strong wave- and morphology-driven currents that forced sediments down the sides 
of the mound. During this stage, sediment flux due to ripple migration distributed sediment around the mound.

As the mound slope decreased, the contribution of downslope ripple progression and mobile layer avalanching 
to the total volumetric sediment flux decreased, and ripples on the mound formed during downslope progression 
started to migrate laterally around the mound (shoreward and wave maker directions: ±x-direction). During both 
Series 1 and Series 2, lateral ripple migration is the main mechanism of spreading sediments that accumulate 
near the mound sides and base as a result of downslope ripple progression and avalanching. During lateral migra-
tion, new ripples generated from the center of the mound due to ripple splitting. Concurrent with lateral ripple 
migration, ripple splitting and shrinking further contribute volumetric sediment flux to mound outward diffusion. 
Ripple splitting occurs from a continuous sediment flux from the top of the mound toward its base that forms 
large wavelength ripples that act as a primary downslope sediment pathway at the center of the mound; large 
ripples eventually grow out of equilibrium with the wave orbital diameter and thus split. Ripple splitting drives 
lateral ripple migration in both the ±x directions along the mound. During Series 1, we observed more common 
ripple splitting events because the wave orbital diameter could only support smaller wavelength ripples, while 
during Series 2 ripple splitting events were less common because the large central ripple could stay in equilibrium 
with the more energetic wave conditions for a longer period of time. Finally, change in ripple geometry, in this 
case, ripple shrinking, is the smallest but still noticeable contributor to mound diffusion for both wave energy 
conditions.

We suggest that a modified approach to sub-grid sediment flux parameterizations be taken, which accounts for 
the actual contributions of convergence/divergence of flow fields (around three-dimensional bathymetry) and 
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bathymetric slope on sediment flux and thereby estimates of morphologic change. Our results support that the 
sediment continuity equation used to propagate morphologic change could be an appropriate approach; however, 
the simplistic empirical and stochastic sediment transport formulations used to estimate sediment flux may not be 
robust enough to mimic sediment fluxes in/on complex three-dimensional flows/bathymetries. If sediment flux 
parameterizations can accurately account for the influence of slope and flow convergence/divergence on sedi-
ment transport, the sediment continuity equation may be a reasonable approach to modeling morphologic change.

Data Availability Statement
The processed data used in the study (Two wave-only conditions of MODEX experiment) are available at 
DesignSafe-CI Data Depot (see Lee et al. (2022), https://doi.org/10.17603/ds2-qzkn-7a92).
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