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Key points (140 characters max)
- Barrier transgression results from both overwash and flood-tidal delta deposition
- Flood-tidal deltas built by ephemeral and rapidly migrating tidal inlets can contribute significantly to barrier transgression
- Additional transgressive flux from tidal inlets can help barrier islands keep pace with sea-level rise 

Abstract (150 words)
Barrier island response to sea-level rise depends on their ability to transgress and move sediment onto and behind the barrier, either through flood-tidal delta deposition, or via overwash. Our understanding of these processes over decadal or longer timescales, however, is limited and poorly constrained. Here we use a recently developed barrier island model (BRIE) to better understand the interplay between tidal dynamics, overwash fluxes, and sea-level rise on barrier coasts and barrier island stratigraphy. Model results suggest that in micro-tidal environments with large alongshore sediment transport fluxes, tidal inlets are ephemeral and migrate rapidly. These conditions lead to effective deposition of flood-tidal deltas and allow inlets to constitute most of the landward sediment flux. Flood-tidal delta deposition can also prevent barrier systems from drowning, likely making barrier islands with artificially stabilized inlets that cannot migrate (via jetty construction or maintenance dredging) more vulnerable to sea-level rise.

Introduction
Low-lying coastal barriers face an uncertain future over the next decades as sea levels are projected to rise (IPCC, 2014). In order to keep pace with sea-level rise (SLR), barrier islands in their natural state migrate towards land via overwash and flood-tidal delta deposition (McGee, 1890; Leatherman, 1983). However, if the transgressive flux of overwash and tidal inlets in response to SLR is insufficient, as it often is the case for developed barrier islands (Rogers et al., 2015), barrier islands can drown (Gilbert, 1885; Mellett & Plater, 2018). 
Given the socio-economic and ecological importance of barrier islands and their associated back-barrier environments, a number of models have been developed to better understand their response to SLR (e.g., Storms et al., 2002; Stolper et al., 2005; Masetti et al., 2008; Lorenzo-Trueba & Ashton, 2014; Lorenzo-Trueba & Mariotti, 2017). These models, however, only include overwash processes even though field studies have shown that flood-tidal delta deposition can represent a significant fraction of the transgressive flux (Pierce, 1969; Armon & McCann, 1979; Simms et al., 2006).
Here we apply a new morphodynamic barrier island model that includes both overwash and tidal inlets (BRIE, see Nienhuis & Lorenzo-Trueba, 2019) to explore barrier island dynamics and their response to SLR on decadal to millennial timescales. Specifically, we aim to quantify the relative role of overwash and tidal inlets on barrier island response to SLR. Based on the role of tidal inlets, we investigate if the transgressive flux of inlets can reduce the risk of barrier drowning. Lastly, because the importance of inlets for barrier transgression has been concluded mainly based on their dominance within barrier facies (e.g., Mallinson et al., 2010), we use synthetic stratigraphy from the model to investigate the relationship between barrier facies and transgressive sediment fluxes.
Background
Overwash and tidal inlets have much in common. Both tend to develop during storms, when waves and water-level differential lead to flow and sediment transport across the barrier. Sediment transport into the lagoon can be depositional, and lead to the formation of overwash fans that widen the barrier, or erosional, leading to barrier breaching and inlet formation (Pierce, 1970). Despite their importance in determining the geomorphic change of barrier islands, we lack the quantitative understanding that would allow us to predict the size and location of overwash fans and inlets (Donnelly et al., 2006; Wesselman et al., 2019). Generally, however, the magnitude and likelihood of occurrence of overwash events is greater for narrow and low lying barriers (Leatherman, 1979). Tidal inlets also preferentially form in narrow barriers (Johnson, 1919). Despite initially being erosional, tidal inlets can form flood-tidal deltas from littoral sediments and produce a transgressive sediment flux (Leatherman, 1979), particularly when they migrate along the barrier and continually expose new parts of the basin to flood-tidal deposition (Nienhuis & Ashton, 2016). Inlets can close if there is not enough potential for tidal flows to sustain a breach (Escoffier, 1940). 
Subject to SLR, a barrier system gradually narrows and becomes more susceptible to overwash and barrier breaching. Based on observations at Assateague Island, Virginia, Leatherman (1979) developed the concept of a critical barrier width: overwash can widen a barrier up to a certain (critical) width after which overwash can only aggrade a barrier. Jiménez and Sánchez-Arcilla (2004) later expanded this concept in their modelling study of the Ebro Delta and postulated that the volume of overwash is linearly related to the deviation of the barrier width from the critical width, such that narrower barriers overwash more sediment. More recently, Lorenzo-Trueba and Ashton (2014) assumed the existence of a maximum overwash flux, potentially a function of storm characteristics and sediment properties. Barrier drowning is likely to occur either when the rate of shoreface adjustment is slow or when the maximum overwash flux is insufficient for a given sea level rise rate (Lorenzo-Trueba & Ashton, 2014). 
Even though the impact of inlets on barrier coasts is widely appreciated (Pons et al., 1963; Pierce, 1969; Inman & Dolan, 1989; Beets & van der Spek, 2000; Ridderinkhof et al., 2014; Mallinson et al., 2018), long-term dynamics of inlets and feedbacks with barrier morphology are largely unexplored. 
BRIE model
The BRIE model combines existing overwash and shoreface formulations (Lorenzo-Trueba & Ashton, 2014) with alongshore sediment transport (Ashton & Murray, 2006), inlet stability (Escoffier, 1940), inlet migration, and flood-tidal delta deposition (Nienhuis & Ashton, 2016). These formulations show dependence on barrier geometry, thus allowing for feedbacks between overwash, inlets, and shoreface dynamics. For example, flood-tidal delta deposition increases barrier width, thereby limiting barrier overwash. Inlets on the other hand can act as a littoral sediment trap and starve the downdrift barrier of sediment, increasing overwash fluxes (Leatherman, 1979). Here we provide a brief description of the model and refer to Nienhuis and Lorenzo-Trueba (2019) for the source code and additional documentation.
Cross-shore component
Following Lorenzo-Trueba and Ashton (2014), we describe barrier evolution in the cross-shore by the barrier height and three moving boundaries: the shoreface toe, the ocean shoreline, and the backbarrier shoreline. The shoreface toe is located at a depth below sea level where sediment exchange between the shoreface and the shelf is negligible (Ortiz and Ashton, 2016), and both the ocean and backbarrier shoreline are located at sea level. Changes in the shoreface toe and the ocean shoreline position describe the dynamics of the shoreface, which dynamically adjusts toward an equilibrium profile. That is, shoreface sediment flux is directed offshore when the shoreface steepens beyond its equilibrium configuration as a result of SLR (e.g., Bruun, 1954) or alongshore sediment input. In contrast, shoreface flux is directed onshore when the shoreface profile flattens beyond its equilibrium configuration, which occurs when overwash fluxes activate or there is a net sediment loss in the alongshore direction. Overwash ﬂuxes connect the barrier shoreface with the backbarrier environment, and are computed as a function of a critical barrier width and height, beyond which overwash ﬂux to the back and the top of the barrier shuts down, as well as the lagoon depth, which depends on the rate of fine sediment accumulation. Fine sediments contribute to the total barrier volume as the barrier migrates landwards, but do not recycle back in the form of overwash as the shoreface erodes. We estimate the parameters associated with the cross-shore dynamics using the formulations described by Lorenzo-Trueba and Ashton (2014), Ortiz and Ashton (2016), and Houston (1995). 
Along-shore component
We connect a series of cross-shore profiles via alongshore sediment transport. Plan view gradients determine the rates of shoreline erosion and progradation, as well as the degree of shoreface steepening or flattening. In particular, we calculate shoreline change in a periodic alongshore domain of typically 100 km based on a non-linear diffusion equation defined at the toe of the shoreface (Ashton & Murray, 2006). We compute the diffusivity parameter as a function of wave climate, which is in turn characterized by its wave height, wave period, wave climate asymmetry (the fraction of waves approaching from the left looking offshore), and highness (the fraction of waves approaching at angles greater than 45˚ from shore normal). 
Inlet opening and closing
An inlet can form subject to two conditions: (1) it has to be sufficiently far away from existing inlets (~10 km, see Roos et al., 2013), and (2) it breaches where the barrier cross-sectional volume is smallest. Inlet width and depth is based on Escoffier’s principle (Escoffier, 1940) and quantified using the formulations presented by Swart and Zimmerman (2009). An inlet closes if its tidal velocity amplitude is smaller than a critical velocity (here 1 m/s). Inlets can close at any timestep and can therefore also be ephemeral. The area of a tidal drainage basin is a function of the tidal prism, which in turn depends on (1) the distance to neighboring inlets, (2) the backbarrier marsh percentage, and (3) the basin length (the distance between the back barrier and the passively flooded mainland). We do not solve for multi-inlet tidal hydrodynamics (e.g., Roos et al., 2013; Reef et al., 2019), but assume back-barrier water drains to the nearest tidal inlet. When a section of the barrier chain drowns (i.e., width < 0 or height < 0), we convert it to an inlet, such that it steals tidal prism from neighboring inlets and acts as a sink of alongshore sediment transport. 
Inlet migration and flood delta deposition
For each inlet, we use the parameterizations from Nienhuis and Ashton (2016) to calculate inlet migration rates and changes in the volume of the flood tidal-delta. At each time step (usually 0.05 years), a wave direction is drawn from a probability distribution based on the wave climate asymmetry and highness. With this wave direction, we calculate the alongshore sediment flux directed to each inlet (Ashton & Murray, 2006; Nienhuis et al., 2015). Next, sediment transported towards the inlet is then (i) deposited in the updrift barrier, which results in downdrift extension and inlet migration, (ii) deposited as flood-tidal delta, or (iii) bypassed to the downdrift barrier. Sediment released from the eroded bank of a migrating inlet is distributed similarly. Sediment flux distribution is based on the relative momentum fluxes of the inlet jet and the alongshore radiation stress, which depend on the tidal prism and the wave climate. Inlet migration rates are maximized for a mixed tidal and wave energy environment (Nienhuis & Ashton, 2016). New barrier and flood-tidal delta is deposited at sea level.
Model analyses
First, we run the model for different wave climates, tidal conditions, and SLR rates. Using these simulations, we investigate the relative contribution of overwash and flood tidal deposition on the total landwards flux, which we quantify by the ratio F,
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where Qinlet (m3/yr) is the annually deposited flood-tidal delta volume in all inlets along the barrier complex, both from the alongshore transport directly and from the fraction of the eroded, downdrift barrier incorporated into the flood tidal delta. Qoverwash (m3/yr) is the overwash flux component associated with the landward extension of the barrier width during barrier migration. Second, we extract synthetic inlet and flood-tidal delta facies from model simulations to investigate how these facies relate to the inlet fraction of the transgressive flux F. Third, we investigate the potential for barrier drowning under a wide range of scenarios. We identify barrier drowning when more than 50% of the barrier chain has experienced either width or height drowning (i.e., width < 0 or height < 0).  
Results
In an example model experiment of barrier response to SLR we find high dynamism despite involving constant boundary conditions (Fig. 1). The barrier quickly saturates with inlets, such that there is no more space for additional inlets (e.g., Roos et al., 2013) until differential inlet migration creates space. Inlet migration rates can vary over a wide range of timescales. Because inlet migration is a function of the tidal prism, the proximity to other inlets can affect inlet migration rates (Fig. 1D, 1E). Periods of rapid inlet migration coincide with narrow barrier width and relatively high flood-tidal delta deposition (Fig. 1G) (Nienhuis & Ashton, 2016). Even though in this example the long-term contribution of inlets to barrier transgression (described by parameter F) is 10%, barrier morphology differs markedly from a similar simulation without inlets. For example, alongshore-averaged barrier width in the no-inlet simulation is constant in time (“dynamic equilibrium retreat”, see Lorenzo-Trueba & Ashton, 2014). Including inlets and flood-tidal delta deposition in the model increases alongshore-averaged barrier width and induces millennial timescale fluctuations (Fig. 1D).
Comparing the contribution of inlets between different environments under a fixed SLR rate (and therefore a fixed total transgressed volume), we find that the fraction F varies from less than 10% to more than 90% (Fig. 2A). F varies systematically as a function of tidal and wave regime, with the highest contribution of inlets for mixed energy environments (Hayes, 1979). In these environments, the average inlet lifetime is short and (with an asymmetric wave climate) inlet migration rates are high, thereby creating new accommodation space for flood tidal deltas and ensuring their capacity as sediment sinks. F increases with increasing wave height because flood-tidal delta deposition is linearly related to alongshore sediment transport whereas, in BRIE, barrier overwash is not related to wave height or tidal range.
In model experiments where we vary other factors (Fig. 2B-E) we find that overwash becomes more important as the rate of SLR increases (Fig. 2B). High rates of SLR result in thinner barrier islands. Overwash fluxes increase linearly with decreasing barrier width, whereas flood-tidal delta deposition is sub-linearly related to barrier width (Nienhuis & Ashton, 2016). Higher maximum potential overwash fluxes vary linearly with actual overwash fluxes and therefore also result in higher proportions of overwash in a transgressing barrier system (Fig. 2C). The sensitivity of tidal inlet morphodynamics to changes in tidal prism is demonstrated by the marsh cover in the lagoon. If the marsh coverage is high, the potential for inlets to form is reduced. Low marsh coverage enhances inlet stability but limits inlet migration rates. Finally, we explored the effect of the wave climate asymmetry, or net alongshore sediment transport along the coast (Fig. 2E). As expected, a symmetric wave climate reduces inlet migration rates and results in a small ratio F. 
Given that inlets contribute to the transgressive flux of a barrier system, can they prevent barriers from drowning for high SLR rates? We compared model experiments with inlets to experiments without inlets (which behave similar to simulations by Lorenzo-Trueba & Ashton, 2014). For barriers without inlets that undergo width drowning, we find that barrier coasts with inlets can withstand higher sea level rise rates (Fig. 3). The additional transgressive flux from flood-tidal delta deposition can lead to transgression rates that are sufficient to withstand faster SLR. Our simulations in BRIE also suggest that the maximum potential transgressive flux of barrier islands depends on (offshore) wave heights. 
The importance of inlets has been suggested by several studies (e.g., Pierce, 1969; Fitzgerald et al., 2001; Mallinson et al., 2010), based on the widespread occurrence of inlets and inlet-related facies along modern barrier islands. We investigate how the distribution of these facies compares to the long-term transgressive flux. From the experiments shown in Figures 2 and 3 we extracted synthetic facies and compared the area of inlet related facies to storm overwash facies (Fig. 4A). We find that, in general, the transgressive inlet fraction was non-linearly but positively represented in the fraction of barrier stratigraphy. Although there is considerable scatter, a higher inlet related fraction in the composition of a barrier island is indicative of inlets being more important in barrier transgression. Interestingly, for low inlet activity (Fig 4b, c) inlets are underrepresented in the barrier island facies, whereas for high inlet activity (Fig. 4c) inlets are overrepresented. Overrepresentation can be attributed to inlet migration, which leads to a high inlet fraction in barrier island facies but does not directly add to barrier island transgression. Underrepresentation on the other hand is caused by flood-tidal delta deposition, which is punctuated alongshore and frequently eroded by inlets. The relation between transgressive fluxes and barrier facies is highly sensitive around F = 50%, which we attribute to the necessity of inlet migration (and therefore reworking of overwash deposits) to achieve F fractions above 50%. 
Discussion and conclusion
In this study, we present a morphodynamic model for barrier island evolution (BRIE), in which inlets can form and contribute to barrier island transgression. Compared to previous modeling efforts that do not explicitly include inlets (Stolper et al., 2005; Masetti et al., 2008; Lorenzo-Trueba & Ashton, 2014; Ashton & Lorenzo-Trueba, 2018), we find that inlets can play a significant role on the response of barrier island chains to SLR (Fig. 3). Although the BRIE model is based on a simplified representation of the processes that affect inlets, overwash, and the shoreface, it reproduces the existing qualitative observation that inlets that are short-lived and migrating are important for barrier transgression (Leatherman, 1979). We also find that the relative role of inlets is reduced as the rate of SLR increases (Fig. 2B). Historic observations of the importance of inlets might therefore not be representative of their future influence on barrier transgression. In general, the BRIE model can help to understand the transgressive drivers of modern barrier islands, and aid in predicting future barrier response to accelerated rates of SLR. 
The BRIE model is not aimed to simulate the dynamics of any particular barrier system, which often requires the incorporation of additional factors into the model such as lithologic and ecologic heterogeneities. Site-specific application and model validation of long-term barrier evolution is also hindered by the scarce sedimentological evidence of past behavior (Ciarletta et al., 2019). We also assume that barrier systems can be characterized by long-term average statistics, even though episodic storms can significantly impact their morphology. Overwash fluxes are computed as a function of barrier geometry, including its critical width and height, and the maximum potential overwash flux. These parameters have poor empirical constraints and are likely dependent on the considered timescale  (Lazarus, 2016). Consequently, future work will extend the overwash formulation to incorporate additional hydrodynamic characteristics from single storm events. Additionally, the model implementation of barrier drowning is limited. In many cases a drowning barrier would dissect the shoreface, and any remaining barrier islands would be flanked by free spits (e.g., Ashton et al., 2016). BRIE is not able to simulate these dynamics. We refer to free-form coastline models such as CEM (Ashton et al., 2016) and ShorelineS (www.shorelines.nl), or reduced complexity 2DH models (Mariotti & Murshid, 2018) where such behavior is easier to implement. 
In conclusion, we find a rich set of dynamics between tidal inlets, overwash, and barrier islands over decadal to millennial timescales. Flood-tidal deltas can contribute significantly to barrier transgression in cases where rapidly migrating inlets expose new back-barrier basin to flood delta deposition. Given the increased anthropogenic pressures on barrier islands and the anticipated acceleration of sea level rise rates, inlets might help keep barrier islands above sea level. Conversely, inlet stabilization therefore might reduce barrier island resilience. 
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Figures
[image: ]Figure 1: Example model experiment (F = 10%) showing (A) barrier plan-view morphology after 0.5, 1, 1.5, and 2 kyr. (B) Synthetic facies of the barrier as it transgressed across the 4 km cross-shore transect, in meters above sea level (m.a.s.l.), deposit ages range from 0.9 to 1.2 kyr. (C) Inlet location, (D) mean barrier width, including a 1D model simulation without inlets for comparison, (D) mean inlet migration rate and the number of inlets, (E) average inlet sediment distribution (e.g., Nienhuis & Ashton, 2016), and (F) the barrier transgressive sediment flux through time. See supplementary animation S1, supplementary table S1, and supplementary data S1. 
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Figure 2: The inlet fraction of the total transgressive sediment flux F, (A) contoured in a space defined by the significant wave height and the tidal range, and for varying (B) sea level rise rates, (C) maximum potential overwash fluxes, (D) fraction of the lagoon covered by marsh, and (E) fraction of the waves approaching from the left, looking offshore. The white filled circle included in all panels specifies a model experiment with the same model parameters. See supplementary data S2.
[image: ]
Figure 3: (A) Regime diagram depicting barrier island drowning versus survival under different SLR rates and wave heights. We define drowning as more than 50% of the barrier complex losing its subaerial portion. (B) and (C) are time stacks of the barrier island simulations (including inlets) indicated in panel A, showing respectively drowning and survival. See supplementary data S3.
[image: ]
Figure 4: (A) The relationship between barrier island transgression and its representation in barrier island stratigraphy, obtained from model simulations shown in Fig. 1-3. Three field studies with quantified inlet fraction of barrier facies are indicated, the Duxbury barrier (Fitzgerald et al., 2001), the Outer Banks (Mallinson et al., 2010), and Cape Lookout (Heron et al., 1984). (B-D) Three examples of synthetic facies obtained from model experiments. 
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