
1.  Introduction
River deltas are dynamic depositional landforms formed by the coordination of fluvial and marine processes 
(Wright & Coleman, 1973). More than half a billion people live on or near deltas because these regions are biodi-
verse, with highly productive and fertile lands (Syvitski et al., 2009). Changes in the shape of deltas can affect 
humans directly. Therefore, informed decision-making about coastal and river management requires the under-
standing of natural processes that control delta formation and evolution. Although the influence of diverse natural 
processes (e.g., waves, tides, rivers) on delta morphology has long been discussed (A. D. Ashton & Giosan, 2011; 
Chatanantavet et al., 2012; Galloway, 1975; Nienhuis et al., 2015, 2018; Orton & Reading, 1993), the feedbacks 
among multiple natural processes, such as wave and river processes, and their impacts on delta morphology, 
remain to be better understood.

River delta morphology reflects the balance between sediment delivery by rivers to the coast and sediment 
reworking through waves and tides (Galloway, 1975). Because of anthropogenic reductions of river sediment 
input and increased rates of sea level rise, many river deltas have shifted toward wave or tide dominance (Nien-
huis et al., 2020). The location and size of delta lobes are controlled by river avulsion dynamics. Avulsions tend 
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to occur where the riverbed becomes sufficiently superelevated relative to its surrounding floodplain (Mohrig 
et al., 2000). In the context of deltas, avulsions typically occur at a distance from the river mouth that scales with 
the backwater zone (Chadwick et al., 2019; Chatanantavet et al., 2012; Ganti et al., 2016; Jerolmack, 2009; Ratliff 
et al., 2021). The backwater length (LB) is approximated by the ratio of a characteristic flow depth (bankfull chan-
nel depth here) and riverbed slope (Paola, 2000).

On wave-influenced deltas, the deposition of sediment at the river mouth drives the shoreline to prograde seaward, 
while waves tend to distribute sediment along the shoreline. For a given wave climate, the rate of alongshore sedi-
ment flux depends on the local shoreline orientation (A. Ashton et al., 2001; A. D. Ashton & Murray, 2006a). 
Where a coastline is curved, the alongshore variation in shoreline orientation tends to create a gradient in along-
shore sediment flux (Komar, 1973). The alongshore gradient in sediment flux, in turn, leads to shoreline erosion 
or accretion (A. Ashton et al., 2001; A. D. Ashton & Murray, 2006a). Shoreline curvature is the second derivative 
of cross-shore shoreline position, with respect to the alongshore direction. Under most wave climates, the flux of 
sediment alongshore tends to converge when the shoreline has a concave-seaward curvature, causing accretion, 
and diverge with a convex-seaward shoreline curvature, causing erosion (A. D. Ashton & Murray, 2006a; Dean 
& Yoo, 1992; Lauzon et al., 2019). Under such wave climates, alongshore transport tends to smooth the shoreline 
on the regional scale. When the range of shoreline orientations is small, this process can be treated as diffusion 
of the shoreline position, with positive diffusivity corresponding to coastline smoothing and negative diffusiv-
ity corresponding to coastline roughening (A. Ashton et al., 2001; A. D. Ashton & Murray, 2006a; Falqués & 
Calvete, 2005). The wave climate influences how rapidly a coastline tends to be smoothed—or equivalently, the 
effective long-term shoreline “diffusivity” (A. D. Ashton & Murray, 2006b). The same set of waves far offshore 
affect shorelines with different orientations differently, so that local shoreline diffusivity can vary from one place 
to another along a coast (A. D. Ashton & Murray, 2006b).

Recent numerical modeling works have provided basic insights on how waves influence delta morphology, 
including exploring the process of wave-driven alongshore sediment transport that redistributes fluvial sediment 
(A. D. Ashton et al., 2013), the control of wave directions on delta morphologies and morphodynamics (A. D. 
Ashton & Giosan,  2011), and the effect of asymmetric wave climates on plan-view deltas morphologies (A. 
D. Ashton & Giosan, 2011; Nienhuis et al., 2015). These works involved a channel position that is fixed in the 
alongshore direction. Nienhuis et al. (2016) examined the feedbacks between waves and river-mouth migration. 
Gao et al. (2020) continued the work and explored the impact of wave climate asymmetry on deltaic river-mouth 
morphodynamics. Ratliff et al. (2018) coupled wave-driven delta morphodynamics and river avulsion dynamics 
under a symmetric wave climate. However, how river avulsion dynamics and delta morphodynamics depend on 
the wave asymmetry has not previously been addressed.

Asymmetric wave climates drive net alongshore sediment transport toward the “downdrift” direction. Here, we 
present numerical modeling results demonstrating that wave-climate asymmetry can strongly influence river 
avulsion dynamics as well as plan-view river delta morphology. The delta model couples the River Avulsion and 
Floodplain Evolution Model (RAFEM, Ratliff et al., 2018) and the Coastline Evolution Model (CEM; A. Ashton 
et al., 2001; A. D. Ashton & Murray, 2006a) through the Community Surface Dynamics Modeling System Basic 
Model Interface (Peckham et al., 2013). The coupled delta model can be used to explore how ocean and river 
conditions influence delta evolution over large space and time scales (e.g., multiple river avulsion and delta 
lobe-building events), and how both delta planform shapes and longitudinal river and floodplain profiles evolve.

2.  Methods
2.1.  Model Summary

In RAFEM, fixed square cells contain information about riverbed, floodplain, or seafloor elevations (Ratliff 
et al., 2018). The initial river course is determined using a steepest-descent algorithm developed by Jerolmack 
and Paola (2007). Any cells the river course passes through are designated as river cells. Cell widths are an order 
of magnitude larger than the characteristic river width. A river cell includes information of riverbed elevation 
and levee height (assumed to be one bankfull channel depth above the riverbed). The morphodynamic evolution 
of the longitudinal river profile is modeled as a linear diffusive process (Jerolmack & Paola, 2007). The river 
diffusion coefficient represents the combined effect of long-term average water discharge and sediment charac-
teristics (Ratliff et al., 2018). The bed elevation at the river mouth is one channel depth below sea level (Ratliff 
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et al., 2018). As the riverbed aggrades, driven by either progradation or sea-level rise, some portion of the river 
channel will become super-elevated relative to its surrounding floodplain. The normalized superelevation ratio 
(SER) is the difference between the levee crest elevation and the elevation of the adjacent floodplain, normal-
ized by bankfull channel depth. A potential avulsion is triggered where the riverbed elevation meets or exceeds 
the critical superelevation ratio. Studies of river bifurcations show that a shorter path to the base level, with a 
steeper channel bed gradient and increased sediment transport capacity, tends to become the dominant flow 
path (Pittaluga et al., 2003; Slingerland & Smith, 2004). In the model, from a potential avulsion location, a new 
steepest-descent path to the sea is determined. If the new path is shorter than the prior path, then the river course 
will relocate to the new path, and the avulsion is successful. The old channel is filled to the average elevation of 
the surrounding floodplain cells (Ratliff et al., 2018). If the new path to the sea is longer than the previous river 
course, a crevasse splay will be deposited in the first cell where the avulsion is failed and its surrounding adjacent 
cells at a rate equaling to the in-channel aggradation rate just upstream of the splay, and avulsion does not occur. 
We tested critical SER values of 0.5 and 1 for model experiments based on the range suggested by field measure-
ments (Hajek & Wolinsky, 2012). We nondimensionalized time and length with channel-filling time scale (Tcf, the 
amount of time it would take to fill one bankfull channel depth, if the river sediment flux was completely retained 
in the backwater zone, Text S1 in Supporting Information S1) and back-water length (LB, the ratio of channel 
depth and riverbed slope), respectively. Wave height (WH) is nondimensionalized by the river channel depth. The 
processes described in the model are generic and potentially applicable to a range of delta types and sizes. For 
example, Tcf and LB can range from decades and 1 km, respectively, for a small river (such as the model parameters 
we used in Table S1 in Supporting Information S1) to the millennial scale and hundreds of kilometers for a large 
river (e.g., a 30 m deep river with 50 m 2/s width-averaged water discharge on a 5 × 10 −5 slope).

The sediment flux delivered to the coasts in RAFEM is reworked by the wave-driven alongshore sediment trans-
port in CEM (A. Ashton et al., 2001; A. D. Ashton & Murray, 2006a, 2006b). The erosion or accretion of the 
coastline occurs where there is a gradient in net alongshore sediment transport. Assuming conservation of near-
shore sand and a long-term constant shoreface profile, shoreline change is calculated by:

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= −

1

𝐷𝐷𝑠𝑠𝑠𝑠

𝑑𝑑𝑑𝑑𝑠𝑠

𝑑𝑑𝑑𝑑
� (1)

where 𝐴𝐴 𝐴𝐴 is cross-shore shoreline position, t is time, Qs is the volumetric wave-driven alongshore sediment trans-
port, Dsf is the shoreface depth, x is the alongshore direction.

In CEM, wave height is held constant during each experiment, representing effective average wave height (A. 
D. Ashton & Murray, 2006a). Wave climate is defined by the fraction of offshore high angles waves (U) and the 
fraction of waves approaching from the left relative to the initial, overall coastline orientation (wave asymmetry, 
A) and is presented in the form of probability density function (wave climate PDF, see Figure 8 of A. D. Ashton 
& Murray, 2006a). Offshore wave approach angles are randomly selected from the wave climate PDF and change 
every simulated day. Within the wave climate PDF, the probability of each angle bin represents the cumulative 
influence from waves within that range of directions (A. D. Ashton & Murray, 2006b). U and wave height affect 
wave-climate diffusivity. Smaller U value suggests greater influence from low-angle waves, which tend to smooth 
the coastline. U > 0.5 indicates a net anti-diffusive wave climate, which causes coastline perturbations to grow. 
In our experiments, we used U parameters varying between 0.3 and 0.5 to model diffusive wave climates. When 
A = 0.5, the shoreline experiences a symmetric mix of influences from both sides of the delta. In asymmetric 
wave climate experiments with A > 0.5, the shoreline experiences stronger influences of waves approaching the 
coastline from the left (looking offshore), resulting in net alongshore sediment transport from left to right. We 
tested A values between 0.6 and 0.9 in model experiments to explore the dependence of delta morphology and 
avulsion dynamics to varying wave-climate asymmetry.

2.2.  Data Analysis

Every approaching wave can cause some alongshore sediment transport and coastline shape change. The shore-
line diffusivity associated with each wave-approach direction depends on the difference between the angle of 
offshore wave crests (𝐴𝐴 ∅0 ) and the angle of the shoreline (𝐴𝐴 𝐴𝐴 ):

𝜇𝜇 = −
𝐾𝐾2
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where 𝐴𝐴 𝐴𝐴2 is ∼0.34 𝐴𝐴 m
3∕5

s
−6∕5 (A. D. Ashton & Murray, 2006b), 𝐴𝐴 𝐴𝐴  is wave period, and 𝐴𝐴 𝐴𝐴0 is the offshore wave 

height. (“Offshore” here refers to the offshore limit of approximately shore-parallel depth contours, i.e., the base 
of the shoreface.) The long-term effective shoreline diffusivity is the summed diffusivities for waves from all 
angle bins, weighted by the probabilities in each bin (using one-degree increments). The global, overall shoreline 
angle is used for calculating regional diffusivity, while the local shoreline angle (a four-cell moving average) is 
used for calculating the local effective diffusivity.

To constrain the statistical uncertainties, we used three groups of random elevation perturbations added to the 
initial downstream-sloping landscape. In each group of experiments, we compared local shoreline angles to iden-
tify the maximum magnitude of the shoreline angle relative to the overall coastline orientation for both updrift 
and downdrift flanks. Then, we measured the delta morphological responses to wave-climate asymmetry through 
the degree of delta asymmetry, 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 , defined by the ratio of the maximum magnitude of the shoreline angle 
updrift and downdrift of the tip of the delta:

𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = |𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚|∕|𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚|� (3)

The tip of the delta is defined as the shoreline cell that extends farthest seaward (in the global cross-shore direc-
tion). The degree of delta asymmetry is calculated at every ∼31Tcf over a modeled time of ∼12600Tcf and aver-
aged for each wave climate experiment. When 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 1 , the delta morphology is symmetric. The more 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
deviates from 1, the greater the delta morphological asymmetry is. When the river avulses to updrift of the delta 
tip, we consider the avulsion an updrift avulsion. To capture the tendency toward updrift avulsions under various 
wave climate scenarios, we calculated the fraction of time that the river avulses to the updrift delta flank.

3.  Results and Discussion
3.1.  Delta Morphologies

The couplings between shoreline and river dynamics in this model framework lead to a dependence of delta 
plan view morphology on wave climate diffusivity (determined by WH and U; Figure 1; Ratliff et al., 2018), 
and on wave climate asymmetry (Figure 1). To quantify the relative influence of the river and waves on delta 
morphology, we used the ratio of the fluvial sediment flux leaving the river mouth to the maximum possible 
alongshore transport away from the river mouth, for a given wave climate, R (Nienhuis et  al.,  2015). In our 
model experiments, deltas are river-dominated (R > 1) with small wave height (WH = 0.3). With larger wave 
height (WH = 0.4), deltas are strongly wave influenced (R < 1) when diffusive waves dominate the wave climate, 
while deltas become river-dominated (R > 1) when wave climate diffusivity decreases (Figure S1 in Supporting 
Information S1). When R > 1, wave influences become neglectable and therefore the effect of wave asymmetry 
becomes less important. To investigate how wave climate asymmetry strongly affects wave-influenced deltas, 
we concentrated our analyses on experiments using WH = 0.5, which have R < 1 for all values of U used in this 
study (Figure 1). Experiments using WH = 0.4 showed the same trends in morphology (Figure S1 in Supporting 
Information S1).

In our model experiments, the input wave climate is defined relative to the regional, overall coastline orientation. 
In this case, diffusivity varies with offshore wave angle, from a maximum when the wave approaches directly 
onshore (shore-normal) to 0 when the wave angle is ∼45° (see Figure 4 of A. D. Ashton & Murray, 2006a). 
However, the wave-climate diffusivity felt by shorelines locally can vary considerably from the regionally defined 
wave climate (A. D. Ashton & Murray, 2006b), because (a) changing the local shoreline angle changes wave 
angles relative to the local shoreline, and (b) some of the waves in the regional climate do not reach all local 
shorelines.

When the wave climate is asymmetric, waves approach the shoreline dominantly from one direction (the left in 
our experiments). Local shorelines on the updrift flank are rotated toward the dominant wave direction. Most 
waves from the dominant direction approach the rotated local shorelines on the updrift flank from lower angles, 
relative to the regional shoreline orientation, increasing their diffusional effects locally. Thus, for the rotated 
shoreline on the updrift flank, effective diffusivity is higher. In contrast, shorelines on the downdrift flank are 
rotated such that waves from dominant direction approach local shorelines from a higher angle, decreasing the 
effective diffusivity locally (Figure 1).
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The discrepancy in effective diffusivities between the updrift and downdrift flank leads to different shoreline 
curvatures. As both flanks prograde at approximately the same rate, a lower curvature develops on the updrift 
flank, while a greater curvature develops on the downdrift flank, as long as local effective diffusivity remains 
positive there (Figures 1 and 2c). If the downdrift effective diffusivity approaches zero or becomes negative, 
convex curvature can persist and even be associated with progradation (for negative diffusivity; Figures 1 and 2g).

As U increases, and regional effective diffusivity comes closer to 0, less downdrift shoreline rotation is required 
for local effective diffusivity to become negative, and the downdrift shoreline has a greater chance to develop 
convex curvature. Under these conditions, as the downdrift flank progrades, it can block part of the shoreline 
from waves from the dominant direction and create a “wave-shadowed zone” downdrift. Long-term net sediment 
transport is reduced within the wave-shadowed zone, and an associated sediment flux gradient causes erosion 
downdrift of location of maximum shadowing (A. D. Ashton & Murray, 2006a; evident in Figure 1, lower right 
panels).

3.2.  River Avulsion Dynamics

As the river attains sufficient superelevation to avulse at some point (i.e., the “avulsion node”), possible locations 
for the new post-avulsion river mouth are constrained by shoreline shape (which evolves between avulsions in 
response to waves and sediment delivery at the present river mouth location), because the path from the avulsion 

Figure 1.  Plan-view delta shorelines for different wave climates, each after the same amount of time (approximately 12600Tcf). Each frame shows 10 backwater lengths 
in the cross-shore direction and 30 backwater lengths alongshore. In all simulations, wave height (0.5), sea-level rise rate (0.0), and critical SER (1.0) are held constant. 
High angle wave fraction (i.e., wave diffusivity for the overall coastline orientation) increases from left to right, reducing the overall shoreline diffusivity. Wave climate 
asymmetry increases from top to bottom. Overlaid lines show the local diffusivity along the shoreline, with positive diffusivity in white, and negative in gray (scale 
on the right side of panels). μup is the effective diffusivity where the local shoreline angle deviates most from the regional angle on the updrift flank, and μdown is the 
effective diffusivity where the local shoreline angle deviates most on the downdrift flank.
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node to the new river mouth location must be shorter than the present path for an avulsion to occur in the model. 
This constraint can be illustrated by a semi-circle, centered on the avulsion node, with a radius equal to the aver-
age of the current river path length (including sinuosity) and the straight-line distance from the avulsion node to 

Figure 2.  Illustration of delta planform morphology under varying wave climates: (a) sketch of planform delta shorelines 
under a symmetric wave climate, with the semi-circle (yellow) that outlines possible river avulsion locations (green lines) 
and the river avulsion node (red dot); (b) river can avulse to either side of a concave shoreline with symmetric wave climates, 
(c) sketch of planform delta shorelines under asymmetric and diffusive wave climates; (d) low updrift shoreline concavity 
limits the possibility of updrift river avulsion; (e) Rio Grijalva, Mexico; (f) Ombrone river, Italy; (g) sketch of planform delta 
shorelines under very asymmetric or less diffusive wave climates; (h) downdrift convexity favors updrift river avulsion; (i) 
Ceyhan river, Turkey; (e) Doce river, Brazil. Remote sensing images are from Sentinel-2. Wave-Watch data are from National 
Oceanic and Atmospheric Administration (NOAA) and is organized by Nienhuis et al. (2020).



Geophysical Research Letters

HU ET AL.

10.1029/2021GL096315

7 of 10

the present river mouth (Figure 2). For river courses with negligible sinuosity, the river can only avulse to shore-
line locations that fall on the landward side of the semicircle. Assuming a landscape topography that is equally 
likely to steer a new steepest descent path to either side, the probability of an updrift avulsion is proportional to 
the ratio between the lengths of the shoreline the river can avulse to updrift and downdrift.

With a symmetric or slightly asymmetric (and diffusive) wave climate, the shorelines on both flanks of the delta 
will be concave seaward, so that the river can avulse to both sides of the delta near the delta tip (Figure 2a). Asym-
metric wave climates impose two opposing restrictions on possible avulsion locations.

3.2.1.  Updrift and Downdrift Concave Curvatures

The low curvature on the updrift delta flank, resulting from the high effective diffusivity of the local wave 
climate, tends to restrict the updrift locations the river can avulse to. Conversely, the lower effective diffusivity 
on the downdrift flank tends to cause larger shoreline curvature, expanding the length of shoreline viable for 
avulsion (Figure 2c). As the downdrift shoreline becomes more accessible, the river tends to avulse to the down-
drift side of the delta tip (Figure 2d). In cases where these curvature effects lead to a predominance of downdrift 
avulsions, some of the avulsions still move the river mouth back in the updrift direction. This occurs because 
once the river avulses to a downdrift location, the fluvial sediment input tends to promote shoreline progradation 
there (Movie S1).

3.2.2.  Downdrift Convexity

With decreasing diffusivity of the regional wave climate (i.e., greater U values) and increasing wave asymme-
try, the local diffusivity on the downdrift flank approaches zero. When diffusivity becomes sufficiently small, 
the shoreline will no longer maintain the concave shape; sediments transported downdrift from the river mouth 
cannot be distributed along the downdrift shoreline rapidly enough, and the downdrift flank becomes convex 
(Figure 2g). If the local downdrift diffusivity becomes negative, the convexity will enhance progradation. As a 
result, the delta tends to migrate in the downdrift direction, extending the distance between the avulsion node and 
shorelines on the downdrift flank. In addition, with if the delta migrates alongshore, the updrift shoreline will 
experience erosion, bringing the updrift shoreline closer to the avulsion node. Both progradation on the downdrift 
flank and erosion on the updrift flank tend to make the updrift side of the delta becomes the preferred avulsion 
location (Figures 2g and 2h). With increasingly asymmetric wave climates, downdrift delta migration is more 
rapid. Although the downdrift delta movement limits downdrift avulsion in most cases, continuous fluvial input 
can develop a new delta tip on the updrift side of the initial avulsion node. With stronger wave diffusivity on the 
updrift flank, downdrift avulsion relative to the newly developed delta tip is still possible (Movie S2).

3.3.  Dominant Effects Vary With Wave Climate

To characterize river avulsion tendencies under various wave climates, we calculated the fraction of avulsions that 
move the river mouth to the updrift side of the delta tip (Figure 3a). When the diffusivity of the regional wave 
climate is high enough to distribute fluvial sediment widely along the shoreline, the delta progrades slowly, and 
the progradation-related aggradation of the river profile is also inhibited (Ratliff et al., 2018). During the model 
experiments (each lasting for ∼12600Tcf), fewer avulsions occur as regional wave climate diffusivity increases 
(U decreases).

With slight wave asymmetry (A = 0.6), delta morphology is only slightly asymmetric (Figures 1 and 3b), and 
avulsions occur approximately as often to the downdrift and updrift sides of the delta tip (Figure 3a). With high 
regional wave climate diffusivity (low U in model experiments), as the wave climate becomes more asymmetric, 
the effect of decreased updrift curvature becomes more dominant, and downdrift avulsions become more frequent 
(Figure 3a). The increases in wave climate asymmetry impose greater delta plan-form asymmetry (Figure 3b; 
Figure S3 in Supporting Information S1).

With lower regional wave climate diffusivity (higher U), increasing wave-climate asymmetry favors the 
downdrift-convexity effect, leading to a more asymmetric delta plan-form morphology (Figure 3b; Figure S3 
in Supporting Information  S1). The tendency for reduced updrift concavity competes with the tendency for 
downdrift convexity in determining the updrift/downdrift avulsion tendency. With a wave-climate asymmetry 
of 0.7 and 0.8, reduced updrift concavity controls the avulsion tendency in the early stage of the delta evolution. 
However, as the delta cross-shore/alongshore aspect ratio becomes more pronounced and the diffusivity on the 
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downdrift shoreline decreases, the effects of downdrift convexity lead to a predominance of updrift avulsions 
(Movie S1). When the wave climate is extremely asymmetric (A = 0.9), the downdrift convexity effect dominates 
more consistently, leading to a preponderance of updrift avulsions (Figure 3a). On the other hand, reduced updrift 
concavity can also limit the updrift shoreline accessibility, restricting the possible avulsion locations. As a result, 
the river mouth location varies little when the regional wave diffusivity is small, and the river mouth location 
after avulsions tend to be on the updrift flank. Restricting the potential paths for successful avulsions manifests as 
a higher percent of failed avulsions during model experiments (Table S2 in Supporting Information S1).

3.4.  Critical Superelevation Ratio Effects

The updrift/downdrift river avulsion tendency and delta morphology are also influenced by the critical SER 
(Figure S4 in Supporting Information S1). Decreasing the critical SER value reduces the amount of channel 
aggradation required to trigger an avulsion, so the avulsion time scale decreases. More frequent shifts in river 
mouth location augment the effects of a diffusive wave climate, tending to produce a smoother shoreline. Because 
the delta cross-shore/alongshore aspect ratio is reduced with a lower critical SER, shoreline orientations on the 
updrift and downdrift flanks of the delta deviate less from the regional coastline orientation (relative to the case 
with a higher critical SER). With smaller decreases in diffusivity on the downdrift flanks, the tendency for down-
drift convexity, and consequently updrift avulsions, is reduced (Figure S4 in Supporting Information S1).

4.  Implications and Future Work
Future work will be needed to systematically compare model results to natural deltas. The quantitative analysis of 
wave climates for natural deltas (e.g., A. D. Ashton & Murray, 2006b) is beyond the scope of this work. However, 
in the initial comparisons shown here, wave-influenced deltas exhibit the asymmetry of shoreline curvature we 
would expect from the variation of local effective shoreline diffusivity, based on model results (Figure 1). As 
wave-climate asymmetry tends to locally increase the shoreline smoothing effect of gradients in net alongshore 
sediment transport on the updrift delta flank, updrift delta flanks tend to be straighter than the downdrift flank 
(Figures 2e and 2f). When the wave-climate asymmetry becomes extreme, local effective diffusivity on the down-
drift flank can become sufficiently small, leading to convex downdrift shorelines (Figures 2i and 2j). In the case 
of the Doce river shown in Figure 2j, the convexity on the downdrift flank corresponds to a former river mouth 
location. However, the fact that the convexity still exits ∼5,000 years after the river avulsed to the present location 
(Rossetti et al., 2015) is consistent with a very small or negative local diffusivity.

Figure 3.  Comparison of river avulsion tendency and delta planform asymmetry under various wave climates. (a) River avulsion tendency. Color shows the percent 
of avulsions to the updrift side of the delta tip. The number of avulsions (summed over three replicates) is shown above each dot. (b) Delta planform asymmetry. Delta 
morphology is symmetric when the 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  = 1.
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Since most natural shorelines are exposed to asymmetric wave climates, as deltas become more wave-dominated, 
not only will avulsions tend to occur less frequently (Ratliff et al., 2018), the tendency for updrift or downdrift 
avulsions will also play a more important role in understanding and forecasting delta evolution in natural settings. 
Ultimately, understanding the processes that influence where new river courses and river mouths tend to be 
located could help inform decision making in coastal zones.

Additionally, we found that although the effective diffusivity for the global average coastline orientation is inde-
pendent of wave-climate asymmetry, the maximum potential local effective diffusivity, which could be realized 
for a particular local shoreline orientation, increases with wave-climate diffusivity (Text S3 in Supporting Infor-
mation S1), which have broader implications for coastline evolution beyond the scope of deltas.

The coupled model excludes some processes that may affect river avulsion dynamics. For example, in our model, 
when the delta is strongly influenced by an asymmetric wave climate (high A, small U/Large WH), river avul-
sion frequency tends to be reduced because waves can effectively redistribute sediments, which slows down the 
in-channel aggradation rate. The river-mouth dynamics model by Gao et al. (2020) has shown that, under similar 
circumstances, the large net alongshore sediment transport can enhance the progradation of a downdrift-deflected 
channel if sediment bypassing of the river mouth is limited. This effect, which would tend to increase avulsion 
frequency, is not accounted for here. Future work including the river-mouth processes in this coupled modeling 
framework could enhance the understanding of how river processes respond to diffusive and asymmetric wave 
climates. However, the results we emphasize here, involving how subsequent river mouth locations are influ-
enced by delta shape as it responds to the wave-climate, are unlikely to be qualitatively affected by the addition 
of river-mouth-migration dynamics. The effect of changing sea-level on river processes and delta morphology 
under asymmetric wave climates requires additional research. In addition, because shorelines on the updrift 
and downdrift flanks show different responses to the asymmetric wave climate, deltas under asymmetric wave 
climates may form characteristic stratigraphy over time, which could be useful for stratigraphic interpretation in 
deltaic environments.

Data Availability Statement
RAFEM and CEM are available through the model repository on the CSDMS website (https://csdms.colorado.
edu/wiki/Model:RAFEM and https://csdms.colorado.edu/wiki/Model:CEM). The coupled model is currently 
available on Zenodo (https://zenodo.org/badge/latestdoi/458204057).
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