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Abstract Bedload transport is an important mechanism for sediment flux in the nearshore. Yet few
studies examine the relationship between bedform evolution and net sediment transport. Our work
contributes concurrent observations of bedform mobility and bedload transport in response to wave
dominant, current dominant, and combined wave-current flows in the nearshore. Bedload sediment
flux from migrating bedforms during combined wave-current conditions accounted for at least 20%
more bedload transport when compared with wave dominant flows and at least 80% more than
current-dominant flows. Bedforms were observed to transport the most sediment during periods with
strong currents, with high-energy skewed waves, and while bedform orientation and transport direction
were aligned. Regardless of flow type, bedform migration rates were directly proportional to the total
kinetic energy contained in the flow field. Eleven bedload transport models formulated to be used in
combined flows (both shear and energetics based) were compared with sediment flux estimated from
measured bedform migration. An energetics based sediment transport model was most representative for
our data.

1. Introduction
Coastal morphodynamics is driven by sediment mobility in response to waves, currents, and combined
wave-current flows. Sediment transport is broadly considered in two classifications, bedload and suspended
load transport (van Rijn, 1993). Numerous studies have shown that the small-scale morphologic change is
correlated to the bedload transport (Aagaard et al., 2001; Amos et al., 1999; Hay & Mudge, 2005; Soulsby &
Damgaard, 2005). The focus of our effort was to examine the evolution of bedforms and by proxy bedload
transport in combined wave-current environments during the intermediate energy states, where bedforms
are mobile as they form, evolve, and migrate in response to waves, currents, or combined wave-current
flows (Gallagher et al., 1998; Traykovski et al., 1999). Mobile bedforms are common in the surf zone, as
well as in tidal inlets. Given that these regions only occasionally reach high-energy sheet flow transport
conditions, it can be assumed that the intermediate energy states are important to understanding coastal
morphodynamics.

Bedload transport via bedform migration can occur within mean wave, current, and combined wave-current
flow conditions. In mean current-dominant flows, bedform migration occurs by grains being pushed up
the stoss side of the bedform and deposited on the lee side (Fredsøe & Deigaard, 1992; van Rijn, 1993). In
wave-dominant flows, migration of bedforms is thought to occur due to wave streaming and wave velocity
skewness and/or wave velocity asymmetry (Davies & Villaret, 1999; Nielsen & Callaghan, 2003). In com-
bined flows, transport typically is thought to occur by sediment being mobilized by waves and then advected
by currents within the bottom boundary layer (Amos et al., 1999).

There are many observations of bedform response to wave-dominant or current-dominant flows (e.g.,
Nielsen, 1992; Soulsby et al., 2012; Traykovski et al., 1999; van Rijn, 1993); however, there are limited obser-
vations of bedform response to combined flows, especially in a field environment (Amos et al., 1999; Perillo
et al., 2014; Smyth & Li, 2005; van Rijn, 2007). Existing data sets of bedform response to combined flows
in the laboratory (e.g., Catano-Lopera & Garcia, 2006; Lacy et al., 2007; Perillo et al., 2014) and in the field
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(e.g., Amos et al., 1999; Gallagher et al., 1998; Passchier & Kleinhans, 2005; Soulsby et al., 2012; Sternberg,
1972) focus on bedform generation, roughness geometry, and orientation, but less frequently discuss bed-
load transport associated with the migration of combined flow bedforms. Additionally, the models that are
developed to predict bedload transport within combined wave-current flows have not been widely com-
pared to bedload sediment flux observations associated with bedform migration (Fredsøe et al., 1999; Grant
& Madsen, 1979; Soulsby, 1997; Soulsby & Clarke, 2005; Soulsby & Damgaard, 2005; Sternberg, 1972; Styles
& Glenn, 2000; van Rijn, 2007).

Our observations captured bedform evolution and migration in response to waves, currents, and combined
wave-current flows at two cross-shore stations between the shore-parallel sandbar and the shoreline. Bed-
forms were exposed to storms and spring-neap tidal cycles, which generated a variety of flow conditions
and transitions. The observed highly dynamic and nonequilibrium bedforms offer an opportunity to exam-
ine the response over a range of forcing conditions. Our effort addresses (1) bedform shape and mobility
dependence on wave-dominant, current-dominant, and/or combined wave-current flows; (2) quantifica-
tion of the sediment transport magnitude and direction associated with bedform evolution and migration
within wave-dominant, current-dominant, and combined wave-current-dominant flows; and (3) the skill of
existing models used to predict bedload transport in combined flows.

2. Methods
2.1. Experiment and Instrumentation
Data were collected during a field campaign at the Sand Engine meganourishment (the Netherlands) as part
of MEGAPEX in the fall of 2014. Details of the experiment and instrumentation are described in Wengrove
et al. (2018). There were two instrument stations: S1 located 20 m from the shoreline and S2 located 66 m
further seaward along the same cross-shore transect and 50 m shoreward of the approximately shore parallel
sandbar. At each station there was an Imagenex 881a pencil beam sonar with azimuth drive used to measure
a complete topographic map of the local bedform shape and mobility, as well as an acoustic Doppler instru-
ment to measure the local velocity field. Additionally, large-scale bathymetry was measured with regular
surveys using an echo sounder and GPS mounted on a Jet Ski throughout the experiment. The coordinate
system adopted herein is defined with respect to degrees from shore normal, with 0◦ being onshore (−x),
+90◦ rotating counterclockwise from shore normal (toward the northeast, +y), and −90◦ rotating clockwise
from shore normal (toward the southwest, −y). The sediment median grain size, d50, was 350 𝜇m.

2.2. Hydrodynamics
The local flow at each monitoring station was decomposed into current velocities, with magnitude U and
direction 𝜙c, and wave orbital velocities, with magnitude uo and direction 𝜙w, over 10-min-averaged time
intervals; the current and wave components were used to estimate the combined wave current velocity and
kinetic energy (Wengrove et al., 2018). The current velocity is defined by the resultant of the temporal mean
of the horizontal (u, v) velocities with,

U = |ū|, (1)

and the overbar represents a temporal average over 10 min. The magnitude of the representative orbital
velocity assumes a sinusoidal velocity with,

uo =
√

2ustd, (2)

where ustd = [(u − U)2]0.5 (Traykovski et al., 1999). The representative orbital velocity was used throughout
the manuscript unless otherwise indicated by the bedload transport models evaluated in the discussion
section.

The combined wave current velocity (Lacy et al., 2007) relates the wave orbital and current velocities with
a third term representing the combined effect depending on the angle between the orbital and current
velocities, where

uwc = [u2
o + U2 + 2uoU cos |𝜙w − 𝜙c|]0.5. (3)

Finally, the maximum kinetic energy in the combined wave-current flows is defined as
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Ekwc
= 1

2
u2

wc. (4)

We distinguish between wave-dominant, current-dominant, and combined flow conditions using a frac-
tion of energy approach to assess the contribution of waves and/or currents to sediment flux. An energy,
Ekwc

, approach is used instead of the friction velocity due to challenges in the friction velocity estimate in
combined flow conditions over bedforms, so using energy mitigates propagation of error through analysis.
Ekw

∕Ekwc
is defined as the fraction of kinetic energy due to waves, so a value of 1 would be purely wave driven

flow, and a value of 0 would be purely current driven flow. Previous literature has distinguished wave domi-
nant flows from combined flows based on a ratio of wave-induced to current-induced friction velocity, where
purely wave ripples occur at a friction velocity ratio of 0.5 or greater (Lacy et al., 2007; Sternberg, 1972). To
put this limit in terms of energy, this threshold of 0.5 is squared. Therefore, we define, Ekw

∕Ekwc
> 0.75 to be

wave dominant, 0.75 ≥ Ekw
∕Ekwc

≥ 0.25 for combined wave-current flow, and 0.25 > Ekw
∕Ekwc

to be cur-
rent dominant. The nearbed velocity necessary for estimating the kinetic energy was taken at 10 cm above
the bedform crests either by direct observation or approximation with linear wave theory for the wave con-
tribution and a log layer approximation for the mean flow contribution (Mathisen & Madsen, 1996). The
10-cm distance was chosen because it is far enough away from the bedform crests to be minimally influ-
enced by bedform vorticies, but close enough to the boundary to be representative of flow conditions near
the bed. Further details of hydrodynamic calculations can be found in Wengrove et al. (2018) and Wengrove
et al. (2017).

2.3. Bedform Migration and Sediment Flux
Aside from observations of bedform geometry, height (𝜂), and wavelength (𝛬; see Wengrove et al., 2018),
a time series of bedform migration magnitude and direction was estimated using subsequent local 2-D
bathymetric pairs from the pencil beam sonar. Each pair of bathymetries was processed with either a 2-D
cross correlation as defined in Wengrove et al. (2017) or a motion estimator process least squares error
approach (Perkovic et al., 2009). The 2-D cross correlation is a measure of similarity of the two bathymetries
based on the displacement of one relative to the other, highlighting shifts (or bedform migrations) between
bathymetries (similar to techniques used in Particle Image Velocimetry). If there are bedforms with multi-
ple wavelengths within the sonar view window then the 2-D cross correlation method works well. However,
when the bedforms get large, there may only be one wavelength in view; in this case, the motion estimator
process method is a more robust method because the least squares analysis is much less sensitive for smaller
viewing windows relative to bedform wavelength. Once the bedform displacement, dx𝑦 = (d2

x + d2
𝑦
)0.5, was

found between each subsequent bathymetric pair, the bedform migration rate and migration direction were
found by Vmig. = dxy∕ts and 𝜙mig. = a tan(d𝑦∕dx), respectively, where ts is the sampling time between
bathymetric pairs (Wengrove et al., 2017, 2018).

The transformation of bedform migration rate to volumetric bedload transport, q, has been characterized
with magnitude,

qbedform = 1
2

nVmig𝜂, (5)

and direction (𝜙mig), where n is the volume fraction of sediment and 𝜂 is the bedform height (Amos et al.,
1999; Traykovski et al., 1999). The formulation assumes that when the bedform migrates, the entire bedform
is transported, and that the sand transport is equivalent to the trapezoid defined by the moving ripple face
through time (Amos et al., 1999). The method described in (5) effectively yields the maximum bedform trans-
port rate assuming a steady bedform volume between finite sampling measurements. Details of bedform
statistics obtained from 2-D wavenumber spectra of the sonar imagery data including bedform wavelength
(𝛬), height (𝜂), and orientation (𝜙r) can be found in Wengrove et al. (2018) and Wengrove et al. (2017).
Finally, bedform dimensionality (2-D/3-D) was determined from the bedform directional spread in the 2-D
wavenumber spectra (Wengrove et al., 2018), where the delineation between 2-D and 3-D was defined with
a spread of <20◦ for 2-D bedforms.

2.4. Prediction of Bedload Transport Magnitude
Since direct measurements of bedload transport are difficult and time consuming to obtain, it is generally
inferred from the velocity field using measured and modeled data. There are two broad approaches to infer
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Table 1
Bedload Transport Models

Model reference Foundation Formulation Abbreviation
van Rijn et al. (2004) qb = f(𝜏b) imbedded 𝜏b VR04
van Rijn (2007) qb = f(𝜏b) imbedded 𝜏b VR07
Soulsby (Soulsby, 1997) qb = f(𝜏b) imbedded 𝜏b S97
van der A et al. (2013) qnet = f(𝜏b) imbedded 𝜏net VDA13
Meyer-Peter and Muller (1948) qb = f(𝜏b) explicit qb+𝜏b MPM-M94
+ Madsen (1994)
Meyer-Peter and Muller (1948) qb = f(𝜏b) explicit qb+𝜏b MPM-N92S72
+ Nielsen (1992) & Sternberg (1972)
Meyer-Peter and Muller (1948) qb = f(𝜏b) explicit qb+𝜏b MPM-SC05
+ Soulsby and Clarke (2005)
Meyer-Peter and Muller (1948) qb = f(𝜏b) explicit qb+𝜏b MPM-SG00
+ Styles and Glenn (2000)
Soulsby and Damgaard (2005) qb = f(𝜏b) explicit qb+𝜏b SD05-SC05
+ Soulsby and Clarke (2005)
Soulsby-van Rijn (Soulsby, 1997) qb = f(un) energetics SVR97
Hsu et al. (2006) qb = f(un) energetics HEG06

sediment flux from velocity measurements. The first assumes that qb = f(𝜏b or 𝜃), indicating that bedload
flux is a function of dimensional or nondimensional bed stress (Shields, 1936), and the second assumes that
qb = f(un), a family of equations referred to as energetics models (Bagnold, 1966; Bailard & Inman, 1981;
Bowen, 1980). Table 1 lists 11 models that are commonly used to estimate bedload sediment transport within
the nearshore. Table 1 also includes a model foundation, which indicates whether the model is based in
shear stress or energy. Within the shear stress based models, the various formulations are characterized as
either explicit or imbedded, where the explicit models require an outside measurement or approximation of
bed stress, and the imbedded models have a shear stress model imbedded in the transport formulation. The
remainder of this section introduces each family of transport models and provides insight into where each
is currently being implemented. Additionally, the supplementary information to this manuscript guides
readers through the basis of the physics included in each model, for additional information and for the
model formulations, references to each model are included in Table 1 and in the supporting information.

Within the stress-based family of transport models that assumes qb = f(𝜏b or 𝜃), there are many explicit
semiempirical models for bedload transport that require an external bed stress measurement or formulation
(Soulsby, 1997). The shear stress family of models is widely used within field and laboratory data analysis
because direct measurements of bed shear inferred from boundary layer gradients can be used within these
models. The most common of these explicit semiempirical models is the excess stress based Meyer-Peter
and Muller (1948) model. Excess stress based models characteristically subtract the critical threshold of
motion nondimensional shear stress, 𝜃crit, from the flow Shields parameter, 𝜃, but have varying gain factors
and power exponents (Nielsen, 1992; Soulsby, 1997). The Meyer-Peter Muller model is shown to estimate
bedload flux well when there is reasonable confidence in estimates of bed stress (Rodriguez-Abudo & Foster,
2014). If direct stress measurements are unavailable, these transport models can be paired with external
formulations to estimate bed stress or to estimate 𝜃. Common formulations to estimate the bed stress in
combined flows include Styles and Glenn (2000), Madsen (1994), Soulsby and Clarke (2005), and Nielsen
(1992) combined with Sternberg (1972). The bed stress in all of these models is estimated using current
and wave friction factors. Meyer-Peter and Muller (1948) and derivatives are used widely with various bed
stress approximations to estimate bedload transport. Soulsby and Damgaard (2005) is an example of another
excess stress based transport model that is specifically formulated for use in combined wave-current flows
incorporating the Soulsby and Clarke (2005) bed stress approximation.

The imbedded style of transport models still assume qb = f(𝜏b or 𝜃) but have an imbedded stress model
using friction factors. Models that are formulated in this manner include van Rijn (1993), van Rijn et al.
(2004), van Rijn (2007), Soulsby (Soulsby, 1997), and van der A et al. (2013). Each of these models, excluding
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the van der A et al. (2013), assumes that intrawave dynamics are steady, while van der A et al. (2013) is a
semiunsteady transport model.

Finally, the energetics family of transport models assume that the sediment flux is a function of the imposed
free stream flow field, or qb = f(un) (Bagnold, 1966; Bailard & Inman, 1981; Bowen, 1980). Unlike an excess
stress model, the energetics models directly relate bedload transport to higher moments of the velocity field
including skewness and asymmetry. Hsu et al. (2006) modified the energetics models from Bagnold (1966),
Bowen (1980), and Bailard and Inman (1981) to include transport from both waves and currents over a
sandbar. Soulsby/van Rijn is another energetics-based model based upon the flow turbulent kinetic energy
over a rippled sediment bed (Soulsby, 1997). Energetics based models generally have a drag coefficient based
upon the boundary roughness as well as an efficiency parameter that approximates the magnitude of flow
kinetic energy driving boundary mobility.

Large-scale coastal change models such as Delft3D (Lesser et al., 2004), XBeach (Roelvink et al., 2015), and
COAWST (Warner et al., 2008) implement stress-based sediment transport models. The van Rijn (1993), van
Rijn et al. (2004), van Rijn (2007), and van der A et al. (2013) approaches are used in Delft3D, XBeach imple-
ments the Soulsby/van Rijn (Soulsby, 1997) formulation, while COAWST uses the Meyer-Peter and Muller
(1948) transport model with Styles and Glenn (2000) bed stress approximation or Soulsby and Damgaard
(2005) transport model with Soulsby and Clarke (2005) bed stress approximation. While energetics-based
models are often used to estimate cross-shore sediment transport, specifically related to sandbar evolu-
tion, but are not widely used to estimate bedload transport in processed based coastal change models. Our
contribution compares each sediment transport model to observations of bedform migration.

2.5. Prediction of Bedload Transport Direction
When bedforms migrate, they transport their mass in a direction oriented in someway to the prevailing flow
direction. The maximum gross bedform normal transport (MGBNT) is a method to estimate the bedform
migration direction from the direction of the flow field, a quantity that does not distinguish wave and current
directions (Gallagher et al., 1998; Lacy et al., 2007). The MGBNT is defined by the combined influence of
the transport directions over the timescale of the bedform development; bedforms align to maximize their
gross normal transport. The MGBNT occurs at an angle, 𝛼, in which the transport T is maximized.

T =
∑

i
Di| sin(𝛾i − 𝛼)| (6)

where Di and 𝛾 i are the magnitude and direction of individual transport vectors (Gallagher et al., 1998). The
summation window is dependent on the timescale of the bedform development/adjustment.

3. Results
3.1. Flow Forcing Bedform Shape and Migration
Observations obtained during MEGAPEX captured bedform response to wave, current, and combined
wave-current flow conditions. Both ripples and megaripples were observed at S1 and S2 during the 2014
deployment (Wengrove et al., 2018). Time series of bedform variability in dimensionality, size, and migration
rate with concomitant flow energy magnitude and dominance at site S1 is shown in Figure 1. Confidence
limits in observed bedform wavelength was determined by the spread in the energy density peak in the
2-D wavenumber spectra (Wengrove et al., 2018) and are shown in representative snapshots from the S1
time series of wave, current, and combined flow dominant bedform evolution (Figures 2–5). At times
bedforms were 2-D or 3-D (commonly occurring during periods of flow transitions) and were observed
during current-dominant, wave-dominant, and combined wave-current energy conditions (Figures 1c and
1d). Megaripples were observed during periods with higher flow energy, and during energetic combined
wave-current flow and lunate megaripples were observed on three occasions at S1 (Figures 1c and 1d,
highlighted in blue). In addition to bedform shape and orientation, migration rate and migration direction
also shift in response to flow forcing within current-dominant (Figure 2), wave-dominant (Figure 3), and
combined wave-current flow conditions (Figures 4 and 5).

As flow conditions approached current dominance, the transition from wave to current dominance was
gradual (e.g., with the onset of flood tidal flow). During the transition, the bedform transport direction led
the bedform orientation (as shown in Figures 2a and 2e–2j) by approximately 40 min to 1 hr, which is
also approximately equal to one third of the bedform growth adjustment time, 𝜏 (Wengrove et al., 2018).

WENGROVE ET AL. 5
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Figure 1. Time series showing bedform dimensionality (2-D/3-D) and scale (ripple/megaripple) in response to flow energy at S1. Panel (a) shows the depth, h,
over the 30-day observational window. Panel (b) shows the total kinetic energy, Ekwc

colored by fraction of kinetic energy due to waves Ekw
∕Ekwc

. Panel (c)
shows bedform wavelength, 𝛬, colored by the bedform dimensionality, 2-D bedforms are in gray and 3-D bedforms are in black. Bedforms with wavelengths
greater than the dashed line are considered to be megaripples, with points highlighted with blue o showing observed occurrences of lunate megaripples. Panel
(d) shows the bedform migration rate, Vmig. (solid black line), with red * indicating occurrences of megaripples, and blue o showing observed occurrences of
lunate megaripples.

The bedform adjustment time is defined as the time between zero crossings of d𝛬∕dt, where 𝛬 is the bed-
form volume. Additionally, the migration velocity began to ramp up before the bedform wavelength evolved
(Figure 2c) to the longer and fairly small steepness (𝜂∕𝛬 = 0.06) bedform shown in Figures 2g–2j). Such
bedforms have a steepness consistent with dunes as observed by Fredsøe and Deigaard (1992). Observations
of transport with a phase lead between migration direction and bedform orientation occurred frequently
during the onset of spring flood tide at both sites S1 and S2.

Wave-dominant flow occurred during typical conditions (no storm), as well as during swell conditions (just
before a storm; Figure 1). Bedforms were classified as wave-orbital ripples, with wavelength and height
dependent on the energy in the flow field (Wengrove et al., 2018). Wave-dominant bedforms were usually
2-D in shape, as seen with the small spread in bedform direction (Figures 3d and 3e–3j). Bedforms migrated
farther when the ripple orientation and migration direction were aligned (Figures 3h-3j compared with
panel c).

During periods of combined wave-current flow there were several instances of megaripples with wave-
lengths of >0.8 m (Aagaard et al., 2001; Gallagher et al., 1998; Ngusaru & Hay, 2004) and migration rates
in excess of 2 cm/min. Megaripples generally transitioned from 3-D to 2-D over the course of their evolu-
tion. Figure 4 shows the evolution of a representative megaripple during combined wave current flows at
S1 (other instances of megaripples are highlighted in Figure 1c). When the combined flows become fairly
strong, with total kinetic energy levels of greater than 0.5 m2/s2, lunate megaripples are observed migrating
through the field of view (Figures 5f–5h; at S1 occurring on three occasions). Previously observed lunate
megaripples in the nearshore by Ngusaru and Hay (2004) and Hay and Mudge (2005) generally occur under
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Figure 2. Time series of bedform adjustment with the onset of a flood tidal current at S1. Panel (a) shows the depth, h. Panel (b) shows the total kinetic energy,
Ekwc

colored by fraction of kinetic energy due to waves Ekw
∕Ekwc

. Panel (c) shows the bedform migration rate, Vmig. (*), corresponding bedform wavelength 𝛬

(solid black line with vertical range bars representing wavelength uncertainty) (left axis), and bedform volume, 𝛬b (o; right axis). Panel (d) shows the bedform
orientation, 𝜙r (solid black line with vertical range bars representing directional spread), and bedform migration direction, 𝜙mig. (×). Panels (e)–(j) show
sample local bathymetries taken at times indicated by the vertical dotted lines in (d), where the dashed line and shaded region in each panel indicate the
bedform orientation (𝜙r) and directional spread, respectively, and the dash-dotted line indicates the bedform migration direction (𝜙mig.).

weak mean currents and observe the horns of the lunate bedform migrating in the onshore direction. How-
ever, Thornton et al. (1998) qualitatively observed lunate megaripples migrating in the alongshore direction;
an observation that is consistent with our observations where the horns of the bedform were migrating in
the alongshore direction. Near the tip of the Sand Engine at S1, we observed lunate megaripples migrating
toward the northeast, in the prevailing direction of the flood tidal current. The migration of the bedform pre-
ceded the growth of the bedform wavelength (Figure 5b), and the building period was shorter with higher
energy flows.

Boxplot diagrams quantify the contributions to bedload transport driven by wave-dominant,
current-dominant, and combined wave-current flows (Figure 6). Figure 6 shows several boxplots of rele-
vant variables (bedform volume, bedform height, and bedform migration rate) to calculate sediment flux,
as well as boxplots that present the sediment flux distributions at both S1 and S2. A boxplot is a simple
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Figure 3. Time series of bedform adjustment in wave dominant flow at S1. Panel (a) shows the depth, h. Panel (b) shows the total kinetic energy, Ekwc
colored

by fraction of kinetic energy due to waves Ekw
∕Ekwc

. Panel (c) shows the bedform migration rate, Vmig. (∗), corresponding bedform wavelength 𝛬 (solid black
line with vertical range bars representing wavelength uncertainty) (left axis), and bedform volume, 𝛬b (o; right axis). Panel (d) shows the bedform orientation,
𝜙r (solid black line with vertical range bars representing directional spread), and bedform migration direction, 𝜙mig. (×). Panels (e)–(j) show sample local
bathymetries taken at times indicated by the vertical dotted lines in (d), where the dashed line and shaded region in each panel indicate the bedform
orientation (𝜙r) and directional spread, respectively, and the dash-dotted line indicates the bedform migration direction (𝜙mig.).

way to represent the distribution of data. The distribution mean (MN) and median (MD) are used as dis-
tinguishing statistics between flow conditions. Additionally, for reference, a histogram of the occurrences
of wave-dominant, current-dominant, and combined wave-current flows both at S1 and S2 are shown in
Figures 6a and 6b.

On average, at both sites, the median transport in combined flows was 0.2 m3/m/s, which was 15% and 91%
larger than wave-dominant and mean current-dominant flow, respectively. Furthermore, on average the
mean transport was 0.38 m3/m/s in combined flows, which was 24% and 82% greater than wave-dominant
and mean current-dominant flow, respectively. Bedform behavior at site S1 (closer to shore) was more
heavily influenced by combined flows, where mean combined flow transport accounted for a 45% greater
sediment flux than wave dominant transport. At S2, the transport was comparable between wave dominant
and combined wave-current flows (note that S2 was not deployed during the larger storm events). Boxplot
diagrams for S1 show distributions of the full 27-day deployment, whereas boxplot diagrams for S2 only
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Figure 4. Time series of bedform adjustment during combined flow at S1—megaripple evolution. Panel (a) shows the depth, h. Panel (b) shows the total kinetic
energy, Ekwc

, colored by fraction of kinetic energy due to waves Ekw
∕Ekwc

. Panel (c) shows the bedform migration rate, Vmig. (∗), corresponding bedform
wavelength 𝛬 (solid black line with vertical range bars representing wavelength uncertainty; left axis), and bedform volume, 𝛬b (o; right axis). Panel (d) shows
the bedform orientation, 𝜙r (solid black line with vertical range bars representing directional spread), and bedform migration direction, 𝜙mig. (×). Panels (e)–(j)
show sample local bathymetries taken at times indicated by the vertical dotted lines in (d), where the dashed line and shaded region in each panel indicate the
bedform orientation (𝜙r) and directional spread, respectively, and the dash-dotted line indicates the bedform migration direction (𝜙mig.).

represent the middle 16 days; distributions for only the middle 16 days at S1 show similar trends to the S2 dis-
tributions (not shown). Transport contributions from combined flows were up to 50% greater than sediment
flux associated with wave dominant flows, and even more so with current-dominant flows (Figure 6f).

3.2. Observations of Bedform Migration Direction
The observed bedform migration direction relative to the current and wave directions for all data at S1 and
S2 is shown in Figure 7. Bedform migration directions spanned from −50◦ to +100◦ from shore normal,
with larger bedforms more commonly propagating to the northeast (toward the +90◦ direction) when the
current was roughly +80◦ from shore normal. Using circular statistics, it is clear from the scatter that the
orientation did not solely depend on the currents (r2 = 0.40, rmse∕𝜎 = 56◦) nor the waves (r2 = 0.20, rmse∕𝜎
= 37◦). Bedforms appear to migrate in response to some combination of the current and wave directions,
resulting in a migration direction between 𝜙c and 𝜙w as shown by the MGBNT (Figure 7c).
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Figure 5. Time series of bedform adjustment during high energy combined flow at S1—lunate megaripple evolution. Panel (a) shows the depth, h. Panel (b)
shows the total kinetic energy, Ekwc

, colored by fraction of kinetic energy due to waves Ekw
∕Ekwc

. Panel (c) shows the bedform migration rate, Vmig. (*),
corresponding bedform wavelength 𝛬 (solid black line with vertical range bars representing wavelength uncertainty; left axis), and bedform volume, 𝛬b (o; right
axis). Panel (d) shows the bedform orientation, 𝜙r (solid black line with vertical range bars representing directional spread), and bedform migration direction,
𝜙mig. (×). Panels (e)–(j) show sample local bathymetries taken at times indicated by the vertical dotted lines in (d), where the dashed line and shaded region in
each panel indicate the bedform orientation (𝜙r) and directional spread, respectively, and the dash-dotted line indicates the bedform migration direction (𝜙mig.).

4. Discussion
4.1. Statistics of Bedform Migration and Implications for Transport
Bedform migration rates under wave, current, and combined wave-current flow in combination with the
bedform shape characterize the bedload transport due to bedform migration. The bedform migration rate
and height were used to estimate the bedload sediment flux due to moving bedforms with (5). There are
several theories regarding the forcing mechanism for bedform migration, with mean currents and asym-
metric velocities being the most prevalent (Davies & Villaret, 1999; Fredsøe & Deigaard, 1992; Nielsen &
Callaghan, 2003; van Rijn, 1993). Five characteristic indicators of the flow field (current magnitude, orbital
velocity magnitude, velocity skewness, velocity asymmetry, and total kinetic energy) are compared with bed-
form sediment flux for current-dominant (Figures 9a–9e), wave-dominant (Figures 9f–9j), and combined
wave-current flows (Figures 9k–9o).
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Figure 6. Boxplot diagrams showing relevant metrics for calculating sediment flux from bedform migration for current-dominant (C), wave-dominant (W), and
combined wave-current (WC) flows. Panels (a) and (b) show the probability distributions of data falling into C/W/WC dominant flows for S1 and S2. Panel (c)
shows boxplot diagrams of bedform volume, . Panel (d) shows boxplot diagrams of bedform height, 𝜂. Panel (e) shows boxplot diagrams of bedform migration
rate, Vmig. Panel (f) shows boxplot diagrams of bedform sediment flux, qb. The mean point (MN) for site S1 is in black and site S2 is in gray on each boxplot.
The key in the upper right hand corner of the figure shows relevant information for understanding a boxplot diagram. A boxplot is a simplistic method to
represent a probability distribution. Q1 is the first quartile and contains 25% of the data, MD is the data median (shown by the center line), MN is the data
mean (shown by the dot), and Q3 is the third quartile and contains another 25% of the data. The notch in the middle of the boxplot indicates the 95%
confidence interval (shown by –5%– in the key), if the notch of one boxplot does not overlap with the notch of another, then the medians of the boxplots are
statistically different with 95% confidence. The points to either side of Q1 and Q3 are outliers; note that all panels do not show the extent of their outliers so that
the boxplot distribution is easier to distinguish.

All bedforms within current-dominant flows transported less than 0.1 ×10−4 m3/m/s of sediment
due to bedform migration with flow total kinetic energies up to 0.35 m2/s2 (Figure 9a), suggesting
that current-dominant flows in our data set were not consistent with large sediment flux. Within
current-dominant flows, there was not a strong relationship between sediment flux and orbital velocity,
skewness, or asymmetry (Figures 9b–9d); however, the current-dominant bedforms did transport more
sediment with increased flow energy (Figure 9e).

During wave dominant flows there were occurrences of sediment flux above 0.20×10−4 m3/m/s
(Figures 9f–9j) that occurred when the orbital velocity was large and the total kinetic energy was above
0.25 m2/s2 and also with increased velocity skewness (Figure 9h). Data show that in order for wave domi-
nant bedforms to transport sediment at rates over 0.20 ×10−4 m3/m/s, the waves not only must be skewed
but also have a total kinetic energy over 0.4 m2∕s2, there were only six observations of high energy skewed
waves during the experiment (Figure 9h). Bedload sediment flux due to bedform migration was not shown
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Figure 7. Scatter plots of bedform migration direction, 𝜙mig. (y axis) plotted against (a) the current direction, 𝜙c, (b) the wave direction, 𝜙w, and (c) the MGBNT
direction, 𝜙MGBNT using a variable adjustment time 𝜏 (see section 4). Points are colored by fraction of energy due to waves and scaled by bedform wavelength,
𝛬, as indicated in (a). A 1:1 ratio line is plotted in black on each panel. MGBNT = maximum gross bedform normal transport.

to be related to velocity asymmetry (Figure 9i). One possible explanation is that velocity skewness leads to
migration and velocity asymmetry contributes to fluidization (Foster et al., 2006; Sleath, 1999).

Finally, during combined flow conditions (Figures 9k–9o), periods of bedload sediment flux due to bedform
migration greater than 0.20×10−4 m3/m/s occurred when the current velocity magnitude increased above
0.5 m/s and the orbital velocity was larger than 0.5 m/s. During these events waves were sometimes (but
not necessarily) skewed, and velocity asymmetry was low. In general, the observations indicate that for
bedforms to migrate there needs to be either a strong current with a strong orbital velocity or skewed waves
with a strong orbital velocity. Total kinetic energy in the flow field is an overarching indicator for increased
bedform migration rates and bedload sediment flux due to bedform migration regardless of whether the flow
is wave, current, or combined wave-current dominant.

The bedform migration rate and sediment flux were shown to increase with increased total kinetic energy,
regardless of whether conditions were wave-dominant, current-dominant, or combined wave-current flows,

Figure 8. Observed bedform sediment transport flux, qbedform, plotted against total kinetic energy, Ekwc
, (panel a), and plotted against the total kinetic energy

and the Shields parameter (panel b), on log-scale. Ekwc
data are colored by the fraction of energy due to waves, to show flow dominance. Marker size in panel a

is scaled with bedform volume, 𝛬b, as shown in the bottom of the panel. Additionally, in panel (b), filled circles are again the kinetic energy shaded by fraction
of energy due to waves (r2 = 0.63), the black ◦ indicate the Shields parameter from N92LA98 (r2 = 0.51), the red □ indicate the Shields parameter from M94 (r2

= 0.58), the blue △ indicate the Shields parameter from SG00 (r2 = 0.56), and the gray ⋆ indicate the Shields parameter from SC05 (r2 = 0.49). The solid black
line is a fit line described as qbedform = 1 × 10−4E2

kwc
.
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Figure 9. Indicators of the flow field, U, uo, velocity Sk, velocity As, Ek plotted against the bedload sediment flux due to bedform migration, qbedform, and
colored by the total kinetic energy in the combined wave-currents, Ekwc

. Panels (a)–(e) show current-dominant flows (fraction of energy due to waves <0.25);
panels (f)–(j) show wave-dominant flows (fraction of energy due to waves >0.75); panels (k)–(o) show combined wave-current flows (fraction of energy due to
waves is between 0.25 and 0.75).

following a power law relationship with a correlation of r2 = 0.63 (Figure 8a). Additionally, as total kinetic
energy increases, so did the bedform volume, (volume is represented with marker size in Figure 8a) and
bedforms transporting the most sediment are influenced (at least somewhat) by currents (occurring when
there was a low fraction of kinetic energy due to waves; green to blue colors on Figure 8a).

Observations show that the flow total kinetic energy was more highly correlated to the bedload sediment
flux without any tuning when compared with friction factor based methods used to estimate the Shields
parameter, 𝜃 (r2 = 0.49–0.58). Both flow total kinetic energy and bed shear stress follow a u2 relationship;
bedload transport formulations based upon either the total kinetic energy or the Shields parameter raise the
metric to a higher power, usually to the 3

2
power in both cases. Figure 8b plots both Ekwc

and 𝜃 against the
observed bedload transport rate. Estimates of 𝜃 show more scatter between methods in comparison with the
flow kinetic energy when plotted against the bedload sediment transport rate (Figure 8b). Depending upon
the method used to estimate the nondimensional shears stress, approximations of the bedload sediment
transport rate vary significantly. The combined wave current M94 method and the SG00 methods to esti-
mate the nondimensional bed shear stress show the best comparison to the bedload sediment transport rate
(Figure 8b). Further discussion of estimates of sediment transport when the nondimensional shear stress
models are used in the explicit sediment transport models follows in the next Section.

Quantitatively, bedform migration magnitude increased with increasing flow energy regardless of whether
the flow was wave-dominant, current-dominant, or combined wave-current (panel b in Figures 2–5;
Figure 6). Analysis shows that the maximum migration velocity and in turn the largest sediment transport
rates were concomitant with a peak in the total kinetic energy and/or the period when the bedform orienta-
tion was aligned with the bedform migration direction (Figures 2–5). The total energy contained in the flow
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Figure 10. Data-model comparisons of bedload sediment flux from bedform migration (qbedform) to bedload transport models (qb). Transport measurements
were instantaneous. In black × are data from S1 and in gray ◦ are data from S2. The solid black line is a 1:1 ratio. The following are panels paired with the
transport model reference: (a) van Rijn et al. (2004) transport model, (b) van Rijn (2007) transport model, (c) Soulsby (1997) transport model, (d) van der A et al.
(2013) semiunsteady transport model, (e) Meyer-Peter and Muller (1948) transport model with Madsen (1994) bed stress model, (f) Meyer-Peter and Muller
(1948) transport model with Nielsen (1992) wave bed stress model and Sternberg (1972) current bed stress model, (g) Meyer-Peter and Muller (1948) transport
model with Soulsby and Clarke (2005) bed stress model, (h) Meyer-Peter and Muller (1948) transport model with Styles and Glenn (2000) bed stress model, (i)
Soulsby and Damgaard (2005) transport model with Soulsby and Clarke (2005) bed stress model, (j) Soulsby-van Rijn transport model published in Soulsby
(1997), and (k) Hsu et al. (2006) energetics transport model. For reference, every step increase of 0.1 ×10−4 m3/m/s is equivalent to an increase of 10 cm3/m/s.

was proportional to the overall contribution of bedform migration to bedload sediment flux (Figures 8 and
9).

4.2. Bedform Sediment Flux Compared With Existing Bedload Transport Models
Bedload transport models rely on either a bed stress approach or an energetics approach. Eleven different
bedload transport models—all formulated to work in combined flows—are compared to observations of
bedload transport due to bedform migration for both site S1 and site S2 (Figure 10 and Table 1). Models
presented in panels (a)–(d) have an imbedded friction factor and drag coefficient to estimate stress within
the bedload transport formulation, models presented in panels (e)–(i) are transport models that depend
on an outside bed shear stress approximation measurement or model, and the models presented in panels
(j)–(k) use an energetics approach. The model abbreviations used in this section and in Figure 10 are given
in Table 1.
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Figure 11. Data-model comparison statistics of rmse∕𝜎 (bars) and r2 (×) for the bedload sediment transport models
shown in Figure 10. The black bars show linear statistics for the entire time series (all data) collected at S1 and S2, the
light bars yellow bars show linear statistics for wave dominant flows only (Ekw

∕Ekwc
> 0.75), the green bars show linear

statistics for combined flow data only (Ekw
∕Ekwc

is between 0.25 and 0.75), and the white bars show logarithmic
statistics for the entire time series (all data) collected at S1 and S2. Current-dominant flow statistics are not shown
because of low data availability.

Some models underpredicted bedload transport (VR04 and VR07), many overpredicted transport (S97,
SD05-SC05, MPM-M94, MPM-N92S72, MPM-SG00, HEG06, and VDA13), and two models are qualitatively
consistent (SVR97 and MPM-SC05). Figure 11 shows calculated rmse∕𝜎 and r2 for data from both the S1
and S2 sites for the whole data set (all data) in both linear and log-scale, for wave-dominant flows only in
linear scale (Ekw

∕Ekwc
> 0.75), and for combined flow data only in linear-scale (0.25 < Ekw

∕Ekwc
< 0.75). Data

were portioned to demonstrate which models perform best overall and which perform best in specifically
combined flow conditions.

First, we compared the intramodel portioned cases, all data, combined, and wave, to one and other. Interest-
ingly, the combined flow case had the highest rmse∕𝜎r2 for each combined flow sediment transport model
when compared with the wave and all data cases, showing that even though the model fit the trend of the
observations well, it also had the largest deviations of the three cases. The wave case had the lowest rmse∕𝜎
of all cases and also the lowest r2, showing the opposite: the model fit the trend of the observations poorly,
yet had the smallest deviations. It is worth while to note that the least squares and rmse∕𝜎 calculations in
linear scale are biased toward the smaller wavelength ripples because they occurred more frequently at the
site, even though they were shown to not be as important to bedload sediment flux as larger wavelength bed-
forms. For that reason, we also calculated the rmse∕𝜎 and r2 in log-scale; the log-scale calculations show a
better representation of the models that are able to capture both small and large instances of transport. For
most models on the log-scale, the r2 decreases, but for the models that are biased toward predicting lower
transport periods well, the rmse∕𝜎 increases (as is the case with VR04 and VR07).

Most of the models evaluated tend to over predict bedload transport when compared to bedform transport
rates (Figure 10). The SVR97 model was the only model that had an rmse∕𝜎 of 1 or less in all three cases
on linear scale (all data, combined, and wave), but on log-scale, the rmse∕𝜎 increases and r2 decreases for
SVR97. Four models had a linear r2 of 0.60 or greater within the all data condition (VR04, VR07, SVR97,
and HEG06). Within the combined subset most models had a linear r2 of approximately 0.7, but for the wave
subset the linear r2 dropped to approximately 0.5. Overall, on linear-scale SVR97 (Figure 10j) performed the
best, followed by the MPM-SC05 (Figure 10g), but on log-scale both were shown to predict larger periods
of transport less well. The VR04 and VR07 models performed well during lower-energy conditions, but the
scatter (Figures 10a and 10b) shows that both models largely under predict during periods with the largest
transport rates and that is confirmed by the logarithmic rmse∕𝜎 increase. The under prediction of large flux
is a problem for implementation in coastal change models since these large sediment flux events have been
shown to highly influence morphologic evolution (de Schipper et al., 2016). VDA13 is a semiunsteady model
that includes the effects of wave skewness on transport, but it has not yet been tested in combined flows over
ripples, and in these conditions it over predicts transport.

Both SVR97 and HEG06 were formulated as an energetics type models. Flow total kinetic energy has a high
correlation (r2 = 0.63) with bedform sediment flux and provides a foundation for relating flow field energy
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Figure 12. Truncated time series showing bedform migration direction, 𝜙mig., and modeled direction, 𝜙MGBNT. Panel
(a) shows the total kinetic energy, Ekwc

colored by fraction of energy due to waves, and panel (b) shows bedform
migration direction, 𝜙mig., observed (×) and modeled, 𝜙MGBNT (red and blue lines). MGBNT was calculated using an
adjustment time, 𝜏, related to the bedform growth lag time (red, r2 = 0.28, rmse = 32◦), and the sampling frequency
(blue, dt = 20 min, r2 = 0.24, rmse = 40◦). MGBNT = maximum gross bedform normal transport.

to the bedload sediment transport rate (Figures 8 and 9). All estimates of the Shields parameter (without
high-resolution boundary layer measurements) must incorporate a friction factor; however, the flow field
total kinetic energy has a high skill with bedload sediment flux without friction factors or tuning. SVR97
has a drag coefficient that considers both logarithmic boundary layer scaling (for currents) and turbulent
kinetic energy produced by the combined wave current boundary layer over a rippled bed (Soulsby, 1997),
building blocks that fully describe conditions of our observations. The model also predicted periods with
large transport rates to higher skill than the other models (Figure 10). The Bagnold (1966), Bowen (1980),
and Bailard and Inman (1981) family of energetics models (here HEG06) have a foundation in flow field
total kinetic energy but have a u3 relationship that accounts for wave orbital motion as well as mean flow
and wave-induced currents for bedload transport, an efficiency of transport parameter (percent of energy
in the flow field that is transferred to bed mobility), and a friction coefficient. HEG06 has one of the lowest
rmse∕𝜎 and highest r2 values of all the tested models in linear scale, and its overall rmse∕𝜎 and r2 improve
on log-scale, showing that it is well suited to estimate bedload transport in mild as well as energetic flows.

The energetics model in Hsu et al. (2006, HEG06) use wave and current friction coefficients that were
“tuned” for sandbar mobility, where bedload transport is generally sheet flow driven. The friction coefficient
may be different when applied to bedform migration, either because the flow obstacle geometry is smaller
or because the dominant process of bedload transport are different (predominantly sheet flow over the sand-
bar whereas during bedform migration mechanisms include rolling, jumping, and marching). Since sand
ripples/bedforms are smaller than sandbars, and/or the type of bedload transport occurring during bedform
migration requires less energy, it is logical for the friction coefficient to decrease to fit the bedload transport
due to bedform migration condition. The high skill between the flow field kinetic energy and the bedload
sediment flux justifies tuning the current and wave friction coefficients to fit the rippled bed flow environ-
ment. If the friction coefficients are decreased by 60% and the transport efficiency remains unchanged in
Hsu et al. (2006), the model rmse∕𝜎 and r2 becomes the best correlated to the observations compared with
the all data, combined, and wave cases (see Figure 11 HEG06, mod.).

4.3. Bedform Migration Direction and Bedload Sediment Transport Direction
Gallagher et al. (1998) and Lacy et al. (2007) show that the bedform migration direction has some relation-
ship with the prevailing flow field using MGBNT from (6). The bedform migration direction, 𝜙mig., and the
MGBNT direction 𝜙MGBNT are shown in a truncated time series in Figure 12b, with the total energy in the
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flow field plotted for reference in Figure 12a. As described in Gallagher et al. (1998) for the MGBNT to
accurately describe the bedform orientation, the flow vectors (containing both waves and currents) must
be summed over the timescale of bedform development, implying a time dependence between flow direc-
tion and bedform migration direction. In Wengrove et al. (2018), an adjustment time, 𝜏, is suggested as the
integration timescale in order to predict bedform growth. The timescale may also be relevant in predicting
bedform migration direction. The MGBNT including the variable adjustment timescale from Wengrove et al.
(2018) (red), as well as with a constant adjustment timescale equal to the sampling rate, dt, (blue), is com-
pared with the observed bedform migration direction in Figure 12b. The variable adjustment timescale did
not significantly increase MGBNT model skill. However, the variable adjustment timescale did influence
the duration that a migration direction peak persisted and the bedform wavelength(Figure 12b; Wengrove
et al., 2018). Bedform migration direction was compared to MBGNT direction prediction using circular
statistics, 𝜙MGBNT, MGBNT using an adjustment time related to bedform growth had a r2 = 0.28, rmse∕𝜎 =
32◦; MGBNT using an adjustment time of the dt had a r2 = 0.24, rmse∕𝜎 = 40◦ in (Figure 7c). MGBNT did
estimate transport direction better than the current or wave directions alone. However, use of the variable
adjustment time did not improve prediction. Qualitatively, MGBNT predictions vary with𝜙mig., but temporal
lags between predictions and measurements reduce correlations. In Lacy et al. (2007) the MGBNT method
fits the measured transport direction at times and also shows significant deviations for approximately 20%
of the data shown (see Lacy et al., 2007, Figure 17d).

Overall, the bedform migration direction was difficult to predict in these data. The difficulty of prediction
may be due to the bedform dynamics not considered and the large variability in the flow directions and
strengths. The MGBNT method appears to be the best model to describe dynamic bedforms, but the bedform
growth timescale may not be characteristic of the change in migration direction. The bedform migration
direction leads the bedform orientation direction as well as the bedform growth (Figures 2–5).

The bedform migration direction is not necessarily the same as the bedload transport direction, as seen in
the difference between the observed bedform orientation and observed bedload sediment transport direc-
tions (Figures 2–5). The contribution of both current direction as well as wave nonlineartity is important to
estimating the sediment transport direction in combined flows. Of the eleven bedload sediment transport
models evaluated to approximate bedload sediment transport magnitudes in combined flows here, only two
of the models explicitly account for currents as well as wave nonlinearties in estimating transport (Hsu et al.,
2006; van der A et al., 2013). Other models tested may account for wave nonlinearities through wave driven
currents (e.g., Soulsby and van Rijn ; Soulsby, 1997); however, model skill with respect to bedload transport
direction was not evaluated further in this effort.

5. Conclusion
Our effort contributes unique field observations made in the surf zone of bedform response to wave domi-
nant, current dominant, in addition to characterizing the bedload sediment transport response to combined
wave-current flow conditions. Increased sediment flux was driven predominantly by increased total kinetic
energy in the flow field. Individually, the wave-dominant, current-dominant, and combined wave-current
conditions had characteristic differences in bedform shape, migration direction with respect to the overlying
flow directions, and mechanisms driving sediment flux. During wave dominant flow conditions, the bed-
form wavelength could vary dependent on the orbital excursion of the waves (in this data set 𝛬 ∼0.20–1.5
m). When the bedforms began to migrate most rapidly (Vmig. > 1 cm/min), the waves were skewed and
the sediment transport direction and the bedform orientation were aligned. During current-dominant flow
conditions, bedforms were long in wavelength (𝛬 ∼1 m), but there was not enough total flow field energy
to cause these bedforms to migrate, so the overall sediment flux due to currents alone was low. Addition-
ally, the sediment transport direction visibly led the bedform orientation direction. During combined flow
conditions the bedforms could get very large in wavelength (𝛬 ∼1–2.5 m) and volume. During the highest
energy conditions characteristic of strong current velocities and almost equally as strong wave orbital veloc-
ities, the combined flow bedforms evolved into lunate megaripples with their migration direction somewhat
aligned with the predominant flood tidal current direction. Additionally, combined flow bedforms migrated
the most when the sediment transport direction and the bedform orientation were aligned.

Observations show that combined wave-current bedforms had higher sediment flux rates than
current-dominant and wave-dominant bedforms. The sediment flux magnitude associated with bedform
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mobility within combined wave-current flows was on average 24% (15%) greater in mean (median) than
wave dominant flows and 82% (91%) greater in mean (median) than current-dominant flows. A result
suggesting that although waves are still dominant in the nearshore region, combined wave-current flows
increase sediment transport rates significantly and therefore are important to consider when predicting
coastal morphodynamics.

Eleven existing bedload transport models used in large-scale coastal change models were assessed. Each
model is specifically formulated to estimate transport and bed stress in combined wave-current flows by
either taking a stress (qb = f(𝜏b)) or an energetics (qb = f(un)) based approach. Our observations show
that the bedload sediment flux was directly proportional and strongly correlated to the total kinetic energy
in the flow field. Suggesting that a transport model with foundation in hydrodynamic kinetic energy may
be the most characteristic of the system considering our present measurement and modeling capabilities.
The energetics based approaches predicted bedload transport in both calm and energetic conditions with
low normalized rmse∕𝜎 and high r2 on linear and log-scales. The Soulsby/van Rijn (Soulsby, 1997) bedload
transport model was formulated with the turbulent kinetic energy in combined flows over ripples, which
was characteristic of the observed conditions. In the Bagnold (1966), Bowen (1980), and Bailard and Inman
(1981) line of energetics models, the Hsu et al. (2006) formulation captures wave orbital motion as well as
mean and wave-induced currents. In Hsu et al. (2006), the wave and current friction coefficients were based
on bedload transport associated with sandbar mobility. If these friction coefficients are decreased to account
for differences in length scales (sandbar vs. ripple geometry) and timescales of transport mode (sheet flow
for sandbar mobility vs. bedform migration for ripples), then the Hsu et al. (2006) energetics approach had
the lowest linear and log-scale rmse∕𝜎 and the highest r2 of all the assessed transport models. The caveat
with most bedload sediment transport models is that many do not explicitly include wave nonlinearity in
their transport approximations and therefore do not explicilty account for wave-induced bedload transport
direction through wave velocity skewness and asymmetry. The series of energetics models do include wave
asymmetry (Bailard & Inman, 1981; Hsu et al., 2006). In field and laboratory campaigns and within numer-
ical data sets, an energetics approach to estimate sediment transport may yield higher skill results and lead
to less propagation of error in prediction of bedload sediment transport when compared with excess shear
based approaches; especially when measurements or model results are too coarse to accurately estimate or
measure the bed shear stress.
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