
ABSTRACT

VAN BLUNK, ALEXIS GABRIELLE. Modeling the Impact of Outwash Events on Barrier Island
Evolution. (Under the direction of Dr. Katherine A. Anarde).

Coastal barriers (including barrier islands and spits) are dynamic landforms that can

maintain elevation and migrate landward with sea-level rise (SLR) through the process

of overwash. During storm-driven overwash, elevated ocean water levels overtop dunes

and transport sediment eroded from the front of the barrier landward. Models of barrier

evolution tend to focus on simulating landscape changes caused by landward directed

flows given its importance for SLR response.

In barrier systems backed by large bays, strong seaward-directed winds can cause bay

levels to rise and create seaward-directed flows of water across low-lying portions of barriers.

While less frequent than overwash events, these "outwash" events have been observed

to cause large-scale erosion to the barrier interior, dunes, and beach. It is unknown to

what extent outwashed sediment eroded from the subaerial portions of the barrier stays

in the nearshore system (through incorporation into the upper shoreface), is partially

transported down-drift, or is lost from the barrier system. Both outwash features – the

subaerial scarring of the barrier, as well as the offshore deposition of eroded sediment –

have the potential to alter barrier evolution, however, prior to this work, these processes

have not been represented in any existing model frameworks.

Here we develop a new module – housed within the CoAStal Community lAndscape

Evolution Model (CASCADE) – to simulate the long-term impacts of individual outwash

events on barrier evolution. Using this exploratory modeling framework, we first examine

how barrier behavior changes based on the fate of outwashed sediment offshore (100%,

50%, and 0% incorporation into the shoreface). Second, we test the sensitivity of barrier

behavior changes to dune dynamics, namely the dune growth rate.

We find that outwash placement on the shoreface can alter subsequent overwash flux,

and therefore barrier migration, through shoreface dynamics. The long-term implications

of this outwash-shoreface-overwash feedback are regulated by the rate of dune recovery

processes. Outwash deposition on the shoreface places the shoreface in temporary disequi-

librium. As the shoreface flattens back toward its equilibrium slope, it erodes the shoreline

and dunes, which consequently can keep the barrier in a low, overwashing state if dunes are

slow to recover. Counter-intuitively, this makes the barrier more vulnerable to subsequent



outwash events and can eventually lead to drowning of barrier segments. At higher dune

growth rates, dunes are quick to recover and therefore regulate this outwash-shoreface-

overwash feedback. At the highest dune growth rates, drowning is not observed for any

scenarios of outwash placement on the shoreface, and the primary evolutionary impact of

outwash is scarring of the barrier interior, which results in a lower and narrower barrier

over the 100-year simulations.

The strength of the outwash-shoreface-overwash feedback may be regulated by beach

processes, which are not currently included in model dynamics. In our model, as the

shoreline erodes, so do the dunes. In reality, a wider beach likely slows lateral dune erosion

stemming from washout placement on the shoreface, a hypothesis that will be explored in

future work. Independent of our representation of shoreface dynamics, we find that outwash

scars the dunes and barrier interior leaving it in a vulnerable (low elevation, narrow) state.
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CHAPTER

1

INTRODUCTION

Almost 40% of the United States' (U.S.) population live on the coast (NOAA 2018). Coastal

communities contribute signi�cantly to the U.S. economy (NOAA 2018) and have some of

the highest property values in the nation (Nordhaus 2010). These coastal communities and

surrounding ecosystems are becoming more vulnerable with climate change, as we have

seen an increase in the number of record-breaking hurricane seasons over the last several

decades, such as in 2020 when there were 30 named storms (Klotzbach et al. 2022). Coastal

barrier systems (barrier islands and spits) are especially vulnerable to storms given that they

are low in elevation and typically composed of (easily) erodible sand. Barriers also sit in front

of the mainland, and therefore take the brunt of the wind and wave forces. In the United

States, 86% of barriers along the East Coast are eroding (Luijendijk et al. 2018). Despite these

vulnerabilities, most barriers on the East Coast are developed. Therefore, to minimize risk

to coastal infrastructure and livelihoods, it is important that we understand what processes

reshape these landscapes, during individual storms and over longer timescales (decades to

centuries), and incorporate these processes into evolutionary models of coastal change.

Numerous processes are known to in�uence the evolution of coastal barriers, which

we de�ne here as the area extending from the depth of closure to the shoreline (i.e., the

1



Figure 1.1: Cross-sectional view of a coastal barrier, extending offshore to include the
shoreface and onshore to include the barrier interior (from Reeves (2021), used here with
permission).

shoreface) across the subaerial barrier – including the beach, dunes, and barrier interior –

to the marsh edge or back-bay shoreline (Figure 1.1). During storms, elevated oceanside

water levels can overtop dunes and transport sediment eroded from the front of the barrier

system (shoreface, beach, and dunes) to the barrier interior and bay (Dolan and Godfrey

1973; Donnelly et al. 2006). This landward �ux of water and sediment is called "overwash"

and the sediment deposited by overwash is called "washover", which typically assumes a

fan-like shape (Figure 1.2).

Dunes act to regulate overwash (Durán Vinent and Moore 2015; Durán Vinent et al. 2021).

When dunes are in a low-elevation state, overwash occurs even with low-intensity storms.

This landward �ux of sediment allows the subaerial barrier to increase in elevation and

width and migrate landward. Persistent overwash also prevents dunes from establishing

dune grasses, which naturally aid in dune growth by capturing and retaining sand. This

ecomorphodynamic feedback can keep dunes in low-elevation states (Durán and Moore

2013). Conversely, when dunes are in a high-elevation state, overwash only occurs with the

most intense storms, and thus barrier migration is limited. This dune-overwash feedback,

in combination with sea-level rise (SLR), can cause the barrier to undergo punctuated

retreat, whereby it alternates between states of migration (due to low dunes) and immobile

states (due to high dunes) (Reeves et al. 2021).
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Figure 1.2: Example of washover deposition on North Core Banks, North Carolina (image
from August 2019). Washover is the result of overwash – the landward �ux of water and
sediment when dunes and low-lying areas are overtopped by high water levels and waves
during storms – and often assumes a fan-like shape. Hurricane Florence deposited the
washover fans shown here in 2018 (Sherwood et al. 2023)

Barriers also respond dynamically to SLR. As sea levels rise, the shoreface slope steepens.

Because the shoreface and beach generally want to maintain an equilibrium shape (Bruun

1962, 1988), the shoreface adjusts to SLR through erosion of the upper shoreface as it �attens

toward its equilibrium shape. In this way, SLR also contributes to barrier migration through

shoreline erosion. Storms can also erode sediment from the upper shoreface, supplying

sediment for overwash events. This causes the shoreface slope to �atten (Bruun 1962, 1988;

Lorenzo-Trueba and Ashton 2014). Over time, the shoreface will trend back toward its

equilibrium shape, aided by alongshore sediment transport. However, if the shoreface

cannot respond as fast as the barrier migrates landward (i.e., it is too �at to supply the

overwash necessary for the barrier to keep pace with SLR), then the barrier can drown

(Moore et al. 2010; Lorenzo-Trueba and Ashton 2014).

Much of what we know about the importance and role of each of these processes in

barrier evolution comes from exploratory or "reduced-complexity" modeling. Namely,

exploratory models have been developed to examine the role of SLR (Bruun 1962, 1988),

overwash and shoreface dynamics (Moore et al. 2010; Lorenzo-Trueba and Ashton 2014),
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dune dynamics (Reeves et al. 2021), inlet dynamics (Nienhuis and Ashton 2016; Nienhuis

and Lorenzo-Trueba 2019b), marsh-seagrass dynamics (Stolper et al. 2005; Reeves et al.

2020), and human dynamics (Anarde et al. 2023a) in reshaping barrier systems over decadal-

to-century timescales. Whereas simulation models try to resolve as much of the physics as

possible to examine a phenomenon, exploratory models only include the most important

processes relevant to understanding general behaviors of the system (Murray 2003). A

consequence of this reduced-complexity approach is that processes that are omitted from

the model framework – whether by choice or due to "unknown unknowns" – but are later

deemed important, can change evolutionary dynamics.

Importantly, in all the aforementioned models of barrier evolution, storm impacts are

driven by landward-directed �ows of water and sediment (i.e., overwash). Beginning in

the late 1960s, geomorphologists recognized that seaward-directed �ows could also occur

during storms and produce signi�cant morphological change on barrier systems (Hayes

1967; Wright et al. 1970). This process, later coined "outwash" as a corollary to overwash

(Over et al. 2021), occurs due to the trajectory of the storm, whereby offshore-directed winds

– combined with previous storm surge, setup, and runoff – can increase water levels in back

bays (Hall et al. 1990; Lennon 1991; Bush and Pilkey 1994; Goff et al. 2010). When water

levels in the bay exceed the ocean, it creates a gradient that forces water toward the ocean

(Bush and Pilkey 1994; Sherwood et al. 2014; Goff et al. 2019; Anarde et al. 2020). These �ows

scar the landscape with erosional features (e.g., Figure 1.3), carrying sediment from the bay,

barrier interior, and dunes to the front of the barrier system. However, given that most of

our observations of outwash are limited to pre- and post-storm morphological changes,

the ultimate fate (or placement) of this outwash sediment is unknown. Moreover, there is

no understanding of how the subaerial or submarine morphological changes stemming

from outwash in�uence barrier evolution. It has been hypothesized that if the outwashed

sediment remains in the nearshore environment following a storm, the barrier can re-

incorporate this sediment into the shoreface or beach (Sherwood et al. 2023). Conversely,

if the outwashed sediment is ejected far offshore, it may be lost to the barrier system.

Regardless of whether or where outwash is placed in the offshore environment, the outwash

process modi�es the dunes and barrier interior, which could have implications for the

impact of future storms, and therefore barrier migration.
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Figure 1.3: Example of a channel eroded by outwash on North Core Banks, North Carolina
(September 2019, after Hurricane Dorian). Outwash is the seaward-directed �ux of water
and sediment by high bay-side water levels, typically driven by offshore-directed winds.
Note, this satellite image is from the same location as Figure 1.2, but captured one month
later.

1.1 Research Questions and Approach

Here, we introduce a new module within the CoAStal Community-lAnDscape Evolution

(CASCADE) model – an exploratory modeling framework of coupled natural and human-

modi�ed barrier evolution (Anarde et al. 2023a) – that simulates previously neglected

interactions between outwash, dunes, and barrier migration. The core feature of this module

is a cellular �ow routing algorithm (Murray and Paola 1994, 1997), �rst modi�ed by Reeves

et al. (2021) for simulating overwash, and here modi�ed to simulate outwash. By coupling

this outwash module with other models and modules that describe processes important

to barrier evolution – including SLR, dynamical shoreface response, shoreline change,

overwash, and dune dynamics – we will use CASCADE to better understand how these

processes work in tandem to reshape barrier systems over many decades.

Using CASCADE, here we test the hypothesis that outwash plays an important role in

barrier evolution due to its morphological impacts to both the subaqeuous (shoreface) and

subaerial portions of the barrier (dunes and barrier interior). Building on hypotheses posed
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by others on the same topic (Goff et al. 2010, 2019; Over et al. 2021; Sherwood et al. 2023),

we focus on two research questions:

1. Does the ultimate fate of outwashed sand – meaning placement on the shoreface,

diffusion downdrift, or removal from the system – impact barrier evolution?

2. Does the scarring of the dunes and barrier interior by outwash impact barrier evolu-

tion?

We identify alterations to natural barrier evolution by assessing barrier migration, geome-

tries (height and width), and overwash �ux over a period of 100 years. While not addressed

in this study, the capability of CASCADE to simulate human dynamics and potentially tidal

inlet processes (Nienhuis and Lorenzo-Trueba 2019a) will allow for future explorations of

the role of outwash on developed barriers and outwash as a mechanism for creating tidal

inlets (respectively).

Chapter 2 details past studies on outwash, including the morphological features char-

acteristic of the process and initial observations of hydrodynamic and sediment transport

processes. We also describe the exploratory models that are utilized in CASCADE and how

processes relevant to this study are parameterized within each model. In Chapter 3, we

detail the development of the outwash module, including:

1. a description of the location (North Core Banks, North Carolina), storm (Hurricane

Dorian, 2019), and real-world observations of morphological change used to parame-

terize outwash events in the model,

2. the �ow routing and sediment transport rules we use to simulate outwash, and

3. the tuning of the �ow routing and sediment transport parameters to best match

real-world observations.

We use the new module in Chapter 4 to address our research questions. We also discuss

model assumptions and limitations. Lastly, in Chapter 5, we summarize our major �ndings

and suggest future work to improve representation of outwash in the model and broader

research directions.
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CHAPTER

2

BACKGROUND

Coastal barrier systems (including barrier islands and spits) comprise approximately 10%

of the world's coasts (Bush and Pilkey 1994), so researchers have long been interested in

understanding the processes involved in shaping these landforms. It is widely recognized

that storm overwash – the process of elevated ocean water levels transporting sand from

the shoreface, beach, and dunes into the barrier interior (Figure 1.2) – is the principle

mechanism that shapes the subaerial portion of a barrier, allowing it to grow vertically

and migrate landward to keep pace with SLR. Researchers have extensively studied the

importance of overwash to barrier evolution, both through �eld (Hayes 1967; Wright et al.

1970; Dolan and Godfrey 1973; Hall et al. 1990; Bush and Pilkey 1994; Lazarus et al. 2021)

and modeling investigations (Lorenzo-Trueba and Ashton 2014; van der Lugt et al. 2019;

Lazarus et al. 2021; Reeves et al. 2021; Sherwood et al. 2022). Conversely, relatively little is

known about the role of outwash – the process of elevated bay levels transporting sand

seaward – in barrier evolution. This chapter reviews the state of scienti�c understanding of

outwash processes, from the �rst observations of morphological features (Section 2.1) to

more detailed analytical investigations of individual outwash events (Section 2.2). From

these studies, we know that outwash events can result in signi�cant morphological change
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to the barrier interior, dune, beach, and nearshore environment; while less frequent than

their overwash counterpart, the magnitude of these landscape changes are signi�cant and

likely have an impact on barrier evolution. Ours is the �rst study that incorporates outwash

processes in a long-timescale (decades to centuries) coastal evolution model. Therefore,

we also review how the processes relevant to barrier evolution (described in Chapter 1) are

represented in coastal evolution models (Section 2.3).

2.1 Early Observations of Outwash Features

Early studies of outwash focused on documenting the morphological features created

by seaward-directed �ows. As detailed below, these studies used pre- and post-storm

aerial photographs, post-storm reconnaissance, and general storm characteristics (path

and intensity) to infer the hydrodynamic processes that led to these changes (erosion of

channels and washout deposition). The terminology used to describe the hydrodynamic

processes associated with this phenomenon varies across publications, including storm-

surge ebb, ebb-�ow, reverse �ow, out�ow, and seaward-directed �ow. Here, we follow the

de�nitions of Over et al. (2021) and use "seaward-directed �ow" or “outwash” to describe

the direction of �ow. Later, in Chapters 3-5, we use "washout" to refer to the morphological

features caused by outwash, including channels and fans. Given that these are modern

terms, in the review below we retain the descriptions of landform change provided within

each study.

Hayes (1967) has been described as the seminal paper on coastal geomorphology and

speci�cally, the role that hurricanes play in transporting and depositing sediment in the

nearshore, ultimately resulting in large-scale landscape changes (Hodge et al. 2018). Hayes'

work focused on the morphological impact of Hurricane Carla (1961, a Category 4 storm

on the Saf�r-Simpson wind scale) on San Padre Island, Texas. Hayes made general pre- and

post-storm observations of landscape change, but also performed detailed stratigraphic

analyses to try to understand the sediment transport processes that occurred during the

storm. He surmised that initially, landward-directed storm surge incised channels into

the lower-elevation areas of the barrier island because he found rock fragments, macro-

invertebrates, and coral blocks on the beach sourced from 15- to 25-m depths. He also

observed a thin layer of �ne sand offshore on the continental shelf down to 18 m water

depth, which he hypothesized was due to seaward-directed �ow that occurred when the
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storm moved inland (Hayes 1967). This study initiated discussion and inspired later work

on the lasting impact of hurricanes on coastal geomorphology (Hodge et al. 2018).

Wright et al. (1970) documented morphological changes from aerial and ground surveys

in the aftermath of Hurricane Camille (1969, a Category 5) along the Breton-Chandeleur

barrier system (lower Mississippi Delta, Louisiana). From these surveys, they inferred

that seaward-directed �ow along the left-quadrant of passing hurricanes can produce

signi�cant morphological change, including large-scale erosion of the barrier interior,

seaward deposition of sediment, and the formation of broad �ats. Figure 2.1 shows that

the storm path bisected the barrier system with wind speeds upwards of 200 mph during

the storm peak. Due to this storm path, wind directions, water levels, and consequently

morphological change varied along the barrier system.

Figure 2.1: Path of Hurricane Camille (1969, pink) off the eastern coast of Louisiana with
respect to the Breton, Gosier, and Chandeleur Islands. Wright et al. (1970) found that
morphological signatures varied across the barrier system due to this storm track, with
predominantly overwash features observed to the right of the eye and outwash to the left
of the eye.

Breton Island was predominantly exposed to offshore directed winds throughout the

storm. Prior to Hurricane Camille, the barrier had natural dunes with heights around 3.6 m.

Post-storm, the island was entirely leveled. Wright et al. (1970) also observed deposition of
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a broad area of sand (a "broad �at") on the seaward side of the island, which the authors

interpreted as indication of signi�cant seaward-directed �ow.

Farther to the east, Gosier Island was originally subject to onshore-directed winds, which

changed to offshore as the storm moved inland. This island was reduced to a shoal in most

places. The authors concluded that even though landward-directed �ows likely assisted

in eroding and channelizing the island, since seaward-directed �ow occurred last, it left

the only identi�able storm-driven morphological features on the island, namely sediment

accumulation on the seaward side of the �ve remaining subaerial segments (Wright et al.

1970).

Lastly, the Chandeleur Islands, which extend over 40 km (Wright et al. 1970), were

positioned to the right of the storm track for the majority of the storm. The storm completely

decimated the islands at the southern end of the chain. The authors suggest that this was

likely due to existing inlets that segmented this stretch of the islands and enhanced �ows.

In the middle of the island chain, there were morphological features that suggested both

landward- and seaward-directed �ows, namely tidal-like sand �ats above the high-tide line

(Wright et al. 1970). In summary, from these observations across the Breton-Chandeleur

barrier system, the authors concluded that the ratio of seaward- to landward-directed

sediment transport decreased from left to right (across the storm track).

Outwash features on developed barriers differ substantially from their natural counter-

parts. Hurricane Hugo (1989) made landfall as a Category 4 hurricane on Sullivans Island,

South Carolina. Similar to Hurricane Camille, it struck the South Carolina coast approx-

imately shore-perpendicular, but unlike the Breton-Chandeleur Islands, the barriers of

South Carolina are backed by narrower channels, marsh, and small bays with a small fetch.

Therefore, the source of seaward-directed �ow was limited to storm surge and runoff (as

opposed to wind-setup from large fetch in wide back-bays).

From 1990-1994, many researchers reported on the morphological impacts of this storm.

Hall et al. (1990) �rst published a series of photos documenting damages to structures and

differences in landscape change in undeveloped versus developed areas (from Folly Island

to North Myrtle Beach). Based on these observations, they concluded that seawalls led to

beach scour; roads increased the landward penetration of overwash; and buildings focused

seaward-directed �ows, which incised channels and led to barrier breaching. Figure 2.2

shows a house falling into a channel that opened on Pawley's Island, likely due to focused

seaward-directed �ows between residential structures (Hall et al. 1990).

Lennon (1991) later elaborated on what human and natural factors likely contributed to
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