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Abstract It is widely recognized that waves inhibit river mouth progradation and reduce the avulsion
timescale of deltaic channels. Nevertheless, those effects may not apply to downdrift-deflected channels.
In this study, we developed a coupled model to explore the effects of wave climate asymmetry and
alongshore sediment bypassing on shoreline-channel morphodynamics. The shoreline position and channel
trajectory are simulated using a “shoreline” module which drives the evolution of the river profile in a
“channel” module by updating the position of river mouth boundary, whereas the channel module provides
the sediment load to river mouth for the “shoreline” module. The numerical results show that regional
alongshore sediment transport driven by an asymmetric wave climate can enhance the progradation of
deltaic channels if sediment bypassing of the river mouth is limited, which is different from the common
assumption that waves inhibit delta progradation. As such, waves can have a trade-off effect on river
mouth progradation that can further influence riverbed aggradation and channel avulsion. This trade-off
effect of waves is dictated by the net alongshore sediment transport, sediment bypassing at the river mouth,
and wave diffusivity. Based on the numerical results, we further propose a dimensionless parameter

that includes fluvial and alongshore sediment supply relative to wave diffusivity to predict the progradation
and aggradation rates and avulsion timescale of deltaic channels. The improved understanding of
progradation, aggradation, and avulsion timescale of deltaic channels has important implications for
engineering and predicting deltaic wetland creation, particularly under changing water and sediment input
to deltaic systems.

1. Introduction

River deltas host more than half a billion people worldwide and are among the most productive ecosystems
on the planet (Giosan et al., 2014; Syvitski et al., 2009). Morphodynamics of deltaic channels such as avul-
sions play a critical role in the evolution of river deltas and restoration of coastal wetlands and, therefore,
have been studied extensively (Chatanantavet et al., 2012; Edmonds et al., 2009; Fisk, 1952; Ganti et al., 2016;
Jerolmack & Swenson, 2007; Nienhuis et al., 2018; Smith et al., 1989). Delta progradation can lead to riv-
erbed aggradation with respect to its floodplain, which in turn is thought to increase the likelihood of chan-
nel avulsion (Chadwick et al., 2019; Ganti et al., 2014; Mohrig et al., 2000; Zheng et al., 2018). As such,
studying the controls on river mouth progradation is critical to better understand channel avulsions
(Chadwick et al., 2019).

The progradation of deltaic channel is subject to downstream controls such as basin water depth and waves
(Bijkerk et al., 2016; Wang et al., 2019; Zheng et al., 2018). Among these factors, waves tend to reduce the
seaward progradation of deltaic channels when low-angle waves (i.e., when the angle between wave crests
and the shoreline is smaller than 45°) are dominant, which further suppress the aggradation of deltaic chan-
nels and thus increase the avulsion timescale (Ashton & Giosan, 2011; Ratliff et al., 2018; Swenson, 2005).
However, previous studies including those mentioned above generally focused on the effects of symmetric
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wave climates on the progradation and avulsion timescale of deltaic channels. Under asymmetric wave cli-
mate, deltaic channels could be deflected with significant net alongshore sediment transport and limited
sediment bypassing at river mouths (Bhattacharya & Giosan, 2003; Nienhuis, Ashton, & Giosan, 2016). In
such a case, the blockage of alongshore sediment transport at the river mouth could contribute to river
mouth progradation (Nienhuis, Ashton, Nardin, et al., 2016) and has cascading effects on the aggradation
and avulsion of deltaic channels. As such, the morphodynamics of deltaic channels, namely, progradation,
aggradation, and avulsion, are further subject to wave climate asymmetry and sediment bypassing at the
river mouth, in addition to the fluvial factors.

In this study, we investigate how waves and fluvial factors control river mouth progradation and lead to
cascading effects on riverbed aggradation and avulsion timescales. Since the net alongshore sediment
transport and sediment bypassing at river mouth are determined by the long-term wave climate and fluvial
input of water and sediment, we further seek to quantify and predict the abovementioned morphodynamic
behaviors of deltaic shoreline-channel system from boundary conditions. Better understanding the rele-
vant effects of waves on the morphodynamics of deltaic shoreline-channel systems helps quantify the avul-
sion timescale of deltaic channels and predict the future evolution of river deltas under global changes
such as reduced fluvial sediment supply. For example, the Yellow River Delta (Wang & Liang, 2000)
and the Ebro Delta (Canicio & Ibafez, 1999), which have gone through multiple historical avulsions,
are shifting towards wave-dominated regime due to decreasing fluvial sediment input (Nienhuis
et al., 2020), and presumably subject to more significant wave effects on their progradation and avulsion
timescales going forward.

To address these issues, we developed a coupled model of shoreline and deltaic channel evolution (section 3)
to investigate morphodynamics of deltaic channels under different combinations of river discharge, fluvial
sediment input, wave climate, and the other relevant modeling parameters (section 4). We further discuss
the trade-off effects of waves on the morphodynamics of deltaic channels (section 5.1) and propose a concep-
tual model to predict the morphodynamic evolution of deltaic channels, which is tested by the numerical
results from this study (section 5.2) and compared with numerical and field data from previous studies
(section 5.3).

2. Background
2.1. Wave Influence on the Progradation of Deltaic Channels

As shown in Figures 1a-1h, deltaic channels can prograde perpendicular to the regional shoreline, migrate
updrift, or deflect downdrift in the direction of alongshore sediment transport (termed “downdrift-deflected”
hereinafter). When a deltaic channel is perpendicular or migrates updrift to the regional shoreline,
wave-driven alongshore sediment transport redistributes the fluvial sediment input away from the river
mouth (Figures 1j and 1k). As a result, the progradation rate decreases with increasing portion of
low-angle waves or wave height due to the increasing wave-induced sediment transport away from the river
mouth, that is, the effects of wave diffusivity (Ashton & Giosan, 2011; Swenson, 2005).

However, when deltaic channel is downdrift-deflected, wave-driven alongshore sediment transport can con-
tribute to sediment deposition at the river mouth (Figure 1i) (Ashton & Giosan, 2011; Dominguez, 1996;
Nienhuis, Ashton, & Giosan, 2016; Nienhuis, Ashton, Nardin, et al., 2016). Therefore, the progradation of
deltaic channels in the presence of waves is subject to (1) the net alongshore sediment transport driven by
wave climate asymmetry (Nienhuis, Ashton, & Giosan, 2016) and (2) sediment bypassing at the river mouth
which is in turn controlled by the interaction between fluvial water and sediment discharge and wave cli-
mate (Nienhuis, Ashton, Nardin, et al., 2016).

2.2. Alongshore sediment bypassing at river mouth

At the river mouth, fluvial discharge and waves interact to block alongshore sediment transport (the
“hydraulic groin” effect, Zenkovich (1967)), which primarily depends on the interaction between waves
and river discharge (Bakker & Edelman, 1964; Grijm, 1960; Nienhuis, Ashton, Nardin, et al., 2016;
Zenkovich, 1967). Nienhuis, Ashton, Nardin, et al. (2016) studied river mouths using Delft3D model experi-
ments and found that river mouths with relatively high ocean wave momentum allow for high alongshore
sediment bypassing, whereas river flow jet momentum tends to reduce bypassing. Based on their study,
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Figure 1. Wave-influenced river deltas with deflected deltaic channels: (a) Patuca River, Honduras, (b) Rio Colorado River, Costa Rica, and (c) Hainan Wanglou
River, China; and “perpendicular” deltaic channels: (d) Coco River, Honduras, (e) Rosetta lobe of the Nile River Delta, Egypt, and (f) Luanhe River, China. Also,
historical avulsions of deltaic channels (black dashed lines) in (g) Yellow River Delta, China, and (h) Ebro Delta, Spain. Schematics of alongshore sediment
transport for (i) downdrift-deflected, (j) perpendicular, and (k) updrift-migrated deltaic channels; and aggrading riverbed under river mouth progradation: (1)
longitudinal profile and (m) cross-sectional profile, where the solid yellow line is the initial riverbed, the dashed yellow and solid gray line are the actual and
equilibrium riverbeds, respectively, and the solid blue and gray dashed lines are the initial and equilibrium water surface, respectively. Angular distributions of
wave energy approaching the shoreline are from WaveWatch III* (Chawla et al., 2013). Remote sensing images are from the EarthExplorer of USGS.

the fraction of alongshore sediment transport bypassing the river mouth § obeys the following empirical
relationship:

1

F=T7107

¢y

J is a dimensionless river mouth balance. 8 tends to 0 for high values of J, it tends to 1 for low values of J. J
is defined as
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where M; and M,, (kg m/s®) are the momentum of river flow jet and waves at the river mouth (see
Nienhuis, Ashton, Nardin, et al. (2016) for the detailed definitions), respectively, Qs (m?/s) is the along-
shore sediment transport at the river mouth, and Q, (m?/s) is the fluvial sediment input.

Previous studies showed that the orientation of deltaic channels can be predicted from wave forcing such as
net alongshore sediment transport and fluvial forcing such as river discharge and sediment load, as well as
alongshore sediment bypassing at river mouth (Bhattacharya & Giosan, 2003; Nienhuis, Ashton, &
Giosan, 2016). In this study, we further investigate the progradation of deltaic channels and its cascading
effects on riverbed aggradation and avulsion timescale under symmetric and asymmetric wave climates
and limited alongshore sediment bypassing at river mouth.

2.3. Riverbed Aggradation and Avulsion of Deltaic Channels Under River Mouth Progradation

As shown in Figure 11, the progradation of the deltaic channel, in principle, decreases the river relief, causing
in-channel sedimentation and the aggradation of the riverbed (Muto & Swenson, 2005). Riverbed aggrada-
tion relative to its floodplain can set up conditions favorable for channel avulsions (Figure 1m). Such condi-
tions can be quantified by a threshold lateral slope advantage or superelevation of the channel bed relative to
its floodplain (Mohrig et al., 2000; Zheng et al., 2018). The superelevation hypothesis, which states that avul-
sion occurs when the superelevation of the channel belt reaches a specified fraction « of the channel depth, h
(Chadwick et al., 2019; Ganti et al., 2014; Mohrig et al., 2000; Moodie et al., 2019), was adopted in this study
for avulsion setup.

Potential wave effects on suppressing riverbed aggradation and increasing avulsion timescale are based on
the assumption that waves tend to reduce river mouth progradation. Previous studies have showed that
the evacuation of sediment from the river mouth due to waves reduces the seaward progradation and aggra-
dation rates of deltaic channels and thus increases the avulsion timescale (Swenson, 2005). Ratliff et al. (2018)
further reported that increasing wave height results in longer avulsion timescale when low-angle waves are
dominant, presumably due to their tendency to transport sediment away from the river mouth. However,
waves can enhance the progradation of downdrift-deflected deltaic channels when alongshore sediment
transport contributes to sediment deposition at the river mouth, but the relevant effects on the aggradation
and avulsion timescale of deltaic channels are still unclear.

3. Model Development

3.1. Governing Equations

We developed a coupled morphodynamic model for the integrated evolution of deltaic channels and shore-
lines (Figures 2a and 2b), which consists of two modules: (1) the “shoreline” module that simulates the evo-
lution of the shoreline under waves and (2) the “channel” module that simulates the evolution of the
longitudinal profile of the deltaic channel. We used the Coastline Evolution Model (CEM) to simulate deltaic
shoreline evolution. CEM is a one-line shoreline model that simulates shoreline evolution based on gradi-
ents in alongshore sediment transport (Ashton and Murray (2006). Nienhuis, Ashton, and Giosan (2016)
later expanded CEM to study wave-influenced deltas by including channels that prograde perpendicularly
to the local shoreline orientation at the river mouth. Here, we adopted the updated CEM model to simulate
the progradation of deltaic channels. Model details can be found in Ashton and Murray (2006) and Nienhuis,
Ashton, and Giosan (2016). Briefly, the governing equations for volumetric alongshore sediment transport
and shoreline evolution read

Q, = K1Hyicos(¢y, — @)sin(¢y, — ¢) €)
dys o _l dQs
At~ Ddx @

where K; (m®>/s) is an empirical coefficient for alongshore sediment transport, Hy, (m) is the average
breaking wave height, ¢, and ¢ are wave approaching and shoreline angles, respectively, D (m) is the
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Figure 2. Schematic of the evolution of the shoreline and deltaic channel: (a) plain view and (b) cross-section along the deltaic channel, shoreface, and
continental shelf. x; and y; are the alongshore and cross-shore coordinates, respectively, with the origin of the coordinates located at the delta apex O. 7 and x
are bed level and downstream distance along the deltaic channel. (c) Coupling between the Coastline Evolution Model and Deltaic Channel Profile Model.
Elliptical boxes present boundary conditions, rectangular boxes present modules, and rounded rectangular boxes present simulation results. (d) Schematics of
wave climates using wave climate asymmetry, A, and fraction of high-angle waves (shaded portion), U, following Ashton and Murray (2006).

nearshore water depth, x; and y, are alongshore and cross-shore distance, respectively, and ¢ (s) is time.
Equation 3 in the case of deep-water waves becomes

Qs = KaHo* Toicos’ (¢, — ¢)sin(gy — 4) (5)

K, (m®%/s™?) is an empirical coefficient for deep-water alongshore sediment transport, Hy (m), Ty (s), and
¢o are the average deep-water wave height, period, and approaching angle, respectively. Substituting
Equation 5 into Equation 4 and using the chain rule yield

dy, _d%,
A S ©)

where wave diffusivity x (m?/s) is wave angle dependent:

K 12 1 1 6 .
=2 T o9y = 9) 0w - ) = v, )] | )
We discretized the shoreline model into cells (Figure 2a), where one cell is defined as the river mouth cell
which is fed by fluvial sediment from the deltaic channel.

We simulated fluvial sediment supply at the river mouth as well as the riverbed aggradation using the chan-
nel module, that is, the Deltaic Channel Profile Model (DCPM). We developed the module by solving the set
of 1-D steady Saint-Venant equations (Chow, 1959), a general power law for sediment transport capacity
(Jansen et al., 1979) and the Exner equation (Paola & Voller, 2005), which are
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where h (m) is water depth, x (m) is the downstream distance of the river channel, u = Q,,/Bh (m/s) is the
flow velocity in which Q,, (m?/s) is the river discharge, 7 (m) is bed level, g (m/ %) is gravitational accel-
eration, Cy= g/C,* is the dimensionless friction coefficient in which C, (m®>/s) is the Chezy coefficient, Q,
(m?/s) is the sediment transport, B (m) is the channel width, m and n are coefficients in empirical sedi-
ment transport formula, and A4 is porosity. Notably, we used the Engelund-Hansen formula for total
0.05C;*
(Rsg)*Dso
merged specific density of sediment. Other sediment transport formulas such as the Einstein-Brown for-
mula (Brown, 1950) and the Generalized Engelund-Hansen sediment transport formula (Ma et al., 2017;
Ma et al., 2020) can also be applied by changing the empirical coefficients of m and n in Equation 10.

bed-material transport (Engelund & Hansen, 1967) with m = and n = 5, where Ry (=1.65) is sub-

The coupling between CEM and DCPM is shown in Figure 2c. At every model iteration, we firstly calculated
the fluvial sediment input at the river mouth Q, by DCPM, which was further used as the sediment supply to
the shoreline in CEM. Afterwards, we calculated alongshore sediment bypassing at the river mouth in CEM
through Nienhuis, Ashton, Nardin, et al. (2016)'s formula, that is, Equation 1. Then we simulated the shore-
line evolution, the position of the river mouth r(t) and the trajectory of the deltaic channel in CEM, which
dictates the length of the deltaic channel and updates the downstream position of the river mouth in
DCPM. Notably, we did not explicitly simulate avulsions in the coupled model, but adopted the supereleva-
tion hypothesis for avulsion setup and assumed a = 1 (Ratliff et al., 2018; Swenson, 2005). Furthermore, we
assumed the avulsion location is at an upstream distance of L, (backwater length) from the river mouth at
the end of the simulation period. As such, we determined avulsion timescale by dividing the channel depth
by the aggradation rate at an upstream distance of L, from the river mouth (Figure 2c). This is in contrast to
the study of Ratliff et al. (2018) who simulated multiple avulsion cycles. Notably, the backwater length is esti-
mated as L, = h,/i, (Paola & Mohrig, 1996), where h, and i, are the equilibrium water depth and slope of the
river channel in this study which can be derived from Equations 9 and 10 following Wang et al. (2008).

3.2. Boundary Conditions

For CEM, we used periodic boundary conditions at the left and right cross-shore boundaries for alongshore
sediment flux, which assumes that deltas evolve along an infinitely long coastline with a continuous along-
shore sediment supply from the updrift coast, that is,

Qs(xs = Xs, 1 t) = Qs(xs = Xs,r, t) (12)

where x,; and X;, are the shoreline position at the left and right cross-shore boundaries, respectively. The
simulation domain for CEM is large enough relative to the simulated deltas such that the delta is devoid of
the influences of the boundaries. For DCPM, we imposed a constant bankfull discharge, Q,,, and sediment
load, Q,o, at the upstream boundary of the river channel and a constant water level H (m) at the down-
stream boundary, which read

Qu(x =0, ) = Quo (13)
Qr(-x =0, t) = QrO (14)
H(x =x;,t) =0 (15)

where x, (m) is the downstream position of the river mouth.
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3.3. Modeling Parameters

We start the model simulations with a straight shoreline perpendicular to the initial river channel. The
shoreface and shelf slope are 0.01 and 0.001, respectively, and the shoreface depth are 10 and 15 m between
different simulations. The width of the river channel is 100 m, and the initial riverbed has a quasi-linear pro-
file with an equilibrium slope i, and an equilibrium water depth h,. The initial river length ranges from 200
to 500 km, which is larger than two times the backwater length L. The cell width (100 m) in CEM is identical
to the channel width in DCPM. The simulation period was set as 100 years for all simulation scenarios,
which is sufficient for the modeled deltaic channels to reach stable gradual evolution resembling natural
channels. The time step for the CEM is 1 day, and the time step for the DCPM is 0.01 day.

As shown in Figure 2d, we use two parameters to characterize wave climates following Ashton and
Murray (2006): the fraction of waves coming from the left looking offshore (wave climate asymmetry, A)
and the fraction of waves coming from high angles (approaching angle >45°, U). We vary wave climate
asymmetry from 0.5 to 0.8, and the portion of high-angle waves from 0.1 and 0.3 between different simula-
tions, corresponding to diffusive waves climates. Offshore wave height Hy, is varied between 0.8 and 2.5 m,
and the wave period Ty, is fixed at 5 s. Deep-water alongshore sediment transport coefficient K, ranges from
0.015 to 0.15 m*®/s"? between different simulations.

The river discharge Q,, and sediment concentration C; range from 50 to 800 m>/s and 0.1 to 0.5 kg/ m>
between experiments, respectively, which together result in fluvial sediment input (i.e., bed-material load)
of 10-80 kg/s. The combinations of river discharge and sediment load were derived to span small to medium
rivers (Caldwell et al., 2019), such as the Ebro (Nienhuis et al., 2017) and the Brazos (Rodriguez et al., 2000).
We model noncohesive sediments with a uniform grain size (Dso) which are 65 and 150 um. Bed porosity 4 is
0.4, and sediment density is 2,650 kg/m>. We use dimensionless friction coefficients Cyof 0.0011 and 0.0039.
The combinations of modeling parameters for different scenarios are documented in Table S1 in the support-
ing information.

We use two dimensionless parameters to characterize the model results: (1) the river dominance ratio R
(Nienhuis et al., 2015) which compares fluvial sediment input Q, relative to the maximum possible along-
shore sediment transport away from river mouth Qg4 and (2) sediment source ratio S (Nienhuis,
Ashton, & Giosan, 2016) which compares the regional net alongshore sediment transport driven by the wave
climate asymmetry Qs . to fluvial sediment input Q,, that is,

Q,
R— 16
Qs, max ( )
and
QSA re
S=— 17
Q, an

River deltas have a wave-dominated morphology if R < 1 and a river-dominated morphology for R > 1
(Nienhuis et al., 2015). Downdrift deflection of deltaic channels on the other hand scales with
S - (1 — pB) (Nienhuis, Ashton, & Giosan, 2016). We calculate Qg0 and Qg following Nienhuis
et al. (2015) and Nienhuis, Ashton, and Giosan (2016), respectively. The various combinations of modeling
parameters result in river dominance ratios R ranging from 0.01 to 13.5 and sediment source ratios S ran-
ging from 0 to 27, representing deltas varying from river-dominated to wave-dominated ones.

4. Results

As shown in Figure 3, river deltas attain a symmetric plan form when wave climate is symmetric (4 = 0.5,
the first column panels of Figure 3) and migrate updrift when fluvial sediment input is dominant and wave
approach at an angle (R is relatively high and S > 0, the second to fourth panels in the first row of Figure 3).
However, as shown in the right panels of Figure 3, deltaic channels become downdrift-deflected with
decreasing R and increasing wave climate asymmetry (and hence increasing S). Those results are consistent
with the original model simulations from Nienhuis, Ashton, and Giosan (2016).
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Figure 3. Evolution of river deltas for representative numerical experiments with different wave climates for which Q,, = 600 m3/s, Q= 60 kg/s, D =10 m,
Dsp = 65 um, and K, = 0.15 m®®/s"2. The black lines represent the planar trajectory of deltaic channel at the end of the simulation period (100 years), and
the colored lines indicate the simulated shoreline position every 20 years.

When the wave climate is symmetric or fluvial sediment input is dominant such that river deltas attain a
symmetric plan form or migrate updrift, the wave-driven alongshore sediment transport redistributes the
fluvial sediment input away from the river mouth, that is, the effects of wave diffusivity (Ashton &
Giosan, 2011; Nienhuis, Ashton, & Giosan, 2016; Swenson, 2005). In this case, increasing wave height and
hence wave diffusivity reduces the progradation of deltaic channels (Figure 4a). Suppression of river mouth
progradation could reduce the riverbed aggradation rate and increase the avulsion timescale (Figures 4b and
4c), which is consistent with previous studies (Swenson, 2005).

However, when the net regional alongshore sediment transport is large and sediment bypassing is limited
such that a deltaic channel is downdrift-deflected, increasing wave climate asymmetry and wave height
result in increasing net alongshore sediment transport (Equation 3), which could enhance the progradation
of deltaic channels with limited sediment bypassing at the river mouth, despite the increasing wave diffusiv-
ity (Figures 4a and 4d). In this case, the enhanced river mouth progradation under waves could lead to
increased riverbed aggradation rate and decreased avulsion timescale (Figures 4b, 4c, and 4e), an exactly
opposite trend from above. Notably, the aggradation rate was calculated at an upstream distance of L, (back-
water length) from the river mouth, and avulsion setup is attained when aggradation of the riverbed equals
to the channel depth.

5. Discussion
5.1. Trade-off Effects of Waves on Morphodynamics of Deltaic Channels

We observed that an increasing wave height under asymmetric wave climates poses two counteracting
effects on the progradation of deltaic channels (Figure 5):
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Figure 4. Contour plots of (a) progradation rate, (b) aggradation rate, and (c) calculated avulsion timescale in the parameter space of wave height and wave
climate asymmetry for scenarios shown in Figure 3. (d) Relative progradation rate against wave climate asymmetry, after normalized by corresponding
scenarios under symmetric wave climate scenarios. (e) Representative river longitudinal profiles indicated in panels a—c.

1. increasing net alongshore sediment transport Qs, (Figure 5a) and hence the progradation of
downdrift-deflected deltaic channels with limited sediment bypassing (Figure 5d), which further leads
to increasing aggradation rate and decreasing avulsion timescale of deltaic channels (Figures 5e and
5f); and concurrently

2. increasing sediment bypassing 8 (Equation 1) and wave diffusivity x (Equation 7), which could offset
the abovementioned effects of increasing net alongshore sediment transport (Figures 5b and 5c) and
further result in decreasing aggradation rate and increasing avulsion timescale of deltaic channels
(Figure 5e and 5f).

Therefore, the net effects of waves presumably depend on the trade-off between the wave-induced increasing
net alongshore sediment transport, sediment bypassing and wave diffusivity, that is, the river mouth progra-
dation tends to be positively proportional to net alongshore sediment transport Qs . and negatively propor-
tional to sediment bypassing § and wave diffusivity x, which leads to the inflection point in the curve of river
mouth progradation rate, as well as those of the aggradation rate of the riverbed and avulsion timescale.

5.2. Predicting the Progradation, Aggradation, and Avulsion Timescale of Deltaic Channels

To quantify the trade-off effects of waves on the progradation of deltaic channels, a conceptual model follow-
ing Nienhuis, Ashton, Nardin, et al. (2016) and Swenson (2005) is illustrated as follows. For
downdrift-deflected deltas (Figure 1i), river mouth progradation scales with the fluvial sediment supply as
well as the potential captured alongshore sediment by the river mouth,

Qtotal = Qr + Qs, re '(1 - ﬁ) (18)

Notably, when deltas attain a symmetric plan form or migrate updrift, the wave-driven alongshore sedi-
ment transport is away from the river mouth (Figures 1j and 1k). As such, the net alongshore sediment
transport does not contribute to the sediment deposition at the river mouth, that is, Q. = Q,. In our
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Figure 5. (a) Net regional alongshore sediment transport Qs ., (b) sediment bypassing g, (c) wave diffusivity x, (d)
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numerical experiments with downdrift-deflected deltaic channels (Q,, = 50 m3/s, Qs =10kg/s, A =08, U= 0.3,

D = 15m, Ds = 65 um, and K, = 0.15 m*®/s"?).

numerical simulations, the orientation of the river mouth fluctuates constantly because the wave angles is
a distribution characterized by A and U (Figure 2d) and we consider it downdrift-deflected when the
average orientation of river mouth is larger than 10 degree downdrift.

Aside from Q. Other significant controls on the progradation rate of deltaic channels vp (m/s) are the
shoreface depth D (m) and wave diffusivity x (m?/s). We use these four variables to form two dimensionless
variables following Buckingham 7 theorem (Buckingham, 1914; Sonin, 2004): dimensionless progradation
rate vp» = (Vp - D)/x and dimensionless total sediment supply Qs+ = (Qsorai/D)/%. In the expression of
Vps, Vp-D (m?/s) can be interpreted as the rate of the infilling of the marine accommodation space per unit
width at the river mouth. As for Qo Qura/D (M?/s) represents the ability of sediment supply to infill
the marine accommodation space per unit width at the river mouth, whereas x (m?/s) is incorporated as a
proxy for the acceleration of sediment lost from the river mouth per unit width to alongshore redistribution.
Furthermore, calculated using the regional shoreline angle, Q;,(1 — ) and x are approximation of the
alongshore sediment supply and loss, respectively, at the river mouth.

Generally, the increase of Qi+ means that more sediment supply tends to deposit at the river mouth
against the diffusivity of waves. Limited fluvial sediment input and high sediment bypassing and wave dif-
fusivity (usually associated with relatively strong waves) can result in a low Q.+ Whereas considerable flu-
vial sediment input, relatively weak waves (i.e., ¥ and f are relatively small) and shallow nearshore waters
can lead to a high Qi+

We further used the numerical results to determine the empirical relationship between vp« and Q;yq . We
calculated vp by dividing the total progradation length of the deltaic channel by the simulation period and
calculated Qo using Equation 18. The sediment bypassing rate § in Equation 18 is the average sediment
bypassing rate of the modeling results. Shoreface depth D is from the model setting and x follows
Equation 7. As shown in Figure 6a, the numerical results of vp+ and Q.4+ collapse fairly well onto a linear
relationship in the log-log space (R* = 0.88), that is,
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Figure 6. (a) vp, (b) va#/ie, and (c) Ty - io/h+ against Qoq+ for numerical experiments conducted in this study and from
Nienhuis, Ashton, Nardin, et al. (2016) and natural deltas, where vpx, v4% and Ty« are the dimensionless progradation
rate, aggradation rate, and avulsion timescale, respectively; Q;y¢q+ is the dimensionless total sediment supply to the
river mouth; and i, and h+ are the equilibrium slope and dimentionless water depth of the deltaic channel.

total*

vp+ = 0.0088 - Qtotal*1'8463 (19)

To determine the cascading effects of river mouth progradation on riverbed aggradation, we further
defined the dimensionless aggradation rate vq« = (v4 - D)/x. Assuming a quasi-linear longitudinal profile
with equilibrium slope (Figure 11), we can write the dimensionless aggradation rate of the riverbed v, as,

Vax & Vpx - I, (20)

where i, is the equilibrium bed slope following Ganti et al. (2014). We further used the numerical results
to determine the relationship between v4+ and Qs+ as follows:

Var /i = 0.0054 - Qg 52% (21)

where v~ is calculated at an upstream distance of L, (backwater length) from the river mouth. Notably,
both the fitted exponent and constant in Equation 21 are smaller than those in Equation 19, which is con-
sistent with the formation of a concave river profile under river mouth progradation (Muto &
Swenson, 2005), that is, the progradation of river mouth is faster than the aggradation of the river bed
(valie < Vp).
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We adopted the superelevation hypothesis for avulsion setup in this study (Figure 1m) and assumed a = 1
(Ratliff et al., 2018; Swenson, 2005), and thus, avulsion timescale T, reads

T, = he/vA (22)

where h, (m) is the equilibrium water depth of the deltaic channel. Substituting Equation 22into
Equation 21and manipulation lead to

Ty - ip/he = 1/0.0054 - Qo™ 5% (23)

where T+ = T,/(D*/x) is the dimensionless avulsion timescale and h« = h,/D is the dimensionless equili-
brium water depth of the deltaic channel which compares the equilibrium channel depth to the shoreface
depth. As shown in Figures 6b and 6c, v4+/i, and Ty« - i,/h« scale well with the dimensionless total sedi-
ment supply Qo+ in the log-log spaces (R* = 0.83). Notably, the avulsion timescale T, tends to be under-
estimated as we neglect the floodplain sedimentation (Swenson, 2005). Furthermore, the alongshore
migration of river mouth due to the branching of sand spit is not considered an avulsion (Cooper, 1990;
Nienhuis, Ashton, Nardin, et al., 2016).

The trade-off effects of increasing wave height on the progradation rate, aggradation rate, and avulsion time-
scale of deltaic channels shown in Figure 5 can be further explained by the proposed dimensionless parame-
terization, that is, Vp«, Va#/ie, Tg* + io/I+ and Qe+ As shown in Figure 6, increasing wave height (from 0.8 to
2.5 m, which scales with the size of the red stars) results in a monotonic decrease in Q,yq+ (from 0.0087 to
0.3398) for scenarios shown in Figure 5, which further results in a steady decrease in vp« and v4+/i, and
increase in Ty~ - io/h+. The results suggest that the dimensionless total sediment supply Qi+ is @ potential
metric for quantifying the effects of interacting river discharge and wave climate on the morphodynamics of
deltaic channels, which unifies the effects of wave angles, wave height, sediment bypassing, shoreface depth,
and fluvial sediment input for both symmetric and asymmetric wave climates.

5.3. Comparison With Previous Studies and Natural Deltas

The results of the dimensionless progradation rate of deltaic channels vp+ are compared with the Delft3D
simulation results from Nienhuis, Ashton, Nardin, et al. (2016) in Figure 6a. We calculated vp- and Qg+
using the fluvial sediment input, alongshore sediment transport, wave angle, wave height, wave period,
bypassing rate, spite depth, and migration rate from Nienhuis, Ashton, Nardin, et al. (2016). The empirical
coefficient for deep-water alongshore sediment transport is estimated as 0.03-0.05 m®®/s"? for their simula-
tions. The calculated dimensionless progradation rate and sediment supply from Nienhuis, Ashton, Nardin,
et al. (2016) follow the trend of our predictions (Figure 6a). Notably, we used the migration rate from
Nienhuis, Ashton, Nardin, et al. (2016) as a proxy of progradation rate for their simulation scenarios with
significantly deflected deltaic channels, which generally underestimated the progradation rate.

Relevant field data from representative natural deltas (Guillén & Palanques, 1997; Nienhuis, Ashton,
Nardin, et al., 2016; Nienhuis et al., 2017; Zheng et al., 2017) with updrift-migrated (Ebro Delta,
Figure 1h), symmetric (Diaokou lobe of the Yellow River Delta, Figure 1g), and downdrift-deflected
(Patuka Delta, Figure 1a) deltaic shorelines are shown as blue rectangles in Figure 6. Overall, the dimension-
less progradation rate and avulsion timescale against dimensionless total sediment supply to the river mouth
from those deltas follow the generic formula derived in our study (see Table S1 in the supporting informa-
tion). The high fluvial sediment load results in a high Q.+ for the Diaokou Lobe of the Yellow River
Delta relative to those for the Ebro Delta and Patuka Delta. As a result, the Yellow River Delta attains a
higher progradation rate and shorter avulsion timescale than those of the Ebro Delta and Patuka Delta,
which are revealed by the higher vp« (Figure 6a) and lower Ty« - i,/h« (Figure 6¢) for the Yellow River Delta.

6. Conclusions

We developed a coupled model of shoreline and river longitudinal profile in this study to explore the inter-
actions between waves and fluvial forcings on the morphodynamics of deltaic channels. The numerical
results confirm that the alongshore sediment transport driven by asymmetric wave climate could enhance
the progradation of deltaic channels with limited sediment bypassing at the river mouth, which further
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increase the aggradation rate and decrease the avulsion timescale. Increasing wave height shows a trade-off
effect on the progradation, aggradation, and avulsion timescale of deltaic channels, which depends on the
wave-induced relative increase of alongshore sediment transport, sediment bypassing, and wave diffusivity.
Dimensional analysis and numerical results suggest a power law relationship between the dimensionless
progradation rate, vp+, aggradation rate, v4+, avulsion timescale, T,+ and dimensionless total sediment sup-
ply to the river mouth Q.+ as a powerful predictive metric for the relevant morphodynamic behavior of
deltaic channels.
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The data are available at the following website: https://zenodo.org/record/3660223#.XkAajXsza5s.
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