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ABSTRACT OF THE DISSERTATION

Modeling and Observations of Human Constructed Dunes

in Wave and Tidally Dominated Coastal Environments

by

Maria Alexandra Winters
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2023

Professor Timu Gallien, Chair

Sea-level rise will increase the frequency and severity of coastal flooding events. Even minor
water level increases will propagate wave energy landward, promote coastal erosion and, in
turn, jeopardize backshore infrastructure. Critical infrastructure requires evolving coastal
management and advanced engineering designs to facilitate long-term urban coastal realign-
ment compatible with rising seas. Traditional coastal engineering uses hard infrastructure
such as sea walls and revetments to protect urbanized backshores. Infrastructure failure dur-
ing extreme water levels leads to catastrophic human and economic consequences. Evolving,
nature-inspired features such as living shorelines and artificial dunes present an attractive
hardscape alternative. Although dune erosion modeling is prevalent in the literature, there
is a paucity of information regarding the construction, design and efficacy of the hybrid dune
counterparts, especially on energetic, wave-dominated coastlines (e.g., Pacific). The objec-
tive of this research is to advance nature-based coastal engineering through high-resolution

spatiotemporal observations and numerical modeling.
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CHAPTER 1

Introduction

1.1 Coastal Flooding

Urban coastal flooding is a global humanitarian and socioeconomic hazard. Over 20 million
people reside below present day high tide levels, and 200 million are vulnerable to storm
flooding (Nicholls, 2011). Global mean sea levels are expected to rise between 0.38 m and
0.77 m, (Fox-Kemper, 2021). Regional trends show significant variability (Carson et al., 2016)
and relatively modest sea level rise (i.e., 0.50 m) will significantly increase flood frequencies
Hunter (2012). Global sea-level rise will increase the frequency and severity of high water
levels and flooding events (Wong et al., 2014). Over 30 days of annual flooding will be
reached by 2050, and near daily flooding (under RCP 4.5) will occur by 2100 for many
areas across the globe (Sweet and Park, 2014). Similarly, Taherkhani et al. (2020) suggest
extreme flood frequency will double every 5 years, and by 2100 nearly 90 percent of the
U.S. will experience near daily coastal flooding. This acceleration in coastal flooding will
impact increasingly larger coastal populations (Nicholls et al., 2007; Crossett et al., 2013).
Upgrading coastal defenses and nourishing beaches would reduce these impacts roughly by
three orders of magnitude (Wong et al., 2014). Implementing coastal protection against
increased flooding events far outweigh the costs of inaction, and without these protection
measures, hundreds of millions of people will be displaced (Wong et al., 2014; Hinkel et al.,
2018).



1.2 Coastal Flood Defenses

Traditional coastal engineering practice uses hard infrastructure such as sea walls, revet-
ments, and rubble-mound dikes to armor vulnerable landward regions against extreme flood-
ing, especially along highly energetic coastlines. Research on hard engineering structure de-
sign and critical runup and overtopping limits are found extensively in the literature (e.g.,
De Waal and Van der Meer, 1993; Pullen et al., 2007; van der Meer et al., 2016; Almarshed
et al., 2020). Hard structures are effective at reducing wave impact and damage from extreme
storm events; however, they may adversely impact the coast by limiting recreation opportu-
nities, damaging coastal ecosystems and promoting passive, or long-term, erosion (Griggs,
2005; Pendleton et al., 2012; Temmerman et al., 2013). Additionally, they alter coastline
accretion and erosion dynamics and are incapable of natural adaptation to evolving sea levels

and energetic waves (Temmerman et al., 2013; Sutton-Grier et al., 2015).

Soft engineering structures (i.e., human-made dunes) are an alternative to these tradi-
tional designs. Artificial sand dunes, also referred to as beach berms, are sand structures that
deflect high water or energetic wave events (Bruun, 1983; Edge et al., 2003; Gallien et al.,
2015). These dune-like structures mitigate energetic wave forcing (Edge et al., 2003) and are
widely deployed along the coasts of the United States, Europe, and Australia. In Califor-
nia, they are commonly used as seasonal coastal protection from winter wave storms (Edge
et al., 2003; Gallien et al., 2014, 2015). They serve as a sediment reservoir for the lower beach
and can be adapted to sea-level rise with additional sediment without requiring extensive
redesign and expensive hard structure building (Almarshed et al., 2020). These structures
may be particularly effective in highly urbanized, constrained coastal areas lacking space to
accommodate other natural defense solutions (Temmerman et al., 2013; Gallien et al., 2015,
2018). Additionally, the capital and maintenance costs of soft or hybrid structures may be
less than similarly sized hard structures (Basco, 1999; Rella and Miller, 2012; Glick et al.,

2014; Almarshed et al., 2020). Soft dune structures present a number of potential manage-



ment challenges on highly energetic coastlines including emergency post-storm maintenance,
nourishment and sand budget maintenance Notably, when energetic storm events coincide
with high water inadequately designed dunes may fail in a single storm or tide cycle (Gallien

et al., 2015).

Nature-based, or eco-engineering, living shoreline elements such as artificial reefs, marsh
restoration, and native vegetated dune systems may be directly incorporated into hybrid
designs (Temmerman et al., 2013; Sutton-Grier et al., 2015; Saleh and Weinstein, 2016; Mor-
ris et al., 2018). Living shorelines are a coastal engineering stabilization method to protect
coastlines while at the same time restoring and providing natural habitats and coastal ecosys-
tems (Temmerman et al., 2013). They utilize nature-based components, such as planting
vegetation or restoring marshlands (Temmerman et al., 2013). Living shorelines represent an
attractive sea-level rise adaptation strategy balancing coastal protection, available adapta-
tion space, and ecological and recreational benefits. Dune restorations, a soft eco-engineering
approach, are typically built for coastal defense and have the potential to follow and adapt
with natural erosion and accretion patterns; they can be successful if properly maintained
and nourished (Morris et al., 2018). Recently an eco-friendly dune stabilization pilot project

utilizing mineral colloidal silica has shown potential promise for increasing dune resilience

(D’Alessandro et al., 2020).

Vegetated sand dunes are successfully utilized in many countries to limit the effects of
coastal erosion and flooding, from Europe (Dias et al., 2003; Matias et al., 2005; Nordstrom
et al., 2009; Ceia et al., 2010; Garcia et al., 2010; Hanley et al., 2014; Karunarathna et al.,
2018; Pagéan et al., 2019) to the United States (Mendelssohn et al., 1991; Miller et al., 2001;
Nordstrom et al., 2007; Sigren et al., 2014; Harris et al., 2020; Wernette et al., 2020). Veg-
etation has the ability to attenuate waves, absorb and reduce storm surge, and minimize
backshore flooding (Temmerman et al., 2013; Sutton-Grier et al., 2015; Saleh and Weinstein,
2016; Morris et al., 2018), and several studies have been published on the benefits of vege-

tation in other living shoreline coastal protection projects, such as wetlands and mangroves



(Temmerman et al., 2012; Zhang et al., 2012; Temmerman et al., 2013; Morris et al., 2018).
Additionally, it has been found that vegetation incorporated into beach dunes can dissipate
wave energy and reduce dune erosion (Silva et al., 2016; Odériz et al., 2020). High-energy
and urbanized coastlines, such as those in southern California, would benefit from hybrid
dune-based living shoreline structures that provide the necessary coastal protection in the
available footprint while simultaneously enhancing the ecological and recreational aspects of

public beach spaces.

Larger grain sizes such as cobbles represent an intermediary on the continuum of soft
(sand) to hard (e.g, revetment, sea wall) structures. Cobble (~ 70-300 mm) naturally oc-
curs on west coast beaches, are resilient to large wave events (Everts et al., 2002) and have
been considered as a superior backshore armoring method (Allan and Komar, 2004; McCall
et al., 2014). Komar and Allan (2010) report on a large composite dune at Cape Lookout
State Park that consisted of geotextile bags, cobble and sand and found that despite signif-
icant construction flaws (low cobble elevations along portions of berm), it has successfully
protected the backshore at a lower cost than a traditional revetment. A cobble "mattress"
(berm) was installed in September 2000 at Surfer’s Point in Ventura, California as a part
of a managed retreat program. Generally, the project has been considered a success and
Phase 1 was completed in 2011 (Kochnower et al., 2015); however, no scientific literature
has been published summarizing the findings of berm stability. Limited field observations
fundamentally limit our understanding of cobble stability and transport (Dickson et al.,
2011; Matsumoto et al., 2020). Recently, high resolution dynamic cobble berm revetment
laboratory experiments have been conducted by Blenkinsopp et al. (2021) and Foss et al.
(2023), and field experiments by Bayle ct al. (2021) and Bayle et al. (2023).



1.3 Hybrid Structures

Hybrid coastal structures combine the strengths of both the soft and hard structures to better
defend against coastal flooding (Boers, 2012). Typically, for hybrid dunes, these structures
consist of a static, hard structure, such as a wall, rubble mound, dike, or revetment buried
and covered with a dynamic sand dune. The ‘soft’ portion of the structure (vegetation,
sand) provides protective benefits (i.e., reducing flow velocities, minimizing transport) and
adapts to coastal forcing, while the hard structure provides traditional protective measures.
The work on hybrid structures is highly limited. There are many types of hybrid coastal
protection structures (Temmerman et al., 2013; Morris et al., 2018); this work focuses on the
definition by Boers (2012) of a hybrid structure: a hybrid coastal approach is a combination
of sand dunes with a hard structure that acts as a flood defense. The Cardiff Living Shoreline

is defined as such given that it is a sand dune with an internal revetment.

There are few published case studies of hybrid dune structures in the literature, with only
limited examples in North America and Europe (Almarshed et al., 2020). In Europe, hybrid
coastal protection has been utilized across the North Sea coast of The Netherlands. Voorendt
et al. (2015) examined two Dutch structures, Katwijk aan Zee and Noordwijk. The Katwijk
structure is an engineered dune with an armored rubble-mound dike core, and additionally
incorporates a parking garage in the lee of the structure (Voorendt et al., 2015). Noordwijk,
is a a wide dune with a dike core to protect from coastal flooding (Stronkhorst et al., 2012;
Voorendt et al., 2015). In the United States, examples of hybrid protective coastal structures
have been implemented along the East Atlantic and Gulf Coasts. A buried seawall in a dune
system protects coastal infrastructure in Dam Neck, Virginia (Basco, 1999). A rubble-mound
core dune structure in Maui, Hawaii, USA protects a coastal wastewater reclamation plant

(Boudreau et al., 2018).

A relic seawall buried by a sand dune in Bay Head, New Jersey has been the focus of

numerous observational and modeling efforts. There have been several studies modeling



and investigating the hydrodynamics and morphodynamics of this particular buried seawall,
and potential advantages over typical sand dunes in the area (Nederhoff et al., 2015; Walling
et al., 2016; Smallegan et al., 2016). Overall, the hybrid structure was found to have resulted
in less overwash and damage to the structures behind it compared to a similar sand-only dune
which was breached in the neighboring community Mantoloking during Hurricane Sandy in
2012 (Irish et al., 2013; Walling et al., 2016; Nordstrom and Jackson, 2018). Of note, Walling
et al. (2016) investigated the damage to the oceanfront residential structures of Bay Head,
New Jersey, and its neighboring community Mantoloking which is protected by a sand dune.
The study found that the structure distance from the waterline and the beach width and
steepness influenced the amount of damage more than whether the protection was a dune or

buried seawall.

In 2019, a novel hybrid dune-based living shoreline was constructed in Southern California
which has substantially reduced the vulnerability of critical infrastructure (i.e., Pacific Coast
Highway 101) to coastal flooding (Winters et al., 2020). Although beach morphology and
erosion of sand-fronted hard structures have been addressed in the literature, the impact
of hybrid structures on backshore vulnerability are critically lacking. The paucity of design

guidance is identified as a fundamental coastal engineering challenge (Almarshed et al., 2020).

1.4 Dune Modeling

Dune erosion modeling is a classic coastal engineering problem and work spans over fifty
years, from the work done by Edelman (1968) to present-day modeling utilizing modern
numerical models (e.g., Schweiger et al. (2020); Cohn et al. (2021); Simmons and Splinter
(2022); Hovenga et al. (2023)). Numerous empirical, analytical and numerical models have

been developed to predict morphological dune response to elevated water levels and storms.

Two general dune erosion models exist: the equilibrium profile and the wave impact

approach. The first type utilize the ‘equilibrium profile’ concept (Bruun, 1954a), where



beach profiles evolve to an equilibrium state. The application of the equilibrium profile to
dune erosion during a storm event was applied by several models that followed (Edelman,
1968, 1972; van de Graaff, 1977; Vellinga, 1982; Kriebel and Dean, 1985; Kriebel, 1991). Later
equilibrium analytical models expanded to include additional variable dependencies such as
profile width and breaker depth (Hughes and Chiu, 1981; Kobayashi, 1987; Kriebel, 1991),
but are time-independent and over-predict dune erosion (Larson et al., 2004). Equilibrium
models that have a water level time dependency (i.e., the water level changes in time)
include the model SBeach and others (e.g., Dette and Uliczka, 1987; Larson and Kraus,
1989). SBeach lacks process physics descriptions (van Rijn, 2009), and is limited to simple
one-dimensional transects with normally incident waves (Kobayashi, 2009). Although these
studies serve as a basis for modeling and understanding dune erosion, they and the Bruun
rule are a "one-model-fits-all" with highly restrictive assumptions such as there must be no
net longshore transport or accretion, that there is a depth of closure, that continental shelf
slope does not affect shoreline retreat rate, and that beach profiles will maintain original
shore-normal geometry and only translate upward with higher water levels (Cooper and
Pilkey, 2004). These restrictions and simplistic assumptions make it inapplicable to a wide

variety of complex coastal environments (Cooper and Pilkey, 2004).

The second model type, the wave impact approach, has been used to consider dune
erosion (e.g., Fisher and Overton, 1985; Nishi and Kraus, 1997). The wave impact theory
was initially validated by several wave-tank experiments (Fisher et al., 1987; Overton et al.,
1988, 1990; Kraus and Smith, 1994; Overton et al., 1994). These previous studies are limited
to a local, single beach transect; however, a wave-action model developed by Larson et al.
(2004) partially addressed this by allowing both spatially and temporally large datasets.
The model combines impact wave theory with sediment volume conservation. It has been
used successfully in predicting long time-scale dune erosion (years to decades) because it
is insensitive to numerical instabilities and calibration parameters, and does not require

offshore bathymetry, unlike newer numerical models like XBeach (Splinter and Palmsten,



2012). However, it may not be adequate on coasts with alongshore variation (Roelvink

et al., 2009).

1.4.1 Numerical Models

Various numerical models have been created to predict beach and dune erosion, and can in-
clude modeling of more complex hydromorphodynamic interactions. Numerical models have
been used mostly to model extreme events on individual storm time scales (e.g., Roelvink
et al., 2009; McCall et al., 2010; Harter and Figlus, 2017). CSHORE is a one-dimensional
numerical coastal response model that is applied to cross-shore transects (Kobayashi, 2016).
Its main components are a combined wave and current model based on a time- and depth-
averaged continuity equation, wave-action (energy) and roller energy equations, and a time-
averaged sediment transport model for both suspended and bed load (Kobayashi, 2016).
CSHORE has been successfully utilized in wave flume experiments and on beaches on
the East Coast and Europe (e.g., Kobayashi and Jung, 2012; Do et al., 2016; Quan and
Kobayashi, 2015; Harter and Figlus, 2017; Kobayashi et al., 2018; Payo et al., 2020). More
recently, CSHORE was applied to a wave dominated coast with limited success (Kalligeris

et al., 2020).

XBeach is an open-source lagrangian based non-linear shallow water model that is uti-
lized to simulate sandy coast hydrodynamic and morphodynamic processes within domains
on the order of kilometers in size and at time scales on the order of individual storms
(Deltares, 2018). XBeach has been applied and validated in numerous wave-flume labora-
tory experiments (Roelvink et al., 2009; Williams et al., 2012; Palmsten and Splinter, 2016;
Berard et al., 2017; Elsayed and Oumeraci, 2017; Do et al., 2018; Roelvink et al., 2018;
Masselink et al., 2019; Schweiger and Schuettrumpf, 2021). XBeach has also been used ex-
tensively to model dune erosion in Europe (de Winter et al., 2015; Harley and Ciavola, 2013;
Karunarathna et al., 2018; Schweiger et al., 2020; Athanasiou et al., 2022) and the Eastern
and Gulf coasts of the United States (McCall et al., 2010; Passeri et al., 2018; Roelvink et al.,



2018; Schambach et al., 2018; van Ormondt et al., 2020; Cohn et al., 2021; Hovenga et al.,
2023). In these storm-surge dominated environments it has been proven to have fair success
in accurately predicting dune erosion (e.g. Dissanayake et al., 2014; Gharagozlou et al., 2020;
Schweiger et al., 2020). However, XBeach is less successful in high-energy, wave-dominated
environments like the Pacific (Kalligeris et al., 2020). Work is needed applying and validating
XBeach to wave-dominated coasts, especially in two-dimensions to resolve alongshore wave
field variability (Kalligeris et al., 2020). A key benefit of utilizing a numerical model with
2D capabilities is that alongshore movement of sediment on the coastline can be resolved, a

limitation of previous analytical models, which are only applied on 1D cross-shore transects.

XBeach and CSHORE have been extended to model beaches with hard substrate struc-
tures. CSHORE has the capability to handle sand-covered impermeable hard structures as
well as rubble-mound structures (Johnson et al., 2012; Kobayashi et al., 2018; Almarshed
et al., 2020). Recently, Payo et al. (2020) utilized CSHORE on a mixed gravel-sand beach
to predict longshore sediment transport. XBeach has also been implemented to model storm
impacts on impermeable hard structures covered by sand (e.g., Muller et al., 2017; Nederhoff
et al., 2015). It has also been extended to XBeach-G to model the response of gravel beaches
and barriers during a storm (McCall et al., 2014). XBeach-G includes wave-by-wave mod-
eling of the surface elevation and depth-averaged flow, infiltration and exfiltration through
permeable gravel beds with a groundwater model, and modeling of the bed load transport

to predict bed level changes (morphology) (McCall et al., 2014, 2015).

Despite extensive dune erosion modeling efforts, only extremely limited information re-
garding the construction, design and efficacy of artificial dunes is presented in the literature.
FEMA guidance, known as the 540 rule, suggests 540 ft? (50 m?) of sand in the frontal
half of a dune above the 100-year still water level (SWL) elevation is required to resist the
100-year storm, an order of magnitude greater than typical constructed west coast dunes
(Gallien et al., 2015). This guidance was developed for storm surge (hurricane) dominated

coasts where a sustained surge of ~5 m is expected for hours and has little relevance to tide



and wave dominated erosion that occurs with minimal (~10 cm) surge on the time scales
of minutes to an hour. FEMA has advocated for a similar geometric method for the Pa-
cific coast (Federal Emergency Management Agency (FEMA) of the United States, 2005),

however, no guidance has been developed.

1.5 Beach-Dune System Resilience to Wave Runup and Overtop-

ping

Protective coastal structures fail when coastal water overtops, or exceeds, the highest point
(the crest) on a beach or structure, such as a dike or dune. Repeated overtopping can occur
during large storm events and can flood urbanized backshores causing significant infrastruc-
ture damage. Sallenger (2000) developed a storm impact scale to assess dune vulnerability.
The swash regime is characterized by the incident wave field interacting only with the beach
foreshore, the collision regime occurs when waves runup onto the dune, the overwash regime
begins when waves overtop the dune and finally, the inundation regime occurs when the back-
shore becomes flooded (Sallenger, 2000). During the collision regime, the incident wave field
is directly interacting with the dune and may result in notching, avalanching, and ultimately

dune crest lowering and failure.

Dune erosion is typically parameterized with marine forcing (i.e., water level, wave char-
acteristics) and antecedent dune topography (e.g., Sallenger, 2000; Larson et al., 2004; Stock-
don et al., 2007; Armaroli et al., 2012; Splinter et al., 2018). Critically, literature presents
conflicting arguments on which design parameters affect resilience during large storm events.
Sallenger (2000); Stockdon et al. (2009); U.S. Army Corps of Engineers (2008) suggest that
high dune crest elevations limit overtopping and are associated with dune resilience. How-
ever, Hughes and Chiu (1981) suggest that dune height may be associated with increased
erosion. Similarly, Judge et al. (2003) suggest that dune elevation is ineffective as a vul-

nerability predictor. The majority of studies have focused on storm surge dominated coasts
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where high water levels interact with the dune over extended time periods (e.g., Judge et al.,
2003; Stockdon et al., 2007; Plant and Stockdon, 2012). More recently Beuzen et al. (2019)
considered dune erosion controls on wave dominated coasts and suggested the antecedent
beach foreshore and berm are fundamental controls. A paucity of field data, particularly
storm by storm observations limit model validation; high resolution beach foreshore data are
critically needed in a variety of locations (Van Rijn, 2011; Kratzmann and Hapke, 2012).
Collectively, this research highlights the critical importance of high resolution beach-dune

observations and analysis on wave dominated coasts (Beuzen et al., 2019).

A simplistic method for considering potential flood risk in beach-dune protected commu-
nities involves adding maximum wave runup (e.g., Stockdon et al., 2006) to determine a total
water level (TWL) and projecting this water level across backshore topography (e.g., Fed-
eral Emergency Management Agency (FEMA) of the United States, 2005; Heberger et al.,
2009; Gallien et al., 2018). TWL methods rely upon static (bathtub) methods which project
the maximum water level across the backshore and may significantly overpredict backshore
vulnerability in dune defended urban backshores (e.g., Gallien et al., 2014). More recently,
hydrodynamic modeling has been used to consider backshore vulnerability (Gallien, 2016;
Elsayed and Oumeraci, 2016; Didier et al., 2019; Stokes et al., 2021). Although wave runup
is generally well characterized, overtopping processes on dune defended coastal profiles have

not been well validated (Stokes et al., 2021).

1.6 Scope of Doctoral Research

The need for tested and optimized coastal protective dunes specifically for wave-dominated
coastlines (i.e., Pacific) stems from a fundamental knowledge gap regarding the current
performance of these structures and their physical responses to various hydrodynamic and
morphological conditions. The purpose of this research is to address several key gaps in the

current state of knowledge including:
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1. High resolution spatiotemporal observations of dune morphological evolution

2. Numerical modeling and validation of human-constructed dune erosion in wave-dominated

environments

3. Quantitative backshore vulnerability assessment in wave-dominated, dune protected

environments

This dissertation seeks to address the fundamental knowledge gaps through a mix of
high-resolution observations and numerical modeling at two human constructed dunes sites,
Cardiff State Beach and Naval Amphibious Base Coronado. This includes monitoring
seasonal- and annual-term beach-dune evolution, as well as capturing extreme morphologi-
cal change during highly energetic wave events. Two human constructed dune projects were
observed and modeled: a dune based living shoreline at Cardiff State Beach, and the persis-
tent sand dune at Naval Amphibious Base Coronado. Both sites have a historical record of

coastal flooding and require permanent protection.

Monitoring, evaluating, and modeling these structures require a suite of topographic,
bathymetric, and hydrodynamic data. Here, coastal hydrodynamic and dune morphologi-
cal response during extreme storm events are modeled. This is performed using a mix of
analytical (Larson et al., 2004) and numerical models (i.e., XBeach and CSHORE) and val-
idated with field observations. The validated models are used to quantitatively characterize

backshore vulnerability to current and future marine forcing and dune conditions.

Chapters 2 focuses on the construction monitoring and assessment of a novel hybrid
structure. Chapter 3 focuses on the long-term/event based monitoring and modeling of the
hybrid structure, while Chapter 4 details event based monitoring and modeling of a FEMA
540 like sand dune under failure conditions. Lastly, Chapter 5 provides a summary of all

doctoral work and future research.
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CHAPTER 2

Cardiff State Beach Living Shoreline

Construction of a novel hybrid dune-based living shoreline project at Cardiff State Beach
in Encinitas, California began in November 2018 and was completed in May 2019. Current
work focuses on observing and monitoring the evolution of this structure, as well as utilizing
empirical and statistical models to evaluate the vulnerability of this site. Future research
goals at this site includes modeling the hydromorphodynamics of this unique hybrid dune

structure.

2.1 Study Site Description

Cardiff State Beach is a low-lying sand spit fronted by the Pacific Ocean and backed by San
Elijo Lagoon located in northern San Diego County (Figure 2.1a). These low-lying lagoon
systems are prevalent along the West Coast and are particularly vulnerable to sea level rise
(Harvey et al., 2020). Highway 101 along Cardiff State Beach has been flooded and damaged
numerous times from extreme wave events, coastal erosion, and high tides (Moffatt & Nichol,
2015). The highway serves as a critical coastal transportation artery and has been closed
over 40 times during energetic wave events (Moffatt & Nichol, 2015). The California State
Coastal Conservancy and Ocean Protection Council were the principal funders of a large
living shoreline project intended to protect Highway 101 until 2050, serve as a sea-level rise
adaptation strategy, provide native dune habitat, and increase public access to the coast.
The central protective feature is a novel hybrid sand-cobble-rock dune design. The dune is

planted with native vegetation to limit aeolian transport, stabilize sediment, and enhance
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ecological productivity.
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Figure 2.1: (a) Study site outlined in black of the Cardiff Living Shoreline project in northern
San Diego County, California, United States. (b) Study site with red outline indicating
project footprint, section labels indicating each stage of project construction, and black
numbered lines indicating each Coastal Data Information Program (CDIP) Monitoring and

Prediction (MOP) beach profile that was analyzed in this study (See Section 2.3 for details).

2.1.1 Hybrid Dune Description

The hybrid dune consists of buried rip-rap (remnant and imported) topped by a sand berm
with a native cobble toe. It was constructed between November 2018 and June 2019 in
a series of four phases: la, 1b, 2, and 3 (Figure 2.1b). Each construction phase began

with a trench excavation and placement of geotextile lining to limit sediment settlement.
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Buried rip-rap was placed on the landward slope of the trench into a revetment (Figure
2.2) and then filled with native dredged sand from the adjacent San Elijo Lagoon mouth.
The rip-rap used for the revetment was a combination of existing rock (approximately 1.8
to 3.6 metric tons each), reuse of rock from a nearby source, and purchased quarry rock.
Imported rock was sized to match the existing in-situ rock. The native sand grain size for
San Elijo/Cardiff State Beach is approximately 0.16 mm (Ludka et al., 2019). The buried
rubble-mound revetment was designed in accordance with the U.S. Army Corps of Engineers
(2008) Coastal Engineering Manual and provides additional protection against undermining
and flooding of Highway 101 should all top sand erode. A cobble berm was placed on top
of this sand to serve as the toe of the dune (Figure 2.2). Similarly, the cobble toe behaves
as additional fortification if the sand is removed during energetic events (Moffatt & Nichol,
2015). Finally, sand was placed atop revetment, sand fill, and cobble toe and contoured into
mounds for planting native vegetation. In total, approximately 13,266 metric tons of rip-rap,

1682 m? of cobble, and 22,937 m? of native dredged sand was placed for the project.

Section 1 (Figure 2.1b), closest to parking at the northern entrance of the project, is
characterized by a series of pedestrian access ways that run through the project, as well as
native vegetation seeded from adjacent San Elijo Lagoon. The access ways are concentrated
in the northern portion of the project to reduce foot traffic in the snowy plover nesting area
further southward. Sections 2 and 3 (Figure 2.1b) were also seeded with native vegetation
later after project completion. The goal of the planted vegetation is to prevent sand loss dur-
ing overtopping events, promote aeolian accretion, and provide habitat. The entire project
is backed by a sand fence adjacent to the highway to prevent wind-blown sand accumulation
on the highway. Sand fences were also placed approximately every 15 m in section 1 and

every 10 m in sections 2 and 3 in the southwest to northeast direction along the dune.
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Figure 2.2:  Original construction cross-section drawing of the Cardiff Living Shoreline
Project. The dune is backed by large rip-rap, fronted by a native, smaller grain size native
cobble toe, and topped with native sand. All measurements are in feet and elevations are

NAVDSS. Courtesy of Moffatt and Nichol, 2015 (Moffatt & Nichol, 2015).

2.2 Observations and Monitoring

2.2.1 Topographic and Bathymetric Data

Monitoring and modelling coastal dunes requires a suite of coastal topographic and bathy-
metric data. Beach topography data is required to determine beach and dune erosion and
accretion at both long-term scales and shorter-time scales, such as before and after an ero-
sive winter-storm event. Knowledge of nearshore bathymetry is essential in understanding
sediment-transport dynamics, as well as determining potential wave-run up estimates, as it
is foreshore slope dependent. Additionally, topobathy digital elevation models (DEMs) are

required for numerical model grid creation.

Traditional beach and dune topographic surveying utilizes Global Navigation Satellite

System (GNSS) surveys, and more recent techniques including real-time kinematic (RTK)
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capabilities, to measure beach and dune elevation along transects on the order of every couple
of hundred meters. However, these are labor and time-intensive, and do not resolve all de-
tailed features of a beach-dune system, which are especially vital to flood modelling of these
areas (Mitasova et al., 2005; Gallien et al., 2018). Light Detection and Ranging (LiDAR)
surveying techniques are sufficient to resolve larger beach area topography and detailed fea-
tures (Woolard and Colby, 2002); however, they are high-cost which limits the temporal
coverage of the data (Andrews et al., 2002; Pagan et al., 2019). UAV surveying is low-cost,
which allows higher temporal coverage, while providing similar high-resolution data quality
as LIDAR, and is what is used to collect beach topography in this work. Required topog-
raphy outside the UAV survey domains are obtained from United States Geological Survey
LiDAR datasets available online (NOAA Office for Coastal Management, 2021). Nearshore
bathymetry, from about 0 m to -8 m NAVDSS, is collected via traditional RTK dolly and
jetski transect surveying. Offshore bathymetry beyond -8 m NAVDS88 depth is obtained from
large-scale merged bathymetry data available from the National Oceanic and Atmospheric

Administration.

Accurate coastal dune erosion modeling requires immediate pre- and post-storm beach
topography data, and previous modeling work has been hampered by a lack of this data
(Splinter et al., 2018). Modeling studies by Roelvink et al. (2009); McCall et al. (2010);
Splinter and Palmsten (2012) utilized pre-storm data that preceded the event by months or
years and required calibration (Splinter et al., 2018). All data utilized for modeling in this

work have been collected hours to days before a storm event to ensure accurate modeling.

Finally, beach topography and nearshore and offshore bathymetry are merged to create
a large DEM covering the domain of the dune or beach area of interest as well as an offshore
depth that allows for correct wave shoaling based off storm-specific wave parameters and site

bathymetry.

Beach and dune topographic data were derived from UAV photogrammetry to monitor

project construction and seasonal sand volume changes. The surveys were conducted with
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the goal of capturing the spatial placement and volumes of each substrate placement during
construction and seasonal beach and dune evolution. Data collected spans from October
2018 to April 2020, capturing the entire construction phase and two winter erosion seasons
(Table 2.1). Obtaining internal substrate dimensions (placement and grain size dimensions)
is critical to future numerical modeling efforts. One pre-construction survey (10/9/2018),
fourteen construction surveys, and six post-construction surveys were conducted and ana-
lyzed. Surveys post April 2019 captured the project’s evolution and performance during its
first winter erosion season. The monitoring project is ongoing, with quarterly surveys and

pre/post storm event surveys planned through 2024.

A DJI (SZ DJI Technology Company, Shenzen, China) Phantom 4 Pro UAV with a 20
million pixel camera was used to capture aerial images. UAV flight missions were planned
with the free DJI GS Pro application (SZ DJI Technology Company, Shenzen, China) for
Apple iPad mini 4. The flight was planned as a 3D Map Area mission type, with latitudinal
and longitudinal image overlap both set to 80%, flight altitude set to about 73 m above
ground level, and image acquisition frequency of about 0.5 Hz for each survey. The altitude

was chosen to obtain a final data resolution of about 2 cm/pixel.

A ProMark 700 GNSS receiver was used to geolocate ground control points (GCPs) using
network Realtime Kinematic (RTK) position corrections from Scripps Orbit and Permanent
Array Center (SOPAC) SIO5 base with a baseline of ~18 km. GCP density is approximately
3 GCP /hectare, higher than the 0.5 GCP /ha recommendation for generating highly accurate
digital elevation models (DEM) and orthomosaics (Coveney and Roberts, 2017). GCPs
consist of 0.3 by 0.3 m wooden panels with a 2.54 by 2.54 cm center to easily identify and

mark in images during photogrammetric processing.
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Table 2.1: Survey dates, hydrodynamic conditions and beach volumes. Tide (NOAA gauge
9410230), significant wave height, and peak period (CDIP buoy 100) at time of survey
are listed. Beach volumes in cubic meters are listed above mean sea-level (MSL, 0.774 m

NAVDS88) and the upper beach (>2 m NAVDS88). Hyphens indicate no data available.

Tide H, T, Section 1 Section 2 Section 3
Date (m) (m) (s) MSL Upper MSL Upper MSL Upper
10/09/2018  0.39 146 125 87,665 48,601 60,390 34,984 53,330 27,269
11/28/2018  1.53  1.56 14.29 84,146 50,839 - - - -
12/04/2018  0.02  0.44 12.50 68,396 41,976 - - - -
12/11/2018  1.30 147 15.38 64,051 41,019 - - - -
12/14/2018  1.08 1.34 14.29 66,375 40,723 40,615 23,216 - -

12/17/2018  0.38  2.10 20.00 68,855 41,175 40,234 23,420 - -
12/18/2018  0.23  1.87 16.67 68,062 41,156 39,391 22,607 - -
12/19/2018 —0.44 1.57 15.38 65945 39,826 37,479 21,795 - -
01/10/2019  1.33 221 13.33 61,399 36,113 37,587 36,113 39,735 18,907
01/22/2019 0.187 1.37 10.53 50,563 28,792 28,586 15,645 32,681 16,094
02/01/2019 0.126 0.9 15.38 - - - - - -
03/07/2019  1.06 1.26 11.11 - - 31,455 17,401 - -
03/22/2019 1.358 1.42 13.33 - - 34,492 19,604 38,060 20,446
04/15/2019 —0.089 0.87 12.5 56,158 31,962 38,402 22,592 41,258 22,935
05/31/2019 0.385 1.36 14.29 63,932 34,103 45477 25,669 50,803 28,400
08/28/2019 0.646 1.07 20.00 73,871 40,288 53,696 30,157 57,251 32,154
10/25/2019  0.173  0.72 9.09 73,375 39,967 52,130 30,087 54,743 32,046
12/12/2019 0.304 1.07 125 - 35,598 - 26,191 - 26,636
12/20/2019 0.365 0.93 11.76 61,451 34,223 40,831 24,320 44,845 26,254
04/30/2020  0.047 0.96 10.53 63,017 34,580 45224 25,224 51,008 28,764

Structure-from-motion (SfM) software was utilized to generate topographical data prod-
ucts (e.g., DEMs) from UAV imagery data. Automatic photogrammetric image processing
was conducted using Pix4Dmapper (version 4.4.12) software, from which georectified point
clouds, orthomosaics, and digital elevation models were produced from the raw UAV images

and ground control point x, y, z information (Figures 2.3 and 2.4). GNSS GCPs were used to
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improve geolocalization accuracy and were imported into Pix4D, where the centers of each
were manually identified in each UAV image they appeared. Pix4D utilizes binary descrip-
tors to photo-match points (Kiing et al., 2011). The matched points are then used, along
with the image positions and orientations, to obtain the exact position (three-dimensional
coordinates) and orientation of the UAV camera for every image. The three-dimensional
points (point clouds) are interpolated to then form a triangulated irregular network (TIN),
from which the digital elevation model and orthomosaic are obtained (Kiing et al., 2011).
The orthomosaic and DEM resolutions average about 2 cm? per pixel, with a projected
coordinate system of WGS 1984 UTM Zone 11N, North American Vertical Datum of 1988
(NAVDSS). All elevation values here, from both UAV-derived elevation products and water

levels, are referenced to NAVDS8S8 unless otherwise specified.

The dune crest was identified at the interface of the west and east flow directions. De-
lineation of dune geometries is required to assess vulnerability of the project to runup, over-
topping, and high total water levels (TWLs), as well as to monitor erosion and movement
of dune features. Autodesk (San Rafael, CA) AutoCAD 2020 was utilized to inspect and
compare construction as-built data obtained as each portion of the dune was constructed

(trench, revetment, cobble, sand).
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Figure 2.3: Pre-construction (a) and post-construction (b) digital elevation models derived

from UAV photogrammetric surveys from 9 October 2018 and 28 August 2019, respectively.
Section labels indicate each stage of project construction, and black numbered lines indicate
each Monitoring and Prediction (MOP) beach profile that was analyzed in this study (See

Section 2.3 for details).
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Figure 2.4:

(a) Three-dimensional representation of living shoreline derived from UAV

orthoimagery collected 20 December 2019 viewing northward. Blue line indicates toe delin-
eation. (b) View looking southward on heavily vegetated section 1 with pedestrian access

ways. (c) View looking southward on sections 2 and 3 with sand fences visible.
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Figure 2.5:
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Dune crest (solid red line) and toe (blue dashed line) elevations estimated

from 28 August 2019 UAV survey. Low crest elevations at about 4.5 m NAVDS8S8 indicate
pedestrian access way locations. Each section of the dune and MOP transect locations are

labeled.

2.2.2 Dune and Beach Evolution

The final dune topography immediately post-construction is shown in Figures 2.3 and 2.4.
It is approximately 900 m in length, with the crest varying from about 5.5 m in section

1 to 6.5 m in sections 2 and 3 (Figure 2.5). The dune toe elevation is about 4 m across
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the length of the dune (Figure 2.5). Six full-beach photogrammetric UAV surveys were
conducted post-construction to monitor topographic changes. From August 2019 to April
2020, the dune experienced negligible change, while the upper beach (~2-3m NAVDSS)
experienced typical winter erosion (Figure 2.6a). Elevation change analysis was conducted
on cross-shore profiles every 100 m along the beach, and three were selected to illustrate the
range of changes. The northernmost profile, MOP 677, experienced the least erosion (Figure
2.6b), while MOP 675 experienced the most foreshore erosion, with the 2 m contour moving
about 25 m landward (Figure 2.6¢). Significant vegetation is observed in section 1, with
profile MOP 677 experiencing about 11 cm of dense vegetation growth between December

2019 and April 2020 (Figure 2.6b). Monitoring of dune evolution is ongoing.
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2.3 Vulnerability Assessment

2.3.1 Total Water Levels Estimation

The study site’s vulnerability to 50 and 100-year water level events, both pre- and post-dune
construction, was evaluated by estimating total water levels (TWL) from open coast water
levels and wave runup estimated using the formulation from Stockdon et al. (2006). Ryy has
been previously field validated (Stockdon et al., 2006; Fiedler et al., 2015; Melet et al., 2018),
and widely employed in coastal hazard assessments (e.g. Federal Emergency Management
Agency (FEMA) of the United States, 2005; Heberger et al., 2009; Gallien, 2016; Serafin
et al., 2017; Vitousek et al., 2017; Melet et al., 2018).

Equation (4.1) shows the 2% exceedance of wave runup (Stockdon et al., 2006), where [
is the slope, Hy is the deep water significant wave height, and the deep water wave length,

Lo =g/2m fg, is computed from the peak frequency, f,.

HyLy(0. 2 004)105
fh%>==1j.<0356(ﬁhjm)054_[ 0L0(0.5635% + 0.004)] )

. (2.1)

Total water level is defined as the sum of the nearest the NOAA tide gauge (La Jolla,
California, 9410230 (National Oceanic and Atmospheric Administration (NOAA), 2020))
observed water levels (OWL) and Ryy and is given by,

TWL =OWL+ Ry (2.2)

Hourly significant wave heights and peak frequencies at the 10 m depth were estimated
from a 61-year wave hindcast obtained from the United States Geological Survey (Shope
et al., 2020). Pre-construction beach foreshore slopes and crests were estimated from 10
years of monthly Cardiff State Beach topography data collected by Scripps Institution of
Oceanography (Ludka et al., 2019). Both wave hindcast and beach elevation values were

estimated along ten shore-normal transects at existing Monitoring and Prediction (MOP)
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Figure 2.6: (a) DEM differences (color bar) from 8/28/2019 to 12/20/2019. Significant
foreshore erosion is observed. MOP profiles 677 (b), 675 (c¢), and 671 (d) are shown with
an additional spring survey (4/30/2020) highlighting significant vegetation growth along
MOP677 (magenta).

profiles established by Scripps Institution of Oceanography Coastal Data Information Pro-
gram (CDIP) program (O’Reilly et al., 2016). The MOP profiles, here MOP D0669 through
MOP D0678 (referred as MOP 669 to MOP 678 in this study), are spaced every 100 m
alongshore, from the southern to northern end of the project site, as shown in Figure 2.1b.
Annual and seasonal mean foreshore slopes of each of the ten MOP lines were calculated
from 0 m NAVD88 (~MLLW) to the beach crest. Slopes of profile data that did not reach 0
m NAVDS88 were calculated from the closest available point. Seasonal foreshore slopes were

used to calculate total water levels in each corresponding season.

Hourly total water levels were estimated for MOP profiles 669 to 678 from 1948 to
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2008, and annual maxima extracted. These annual maxima were fit to the Generalized
Extreme Value (GEV) distribution to minimize the negative log-likelihood (e.g. Federal
Emergency Management Agency (FEMA) of the United States, 2005; Huang et al., 2008; Xu
and Huang, 2011). The GEV distribution can be utilized to statistically model and estimate
the probability of extreme events (Coles et al., 2001) and has been widely used to quantify
the frequency of extreme wave and total water level events (Muir and El-Shaarawi, 1986;
Tawn, 1992; Ruggiero et al., 2001; Huang et al., 2008; Serafin and Ruggiero, 2014; Vitousek
et al., 2017). Specifically, the GEV distribution should be used to estimate extreme water
levels along open-coastlines such as the Pacific (Federal Emergency Management Agency
(FEMA) of the United States, 2005; Huang et al., 2008). The annual maxima (n = 61) were
fit to the GEV distribution minimizing the negative log-likelihood to estimate the 50- and
100-year TWL values.

The number of storm events, defined as consecutive hourly TWL events that occurred
less than 72 h apart, that exceeded the pre-construction annual mean beach crest and post-
construction dune crest were calculated, as well as the number of TWL events that reached
and therefore would interact with the post-construction dune toe. These hourly total water
levels were then estimated with the addition of sea-level rise. Sea-level rise projections from
the Intergovernmental Panel on Climate Change (IPCC) for representative concentration
pathway (RCP) 4.5, a moderate projection, and RCP 8.5, an extreme projection with little
reductions in carbon emissions, were utilized (Church et al., 2013). The 61-year TWL time
series, assuming wave stationarity, was superposed on the RCP 4.5 and 8.5 sea-level rise
curves from 2020 to 2080 to obtain a projected TWL time series. Annual maxima and
hourly TWL values were compared with dune toe and crest elevations to assess backshore

vulnerability.
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2.3.2 Vulnerability to Extreme Total Water Levels and Sea-level Rise

MOP transects 671 and 677 were previously identified (i.e., historical reports of wave over-
topping and erosion) as profiles of interest to explore potential sea level rise vulnerability.
MOP 671 is located in a wave focusing area and has the lowest annual mean beach crest
height pre-construction of all ten profiles, and MOP 677 is a region of the beach historically
known to overtop and flood Highway 101. The time-averaged beach crests pre-construction
of MOP 671 and 677 are 3.16 and 3.85 m NAVDS8S, respectively. Sixty annual maximum
TWL values exceeded the MOP 671 mean beach crest and 38 exceeded the MOP 677 mean
beach crest value (Figure 2.7). Post-construction, the dune crest at MOP 671 and MOP 677
was 6.04 and 5.75 m, respectively, and no annual maximum TWL values exceed these dune

crest values (Figure 2.7).

The TWL value associated with the 50-year and 100-year return periods derived from the
generalized extreme value (GEV) distribution for MOP 671 are 4.73 and 4.87 m NAVDSS,
respectively (Figure 2.7). These values for MOP 677 are 5.06 and 5.21 m NAVDSS, respec-
tively (Figure 2.7). The new dune’s crest heights are substantially higher than the 100-year
event (Figure 2.7). TWLs are expected to interact with the dune toe (i.e., ‘collision regime’
(Sallenger, 2000)). Schubert et al. (2015) and Gallien et al. (2015) suggested that dune failure
may occur through sustained dune toe interaction without ever overtopping the dune. The
dune toe values for MOP 671 and 677 are 3.83 and 3.90 m NAVDSS, respectively (Figures
2.5 and 2.7.) Results suggest that with the superposition of sea level rise from 2020-2080,
the dune toe would interact with water levels for a total of 268 h at MOP 671 and 508 h at

MOP 677, or 4.4 and 8.3 h per year on average, respectively.

The first winter season was relatively quiescent from a wave energy perspective. Al-
though the living shoreline crest height is substantially above the expected stationary 100-
year total water level event, this does not imply the dune may not experience substantial

erosion. Critically, a dune may fail from sustained collision through mass wasting (i.e.,
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notching, undercutting, avalanching) (e.g. Sallenger, 2000; Erikson et al., 2007; Palmsten
and Holman, 2011; Schubert et al., 2015; Gallien et al., 2015)). If the 61-year TWL time
series were repeated and projected from 2020 to 2080 (refer to Section 2.3), the dune toe
would interact with the TWL on average about 4.4 h/year at MOP 671 and 8.3 h/year at
MOP 677 at current sea levels (Figure 2.8). This would represent approximately 2—4 erosive
storm events per year. From a management perspective, this level of exposure would likely
be tractable. Periodic San Elijo lagoon mouth beneficial dredging reuse as dune renour-
ishment would be able to augment the beach—dune system subsequent to energetic winters.
However, as sea levels increase, dune toe-swash interaction increases exponentially (Figure
2.8), which has significant dune management implications. Even at RCP 4.5, by 2050 and
2070, the collision regime is 10-20 h/year for both MOP profiles (Figure 2.8). If this set
of ~5-10 storms arrived in succession during an active winter season, dune maintenance
may be impossible and lead to substantial erosion or breaching. At 2070, fifty years from
project construction, the more extreme sea-level rise scenario RCP 8.5 increases the average
interaction hours to about 30 h/year (Figure 2.8). Notably, this analysis considered only

sand elevation. Substantial vegetation is present on section 1 of the dune that may promote
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resilience beyond the sand structure alone.
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CHAPTER 3

Cardiff Dune Modeling

Throughout the five years of quarterly and storm event monitoring at Cardiff State Beach,
mild erosion events were captured almost annually. During the first three years post-project
construction, no extreme storms or flood events occurred. In January 2023, a historic ener-
getic wave and storm event hit Southern California, resulting in widespread flooding, erosion,
and damage. The January 6 storm event tested the Cardiff Living Shoreline for the first time
against extreme events. Observations, of both long-term and short-duration extreme storm
events, of hybrid coastal protection structures are exceedingly rare and are critically needed
to inform coastal adaptation efforts (Almarshed et al., 2020). Work has been conducted to

test morphological model initial skill at predicting event erosion for a hybrid structure.

3.1 Multi-substrate Observations and Modeling

Multi-substrate dunes have been investigated within a laboratory context. Figlus et al.
(2015) conducted small scale physical model laboratory experiments to compare erosion of
core-enhanced dunes with three different core types: a rock revetment, a clay core, and a
reinforced concrete T-wall core. The study found the buried rock revetment slowed the rate
of dune scarp retreat and resulted in less dune crest erosion compared to the sand dune only
case. Kobayashi and Kim (2017) also performed small scale physical experiments to test four
different protection structures, including a sand-buried rock seawall, against overtopping and
overwash. The study revealed that the buried seawall initially behaved as a sand dune, with

the sand decreasing roughness and increasing overtopping slightly. However, as the seawall
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began to emerge, the structure behaved like a seawall only and did not retain any dune
like properties. Additionally, the sand covering reduced settlement of the rock seawall. van
Thiel de Vries (2012) investigated the morphodynamics of an engineered revetment-fronted
dune. Notably, flume experiments present extensive scaling challenges (Van Rijn et al., 2011).
Currently, coastal morphological models cannot resolve the simultaneous morphodynamics

of multiple substrate sizes (Almarshed et al., 2020).

Multi-substrate modeling has been approached from both an empirical and numerical
perspective. Various empirical runup and overtopping formulations exist for hard seawalls
and rubble-mound dike structures (Almarshed et al., 2020). Such formulations include Owen
(1980), Van der Meer and Stam (1992), De Waal and Van der Meer (1993), Ahrens et al.
(1993), Van der Meer (2002), and van der Meer et al. (2016). Recently, a runup formula-
tion using high resolution lab and field observations was developed by Blenkinsopp et al.
(2022) to predict wave runup on composite beaches and dynamic cobble berm revetments.
Notably, there are major limitations in representing all the relevant physical processes to
wave overtopping, for example, porous flow in permeable sections of a structure, or the dy-
namic response of a structure such as the deformation of a rubble-mound during wave attack

(Almarshed et al., 2020).

From a numerical perspective the cross-shore, 1D coastal numerical model CSHORE has
previously been utilized to investigate the morphodynamics of a buried seawall structure in
the laboratory (Kim et al., 2017; Kobayashi and Kim, 2017). The morphodynamics of four
different structures were investigated: a berm-fronted beach with no dune, a sand dune, a
rock seawall, and a dune buried seawall. In the study, CSHORE was extended to resolve sand
transport on and inside the porous seawall structure on a fixed filter layer. Of note, in the
seawall case only, CSHORE over-predicted erosion immediately fronting the seawall (at the
toe) and under-predicted dune face erosion and sand deposition inside the porous seawall.
Sand inside the porous structure was more mobile than expected (Kobayashi and Kim, 2017).

Additionally, the assumption of no seawall settlement may have impacted these predictions
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(Kobayashi and Kim, 2017). There was overall higher model agreement for the seawall with
sand cover than the seawall alone possibly due to lower amount of settlement in this case due
to the sand cover fill. However, CSHORE still predicted more erosion than observed in the
foreshore. Additional experiments and field observations are needed to confirm CSHORE

predictive skill in these hybrid structure cases (Kobayashi and Kim, 2017).

XBeach has also been utilized to simulate morphodynamics of sand and dune covered
hard structures. van Thiel de Vries (2012) utilized physical model data from Steetzel (1987)
large flume experiments to extend the capabilities of XBeach and include non-erodible dune
revetments and seawalls. In van Thiel de Vries (2012), XBeach was found to predict the
evolution of the erosion and runup of seawall-fronted dune reasonably well; however, the
scour that formed in front of the structure was underestimated possibly due to missing wave
physical processes in the model. Overall, it was found that the dune erosion above the
revetment was reasonably predicted if the short wave runup distribution is included in the
model formulation. Nederhoff et al. (2015) tested XBeach for skill at reproducing the erosion
of the Bay Head, New Jersey buried relic seawall. The model, with calibration, was able to
reproduce the cross-shore and alongshore effects of the hard seawall that were observed in
the field. (Nederhoff et al., 2015). Smallegan et al. (2016) additionally utilized XBeach to
investigate the morphodynamics of the Bay Head buried seawall during Hurricane Sandy;,
and found that the structure was advantageous over the dune-only case. Muller (2017)
and Muller et al. (2018) evaluated potential hybrid protection structures to prevent further
raising of a seawall in Galveston, Texas and found that a hybrid measure could mitigate

wave impacts.

Jamal et al. (2014) utilized and modified XBeach to better model course-grained beaches
during accretive (low to moderate energy) conditions; however, McCall et al. (2014) noted
that this modification may not be representative of gravel beaches during high energy storm
events. The numerical model XBeach was extended in McCall et al. (2014) and McCall et al.

(2015) to include XBeach-G, a model to simulate hydrodynamics and morphodynamics of
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gravel beaches. It includes a non-hydrostatic pressure correction to resolve individual waves,
a groundwater model with infiltration and exfiltration processes, and groundwater effects
on bed load transport (McCall et al., 2014, 2015). Bergillos et al. (2016) tested XBeach-G
on a mixed sand-gravel (MSG) beach in southern Spain for ability to reproduce post-storm
beach topography, and presented Brier Skill Scores higher than 0.89 (a value of 1 being
perfect model performance). Three different grain sizes predominately characterized the
study site: sand, a fine gravel, and course gravel. All three grain sizes were tested in the
model, and different values of the sediment friction factor and Nielsen’s boundary layer
phase lag parameters. The best model performance predicting the post-storm beach profiles
was found assuming the D5y of the entire beach as the largest gravel grain size, which was
consistent with prior studies that found morphodynamic response of the site is dominated by
coarse gravel fraction (Bergillos et al., 2016). XBeach-G also showed high skill at simulating
hydrodynamics (wave transformation, runup, and overtopping) at a gravel beach in Cornwall,
England (Almeida et al., 2017). Few numerical model studies and ficld observations have
been conducted on gravel and mixed sand-gravel beaches, and more are needed as hybrid

coastal protection structures begin gaining attention.

3.2 Cardiff Observations

Uncrewed aerial vehicle (UAV) quarterly and storm erosion surveys have continued from
2020-2023, to monitor the project performance and beach/dune evolution. Despite moder-
ately energetic winter events the first two winter seasons of 2018 and 2019, the next two
(2020, 2021) winter seasons experienced higher wave energy (Figure 3.1), exposing the cob-
ble berm toe one year, and even eroding most of it another (2020-2021) (Figure 3.2). In
January 2023, Southern California experienced a historic energetic wave event, resulting in

large-scale flooding, erosion, and damage across the coastline (Figure 3.3).

In January 2023, Southern California experienced a historic energetic storm (Hy ~4 m,
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T, ~20 s) which peaked on January 6. Cardiff State Beach experienced significant erosion of
the hybrid dune structure and the buried cobble berm (Figure 3.4). Additionally, the dune

structure experienced significant overwash onto the highway along the length of the dune.

A field campaign was undertaken from January 4 - 7, 2023, where topographical RTK
and UAV surveys were conducted to measure pre-storm, during-storm, and post-storm to-
pography and overwash extent. The survey conducted on January 6 took place after the
peak of the storm had passed. An additional survey was conducted on January 18, 2023
to analyze additional erosion or short-term recovery of the beach. Nearshore bathymetry
from ~0 m to -8 m NAVDS8S8 depth was collected along shore-normal transects with a real-
time-kinetic (RTK) dolly and jet ski survey on November 10, 2023. The transects were
spaced at 100 m intervals along existing CDIP MOP profiles (O’Reilly et al., 2016). DEMs
were generated in photogrammetric software Pix4D as described in Chapter 2.2.1. A bare
earth digital terrain model (DTM) was created from the DEM by filtering cars, buildings,
and other non-topographic objects that could create artificial flow obstructions and promote

numerical instabilities.

The beach volume differences between January 4 and January 6 were estimated above
four reference elevations. Volume losses above MSL, MHHW, and 2 m NAVD88 were 29%,
31%, 32%, respectively. The hybrid dune experienced a volume loss of about 6% above the
dune toe (4 m NAVDS88) post-storm. Observed foreshore erosion in the vertical ranged from
~1 to 1.5 m and ~18 to 25 m in the horizontal, with the largest differences seen at transect
MOP 675 (dark pink to red, Figure 3.5). The dune toe experienced a loss of at least 1 m in
the vertical at all three cross-shore locations, and by January 18th, after multiple energetic
wave events, the toe experienced over 1.5 m of erosion at MOP 677 (Figure 3.5) and erosion
continued until the April 20, 2023 survey. These were the largest beach changes and volume
losses to date since the project construction. Notably, beach volume above 2 m NAVDS88
increased after a nourishment along the length of the project dune toe in late May 2023,

shown in Figure 3.7.
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Outer) during the January 2023 storm event.

Figure 3.4: Selected photos of the overwash and erosion event on January 6, 2023. Photo

credit: Maria Winters and Margit Maple.
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3.3 Model Grid Generation

The pre-storm (January 04, 2023) and post-storm (January 06, 2023) digital terrain model
DTMs were merged with bathymetric data from October 9, 2018, representing a typical fall
bathmetry. XBeach requires an offshore boundary depth to satisfy the wave group speed to
wave celerity (C,/C) ratio is ~ 0.8, in this case -42 m depth. The bathymetry collected ex-
tends to only -10 m offshore, so the DTMs were merged with additional offshore bathymetry
from the San Diego 1/3 arc-second horizontal resolution Tsunami Inundation digital DEM,
obtained from the open-access National Oceanic and Atmospheric Administration (NOAA)
Digital Coast Data Access Viewer (NOAA Office for Coastal Management, 2021). Model
grids were extracted and generated ESRI ArcMap from the pre-storm DTM and validation
grids from the post-storm DTM. The model grid required for the LE04 model is a grid of
the dune toe and above; in this case 4 m NAVDS88 and above. XBeach grids were created
with the XBeach gridding functions in the Deltares Open Earth Toolbox (Deltares, 2013)
for MATLAB. For more information see Section 4.5.3.

In this study, dune erosion and hybrid structure models are tested for skill on this extreme,
long period-dominated event. Morphology was modeled at the CDIP cross-shore location
MOPG675, a location investigated in Winters et al. (2020) from the time of the pre-storm
survey, January 4, 2023 10:30 UTC to the immediate post-storm survey on January 6, 2023
23:30 UTC.

3.4 Cardiff Modeling

3.4.1 Analytical Dune Erosion Modeling: Larson et al. (2004)

The analytic wave impact model by Larson et al. (2004) (LE04) has been used to model
sand dune toe retreat and volume loss (e.g., Splinter and Palmsten (2012)). Wave runup, R

is parameterized in the LE0O4 model as:
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R = 0.158v/Hy s Lo, (3.1)

where H,,,s, is the root-mean-square deepwater wave height (approximated as ~0.707Hj)
and L, is the deepwater wavelength, both in meters (m). The dune volume change above
the toe per unit width alongshore, AV (m?/m), is modeled as:

g T

AV=4C, (R~ =)' 7. (3.2)

where R is the runup defined in Equation 3.1, % is the elevation of the dune toe (m), ¢ (s)
is the duration of exposure, and T (s) the wave period. Cs is the non-dimensional transport

coefficient, defined in Larson et al. (2004) as

Hyrms,o
Cy=Ae " Dso | (3.3)
where the coefficient values of A = 1.34x1072 and b = 3.19x10~* and Ds, the median grain
size in millimeters (mm). The native Djs, for this site, 0.16 mm, listed in Ludka et al. (2016)
was utilized. This equation was found to be valid over the range of H,,s,/Dso in the study.

The dune toe elevation each time step is modeled assumed to follow along a constant slope

tans;
2p(t) = tanB(t)x(t) + 2,(0), (3.4)

where tanf; = tanf(0), the initial pre-storm beach slope. In this study tang(0) is defined

from MSL to the elevation of the dune toe and is equal to 0.071 radians.

Models such as XBeach-G McCall et al. (2014) and CSHORE Kobayashi and Kim (2017)
have been previously utilized to specifically model cobble beach and dune-buried sea wall
erosion, respectively. However, as these do not yet resolve the simultaneous morphodynamics
of multiple substrate types and size, dune volume change and toe retreat during the storm

duration (from the pre-storm UAV survey date to post-storm survey date) were estimated
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Figure 3.8: Selected cross-shore profile from the study site depicting pre- and post-storm
dune topography measured by UAV surveys, as well as predicted dune toe retreat, z,(t),
predicted by the Larson et al. (2004) model.

first using the LEO4 model for initial skill on this mixed sand substrate structure at a single

cross-shore location.

The observed dune volume loss was ~ 5.07 m®/m, while the LEO4 model predicted a
volume loss, AV, of 3.77 m®/m. The modeled post-storm dune retreat at every time step
in the storm, z (1), is shown in Figure 3.8. LE04 assumes a constant toe retreat slope and

constant water level, possibly accounting for the underestimation of the dune volume loss.

3.4.2 XBeach Dune Modeling

XBeach requires a tide time series and wave spectra as input (See Section 4.5.2). Tide
boundary conditions were prescribed to the offshore boundary only with an offshore water-
level time series, obtained from the nearest open-water tide gauge, NOAA La Jolla gauge
9410230 (National Oceanic and Atmospheric Administration (NOAA), 2020). The time se-
ries is composed of water-level values collected every 6-minutes. The landward boundary
was prescribed water level values of -6 m every 6 minutes to allow water to pour into the

backshore and eliminate non-physical flow reversal artifacts caused by a nearby boundary.
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Figure 3.9: Selected cross-shore profile from the study site depicting pre- and post-storm

dune topography measured by UAV surveys, as well as dune erosion predicted by XBeach.

Wave boundary conditions were prescribed to the offshore boundary as an hourly time series
of wave spectra, which XBeach utilizes to generate a random wave time series (Deltares,
2018). The spectra were prescribed as hourly variance density spectra, where the wave en-
ergy is binned by frequency and direction. These spectra were obtained at approximately 10
meters depth and every 100 meters alongshore from the Scripps Institution of Oceanogra-
phy Coastal Data Information Program (CDIP) Monitoring and Prediction (MOP) System
(O’Reilly et al., 2016). Significant wave height was reverse-shoaled from -10 meters to the
-42 meter offshore boundary depth. All model parameters, except median grain size (Ds)
were left as their default values. A Dsq value of 0.57 mm was reported at Cardiff State Beach
in Ludka et al. (2016) and was utilized for this initial modeling study. For more information
regarding the setup and parameterizations of XBeach, see Section 4.5.3. One model real-
ization was tested, and the default hydrostatic XBeach overall predicted the retreat of the

dune toe and face (Figure 3.9).
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CHAPTER 4

Naval Amphibious Base Coronado

4.1 Site Description

Southern California beaches characterized by both temporary or permanent sand dune struc-
tures typically have foreshore slopes of ~0.1 to 0.03 radians (Gallien et al., 2015). Coronado
Beach is located approximately 14 km south of San Diego, California on a wide barrier spit
in between the Pacific Ocean and San Diego Bay (Figure 4.1a). A large (i.e., FEMA 540)
sand dune protecting Naval Amphibious Base Coronado was constructed using 28,000,000
m? of sand from the San Diego Bay dredging project (Flick, 1994). The median grain size
(D50) reported most recently is ~0.25 mm (Moffatt & Nichol, 2009). The dune structure
is 1.3 km long, 6.77 m tall, and 48 m?®/m in volume above mean sea level (MSL) (Gallien
et al., 2015). The dune toe is located approximately at 3.5 m with respect to the North
American Vertical Datum 1988 (NAVDS8S), crest elevation ranges from approximately 6.5
to 7.5 m NAVDS88, with multiple discontinuities such as pedestrian and vehicle access ways
(Gallien et al., 2015). The dune is exposed to energetic swells, overtopping, and backshore
flooding events in winter seasons (Gallien et al., 2015) and has failed during energetic wave
events (Figure 4.2). In southern California, winter wave energy is primarily from storms
originating in the Pacific Northwest (240° < D, < 320°) with significant wave heights (Hy)

over 2 m and swell frequencies of 12-18 s (Adams et al., 2008).
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Figure 4.1: (a) Study site of the Naval Amphibious Base Coronado persistent dune in San
Diego County, California, United States. Sand dune structure of interest outlined in red.
(b) Image of dune and beach overlapped on nearshore bathymetry. Location of CTD, PUV
(wave gauge), and pressure sensors indicated by green star, green asterisk, and magenta

polygon, respectively. Modeled cross-shore transects indicated and labeled.

44



Figure 4.2: Photos of Coronado berm failure during March 5-7th, 2016 resulting in backshore

parking lot flooding and undermining.
4.2 Event Description

In January 2017 a winter storm caused a dune breaching and overwash event. Energetic
conditions were observed from January 21, 2017 to January 24, 2017. Tidal water levels
during this event were modest, less than mean higher-high water (MHHW) (Figure 4.3a).
Deep-water wave conditions reached a peak Hj of over 4.94 meters and peak period (7},)
of 20 s (Figure 4.3b). Beach states ranged from intermediate to reflective when the swash
was interacting with the dune face (Figure 4.4a-c). Hourly total water levels (TWLs) were
estimated during the storm event to estimate the time of peak overtopping and subsequent
erosion (Figure 4.3a). TWL is defined as the observed open coast water level plus wave
runup. Here, Ryy Stockdon et al. (2006) is used to characterize wave runup. Ryy is a
field validated (Stockdon et al., 2006; Fiedler et al., 2015; Melet et al., 2018), widely used
coastal hazard assessment metric (e.g. Federal Emergency Management Agency (FEMA) of
the United States, 2005; Heberger et al., 2009; Gallien, 2016; Serafin et al., 2017; Vitousek
et al., 2017; Melet et al., 2018).

Equation (4.1) shows the 2% exceedance of wave runup (Stockdon et al., 2006), where
[ is the active foreshore slope, Hy is the deep water significant wave height, and the deep

water wave length, Ly = g/27 fg, is computed from the peak frequency, f,.
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Figure 4.3: (a) Tide, Stockdon et al. (2006) Ry%, total water level (TWL), and salinity
signal from backshore CTD. Reader is referred to Section 4.2 for Stockdon et al. (2006)
definitions. (b) offshore wave conditions from nearest deep water CDIP buoy (191 Point

Loma) for duration of simulated storm from January 21-22, 2017.

&%:L1@3wuﬁmW5+W“W“f”ww”ﬂ (4.1)

Total water level is defined as the sum of the nearest the NOAA tide gauge (La Jolla,
California, 9410230 (National Oceanic and Atmospheric Administration (NOAA), 2020))
observed water levels (OWL) and Ryy and is given by,

TWL =OWL+ Ry (4.2)

Six minute water levels were obtained from the nearest open coast tide gauge, La Jolla
9410230, approximately 30 km north (National Oceanic and Atmospheric Administration
(NOAA), 2020). Hourly spectral wave parameters and variance density spectra were esti-
mated from the CDIP Monitoring and Prediction (MOP) System, a non-stationary, linear,
spectral refraction wave model (O'Reilly et al., 2016) along the 10 m depth contour with 100

m alongshore spacing. Total water levels were estimated along each of the modeled transects
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(Figure 4.4). Beach slope (/) values were estimated every hour along the active foreshore
between mean sea level (MSL) and the dune crest elevation (Table 4.1, Figure 4.4). Peak

water levels and energetic waves occurred on January 22, 2017.

4.3 Observations

4.3.1 Topobathy

An extensive observational program in Winter 2016-2017 collected topography, bathymetry,
and hydrodynamic data. Subaerial beach and dune topography were derived from unmanned
aerial vehicle (UAV) photogrammetry. The UAV surveys were conducted on January 10,
21, and 24, 2017 with a SenseFly eBee fixed-wing mapping drone equipped with a Sony
WX camera to capture aerial images. Topographical data products such as digital elevation
models (DEMs) from the UAV surveys were generated with Pix4Dmapper, a structure-from-

motion (SfM) software.

Nearshore bathymetry from 0 to -8 m NAVDS88 depth was collected along shore-normal
transects with a real-time-kinetic (RTK) dolly and jet ski survey on January 10, 2017.
The transects were spaced at 100 m intervals along existing CDIP MOP profiles (O'Reilly
et al., 2016). Bathymetric data profiles were interpolated in R (R Core Team, 2021) to
create a DEM. In addition, subaerial beach topography was collected on January 10, 2017
via alongshore all-terrain vehicle (ATV) RTK surveys. Backshore topography and offshore
bathymetry (< - 8 m) in areas not captured by the field campaign were obtained on NOAA
Digital Coast (NOAA Office for Coastal Management, 2021) from the 2016 United States
Geological Survey (USGS) West Coast El Nino lidar survey and the San Diego 1/3 arc-
second horizontal resolution Tsunami Inundation digital DEM, respectively. These DEM
products were merged to create a seamless digital elevation model of the entire region. The
priority given to each data source in the merged DEM is shown in Table 4.2. A bare earth

digital terrain model (DTM) was created from the merged DEM by filtering cars, buildings,
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Table 4.1: Ranges of beach conditions during duration of storm at each cross-shore location.
Deepwater wave height obtained by reverse shoaling wave parameters obtained from CDIP

MOP program at 10 meter depth to deep water.

Transect H, (m) T, (s) H,/L, B & R'¢/R

M1 1.49-2.98 12.30 - 14.29 0.0034 - 0.0094 0.052-0.088 0.61-1.23 0.64-0.93
M2 1.58 - 2.91 14.29 - 16.67 0.0041 - 0.0085 0.047 - 0.083 0.63 - 1.10 0.69 - 0.92
M3 1.61-3.16 14.29 - 15.38 0.0044 - 0.0099 0.044 - 0.097 0.59 - 1.18 0.66 - 0.94
M4 1.34-2.52 15.38 - 20.00 0.0031 - 0.0058 0.040 - 0.067 0.60 - 1.11  0.69 - 0.93
P1 1.28 -2.34 14.29 - 16.67 0.0033 - 0.0070 0.046 - 0.110 0.74 - 1.45 0.57 - 0.96

and other non-topographic objects that could create artificial flow obstructions and promote

numerical instabilities.

Sensors were deployed onsite to monitor onshore hydrodynamics (Figure 4.1b). A buried
Paroscientific pressure sensor sampling at 2 Hz was deployed at ~2 m NAVDS8S, approxi-
mately 0.50 m below the sand surface near the dune toe to monitor waves. A conductivity-
temperature-depth (CTD) sensor was deployed in a drainage ditch behind the dune to
measure salinity and depth of marine overtopping events (Figure 4.1b). A Nortek Vec-
tor pressure and velocity sensor (PUV) was placed offshore at approximately 8 m depth to
observe nearshore wave conditions. Wave power spectra, and therefore Hy, were estimated
from PUV measured sea surface elevations offshore derived using linear wave theory and
poroelastic theory to account for the instrument burial (Raubenheimer et al., 1998; Fiedler
et al., 2015). PUV measured wave parameters were utilized to verify XBeach predicted wave
heights and power spectra at the nearshore 8 meters depth. Omnshore water level values
were derived from the buried pressure sensor sand sub-surface pressure measurements using
the hydrostatic pressure relation. Overtopped volume time series into the drainage ditch
during the peak of the storm were estimated with a hypsometric analysis by estimating the
drainage ditch area from UAV topographic data and multiplying by time-varying measured
overtopped depths.
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Table 4.2: Priority of geospatial data for creation of digital terrain model (DTM) used for

Coronado breach and dune erosion modeling.

Priority Location Description Source Date Resolution (m) VRMSE (m)
1 Beach crest UAV survey Scripps 01-21-2017 0.02 0.05-0.10

2 Upper beach ~ UAV survey Scripps 01-24-2017 0.02 0.05-0.10

3 Beach to -8 m ATV, dolly, jet ski Scripps 01-10-2017 0.8 along transect 0.05

4 Beach Edges  LiDAR DEM USGS 2016 0.5 0.06

5 Offshore 1/3 arc second DEM NOAA NGDC various 10 0.1-5% of depth

0 TP TP, TR TR o TP PR TP, TP TR TP TP, TP TP, N
ﬁ@@@&@@@@@@@@@@
QR SR S G, L L O S LA S R
PG IR R R A R R R R G G

January 2017 (UTC)

Figure 4.4: Observed (a) hourly swash face slope, (b) Iribarren number, and (c) R¢/R

ratios at each modeled transect (1D) for duration of storm event.
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4.3.2 Beach and Dune Observed Morphology Changes

The dune toe and heel were identified where the beach slope was between 7°and 45°( ~ 0.12
to 0.79 radians), as in Gallien et al. (2015), where 45°is the angle of repose of wet sand (dune
delineation shown in Figure 4.1b). The dune crest was identified as the point of maximum
cross-shore elevation within this dune footprint. The pre-storm dune crest elevation values
ranged from 4.5 m to 8.6 m NAVDS88 and pre-storm dune toe elevation was ~2.75 m NAVDS88
(Figure 4.5d). The highest crest values were located around y = 1400 m along the dune while
the lowest crest values were located near y = 800 m, y = 1200 m, and y = 1500 m, the access

ways, and around ~y = 1100 m, the main breach location (Figure 4.5d).

Dune volumes were estimated above the average toe elevation value of 2.75 m NAVDSS.
The pre-storm dune volume ranged from around ~ 8.5 m? to 175 m?® with an average volume
of 63 m?® (Figure 4.6a). The location along the dune with the lowest pre-storm volume was
also the location of the lowest pre-storm crest, around y = 1100 m (Figure 4.5d, 4.6a). Beach
slopes, from 0 m to 2 m NAVDSS, ranged from 0.01 to 0.04 radians and the dune face slopes
varied from 0.1 to 0.6 radians (Figure 4.7a). The area with the highest pre-storm beach
and dune face slopes was between y = 1000 m and y = 1200 m (Figure 4.7a). Toe and
crest distances to mean sea level (MSL), indicative of beach width, are shown in Figure 4.6¢c.
Crest distances to MSL varied from about 23 m to 85 m, with the smallest crest distances

(narrowest beach width) located between y = 900 m and 1100 m (Figure 4.6c).

Beach and dune elevation changes derived from UAV observations show erosion occurred
primarily along the foreshore, particularly at y = 2000 m and between y = 1000 and 1200 m
(Figure 4.5¢). Other locations that experienced significant erosion occurred near the edges
of the dune at the access way entrances (y = 800 m, 1200 m, 1500 m), with a loss of between
1 and 1.5 m in the vertical. FErosion tends to occur at dune section ends and edges, as
observed and described in Gallien et al. (2015). Lowering of the dune crest occurred at

several locations along with the dune, with the majority of crest erosion occurring between y
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= 1000 m and 1200 m (Figure 4.5¢). This area, also the location of transect M3, saw the most
crest erosion, with a lowering of about 1.3 m (Figure 4.5¢). The crest elevation increased
at some locations, for example around ~ y = 600 m to 700 m, likely due to overwash that
occurred during the storm (Figure 4.5¢). This location also saw an increase in post-storm
dune volume (Figure 4.6b). Lowering of the dune toe occurred along the majority of the
dune with the largest elevation decreases of 0.5 to 1 m (Figure 4.5¢). Dune volume changes
ranged from +11 m? to -38 m3, with the highest volume increase at location ~ y = 700
m and largest volume decreases between y = 1000 m and 1200 m and around the edges of
the access ways (y = 800 m, y = 1200 m, and y = 1500 m) (Figure 4.6b). Overall dune
slopes generally increased post-storm; however, between y = 1000 m to 1200 m, dune slope

decreased post-storm (Figure 4.7b,c).

4.3.3 Swash and Overtopping Observations

Observations collected by the buried pressure sensor at the dune toe and CTD in the ditch
behind the dune indicate when the breaching location (y = 1000 m to 1200 m) was in the
collision and overwash regimes. Individual swash excursions recorded at the dune toe (Figure
4.8a) indicate indicate when the dune is interacting with the swash. The dune was in the
collision regime from approximately January 22, 2017 00:00 to 07:00 UTC (Figure 4.8a)
and then transitioned and remained in the overwash regime until approximately January 22,
2017 14:00 UTC, as indicated by the spike in salinity and water depth recorded by the CTD
in the backshore drainage ditch (Figure 4.8b). Local weather observations confirmed there
was no precipitation that could have contributed to water depth increases in the drainage
ditch. Total overtopped volume was estimated using a hypsometric analysis, scaling the
observed overtopped depth by the surface area of the drainage ditch derived from the UAV

topographic elevation maps.
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Figure 4.5:  (a) Observed dune pre-storm on 1/21/2017 (b) observed post-storm on
1/24/2017 and (c) elevation difference map between the two dates. Modeled cross-shore
transects of interest are indicated with black lines and corresponding labels. (d) Observed
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and crest elevations. Green asterisk indicates alongshore location of the buried dune face
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Figure 4.8: (a) Buried pressure sensor, P1, water level elevation measurements and (b) CTD

water depth and salinity measurements in backshore ditch during peak of storm.

4.4 Grid Generation

A grid of the study area was generated by merging topographic and bathymetric obser-
vations with additional beach topography and offshore bathymetry provided by the 2016
United States Geological Survey (USGS) West Coast El Nifio Lidar survey and the San
Diego 1/3 arc-second horizontal resolution Tsunami Inundation digital DEMs, respectively,
to obtain the appropriate model domain size. Both can be obtained from the open-access Na-
tional Oceanic and Atmospheric Administration (NOAA) Digital Coast Data Access Viewer
(NOAA Office for Coastal Management, 2021). The priority given to each data source in
the merged DEM is shown in Table 4.2. A pre-storm (January 21, 2017) and post-storm
(January 24, 2017) digital terrain model (DTM) were created in ESRI ArcMap from the
merged DEM by filtering cars, buildings, and other sharply vertical objects that can create
numerical instabilities. DTMs were interpolated to a coarser, uniform 50 cm or 2 m reso-
lution grid prior to model grid creation. Model grids for SBeach, CSHORE, and XBeach
were extracted and generated from the pre-storm DTM and validation grids from the post-
storm DTM. Morphology was modeled at four cross-shore locations, transects M1-M4, with

SBeach, CSHORE, and surfbeat 1D XBeach.
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4.5 Numerical Model Descriptions and Setup

4.5.1 SBeach

SBeach is a one-dimensional, semi-empirical model used to estimate beach and dune change
due along cross-shore profiles to storm waves and water levels (Larson and Kraus, 1989).
The model is based upon the ‘equilibrium profile’ concept of Bruun (1954b) where beach
profiles evolve to an equilibrium state. Sediment transport is proportional to the difference
between present and calculated equilibrium wave energy dissipation (Larson and Kraus,
1989). SBeach has been applied to large wave tank experiments and field data from U.S.
East Coast events (e.g., Larson and Kraus, 1989; Larson et al., 1990; Glover and Hales, 1991;
Rosati et al., 1993) and has been tested on barrier island and dune overwash and breaching
events along the coasts of Maryland and South Carolina, United States and showed success
at reproducing post-hurricane overwash sediment transport landward and dune evolution

(Donnelly et al.; Donnelly, 2008).

The SBeach 1D, non-uniform grids were generated using the uniformly spaced 2 m DTMs
and the built-in SBeach variable grid generation tool. SBeach defines the seaward boundary
as the location where incident waves begin to shoal, and the depth where there is no sig-
nificant sediment motion (Larson and Kraus, 1989). The program automatically calculates
this point using the input transect, storm conditions, and the exponential decay equation
to determine the onset of significant sand movement (Larson and Kraus, 1989). Cell grids
were split into three regions where highly erosive areas have greater resolution (Rosati et al.,
1993). From the seaward boundary to 0 m NAVDS88, the grid resolution was 10 m. From 0
m to 1.5 m NAVDSS, the resolution was 5 m. The remainder of the transect, including the

dune and the subaerial beach, had a 2 m grid cell size.

Storm input data for SBeach includes wave angle, water elevation, wave height, period,
and wind. A 28-hour irregular wave simulation was ran using a 1 hour time-step for wave

height, period, and water elevation. The effects of wind speed and direction were ignored
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and wave angle was assumed to be directed onshore (§ = 0). For each transect, the input

wave water depth was set as the offshore water depth.

The primary test variable was BMAX (maximum slope prior to avalanching). Leadon
(2015) tested the model’s sensitivity to changes in sediment grain size and (referred to as the
MSPA parameter in their study) on beaches along the Florida and Louisiana coast. They
found that flatter, less-steep beaches showed better calibration efforts with higher values of
K and BMAX, while conversely, for steep beaches, the opposite was true, such that lower
values of K and BMAX were better for parameterization. For these simulations, the default
BMAX was 45 degrees. A lower BMAX value of 28.5 was chosen to better calibrate the
model for transects M1, M3, and M4, and a BMAX value of 30 was chosen for transect M2

to reduce over-erosion (Table 4.3).

The input effective grain size was the D50 of the site, 0.25 mm, and the landward surf
zone depth was set to the first tide time-step. Sand was set to remain on the grid to match
CSHORE simulations. Sediment transport parameters, such as the transport rate coefficient
(K) and the overwash transport parameter (Eps), were found to have minimal effects on the
output profile. For all simulations, these variables were left at their default entries (Table

43).

4.5.2 CSHORE

CSHORE is a one-dimensional numerical coastal response model that is applied to cross-
shore transects (Kobayashi, 2016). Its main components are a combined wave and current
model based on a time- and depth-averaged continuity and momentum equations, wave-
action (energy) and roller energy equations, a probabilistic model for the intermittently wet
and dry zone, empirical formulas for wave runup, and a time-averaged sediment transport
model for both suspended and bed load (Kobayashi, 2016). Summarized below (Equations

4.3 - 4.9) are the hydrodynamic and morphodynamic model equations.
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The CSHORE time-averaged cross-shore continuity and momentum equations derived

from the non-linear shallow water wave equations are expressed as:

where:
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h : instantaneous water depth,
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where:

P, : the probability of h > 0 at any cross-shore location,
h : mean water depth for the wet duration,
U : instantaneous cross-shore velocity,
« : a positive constant, set to 2,
U, : a steady velocity added which allows for inclusion of undertow and overtopping,

g : gravitational acceleration

The hydrodynamics force the sediment transport model in CSHORE to estimate the
depth-averaged suspended load, ¢4, and bed load, g,. The net cross-shore sediment transport
rate is the sum of the net bed load and suspended load transport rates. The cross-shore

suspended transport rate is given by:

gs = (aU + a,U,) V; (4.7)
U, = % (4.8)

The cross-shore bed-load transport is expressed as:

beO'?]
= ——G, 4.9
b PICEEY (4.9)
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where:

a : suspended load parameter,
a, : empirical overtopping parameter,
U, : onshore current caused by the wave overtopping rate,

Vs : suspended sediment volume per unit horizontal bottom area,

»

b : bedload parameter,
P, : the probability of sediment movement,
oy : standard deviation of the horizontal velocity,
s : specific gravity of the sediment,
G : bottom slope function which is a function of the cross-shore profile slope,
« : a positive constant, set to 2,
U, : a steady velocity added which allows for inclusion of undertow and overtopping,

g : gravitational acceleration

CSHORE has been successfully utilized in wave flume experiments and on beaches on
the East Coast and Europe (e.g., Kobayashi and Jung, 2012; Do et al., 2016; Quan and
Kobayashi, 2015; Harter and Figlus, 2017; Kobayashi et al., 2018; Payo et al., 2020). More
recently, CSHORE was applied to beaches along the United States Pacific coast with limited

success (Kalligeris et al., 2020).

Cross-shore 1D uniform grids for CSHORE were created along the transects of interest
(Figure 4.5a) from the pre-storm DTM. CSHORE defines the scaward boundary as the
location outside of the surf zone where the wave setup and setdown is zero (Kobayashi,
2013). Input and post-storm validated transects were then smoothed, cleaned and cropped

to their required offshore boundary depths (Johnson et al., 2012).

The CSHORE input features are wave conditions, beach bathymetry, and many param-
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eterization variables. Wave conditions include the root-mean-squared wave height (H,s),
spectral peak period (Tp), the incident wave angle (6), wind speed (W), and direction
(Kobayashi, 2009). Parameters such as the bedload (b), the suspended load (a), and the
suspended efficiency (ef, e,) adjust the sensitivity of sediment transport and profile evolu-
tion. In combination, the value of these four sediment-transport parameters were tested by
(Johnson et al., 2012) to determine settings for the Atlantic and Pacific coast. The bedload
parameter, b, determines the amount of bedload sediment transport, often resulting in an
increase of foreshore sediment build up in the form of a bar. The suspended load parameter,
a, is responsible for the on-shore wave-related sediment transport and is highly sensitive
to the calibration of this parameter. The suspension efficiency parameters e; and e, are
responsible for sediment suspension due to energy dissipation related to breaking waves and
bottom friction. e, is the main parameter that determines the magnitude of transport due
to a breaking wave and ey measures the magnitude of transport due to bottom friction.
Increasing e, and ey results in increased suspended sediment concentration and foreshore

erosion.

The Atlantic and Pacific parameter sets refer to the different combinations of b, a,e;
and e, (Johnson et al., 2012). After consulting with one of the CSHORE developers, an
additional parameter set (from now referred to as the "Suggested") was tested. Default
values for sediment transport related parameters were also tested. All parameters, unless
stated otherwise, were left as the default values. After a series of tests, the parameters iroll
and fwcint which are responsible for wave roller conditions and wave/current interactions
were turned on to increase model stability and output quality. The parameter ¢lab was turned
on to mimic natural wave conditions. Wind effects were neglected and all wave energy was
directed onshore (f = 0). Each transect was ran using the same set of base parameters, with

each run changing the sediment specific parameter sets (Table 4.3).

60



4.5.3 XBeach

XBeach (Roelvink et al., 2009) is an open-source process-based flow and sediment transport
model that solves a depth-averaged time dependent wave action balance that forces a depth-
averaged Generalized Lagrangian Mean (GLM) formulation of the nonlinear shallow water
(NLSW) equations (Equations 4.10-4.12). XBeach was created to efficiently simulate hydro-
morphodynamics under the assumption of a saturated surf zone (Roelvink et al., 2018), and
explicitly accounts for infra-gravity (IG) timescale physics critical to beach erosion processes.
Sediment concentrations in the water column are simulated by solving the depth-averaged
advection-diffusion equation of Galappatti and Vreugdenhil (1985) with a source-sink term
based on equilibrium sediment concentrations (Equation 4.13). The concentration, C'is used
to solve for the sediment transport rates in the cross-shore and alongshore directions, g,

and ¢, respectively, from which the bed is updated based on continuity with the Exner

equation.
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where:

u~,v” : Lagrangian velocities in the z- and y-direction respectively,
f : Coriolis coefficient,
vy, : horizontal viscosity,
Tews Tsy - Wind shear stresses,
h : water depth,
Thz, Toy : Ded shear stresses,
g : acceleration due to gravity,
7 : water level,
F,, F, : wave-induced stresses,

F, ., F, 4 : vegetation-induced stresses.

For detailed model formulations information, the reader is referenced to Roelvink et al.
(2018). XBeach has been used to model overwash and dune erosion during storm events
and also in laboratory experiments (e.g. Roelvink et al., 2009; McCall et al., 2010; Splinter
and Palmsten, 2012; McCall et al., 2014; Palmsten and Splinter, 2016; Berard et al., 2017).
Here, XBeachX version 1.23.5527 is used to estimate wave driven erosion, breaching, and

overtopping of the Coronado dune during the January 2017 long-period swell event.
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where:

h : water depth,

C' : depth-averaged sediment concentration which varies on the wave-group time scale,

u” v¥ : Eulerian velocities(short-wave-averaged velocity observed at a fixed point)

in the z- and y-direction respectively,
Dy, : sediment diffusion coefficient,
Ceq : depth-averaged equilibrium sediment concentration which varies on the wave-group time scale,

T, : adaptation time representing entrainment of sediment.

The XBeach simulations were conducted using the most recent stable version of XBeachX
in both 1D (i.e., cross-shore transects) and 2D. XBeach can run in two modes: hydrostatic
or non-hydrostatic. Hydrostatic mode resolves wave groups, where as non-hydrostatic can
resolve individual waves. Hydrostatic mode has two options: stationary and instationary
(surfbeat) mode. Stationary mode solves wave-averaged equations and neglects infragrav-
ity waves, which is useful for conditions where incident waves are relatively small or high
frequency (Deltares, 2018). Surfbeat mode resolves variations of the short waves on the
wave group scale (the short wave envelope) as well as the long waves associated with them
(Deltares, 2018). Therefore wave-driven currents, wind-driven currents, long (infragravity)
waves, and runup and rundown of long wave are resolved. Erosion simulations in this work
were run in hydrostatic surfbeat mode, as the breaching event being simulated is an extreme
event with large waves and swash motions dominating, and surfbeat mode is recommended
for such events (Deltares, 2018). To simulate swash zone hydrodynamics such as runup and
overtopping non-hydrostatic XBeach is suggested (Deltares, 2018) and has previously been
used to simulate breaching and overtopping (e.g., Roelvink et al., 2009; McCall et al., 2010;
Gallien, 2016; Elsayed and Oumeraci, 2017). Non-hydrostatic mode was utilized to simulate
swash, runup, and overtopping during the storm event along 1D transects that were updated

hourly from XBeach hydrostatic transects.
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Cross-shore transects were extracted from the merged DTM to create beach profile model
grids to utilize in 1D surfbeat XBeach. One-dimensional grids were generated utilizing
the XBeach gridding functions in the Deltares Open Earth Toolbox (Deltares, 2013) for
MATLAB. The toolbox receives the x- and z-elevation profiles from the DTM as input and
creates an optimized XBeach grid. Optimization includes assigning sufficient grid resolution
to describe long waves and multiple grid point per features; in this case the recommended
onshore resolution for modeling dune erosion is 1 to 2 meters (Deltares, 2018). Grids were
created 0.5 m at the shore and dune. Final simulated beds from the 1D surfbeat simulations
were utilized as the input grids for the non-hydrostatic XBeach simulations. Non-hydrostatic
grid resolution ranged from a maximum of 8 m to a minimum of 0.5 m. The 2D model
grid was created from the DTM with the Deltares Open Earth Toolbox (Deltares, 2013) for
MATLAB. Additional optimization of the 2D XBeach grid included extending and flattening
the offshore boundary to the appropriate depth (in this case from 10 meters to 37 meters
depth). The 2D grid covers a domain of 3020 m in the alongshore by 1275 m in the cross-
shore, resulting in 709 alongshore by 262 cross-shore grid cells, with a maximum offshore
cross-shore resolution of 23 m and onshore resolution of 2 meters. The extent of the grid in
the alongshore direction was set to include only the dune area of interest, and the cross-shore
extent was determined by the offshore depth requirement. The validation grid was created

identically, with the UAV dataset from January 24th, 2017 as first priority.

XBeach requires flow, tide, or surge boundary conditions specified at each side of the
model domain or grid. Additionally, wave boundary conditions must be imposed at the off-
shore boundary. Each boundary of the domain was assigned the default XBeach boundary
type. The offshore boundary and the landward boundary were both set as a weakly-reflective
(absorbing-generating) boundary, which allows for obliquely-incident and obliquely-reflected
waves to pass through the boundary with minimal reflection (Deltares, 2018). The offshore
boundary depth was implemented in 37 m of water consistent with the recommendation for

intermediate depth where the wave group speed to wave celerity (C,/C) is ~ 0.8. Lateral
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boundaries were set as no-gradient (i.e., free slip), or Neumann boundaries, which prescribe
a zero-gradient, or no change, in water surface elevation and velocity at those boundaries
(Deltares, 2018). A zero-gradient condition is required because these boundaries are arti-
ficial, as the model domain is limited and the real coastline would continue; therefore, the
information prescribed at these boundaries must not negatively influence the simulation re-
sults (Deltares, 2018). Waves can enter the domain obliquely, and because the model domain
is cut short in the alongshore direction, portions of the beach grid can experience wave shad-
owing. Wave shadowing occurs where alongshore zones of the coast do not receive obliquely
propagated wave energy. To address this, cyclic boundary conditions were applied to allow
the oblique incident waves to exit the bottom lateral boundary and re-enter through the top

(Roelvink et al., 2018).

Tide boundary conditions were prescribed to the offshore boundary only with an off-
shore water-level time series, obtained from the nearest open-water tide gauge, NOAA La
Jolla gauge 9410230 (National Oceanic and Atmospheric Administration (NOAA), 2020).
The time series is composed of water-level values collected every 6-minutes. The landward
boundary was prescribed water level values of -6 m every 6 minutes to allow water to pour
into the backshore and eliminate non-physical flow reversal artifacts caused by a nearby
boundary. Wave boundary conditions were prescribed to the offshore boundary as an hourly
time series of wave spectra, which XBeach utilizes to generate a random wave time series
(Deltares, 2018). The spectra were prescribed as hourly variance density spectra, where
the wave energy is binned by frequency and direction. These spectra were obtained at ap-
proximately 10 meters depth and every 100 meters alongshore from the Scripps Institution
of Oceanography Coastal Data Information Program (CDIP) Monitoring and Prediction
(MOP) System (O’Reilly et al., 2016). Significant wave height was reverse-shoaled from 10

meters to the 37 meter offshore boundary depth.

XBeach has previously been applied to energetic storm events characterized by long

period swell, as well to more reflective coastlines, with mixed success. Vousdoukas et al.
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(2012) applied calibrated XBeach to an energetic storm event (Hy = 4 m, T), = 15 s) inter-
mediate to reflective coastline at Faro Beach, Portugal. Improved model performance was
found by increasing facua and wetslp to reduce offshore transport and limit upper beach
face avalanching. XBeach model performance and parameter sensitivity depending on the
Sallenger (2000) dune erosion regime has previously been reported. For example Simmons
et al. (2017) found facua more sensitive in simulations dominated by the collision regime,
while the parameter smax is more sensitive during the overwash regime. The parameter
facua has shown to be one of the most sensitive parameters controlling offshore erosion of
beaches and events primarily in the swash and collision regimes (e.g., Vousdoukas et al., 2012;
Splinter and Palmsten, 2012; De Vet, 2014; Simmons et al., 2015). Elsayed and Oumeraci
(2017) concluded there is a linear relationship between beach foreshore slope and the optimal
value of facua by summarizing beach slopes and facua values in published XBeach modeling
studies. Avalanching, sediment transport, and morphology settings were turned on in the
simulation to simulate beach and dune erosion. The avalanching term is critical in allowing
sandy material from the face of the dune to slump, or avalanche, to the foreshore during

storm-induced erosion in the collision regime (Deltares, 2018).

XBeach has been known to overestimate erosion during high-velocity, overwash conditions
characterized by sheet flow (e.g., McCall et al., 2010; De Vet, 2014), and previously, artificial
transport limiters were utilized in the model to limit erosion during these conditions such as
the parameter smaz, the maximum Shields parameter before initiation of sheet flow. De Vet
(2014) suggested use of a physics-based transport limiter, the inclusion of the effects of soil
dilatancy at high velocity flows. It is suggested to turn on the dilatancy for overwash and
breach conditions in the most recent stable release XBeach manual (Deltares, 2018) and its

use has improved XBeach model performance (e.g., De Vet, 2014; Elsayed and Oumeraci,

2017).

All model simulations were first run with their default settings as recommended for ini-

tial model testing by Deltares (2018) and corresponding D50 value, 0.25 mm, for the study
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Table 4.3: Parameters, listed by model, considered in this study along with parameter

descriptions. Boldface parameter values indicate model default values.

Model Parameter Parameter Description Values
SBeach BMAX Maximum profile slope before avalanching occurs, in degrees 28.5, 30
K Transport rate coefficient which directly modifies the sediment transport rate 1.75 x 1076
Eps Overwash transport parameter 0.002
D50 D50 grain size, in millimeters 0.25
CSHORE b Bedload parameter 0.002
a Suspended load parameter 0.2,0.5
€ Suspension efficiency parameter 0.005, 0.01
ey Suspension efficiency parameter 0.01, 0.02
D50 D50 grain size, in millimeters 0.25
XBeach*  facua Calibration factor time averaged flows due to wave skewness and asymmetry 0.1, 0.12, 0.15
dilatancy Switch to reduce critical shields number due to dilatancy 0,1
D50 D50 grain diameters for all sediment classes, in meters 0.0025

*The calibrated XBeach parameter set from Kalligeris et al. (2020) was utilized in this

study. See study for the full list of parameter values used.

site. XBeach parameters were then selected and adjusted based on previous work in the
literature summarized above. From pressure sensor observations at the dune toe and salinity
measurements behind the dune (Figure 4.8), the intermediate to reflective storm event is
characterized by the collision and overwash regimes; therefore, after default parameter sim-
ulations, the parameters facua and dilatancy were adjusted for selected XBeach simulations.
In the 1D XBeach simulations, a facua value of 0.12 was selected based off slope from ~ 0 m
NAVDS88 to dune crest (Elsayed and Oumeraci, 2017). Additionally, Kalligeris et al. (2020)
calibrated 1D XBeach parameters to Southern California beaches, and this optimal parame-
ter set was tested in the 1D XBeach simulations. In 2D several values of facua ranging from
0.1 (default) to 0.15 were tested. A value of 0.15 resulted in the highest predictive skill at
the breaching location. The reader is directed to Table 4.3 for all model parameter values

used.
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4.5.4 Model Scenarios and Evaluation

Morphology was investigated and modeled at four cross-shore locations, transects M1-M4
with SBeach, CSHORE, and surfbeat 1D XBeach. It should be noted that SBeach and
CSHORE simulated hourly simulated beds. Additional hydrodynamic modeling was con-
ducted at locations M2, M3, locations where breaching was observed, as well as H1, an
access way that cuts through the dune, and pressure sensor location P1. Non-hydrostatic
1D XBeach was utilized simulate wave runup and overtopping/overwash. Hydrostatic surf-
beat XBeach1D was utilized to predict post storm beds; these were utilized as input beds for
the non-hydrostatic XBeach simulations. The simulations cover the period between January
21, 2017 20:00 UTC to January 22, 2017 24:00 UTC, a total of 28 hours. The simulation time
covers the peak of the high water level and energetic wave event (Figure 4.3) with additional
model spin up time. XBeachX MPI (Message Passing Interface) supports parallel processing
to increase computational speed, which is particularly useful for 2D simulations with large
domain sizes. The 2D simulation in this work was run with the MPI version of XBeachX

utilizing 19 nodes on a Windows 64-bit desktop for around 14 hours.

Dune erosion and breaching during the storm event was simulated and compared with
post-storm observed dune parameters including dune toe and crest elevations, dune slopes,
and volume changes. Several fit measures were estimated to quantify model performance.
The Brier Skill Score (BSS) is a commonly used metric to evaluate coastal morphological
model performance (e.g., McCall et al., 2010; Simmons et al., 2017, 2019; Kalligeris et al.,
2020). It compares the mean square difference between the observations and model pre-
dictions with the mean square difference between the observations and baseline prediction,
usually taken to be no bed change (VanRijn et al., 2003). A BSS value of 1 indicates model
predictions prefectly match observations, VanRijn et al. (2003). BSS values were calculated
along the dune face of the modeled profiles to compare modeled and observed bed elevation
change. The root-mean-square-error (RMSE), bias and R? values were calculated between

the observations and model predictions as additional model performance indicators.
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To quantify hydrodynamic model performance, simulated water levels, nearshore wave
parameters and power spectra, and overtopped volumes were compared to observations.
Nearshore wave parameters and power spectra were derived from the measured sea surface
elevation at the nearshore PUV as in Fiedler et al. (2015). Cumulative dune toe wave colli-
sion/interaction hours observed at the buried pressure sensor were estimated for the duration
of the storm by summing total hours in which individual, consecutive wave excursions (Fig-
ure 4.8a) were separated by 5 minutes or less, indicating infragravity waves in the recorded
sea-surface elevation time series. This was then compared with modeled hourly cumula-
tive wave collisions from non-hydrostatic 1D XBeach, and hydrostatic surfbeat 1D and 2D
XBeach. Observed cumulative marine overtopping volumes in the drainage ditch backing
the dune breach were compared to modeled cumulative overtopped volumes. Modeled cu-
mulative overtopped volumes were estimated by scaling the total 1D overtopped volume (in
m®/m) by the representative beach reach lengths (in m) of each transect to m® as in (Gallien,
2016). Dune breach time and duration during the peak of the storm event were compared

to modeled breach times and duration.

Table 4.4: Simulations, listed by cross-shore location and model, considered in this study. A

dash indicates the model was not run at the selected locations.

Transect | SBeach | CSHORE | XBeach 1D XBeach 1D XBeach 2D
Hydrostatic (SB) | Non-hydrostatic | Hydrostatic (SB)
M1 v v v v
M2 v v v v v
M3 v v v v v
M4 v v v - v
P1 v v v
H1 v v v
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4.6 Results

4.6.1 Hydrodynamic Modeling

Nearshore wave parameters and spectra predicted by non-hydrostatic XBeach were examined
to quantify hydrodynamic performance. Hourly significant wave heights were measured
at the deployed PUV nearshore and compared to modeled XBeach non-hydrostatic wave
heights (Figure 4.9a.). Predicted H, values match relatively well with those observed for
the duration of the storm; however, the peak H; was predicted four hours earlier than
what was observed (Figure 4.9a). The wave power spectrum was produced from the sea
surface elevation measured by the deployed PUV at 8 m depth offshore (Figure 4.9b) at
the two peak hours of the storm, from January 22, 2017 1200 UTC to 1400 UTC, and
compared to power spectra produced by non-hydrostatic XBeach. The model captured
the peak observed frequency of 0.05 Hz (T, of ~20 s) relatively well (Figure 4.9b.), with
less accuracy predicting observed infragravity waves in the lower frequencies. Hydrostatic
default XBeach overpredicted wave interaction hours at both of the deployed buried pressure
locations, while non-hydrostatic overpredicted interaction hours at location P1 by almost one
and half hours (Table 4.5). Overall, non-hydrostatic XBeach predicted total interaction hours
at both locations within 1.5 hours or less, while hydrostatic XBeach predicted within 3.25

hours or less.

4.6.2 Modeled Overtopping

Observed overtopping during the storm began on January 22, 2017 at approximately 0700
UTC and continued until approximately 1400 UTC, as indicated by the observed marine
overtopping measured by the backshore salinity and depth sensor (Figure 4.10). The 1D de-
fault non-hydrostatic XBeach model most closely predicted the overtopping start and time,
while 1D surfbeat XBeach predicted the start time about 6 hours earlier than observed
(Figure 4.10). All models predicted overtopping end time within 2 hours. The observed cu-
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Figure 4.9: Observed and modeled significant wave height and power wave spectra at PUV

location.

mulative marine overtopped volume after the peak of the storm (January 22, 2017 0700-1400)
estimated with the hypsometric analysis was on the order of 34 m?®. Modeled overtopped
volumes along model profiles (rows in XBeach 2D), in m?, through breaching transects
were estimated by multiplying overtopped volumes in m® by breach reach length of 5 me-
ters. Overtopped volumes from all transects that overtopped in each set of one-dimensional
XBeach simulations with the same parameters, both hydrostatic and non-hydrostatic, were
summed to obtain a cumulative two-dimensional overtopped volume along all overtopping
locations on the beach. Summed cumulative overtopped volume from all default 1D XBeach
non-hydrostatic simulations estimated within 1 m?® of observed (Figure 4.10). Overtopped
volume estimated by default 1D surfbeat XBeach overestimated cumulative overtopping by
~40 m?® while 1D surfbeat XBeach parameterized with facua and dilatancy overestimated

by ~10 m?® (Figure 4.10).

Table 4.5: Observed and modeled wave interaction/collision hours at the buried pressure

sensor 1 (P1).

Location/Sensor Observed Non-hydrostatic 1D XBeach (default) Hydrostatic 1D XBeach (default)

Pressure Sensor 1) 14.75 16.2 18
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Observed vs. XBeach Modeled Cumulative Overtopping
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Figure 4.10: Cumulative overtopped volume in cubic meters predicted by different modes of
XBeach (1D non-hydrostatic, 1D hydrostatic, and 2D hydrostatic) into backshore drainage

ditch and observed cumulative overtopping.

4.6.3 Morphological Modeling

Examining the BSS evaluated from 2 m NAVDS88 to the dune crest along each cross-shore
transect M1-M4, all skill scores were less than 0.5. Reasonable skill may be assigned if the
BSS € (0.3,0.6] (VanRijn et al., 2003), and anything less than 0.3 is considered poor skill.
A negative skill score (i.e., BSS < 0) indicates poor skill and indicates model performance
worse than no change prediction. The majority of models exhibit negative skill, particularly
at locations M1 and M2 where all BSS values are negative (Figure 4.14). Reasonable skill
(BSS € (0.3,0.6]) is exhibited by CSHORE and 1D XBeach, where the highest skill at M3 is
0.362 by default CSHORE at breach location M3 (Figure 4.14).

Qualitatively both SBeach and CSHORE tend to predict the post-storm dune crest eleva-
tion and profile shape with some accuracy, with the CSHORE Pacific parameters producing
over erosion of the crests at Transects M2 and M3 (Figure 4.11b,c). SBeach with the higher
BMAX value displays under erosion of the dune face at M1 and M2, while CSHORE default

parameters resulted in both slight under and over erosion of the dune face (Figure 4.11a,b).
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Over erosion of the dune face is also produced by the CSHORE Pacific parameters at M2 and
M3 (Figure 4.11b,c). Briar Skill Scores were generally poor for SBeach. Similarly, CSHORE
BSS were low. M1 and M2 were negative regardless of the parameter set. Only the breached
transect M3 was positive for SBeach, BSS values of 0.18 and 0.15, and CSHORE, BSS values
from 0.23 to 0.36 (Figure 4.14).

8
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Figure 4.11: SBeach and CSHORE modeling results

Generally XBeach over erodes the dune face (Figure 4.12). Default 1D and 2D XBeach
simulated dune crest elevations closer to the observed post-storm values; however default
XBeach produced the most over erosion at M1 through M3, with 1D simulating more erosion
than 2D (Figure 4.12a-c). XBeach 1D simulations utilizing the parameter set from Kalligeris
et al. (2020) predicted very little erosion of the dune, except at transect M2 where some dune
face erosion is evident (Figure 4.12b). Simulations utilizing the higher facua parameter value
and enabled dilatancy produced less dune face erosion than the default set-up, and at M2

this also resulted in under erosion of the post-storm dune crest (Figure 4.12).

Overall the XBeach 2D simulations successfully predicted high erosion in the area of
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Figure 4.12: XBeach 1D and 2D modeling results

interest, the area around M2 and M3 between 1000 m and 1200 m in the alongshore, as
evident in the difference maps in Figure 4.15(c-e). Default 2D XBeach produced over erosion
in this area of interest (Figure 4.15d), while the tuned model produced erosion of a similar
magnitude to the observations (Figure 4.15e). XBeach 2D estimated the post-storm dune
crest elevation magnitude at the breaching location M3, which experienced the highest crest
erosion, more accurately than at locations with less crest erosion such as the location between
profile M2 and pressure sensor 1 (near y = 1050 m) (Figure 4.16b). Overall, XBeach 2D
predicted the magnitude of dune toe elevation, dune volume, and dune slope decreases well

in the areas with most extreme change (Figure 4.16¢-e).

SBeach and CSHORE were more successful at predicting the post-storm dune crest, dune
face slope, and dune volumes than XBeach (Figure 4.13). Overall, the dune crest, volume
sand slopes were more closely predicted by all three models compared to the dune toe (Figure
4.13). Not one cross-shore location’s post storm dune toe elevation was best estimated by the

same model and parameter set (Figure 4.13). Notably, the 1D XBeach model paramaterized

74



g Dune Toe: Modeled vs. Observed § 5 Dune Crest: Modeled vs. Observed
Q T T T T T Ed T T T T -
S @ [+ SBeash o Z | .
Z 35 CSHORE| ¢ S z 7 .
£ ¢ XBeach L ' é " #
= ° . P
s 3 . . 5 5 L
= - i M
Das »~ > .
a I Y e * @ P
1] LR A A3 s e
g 2 L% Tl o* "g)'; ‘e " 4
= " . S 4 ‘0‘ *
215 L et o ¢
o - [} ~
[} - - -
'g 1k % 3’
= 1 1.5 2 2.5 3 3.5 4 g 3 4 5 6 7 8
Observed Toe Elevation (m NAVD88) Observed Crest Elevation (m NAVD88)

: Dune Slopes: Modeled vs. Observed 556 Dune Volumes: Modeled vs. Observed
T (c) Lt _ (d) > o
£0.5 e & &
© . .
2 - E 150 e
Zoa4 P 8 7
8 L . g R
203 = S 100 Lt
& .‘o.g e ° -7
g2 580 3 o
7] . - 50 *f
é 0.1 B 2 -

td
olL® ¥ | . ‘ ‘ | K. .3 ‘ | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0 50 100 150 200
Observed Slopes (radians) Observed Volumes (m°)

Figure 4.13: Regression plots of observed and modeled dune characteristics.

with facua and dilatancy predicted the dune toe elevation most closely at profile M2, while
1D XBeach Kalligeris et al. (2020) parameters and 2D XBeach paramaterized with facua
and dilatancy predicted the toe most successfully at breach M3. The dune crest at breaching
location M2 was most closely predicted by default 1D XBeach, while at breach M3 CSHORE
default and suggested parameter sets most accurately estimated the post-storm crest (Figure
4.12). Location M1’s post storm dune crest was closely predicted by all SBeach and 2D
XBeach parameter sets, while the crest of M4 was best captured by all 1D XBeach parameter
sets (Figure 4.12.
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4.7 Discussion

4.7.1 Morphological Modeling

The majority of skill scores exhibited by all three models are negative (Figure 4.14); however,
despite this, each model reasonable reproduces different individual dune characteristics, at
different beach locations and during different dune erosion regimes. SBeach and CSHORE
exhibited the highest BSS values at breaching locations M2 and M3 and reproduced the
post-storm dune slopes at these location with the most success (Figure 4.11), with SBeach
and CSHORE predicting the dune slope more accurately than XBeach as a whole (Figure
4.13c). The majority of all three model simulations reproduced the post-storm dune volume
with high success and the post-storm dune toe elevation with low success, except for SBeach

exhibiting success predicting the dune toe (Figure 4.13).

XBeach showed positive morphological skill at locations M1 and M4 in 1D, with reason-
able skill shown at M4 (Figure 4.14). In 2D, additional positive skill at locations M3 and M4
in 2D (Figure 4.14). Notably, bed predictions at location M2 made by XBeach 2D resulted in
even more negative BSS values; in fact no positive BSS value was obtained at M2 by any of
the models (Figure 4.14). XBeach 2D most successfully predicted post-storm change along
portions along the dune that experienced the largest decreases in toe and crest elevations,
dune volume and dune slope (Figures 4.16). Notably, the breach area of the beach with the
highest pre-storm dune slope of 0.55 near transect M3 (Figure 4.16) experienced the largest
magnitude of dune crest lowering (Figure 4.16¢). Additionally, the highest volume losses
along the dune occurred at the dune ends and access ways (y = 1500 m, y = 1200 m, y =
800 m) (Figure 4.16d). Because the post-storm survey did not capture the beach foreshore,
the skill scores were estimated along the subaerial beach and dune only; post-storm beach
foreshore information would have provided valuable insight on model performance in this

area during this opportunistic field campaign.

Two factors may in part explain some of XBeach’s limited success in predicting the
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post-storm dune morphology. First, XBeach was primarily developed for extreme storm
events along dissipative coastlines, such as the Dutch, European and United States East
coasts, dominated by infragravity swash (Roelvink et al., 2009, 2018) and having typically
moderately to gently sloped foreshores (e.g., McCall et al., 2010; de Winter et al., 2015;
Schweiger et al., 2020). XBeach, when applied with its default parameters, has shown mixed
results on more intermediate to reflective coastlines characterized by more incident swash and
steeper slopes, displaying a tendency to overestimate beach and dune erosion (e.g., Splinter
and Palmsten, 2012; Simmons et al., 2019; Kalligeris et al., 2020; Cohn et al., 2021). All
cross-shore locations in this study were in an intermediate-to-reflective beach state (defined
as 0.3 < RI% /R < 4.0 in Wright and Short (1983)) for the entire duration of the storm, except
location M1 for one hour post-storm peak, and the surfzone was saturated (R /R > 0.85)
the full duration except for locations M1, M4 and P1 (Table 4.1, Figure 4.4). Secondly, in
contrast to Kalligeris et al. (2020) which evaluated XBeach performance with limited success
on moderately energetic Southern California beaches, the storm simulated here was highly
energetic (Hy > 4 m; T}, ~ 20 s) and of shorter duration, an event of magnitude XBeach

favors.

SBeach and CSHORE obtained higher Brier Skill Scores and were more successful than
XBeach at predicting selected post-storm dune morphology (Figure 4.13a, b; Figure 4.14b, c).
Similarly, in prior studies default SBeach has previously shown higher success than default
XBeach at predicting storm-induced dune change of intermediate-to-reflective beaches (e.g.,
Callaghan et al., 2013; Simmons et al., 2019; Kalligeris et al., 2020; Cohn et al., 2021;
Simmons and Splinter, 2022). This may also be in part due to the model formulations of
SBeach and CSHORE. SBeach was originally developed with data from lab experiments and
initially tested and developed for beaches along the United States East Coast (Schoonees
and Theron, 1995), but it also has previously been validated with beach erosion data from
Torrey Pines, also located in Southern California (Kalligeris et al., 2020). In this study,

SBeach shows success similar to previous studies on predicting post-storm beach morphology
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such as Callaghan et al. (2013), Simmons et al. (2019), Simmons and Splinter (2022), where
SBeach displayed overall higher skill than XBeach at an intermediate beach in Eastern
Australia. It is suggested that SBeach produces less erosion on less dissipative beaches due
to its lack of infragravity energy in the model formulation (e.g., Larson and Kraus, 1989;

Callaghan et al., 2013; Simmons et al., 2019; Simmons and Splinter, 2022).

CSHORE also displayed higher skill than XBeach in this study similar to prior appli-
cations of the model to steeper, more intermediate coastlines (e.g., Simmons et al., 2019;
Kalligeris et al., 2020; Cohn et al., 2021). Interestingly, the CSHORE default and ‘Atlantic’
parameter sets showed higher skill than the ‘Pacific’ parameter set, similarly to Kalligeris
et al. (2020). CSHORE also predicted the post-storm dune face slope with high success
such as in Cohn et al. (2021) at the FRF in Duck, North Carolina, an intermediate beach.
While CSHORE has been applied at other intermediate beaches (U.S. Army Corps of En-
gineers, 1994), CSHORE does not explicitly resolve infragravity swash effects. Additionally,
the CSHORE ’Atlantic’ parameter set were developed for steeper sloped beaches (John-
son et al., 2012) which may contribute to its success at predicting morphology at this site

partially characterized by an intermediate beach phase at the peak of the winter storm.

4.7.1.1 Models in the Collision vs. Overwash Regime

The dune structure at this site underwent the collision and overwash regimes along different
cross-shore locations during this energetic winter storm. Locations M1 and M4 were in the
collision regime and experienced dune toe and face erosion while locations M2 and M3 were
both in the collision and then overwash regime at the high tide and peak of the storm, result-
ing in lowering of their crests (Figure 4.12b,c). Increasing the value of facua and enabling
the dilatancy parameter increased the BSS values in both XBeach 1D and 2D; however,
values remained negative in 1D at breaches M2 and M3 even with this modification. Both
XBeach 1D and XBeach 2D displayed higher skill scores at M4, which experienced consid-
erable erosion at the dune face, than at either M2 or M3 (Figure 4.14); in fact, all XBeach
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simulations produced negative skill scores at M2. However, BSS values were mostly negative
at location M1, which only experienced minor erosion in the collision regime, including the
BSS values produced by SBeach and CSHORE (Figure 4.14). Over-prediction of post-storm
dune erosion at beaches experiencing overwash and breaching has been noted in the litera-
ture (e.g., McCall et al., 2010; De Vet, 2014; Simmons et al., 2017), which the findings here
show agreement with. However, other studies have found that the XBeach model better
predicts post-storm dune morphology in the overwash regime than in the collision regime

(e.g., Berard et al., 2017; Schweiger et al., 2020).

SBeach and CSHORE have shown to be generally successful predicting beach and/or
dune change, including in the collision regime (e.g., Callaghan et al., 2013; Simmons et al.,
2019) and in the overwash regime (e.g., Schoonees and Theron, 1995; Wise and Kraus;
Donnelly, 2008; Harter and Figlus, 2017). SBeach was found to perform with greater success
than XBeach at Narrabeen-Collaroy Beach, an intermediate beach along the Australian
coastline, at predicting post-storm morphology (Callaghan et al., 2013; Simmons et al., 2019),
including against calibrated XBeach across a 39-year range of storm magnitudes (Simmons
and Splinter, 2022). However, when calibrated with field data, calibrated XBeach produced
improved skill over calibrated SBeach along this beach (Simmons et al., 2019). Harter and
Figlus (2017) successfully simulated overwash of a barrier island in Gulf of Mexico using
CSHORE with a skill at one transect of 0.61 and better captured the post-storm beach slope
and shoreline than XBeach but did not capture the foredune morphology. This is likely
because CSHORE does not explicitly resolve sheet flow associated with inundation during
overwash (Harter and Figlus, 2017). Additionally, CSHORE does not include infragravity
swash, only incident swash, perhaps contributing to its success predicting dune erosion of

the breaching locations that experienced runup and overwash on the steeper dune face.

van Wiechen et al. (2023) tested a suite of models, including Larson et al. (2004) and
XBeach, against data from the 1993 LIP11D experiments carried out at the Delta Flume

in the Netherlands that investigated dune erosion in the collision regime (Arcilla, 1994). In
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agreement with this study’s findings, there was not a single model that produced accurate
predictions for all scenarios; simpler models, in some cases, may prove to be better tools

than more complex models (van Wiechen et al., 2023).

4.7.2 Overtopping Modeling

Despite poor or negative skill scores, both hydrostatic and non-hydrostatic XBeach reason-
ably estimated cumulative marine overtopped volume into the backshore (Figure 4.10). Care
should be taken in selecting a beach reach length when scaling 1D simulated overtopping
volumes (m?/m) to (m?); beach reach length must only include alongshore lengths with un-
changing foreshore slopes and major characteristics overall. Selection of a different reach
length would yield different predicted overflow volumes. Hydrostatic mode predicted about
22% more wave interaction hours at the dune toe in comparison to non-hydrostatic mode
(Table 4.5). Non-hydrostatic XBeach includes incident band swash, required for relatively
steep beaches Roelvink et al. (2018), and the swash was interacting with the dune face for
more than a quarter of the storm duration. Additionally, the event was characterized by a
partially saturated surf zone across different cross-shore locations, a combined 36% of the
time, characterizing the event as partially dissipative but still mostly intermediate to reflec-
tive compared to European coastlines (Wright and Short, 1983) that XBeach was developed
and parameterized with (Roelvink et al., 2009, 2018). Although the event was primarily
characterized as intermediate to reflective, it was sufficiently energetic, perhaps explaining
both model’s success in predicting overtopping in this case. Previous work has found that
XBeach, in hydrostatic surfbeat mode, underestimates runup on more intermediate beaches,
likely due to surfbeat mode lacking resolved incident swash (e.g., Stockdon et al., 2014; Cohn

et al., 2021). Notably, these studies tested the model on storm events in the collision regime.

XBeach non-hydrostatic swash prediction skill has not yet been tested comprehensively
on a wide range of dissipative to reflective wave conditions (de Beer et al., 2021). Ad-

ditionally, few studies have directly, and quantitatively, compared the capability of both
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XBeach hydrostatic and non-hydrostatic mode (de Beer et al., 2021). Gallien (2016) vali-
dated backshore overtopping magnitudes and extent observations against both hydrostatic
and non-hydrostatic overtopping predictions at another southern California beach and found
that XBeach non-hydrostatic mode predicted an order of magnitude higher overtopping vol-
umes compared to hydrostatic mode. Notably, the study site in Gallien (2016) was steeper
(slopes ~ 0.09 to 0.13) than the present study site (slopes ~ 0.03); therefore XBeach hy-
drostatic likely underestimated incident swash process. de Beer et al. (2021) showed that
the XBeach surfbeat model predicts setup at the waterline similarly to the non-hydrostatic
model for all conditions on an intermediate-reflective beach in Duck, North Carolina. Lash-
ley et al. (2018) demonstrated that both XBeach modes were able to accurately predict both

maximum and two percent exceedance swash runup on a fringing reef.

The study presented here demonstrates very similar overtopping predictions by both
XBeach modes; however, detailed measurements and description of runup and individual
overtopping excursion over the dune crest were not observed during the field campaign. De-
tailed information regarding the range of application of XBeach hydrostatic is needed, given
the wide application of this mode in engineering practice (de Beer et al., 2021); therefore,
additional analysis quantitatively comparing runup, including the difference in incident and

infragravity swash is needed.

4.7.3 Limitations

Notably, this study only considers a single deterministic run for each model, and only one
storm event is considered here; more data from this site and model testing would be required
to more thoroughly compare morphological models and both hydrostatic and non-hydrostatic
XBeach hydrodynamic modeling capabilities. Additionally, this study utilizes XBeachX.
Recently, a newer, improved version of the model XBeach Halloween was released. XBeach
results were not compared to prior studies cited here which tested XBeach Groundhog and

Kingsday. Vousdoukas et al. (2012) noted that including backshore infrastructure would be
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an improvement, as it is expected to interact with overwash flow. Elsayed and Oumeraci
(2017) found improved XBeach performance at a beach with asphalt roads and parking lots
with a much higher Shields parameter and concluded this was likely due to hindered erosion
by higher soil and sand compaction beneath the asphalt. Also of note, care must be taken
during model grid creating; the suggested grid cell size to model dune erosion with XBeach
hydrostatic, as stated in the manual (Deltares, 2013) is 2 meters; however, on smaller scale
berm-dune structures, 2-meter resolution perhaps insufficiently fine to resolve smaller berm

features such as walk ways and access ways.

4.8 Conclusions

Three coastal and dune erosion models were tested and compared with a high-resolution
overwash and breacing event data set at a beach dominated by long period swell: SBeach,
CSHORE, and XBeach. Morphology prediction skill were tested with all three models.
XBeach 1D and 2D was also used to evaluate runup and overtopping volumes. Hydrostatic
and non-hydrostatic XBeach predicted same order of magnitude marine overtopping volume
backshore of the dune and compared to the observed salinity and depth observations. SBeach
and CSHORE displayed higher morphological model skill at predicting the post-storm dune
morphology, particularly at the location of overwash and breaching, where XBeach has been
shown to overestimate erosion. Both SBeach and CSHORE resolve incident swash processes
and lack explicit inclusion of infragravity waves, perhaps partially explaining their higher
skill at locations that experience swash and overwash interaction along the steeper dune face.

Interestingly, XBeach 1D produced higher skill scores compared to XBeach 2D.

This study serves as a test of dune hydromorphodynamics in a high-energy, long-period
swell application. Additional high resolution event based observations are urgently needed
to test and further develop process based models. Additional investigation is required to

characterize missing or poorly resolved physics for sites dominated by long-period swell.
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CHAPTER 5

Conclusions and Future Work

5.1 Conclusions

Extensive field observation and modeling were conducted to test and validate a suite of
analytical and numerical morphological models. Current coastal morphological models do
not display high predictive skill at these and other high energy intermediate to reflective
sites. Current process based models can provide qualitative information about dune erosion

and overtopping; however, specific morphodynamic predictions are limited in their success.

5.2 Future Work

Future work involves continued observations and morphological modeling to develop im-
proved characterization of erosion processes in wave dominated, dune protected environ-
ments. The living shoreline project at Cardiff State Beach should continue to be monitored
using UAV and/or LiDAR. Quarterly (seasonal) surveys and pre/post event surveys will
provide key validation datasets for advancing the numerical modeling of hybrid dunes. Ad-
ditionally, longer-term dune and beach behavior should be analyzed to consider the impacts

of the hybrid dune structure on the surrounding areas.

Current dune morphological models have been developed for surge dominated coasts. Sed-
iment transport parameterizations are highly empirical and developed primarily with data

from dissipative coastlines in Europe and along the U.S. Gulf and Atlantic coasts. XBeach
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has been shown to over erode the beach face and dunes in long period swell, tidally dom-
inated (e.g., California) applications (Kalligeris et al., 2020). Additionally, multi-substrate
dunes and living shorelines have not been well modeled in the literature. Developing and
validating both empirical and numerical multi-substrate models in long period swell domi-
nated environments is fundamental to engineering design and advancing coastal resilience.
In XBeach, suspended and bed loads are parameterized with wave skewness and asymmetry
from Ruessink et al. (2012), both of which were parameterized with data from the Dutch
and French coasts and not recommended for beaches with steeper slopes than 1:30. Addi-
tional field and laboratory experiments are needed for steeper, energetic beaches dominated
by long period swell to more accurately characterize wave skewness and asymmetry. Addi-
tionally, the effects of vegetation, beach groundwater and porosity, and wave obliquity on
dune erosion are not fully understood (van Wiechen et al., 2023). Continued observation and
modeling efforts are critical to identify and parameterize fundamental physics dominating in

long period swell environments.
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