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Abstract:  By adding a simple fixed-point sediment source to a numerical one-contour-line coastal evolution model, we investigate how the distribution of wave approach angles affects the evolution of wave-dominated deltas.  These experiments are motivated by recent findings that shoreline evolution is strongly dependant on wave approach angle, and that the ability for alongshore sediment transport to flatten a bump along a sandy coast decreases as deep-water waves approach from more oblique angles.  Waves approaching from sufficiently oblique angles (high-angle waves) result in a shoreline instability.  Simulations using the one-line numerical model, which includes a simple parameterization of barrier overwash, show that, for the same sediment supply and wave energy, deltas prograde faster and with a more pronounced aspect ratio if the proportion of high-angle waves is increased.  An asymmetry in the wave climate increases the tendency towards shoreline instability on the downdrift delta wing; simulations exhibit overwashing spits that extend from the river mouth.  This asymmetrical delta evolution is reminiscent of Sf. Gheorghe (St. George) lobe of the Danube Delta, Romania.  Other simulations with an initially high then later reduced sediment input rate resemble the basic form of the Ebro Delta, Spain, with lobes recurving towards the mainland extending from both sides of the river mouth.  These preliminary investigations demonstrate that reshaping of deltas by waves and subsequent overwash can give rise to surprisingly complex shapes and behaviors

INTRODUCTION

Recent research (Ashton et al. 2001; Murray and Ashton 2004) has revealed that the common conception that wave-driven alongshore sediment transport always flattens, or diffuses the shape of a shoreline is incorrect.  High-angle waves (with large angles between deep-water crests and the shoreline trend (Fig. 1a)) result in an instability in shoreline shape.  Numerical modeling suggests that this instability can cause a coastline to self-organize into large-scale rhythmic or quasi-rhythmic configurations, resembling natural features such as cuspate forelands, cuspate spits, and alongshore sandwaves (Ashton and Murray submitted A; Ashton et al. 2001).  

Using a one-line shoreline evolution model that includes a simplified representation of barrier overwash, we explore the implications the high-wave-angle instability could have on the evolution of wave-dominated deltas by examining simple scenarios of shoreline evolution in the presence of a fixed-location sediment source.  Simulations reveal that the interactions between sediment input, wave reshaping, and overwash result in surprisingly complex behaviors, with the shoreline attaining classic ‘Nile Delta’ forms as well as more complicated shapes reminiscent of the Danube and Ebro deltas.  

Instability in Shoreline Shape

As waves approach shore, they shoal and refract, changing both their height (H) and angle (
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) (Fig. 1a).  However, because of the coincident changes to wave height and angle, gradients in alongshore sediment transport (Qs) along a coast are best understood by looking at deep-water (unrefracted) wave quantities.  The common CERC formula (as well as many other suggested relationships for Qs (Ashton and Murray submitted B)) predict a maximum in Qs for a deep-water wave angle around 45°, assuming shore parallel contours (Fig. 1b).  Assuming a constant cross-shore profile shape, shoreline evolution occurs due to gradients in Qs.  

Because gradients in Qs caused by shoreline curvature are reduced as wave angles increase towards 45° (Fig. 1b ), the ability for waves to diffuse perturbations to a straight shoreline decreases as wave angle is increased towards the value maximizing Qs.  Beyond this maximum, the slope of Qs versus relative angle changes sign, and perturbations to a shore will grow rather than diffuse, with an increasing strength of this ‘anti-diffusion’ as wave angle increases (Fig 1b) (Ashton et al. 2001).  The high-wave-angle instability follows directly from (and only requires) a deep-water maximum in Qs, and can occur even if waves are breaking at angles much smaller that 45° (Ashton et al. 2001).
Numerical model

We have created a numerical model that, like other common ‘one-line’ models often used in coastal studies (Hanson and Kraus 1989), assumes that the shoreface maintains a constant shape, and that gradients of alongshore sediment transport within the surf zone control long-term coastal evolution (Fig. 2a).  Discretizing the CERC formula for Qs (U.S. Army Corps of Engineers 1998), the model contains a numerically stable solution scheme for the case of high-angle waves, and can accommodate a shoreline that becomes arbitrarily sinuous, even doubling back on itself (Fig. 2b) (Ashton et al. 2001; Murray and Ashton 2004).  
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A simplified representation of barrier overwash has been added to the model (Fig. 2a) (Ashton and Murray submitted A; Murray and Ashton 2004).  Overwash is assumed to occur whenever a barrier is below a minimum critical width (Leatherman 1979), and it will widen a barrier whenever backbarrier depths are less than the shoreface depth (Fig. 2a) (Jimenez and Sanchez-Arcilla 2004).  Waves approach from a new angle every day; their angle is determined using by probability distribution function representing the wave climate.

Wave-dominated DeltaS

Komar (1973), in one of the first published applications of a one-line numerical shoreline model, investigated the basic evolution of a wave-dominated delta.  Using a fixed-location point sediment source and waves approaching only from a single direction with wave crests parallel to the general shoreline trend (
[image: image2.wmf]q

f

-

0

= 0°), Komar’s model suggests that deltas will grow with a classic curved shape associated with a ‘Nile-type’ delta.  Waves with slightly oblique angles (
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= 10°) result in similar behavior, displaying little asymmetry despite a net direction of sediment transport.  Little quantitative work has since expanded upon these results, probably because they are in accordance with the general conceptual framework that waves always smooth the plan-view shape of a coast (e.g. Refaat & Tsuchiya (1991), Cowell et al. (2004)).  
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However, the recently underscored importance deep-water wave angle has on coastal evolution suggests that more complicated types of shoreline behavior could occur.  Even if waves approach entirely directly onshore (
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= 0°), local wave angles along a delta would increase towards sediment source, and shoreline diffusivity would vary along its length (Fig. 3a).  A delta with a sufficiently large sediment supply could grow offshore until it achieved such a large cross-shore/alongshore aspect ratio that waves became high-angle near the mouth.

Evolution of a delta affected by waves approaching from high angles will be even more complicated; Grijm (1960; 1964) analytically studied the shapes deltas would attain if affected by waves approaching from a fixed angle larger than a hypothesized maximum in sediment transport of 45° (without specifying whether the waves are breaking or deep-water).  Our numerical shoreline model allows us to investigate the effects of the instability in greater detail; for example, the model can dynamically investigate the competition between a sediment supply tending to drive the delta to an unstable configuration and shoreline reorientation that tends to drive coasts towards locally stable configurations (as discussed in Ashton and Murray (submitted B)).
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Modeling Wave-Dominated Deltas

A sediment source is incorporated into the numerical model in a simple fashion: every time step (0.1 day), the same amount of sediment is added to the shore at a fixed alongshore location.  The primary distinction between these simulations and those by Komar (1973) is that waves approach the coast from different angles over time, not from one fixed direction.  Every simulated day, waves (with deep-water H = 2 m, period =  8 s) approach the coast from a new direction selected randomly from a probability distribution function defined by the variables U, the fraction of unstable, high-angle waves, and A, the asymmetry, defined as the fraction of waves approaching from the left, looking offshore.  As with previous simulations, periodic boundary conditions are maintained; however, large domains are used to ensure that the boundaries do not affect the growth of the delta.  

Our model approach is purposefully simplified to sharpen the focus on plan-form evolution due to alongshore sediment transport driven by breaking waves.  Just as many delta models neglect (or assume to average over) planform dynamics (Swenson et al. 2005), this one-line approach simplifies cross-shore dynamics by assuming a constant profile shape with a depth of 10 m.  The fixed location of the sediment source also means that channel processes, particularly channel avulsion that can be an important component of delta evolution, are also disregarded.  The sediment added to the coast is assumed to be transported in the surf zone and remains within the shoreface.  Because fine-grained sediment (mud) would pass out of such an energetic, wave-dominated environment, the additions to the model coast represent the coarse-grained (sand) fraction of a river’s sediment load. 

Symmetrical Wave Climates

With a moderate sediment input (~180,000 m3/yr, deposited volume), a wave climate predominated by low-angle waves with no net sediment transport direction results in simulated delta evolution similar to the ‘classic’ behavior presented by Komar (1973) (Fig. 4a).  

For the same sediment input, if a larger proportion of the wave climate consists of high-angle waves, the delta grows with a different shape (Fig. 4b).  Although the net input of wave energy remains the same as in the first simulation, the increased proportion of high-angle waves reduces the total diffusivity, or ‘flattening power’, of the wave climate, and the delta extends offshore more rapidly than in the previous simulation (Fig. 4a vs. 4b).  This rapid progradation causes the shorelines along the tip near the river mouth to reorient, increasing the local proportion of high-angle waves.  Eventually, simulations show migrating undulations emanating from the tip, similar to alongshore sandwaves (Thevenot and Kraus 1995; Davidson-Arnott and Van Heyningen 2003), that disappear as they move towards the delta flanks.  Presumably, these undulations enter low-angle-dominated regions as they migrate further down the delta, and they resultantly diffuse and disappear.  These quasiperiodic fluctuations self-organize from a constant sediment source and random changes in wave-approach angles.

Asymmetrical Wave Climate

An asymmetry in the wave climate increases the tendency towards high-angles along the downdrift side of a delta (Fig. 3b).  Simulations with a moderate input of sediment (~270,000 m3/yr), predominantly low-angle waves, but an asymmetry in wave approach direction exhibit dramatically different behaviors on opposing sides of the delta mouth (Fig. 5).  Although the updrift wing of the delta evolves in the ‘classic’ manner, migrating undulations eventually develop along the downdrift side.  As the delta builds further seaward, the undulations ultimately become spits emanating from the delta mouth that extend offshore.  Sometimes barrier overwash pushes these spits back towards the delta, and, in other cases, these spits extend until they reconnect with the coast (Fig. 5).   
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The wave-dominated, active Sf. Gheorghe (St. George) lobe of the Danube Delta, Romania, is subjected to waves primarily approaching from the east, driving net sediment transport towards the southwest (Fig. 6) (Giosan et al. 1999; Giosan et al. 2005).  Whereas the updrift delta wing is comprised of solid beach ridges, the downdrift wing consists of interlayered beach ridge ridges and delta plain muds, reminiscent of the enclosed backbarrier regions developed in the model (Giosan et al. 2005).  Additionally, an actively overwashing barrier spit currently extends from the river mouth, similar to the spits that also develop intermittently in the simulation (Fig. 6).  Although delta mouth dynamics may be important in the initial formation of the spit (Giosan et al. 2005), alongshore sediment transport processes are responsible for spit evolution and maintenance (Giosan et al. 1999).  These initial simulations capture many of the elements and behaviors of identified ‘asymmetrical deltas’ found in nature (Bhattacharya and Giosan 2003).
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Variable Sediment Input

For a high sediment input rate (~360,000 m3/yr), and a symmetrical, moderately low-angle climate, a delta can grow offshore faster than waves smooth it (Fig. 7) (assuming the location of the river source does not move).  After a reduction in the sediment delivery rate (to ~100,000 m3/yr), waves smoothing becomes relatively stronger, reshaping the delta by forming spit-like lobes that extend from either side of the delta mouth (Fig. 7).  These lobes experience frequent overwash, particularly along their middle segments.

The Ebro Delta, Spain (Fig. 8), is a wave-dominated delta that has experienced a similar history, where a previously large sediment input has been almost entirely eliminated (Jimenez and Sanchez-Arcilla 1993).  Although the simulation does not capture the details of the actual Ebro system, it demonstrates how alongshore sediment transport and overwash can combine to reshape a delta, resulting in overwashing, recurved spits on either side of the delta mouth deposit (Somoza et al. 1998). 
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dISCUSSION

Although we have made comparisons between natural deltas and simulation results, the simulations have in no way been calibrated to the natural systems, nor are they intended to be reproductions of the evolution of these deltas.  Indeed, the spatial and temporal scales of these particular simulations are typically much smaller than those of the natural examples.  Much like a physical experimental model, the numerical model generates results that can be interpreted as close analogs of real deltas.  As with physical models, the relative influence of different processes and forces can be scaled rigorously to match the prototype, although this has not been done for the experiments shown here.  The purpose of these preliminary simulations is to utilize a process-based approach to explore the types of delta shapes and behaviors that arise as wave climate characteristics and sediment input rate are varied.  The model’s ability to reproduce natural features in spite of its simplicity underscores the importance of the processes of alongshore sediment transport and overwash during delta evolution.  
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CONCLUSIONs

These preliminary modeling exercises demonstrate that the reshaping of wave-dominated deltas by alongshore sediment transport can be much more complex than previously thought.  Even for the simplest case where low-angle wave predominance flattens the coast, the proportion of high-angle waves has a strong influence on the aspect ratio and progradation rate of the delta.  Also, as sediment input forces the coast seaward, it can lead to shoreline configurations that tend towards high-angle wave dominance near the mouth.   Asymmetry in the wave climate enhances the possibility of instability along the downdrift section of a delta, offering an explanation why some deltas, such as the Danube, behave differently on opposite sides of the river mouth.  Resculpting by alongshore sediment transport and overwash can also generate deltas with recurved spit lobes reminiscent of the Ebro Delta.  All of these complex behaviors arise from the processes within a simple one-line numerical model.
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Fig. 1.  (a) Plan-view depiction of axes showing the angles of deep-water waves and refracted, breaking waves (� EMBED Equation.3  ��� and � EMBED Equation.3  ���, respectively), and the coastal orientation (� EMBED Equation.3  ���). (b) The deep-water maximum for Qs gives rise to the instability in shoreline shape.








Fig. 2.  (a) Profile view demonstrating the constant shape shoreface assumption and the zones of accretion and erosion resulting in barrier widening due to overwash.  


(b) Planview model schematic.





Fig. 3.  (a) Delta growth tends to reorient the coast. (b) For obliquely incident waves, the coast downdrift of the river mouth is more likely to experience high-angle waves.





Fig. 4.  Simulation results for deltas with symmetrical wave distribution (A = 0.5) and predominantly low-angle waves with (a) U = 0.9 and (b) U = 0.7 (Cartoons of wave climate distributions to the side). Sediment deposited contemporaneously is plotted with the same color, reusing colors every ~ 5 years





Fig. 5.  Simulation results with an asymmetry in wave approach direction (A = 0.7, more waves from the left) and predominantly low-angle waves (U = 0.8).





Fig. 6.  The Sf. Gheorghe lobe of the Danube River delta, showing a spit extending downdrift from the river mouth; waves dominantly approach from the northeast (NASA).





Fig. 7.  Simulations with symmetrical wave distribution (A = 0.5, U = 0.7) with an initially high sediment input rate and a subsequently low sediment input rate.





Fig. 8.  Ebro Delta, Spain (NASA).
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