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ABSTRACT

Coastal mainland barriers and barrier islands provide the first line of defense against oceanic
and meteorological forces. Coastal morphological change, which may degrade these barrier’s
defensive capabilities, occurs over a range of time scales, from geological epochs (>1000 years)
to hours and seconds. Coastal morphological change at a vulnerable, but economically strate-
gic, barrier system—the Caminada-Moreau Headlands, Louisiana—is investigated in terms of
tropical cyclone impacts and their effects over a 15 year LIDAR, survey time series.

Analysis of the barrier’s three-dimensional morphodynamics at medium-term (decadal) time
scales reveals that, while subaerial volume was approximately conserved through time, the im-
pact of Hurricane Gustav (2008) may have exceeded a threshold for recovery due to changes in
dune morphology and net elevation loss. Additionally, medium-term coastal morphodynamics
were correlated with backbarrier wetland health, attesting to the tight coupling that washover
processes, which transport sediment from the beach and dunes to the backbarrier, have with
these environments in low-lying barriers.

A numerical modeling system is developed to simulate the event scale (days) impact of
Hurricane Gustav (2008) to the Caminada Headlands. Washover of beach and dune sediment
is enhanced where the backbarrier environment exhibits reduced surface roughness (vegetated
land cover) and elevation (increased accommodation space). The correlation between washover
sediment transport and backbarrier wetland disintegration, suggests that coastlines which are
backed by deteriorated wetlands will export more sediment and, over medium-term time scales,
this will appear as enhanced local shoreline erosion. Therefore, the detailed sediment trans-
port modeling results provide a more quantitative picture explaining the relationship identified
between decadal scale shoreline morphodynamics and the backbarrier wetlands.

The numerical modeling system is modified to incorporate a recent restoration of the Cam-
inada Headlands to investigate its response to various storm conditions. Three restoration sce-
nario models are forced with Hurricane Gustav’s waves and water levels and a synthetic 100 year
return period storm. The presence of a restored backbarrier marsh reduced dune lowering and
subaerial volume losses compared to the scenario without a marsh creation component or with
open water. Therefore, backbarrier marsh creation, which provides vegetated land cover and
elevation to help buffer washover transport, may enhance the resiliency of coastal restorations

within low-lying barrier systems.



CHAPTER 1
INTRODUCTION

1.1 Motivation

Louisiana’s coast (LA) is both important and unique for several reasons. It has great eco-

nomic importance as a hub for domestic and international energy markets (Energy Information|

|Administration) 2020); supports trade within the United States of America (USA), handling a

fifth of all waterborne commerce (U.S. Army Corps of Engineers| 2018); and produces 30% of

commercial fishing landings within the continental USA (Restore the Mississippi River Delta,

2020). Among its many unique natural characteristics, arguably the most distinctive are the dy-
namic deltaic landscape, formed from the geologic history of the Mississippi River (MR) (Roberts

11997; [Penland et al., [1988); the extensive wetland ecosystems, which constitute approximately
40% of that in the USA (Shirley, 2020)); and the frequent impacts of tropical cyclones (TC)

which have shaped LA’s coast morphology (Stone et al., [1997).

The relationship between coastal LA’s economic importance and natural environment is
fraught with tension. Economic agents, which rely on the natural environment for protection
and resources, have historically caused unmitigated environmental disturbances. One of the most
conspicuous consequences of this has been the quantity and rate of coastal land loss throughout
the 20" and 21%¢ centuries . From 1932 to 2010, LA lost approximately 4870 km?
of land and an additional 5430 km? are at risk to be lost by 2060 (Couvillion et al., [2011} 2017).

In addition, portions of vulnerable shorelines, e.g., the Caminada Headlands, have migrated

landward over 1.5 km during the past century and a half (Williams et al., [1992).

As a result of the land loss and shoreline migration, important societal investments and
valuable infrastructure are at risk of coastal flooding and TC impacts; further, they will probably

become more vulnerable in the future due to climate change and global sea-level rise (SLR)

(Oppenheimer et all, 2019). Mainland barriers and barrier islands, backed by coastal wetlands,

are the chief and most vanguard natural defenses against these ocean-borne hazards (Everard

let al., 2010; |Otvos| 2011; Hanley et al., 2014). Understanding LA’s barrier systems, particularly

their response to TCs, i.e., their primary morphodynamic driver over short- and medium-term

(years to decades) times scales (Stone et al,[1997)), is therefore a worthwhile endeavor for coastal

research and the motivation for this dissertation.



1.2 Background

Spatial variability in LA’s shoreline erosion rate depends on antecedent geological conditions

(Penland and Boyd, [1981) and temporal trends in erosion have been related to TC activity

let all 1997, [2004; Kindinger et all, [2013} [Johnson et all [2019). One major driver of shoreline

erosion and land loss in LA is a landscape scale sediment deficit, which has both natural and

anthropogenic causes (Blum and Roberts, [2009; [Twilley et all [2016). The sediment deficit

is geologically controlled by the Mississippi River Delta’s (MRD) fluvial geomorphic evolution

throughout the middle and late Holocene, i.e., the delta cycle process (Penland et al.| [1988;

1997).

The delta cycle is the landscape-scale process whereby the MR periodically avulses due to

changes in hydraulic gradient along its current course. As the MR switches course, sediment de-
livery to its initial depocenter on the coast progressively wanes. At some juncture in the switching
process, the deltaic system transforms from progradational (i.e. land building) to transgressive,
where marine processes (i.e., erosion, subsidence, and submergence) begin to dominate (Roberts|
. The result of the initial transition, whereby a progradational delta becomes transgressive

coastal margin, defines Stage one of the delta cycle, i.e., an erosional headland with flanking

barrier islands (Penland et al., [1988). Stages two and three describe subsequent phases in the

evolution of an abandoned delta: a detached barrier island arc and subaqueous shoal, respectively

(Penland et al., |1988; [Roberts|, [1997)).

During the Mid- to Late-Holocene geological epoch, beginning approximately 7000 years
before present (ybp), the MR is thought to have created six major depositional systems
1997). The current position of the MR constitutes the Balize delta complex, which formed
approximately 1000 ybp. The LaFourche delta complex began construction prior to the Balize,

approximately 2500 ybp, and was cutoff from sediment supply approximately 800 ybp, forming

[Penland et al.| (1988)’s prototype for Stage one of the delta cycle. The Caminada-Moreau

Headlands (CH) is the central node of the LaFourche delta complex, i.e., the “headland” in
Stage 1, and is flanked on either side by Grand Isle and the Timbalier Islands to the east and
west, respectfully, which are associated together as a littoral compartment. The dissertation is
inextricably linked with the delta cycle, as it sets the geomorphic context for its study area, i.e.
the CH, informing the natural processes and restoration strategies which are studied.

As expected, littoral compartments associated with phase one of the delta cycle exhibit very

dynamic coastlines and some of the highest horizontal shoreline erosion rates observed along



LA’s coast (Williams et al., [1992)). Between 1887 and 2012, the CH’s shoreline retreated 1550 m,
while downdrift Grand Isle’s accreted approximately 500 m. During this time span, the shoreline
erosion rate at the CH decreased from -14.8 m yr™! to -6.3 m yr! for the averaging periods of
1887 to 1930 and 1956 to 1998, respectively (Byrnes et al., 2017)). However, between 2004 and
2012, the CH’s shoreline erosion rate spiked to -13.6 m yr™! due to a period of intense TC activity,
which introduces this dissertation’s other major topic: TC impacts.

Up to 90% of shoreline change in LA has been attributed to tropical storms and hurri-
canes and, at the decadal time-scale, they are considered the primary factor affecting shoreline
morphodynamics (Morton et al., 1994} |Stone et al. [1997). When a TC makes landfall, the
combination of the inverse barometer effect, wind-driven storm surge, and wave-induced setup
result in elevated water levels which may exceed critical geomorphic features of the impacted
shoreline. |Sallenger| (2000)) differentiates TC impacts as distinct regimes, based on total water
level and pre-existing barrier elevations, that are associated with characteristic morphological
responses. The most severe TC impact regimes, i.e. the overwash and inundation regimes, are
expected to produce the largest morphological responses. In the case of the overwash regime,
sand is transported 10s to 100s of meters landward resulting in net shoreline erosion. While,
in the inundation regime, massive net onshore transport occurs where sand bodies may migrate
landwards up to 1 km, based on limited observations of Hurricane Andrew’s (1993) impact to
Isle Dernieres, LA (Sallenger} 2000)).

When an TC impact generating overwash or inundation regime forcing transpires, the beach
and dune sediment which is transported landward by the overwash flux or overland flows dur-
ing inundation is designated washover, in that it is has “washed over” the barrier (Donnelly}
2007). The occurrence of washover is controlled by alongshore variability in foredune elevation
(Sallenger}, |2000), as the storm-driven total water level must exceed this elevation to transport
sediment, but it is also influenced by barrier width and hydraulic connectivity (Boyd and Pen-
land}, [1981). Barrier width primary influences washover dimensions through the introduction of
frictional dissipation into overland flows which connect the ocean and backbarrier water body, so
that narrow barriers tend to exhibit higher overwash velocities and greater sediment transport
(Boyd and Penland) [1981]).

In the case of mainland barriers like the CH, i.e., a barrier lacking a characteristic backbarrier
lagoon (Otvos, [2020), gradients in friction are introduced by the backbarrier land cover’s surface
roughness. In the backbarrier environment, this land cover is often dominated by vegetated

wetlands; in the case of LA, however, backbarrier wetlands are endemically in a state of disinte-



gration into open water due to coastal land loss. The state of backbarrier wetland fragmentation
or land loss, in so far as it modifies gradients in roughness, can be understood as analogous

to barrier island width and is quantifiable with various methods, e.g., the areal land-to-water

ratio (LWR) (Siverd et al |2018| [2019} [019b)). Vegetated land cover, such as emergent estuarine

vegetation, has been observed to influence washover (Morton and Sallenger Jr., [2003; [Wang and|

2007)) and is significant for accurately modeling its dynamics and dimensions

let al. 2018 van der Lugt et al.,[2019). This dissertation closely examines the connection between

washover and backbarrier land cover, as the two are tightly coupled in low-lying barriers, such
as the CH, which experience frequent overwashing.

As opposed to large- or medium-scale dunes which may extend many meters above mean
sea-level (MSL), low-lying barriers typically exhibit maximum elevations less than 2 m above

MSL. These barrier are frequently overwashed, even by less energetic meteorological systems,

such as cold fronts (Rosati and Stone, 2009)). Frequently overwashed, low-lying barriers may

follow different trajectories of post-storm recovery than large- or medium-scale barriers (Matias

et all [2009; Houser, 2013; Houser et al. 2015) and not all stages of recovery may transpire

before another overwash event occurs. At the CH, the recovery period following a major TC

impact has been postulated as 10 years, which includes the continued impacts of relatively

minor storm events (Ritchie and Penland, 1988). This, however, assumes that the conditions for

metastable equilibrium, i.e., conditions which allow the barrier to rebound to its pre-storm state,

are sustained throughout the impact/recovery cycles (Woodroffe, 2007)). Metastable equilibrium

can be disrupted by changes to conditions in sediment supply, the frequency/severity of storm
impacts, and relative sea-level rise (RSLR), i.e., the combined effect of eustatic sea-level rise and
vertical land movement, which are all factors in the CH’s geomorphological evolution (Woodroffe|
2007).

If these conditions are sufficiently perturbed, then the system will be pushed past a threshold

for recovery, whereon it begins to transition into a new metastable equilibrium with different

characteristic morphology, e.g., continous foredunes to washover plain (Woodroffe, [2007). For

instance, a transition has been forecasted for the Chandeleur Islands, LA, if disintegration contin-

ues due to storm impacts and RSLR, causing the barrier island arc to become a subaqueous shoal

(Moore et al.,2014)). Morphodynamic observations suggest that the central CH was pushed past

a threshold for recovery following the repeated TC impacts between Hurricane Isidore (2002) and

Gustav (2008) (Johnson et al.l2019). To forestall such a transition at the CH, which would place

Port Fourchon, a nationally strategic oil and gas hub, at greater risk, the LA Coastal Protection



and Restoration Authority (CPRA) undertook the largest beach and dune restoration in LA’s
history (circa 2013). The Caminada Headlands Beach and Dune Restoration Project cost $218
million USD and placed approximately 6.43x10% m?3 of offshore-borrowed sandy sediment along
21.3 km of the CH’s shoreline.

In addition, LA’s barriers would presumably be less vulnerable to storm impacts, if the
Mississippi River (MR) were not heavily engineered and channelized, a leading cause of the
pervasive coastal land loss (Blum and Roberts, 2009; | Twilley et al., |2016)). Much of the MR’s
sediment load, which in natural conditions would eventually be transported to coastal marshes
or barrier, is inextricably lost to the deep Gulf of Mexico and sequestered by upriver dams (Blum
and Roberts], 2009)). It is outside this work’s scope to estimate what effect this lost sediment
would have if, alternatively, it was distributed in a natural fashion along vulnerable coastal
margins; however, it is reasonable to assume increased sediment input would enhance post-storm
recovery and mitigate backbarrier marsh land loss. Reasoning along these lines have within the
past few decades prompted LA’s coastal management to consider the strategy of diverting the
MR’s sediment load to sediment deprived coastal basis in an effort to build land and “work with
Nature” (Xu et al. 2019). If incorporated into a holistic management strategy, in conjunction
with ecological objectives and traditional coastal renourishments, sediment diversions could serve
to replenish impacted barrier islands and rebuild their deteriorated backbarrier marshes.

In summary, the CH has experienced a large reduction in sediment input, a probable future
scenario for deltaic coasts globally (Nienhuis et al., [2020); experiences high rates of RSLR and
erosion due to its geological history; is prone to TC impacts; and, yet, is necessarily a high
priority for restoration due to its importance as a storm-buffer for valuable infrastructure. By
virtual of these aspects, the CH’s situation typifies the concept that LA can serve as a “living
laboratory” for global coastal research. This dissertation is an effort to work within this “living
laboratory” and generate coastal research for communities which, in the global context of sea-
level rise and climate change, may soon find themselves in similar circumstances, faced with

similar problems and engineering projects.

1.3 Problem Statement

Understanding the TC-driven morphodynamics of coastal barrier is a multi-scale problem.
On one hand, TCs drive decadal scale shoreline change within pre-existing geological and geo-
morphic controls in conjunction with aeolian and marine recovery processes. On the other hand,

the actual morphological change occurs at the event time-scale, i.e., over a few days as the TC



makes landfall. These two time-scales are linked by many processes which influence the impacted
area’s geomorphology. In this dissertation, the link between TC-driven morphological change
and backbarrier wetlands is examined at both time-scales. On the way, insights and details
are furnished on the physics and phenomena of overwash and washover sediment transport at
low-lying barrier systems.

To accomplish this, two distinct, but complementary, disciplines are utilized: remote-sensing
and physics-based numerical modeling. LIDAR surveys of the CH are compiled and analyzed
for morphodynamic trends during a period of intense TC activity (1998 to 2013). Key pat-
terns in shoreline morphodynamics, dune morphology change, and post-storm recovery rates
are presented and related to a conceptual model for frequently overwashed barriers. Further,
medium-scale shoreline morphodynamics are correlated with a remotely sensed LWR index, as
a proxy for wetland health, in the backbarrier. Consideration of this observation, and the pre-
dominate role TC impacts play in shaping shoreline morphology, leads to the use of numerical
models to explore this relationship further.

A fully-coupled basin- and regional-scale hydrodynamic-wave model (Delft3D/SWAN) is
used to hindcast the impact of Hurricane Gustav (2008) to the CH, the most morphdynam-
ically relevant storm of the LIDAR analysis period. The hydrodynamic-wave model forces a
high-resolution local-scale sediment transport-morphodynamic model (XBeach). Both modeling
components are verified with multiple datasets (surface waves, water levels, LIDAR-based mor-
phology) and good agreement is found. The sediment transport model allows for insight into
the evolution of TC-driven morphological impacts and the physical processes of washover. The
model results are tied to the backbarrier wetland in terms of elevation and vegetated land cover.

The insights drawn from this lead to numerical experimentation which investigates restora-
tion scenarios for the CH that allow for enhanced resiliency to TC impacts. Restoration scenarios
are prepared which systematically vary the backbarrier wetland to answer questions about its
affect on TC impacts to a restored beach and dune. The results hopefully provide guidance on

the creation of backbarrier marshes in conjunction with beach and dune restorations.

1.4 Hypotheses and Research Questions

This dissertation endeavors to test the following hypotheses:

1. In low-lying barriers, where frequent overwashing intimately connects the nearshore and
backbarrier environment, fragmentation and marsh surface land loss increase shoreline

migration rates.



2. Surface roughness and topography, tmportant environmental parameters for inundation

regime driven overland flows, are correlated with washover sediment transport.

3. Beach and dune restorations are affected by backbarrier marsh creation components when
impacted by overwash and inundation regimes; and this is manifested as a reduction in

subaerial volumetric loss and dune crest lowering.

In the course of testing the first hypothesis, the following research questions will be addressed:
(1a) How does the three-dimensional morphology of the CH respond to multiple TC impacts at
medium-term and event-scale time scales? Can the spatial patterns of TC impacts to the CH,
and its recovery, be explained by pre-exiting conditions? (1b) Does TC impact recovery at a
vulnerable, low-lying barrier follow a predictable sequence of stages? If so, how, and in what
way, is the sequence interrupted by additional TC impacts?

To test the second hypothesis, these research questions related to the numerical modeling
of storm impacts are addressed: (2a) How accurately can TC impacts to low-lying barriers be
numerically modeled? In this context, is incorporation of limited nearshore sediment availability
and variable surface roughness, particular to the CH, necessary? (2b) Can the sediment transport
processes that relate backbarrier marshes and shoreline morphodynamics, observed at decadal
time scales, be identified in event-scale processes with a physics-based numerical model? (2¢)
What can the physics-based numerical elucidate, in terms of the evolution of storm impact
regimes to low-lying barriers and their morphological responses, which is difficult to observe
in the field? Specifically, when does the majority of sediment transport occur, i.e., during the
inundation regime or the overwash regime?

Finally, for testing the last hypothesis related to restoration of vulnerable beach and dune
systems, these research questions are posed and investigated: (3a) Can numerical model ex-
periments be used to evaluate restoration designs at the CH in terms of their performance
under different storms conditions? Specifically, can the CH’s recent beach and dune restoration
withstand a Hurricane Gustav-like impact or a 100 year storm? Further, can the hypothetical
addition of a backbarrier marsh creation increase the resiliency of the CH’s beach and dune

restoration to future TC impacts?

1.5 Objectives and Outline

To answer the questions stated above, the following objectives are set forth:

1. Compile, perform quality-assurance, and analyze the three-dimensional morphodynamics



of all LIDAR surveys which exist for the CH (1998 - 2013);

2. Correlate the CH’s morphodynamics to a remotely-sensed environmental index (LWR) of

its backbarrier wetlands and identify trends;

3. Compare and contrast the CH’s morphodynamics to a conceptual model for the evolution

of frequently overwashed barriers;

4. Couple a large-scale hydrodynamic-wave and local-scale sediment transport-morphodynamic
model and verify the modeling system with multiple hydrodynamic and morphological

datasets;

5. Apply the modeling system to hindcast the impact of Hurricane Gustav (2008) to the CH
and analyze the sediment transport and morphodynamic processes of the impact in relation

to the CH’s unique characteristics;

6. Incorporate data from the recent restoration of the CH into the modeling system and

conduct numerical experiments for varying storm conditions and restoration scenarios;

Chapter 2 contains the presentation and analysis of a 15 year time series of LIDAR surveys
of the CH. This work was previously published in the Journal of Geomorphology (Johnson et al.|
2019). The LIDAR time series is related to a database of named TC which made landfall with
100 km of the CH. Three-dimension morphodynamic analysis of the LIDAR is accomplished by
extracting the shoreline position and the dune position and elevation through time. Temporal
and spatial trends in the morphodynamics are presented and related to the CH’s backbarrier
wetland.

In Chapter 3, a fully-coupled basin- and regional-scale hydrodynamic-wave model is one-
way coupled with a local-scale sediment transport-morphodynamic model to hindcast Hurricane
Gustav’s (2008) impact to the CH. The hindcast is verified with observations of surface wave
parameters; coastal and wetland water levels; and LIDAR derived subaerial barrier morphology
and morphodynamics. A numerical experiment which limits the nearshore bed sediment supply
during the TC impact is used to investigate causes of systematic bias in the local-scale sediment
transport-morphodynamic model.

In Chapter 4, the verified local-scale sediment transport-morphodynamic model is employed
to forecast TC impacts to the CH after the restoration of its beach and dunes. Hurricane Gustav-

like forcing, and synthetic 100 year return period storm conditions, are used to drive the model.



Three restoration scenarios are modeled to investigate the effect of simultaneously incorporating
a backbarrier marsh creation component into the CH’s beach and dune restoration.

Finally, a summary of the dissertation and its main conclusions are provided in Chapter 5.



CHAPTER 2

LIDAR TIME-SERIES ANALYSIS OF A RAPIDLY TRANS-
GRESSING LOW-LYING MAINLAND BARRIER (CAMI-
NADA HEADLANDS, LOUISIANA, USA)

2.1 Introduction

Coastal barrier islands and mainland barriers, referred to here as barriers or barrier systems,
serve as the first line of defense against oceanic waves and storm surge generated flooding (Ev-
erard et all [2010; |Otvos, 2011} [Hanley et al., |2014)). These systems are composed of different
physical and ecological components, e.g. the shoreface, backshore, dunes, tidal inlets, and are
often backed by wetlands and estuaries. The subaerial backshore and dunes constitute compo-
nents of “structural and morphological resistance” that contribute to the resiliency of the barrier
island (Woodroffe, [2007). Without an intact backshore and dunes, oceanic forcing would cause
significantly more damage to the system itself, its associated backbarrier ecosystems, and any
landward infrastructure (Hinkel et al., |2013). There is growing evidence that the physical in-
tegrity and functionality of barrier systems may degrade in the future due to increased erosion
associated with relative sea-level rise, a changing storm climatology, and increased anthropogenic
disturbance (Stive, |2004; |Gutierrez et al.,|2007; Hanley et al., 2014; [IPCC| [2014; Luijendijk et al.|
2018)).

Recognition of barrier systems’ protective function and considerations of their unpredictable
future have prompted decision-making authorities to adopt systematic beach and dune restora-
tion programs at a regional scale (Kulp et all 2005 [Lopez, 2009; [Hinkel et al., |2013; | Toimil
et al [2017; |Psuty et al., |2018)). Determining the priority of projects is important due to lim-
ited project funding and viable sediment resources and decision-making often relies on trends
in shoreline erosion. Vulnerability, defined as “the degree to which a coast is likely to be af-
fected by or its incapability to withstand the consequences of impact” (Woodroffe, [2007)), is
another important criterion. Barrier storm impact response, however, is strongly influenced by
the storm’s maximum water level relative to the dune crest elevation and the breadth of its
backshore and dunes (Leatherman, 1987 [Thieler and Young, [1991; |Sallenger] [2000; Morton)
2002; [Wang and Horwitz|, 2007 [Houser et al., |2008; [Stockdon et al., |2009; [Houser and Mathew|

2011). Most shoreline erosion analyses neglect the coastline’s vertical dimension and thus do

This chapter was previously published as Cody L.Johnson et al., “Lidar Time-series Analysis of a Rapidly
Transgressing Low-lying Mainland Barrier (Caminada Headlands, Louisiana, USA),” Geomorphology 352 (2019).
Reprinted by permission of Elsevier.
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not fully capture its capability to withstand storm impacts. Therefore, more comprehensive

three dimensional analyses are required which consider trends in dune morphology and sediment

volume (Cooper et al., [2018).

Studies have employed lidar and GIS techniques to analyze storm-driven morphodynamics

and volumetric change for several decades (Andrews et al.,2002; |[Woolard and Colbyl, [2002} |[Rader|

2018). Lidar is a remote sensing technique that provides extensive and accurate three

dimensional geospatial data and has many advantages for the measurement of storm impacts

(Krabill et al., 2000} [Sallenger et al., [2003). Airborne lidar surveying is capable of rapid and wide

ranging data collection, making it well suited to survey large swaths of coastline immediately

following a storm. Coastal dune response to hurricane impacts within the Gulf of Mexico (GoM)

has been successfully assessed with lidar (Houser et all [2008} |Priestas and Fagherazzi, 2010;

[Houser and Mathew, [2011). Lidar survey time-series have also been assembled to study multi-

year or decadal time-scale coastal morphodynamics (Lentz and Hapke, |2011}; Hapke et al. 2013;

Houser et al., [2015)). Lidar data nevertheless must be utilized in some coastal morphodynamic

studies with caution. Acquisition noise, systematic biases, unclassified vegetation, and natural

randomness can potentially exceed the morphodynamic signals of interest (Mitasova et al.l|2009).

In these cases, independent ground-truthing is a necessary step for the production of reliable
morphometric analysis (see online supplement for further information).

This study assesses changes in the vulnerability of the Caminada-Moreau Headlands (CH),
LA by analyzing the morphodynamics of its shoreline, backshore, and dunes through a sequence
of hurricane and tropical storm impacts from 1998 to 2013 with the objective of providing a
globally-applicable analogy for a rapidly transgressing mainland barrier. A detailed examination
of this period reveals the evolution of a low-lying barrier due to frequent storm impacts with
insufficient recovery time and constrained by spatially variable geomorphic controls (i.e. coastal
infrastructure, backbarrier ecological health, and sediment supply). Nine airborne lidar surveys

are utilized for the analysis. The results can inform conceptual models and, in this work, are

situated in the framework of [Matias et al| (2009))’s model for frequently overwashed barriers.

The increased detail and resolution of the lidar-based methods provide a novel contribution
to the long-standing history of research into the unique geology and geomorphology of LA’s
low-elevation dune systems. In the global context, the research provides a valuable insight into
mesoscale (10! yr and km) barrier responses to climate change-induced increases in storm-impact
frequency and exacerbated by accelerated sea-level rise. The three dimensional evolution of the

barrier’s geomorphology elucidates important vulnerability metrics for management such as:
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subaerial sand storage, dune crest elevation, and their temporal trends. The study’s impact
will directly benefit coastal management in southeast Louisiana as predicting and mitigating
morphological impacts and associated hazards is facilitated by the examination of historical
barrier system storm response trends (Morton, [2010).

In this section, a brief introduction with relevant literature is presented. The rest of the
paper is structured as follows: Section provides an overview of the CH where its geomorphic
context, hydrodynamic setting and storm climatology, and recent anthropogenic disturbances
are given; Section describes the methods of digital terrain model (DTM) creation and anal-
ysis, and the generation of land-to-water ratio (LWR) maps for the backbarrier wetland surface;
in Section [2.4] results from the DTM analysis are presented; Section [2.5 discusses the CH’s mor-
phodynamics and vulnerability, and the relationship between backbarrier wetlands and shoreline

erosion; Section [2.6] summarizes the key findings.
2.2 Regional Setting

2.2.1 Study Area

The Caminada-Moreau Headlands are located in the north Gulf of Mexico on the southeast
coast of Louisiana (USA) approximately 100 km south of New Orleans and 100 km west of the
Mississippi River bird’s foot delta (see Figure . They are an attached mainland barrier, or
beach ridge plain (Otvos, 2012)), approximately 21 kilometers long, flanked by a series of barrier
islands to the east and west. The CH are bounded by two navigational inlets: Belle Pass to
the west and Caminada Pass to the east. The flanking barrier islands and the CH are often
associated together as a littoral compartment called the (Late) Lafourche Delta. The entire
barrier chain is situated seaward of two large, shallow coastal bays: Terrebonne and Barataria
Bay to the west and east, respectively. Median grain sizes at the CH grade finer from a range of
160 to 249 (mean = 200 + 19) pum over the dunes and beach to 74-159 (mean = 100 + 23) pm
between 5.5 and 8 m depth (Kindinger et al.l |2013]). The backbarrier marsh has a fragmented

surface and is dominated by Spartina alternifiora, Distichlis spicata, and Avicennia germinans.

2.2.2 Geomorphic Context

The CH’s recent geological history is characterized by stage one in the evolution of an aban-
doned delta complex within the Mississippi River’s transgressive depositional model (Penland
et al.,|1988)). This model describes coastal geomorphic evolution forced by the periodic migration

of the Mississippi River’s main channel, which reconfigures landscape-scale sediment distribution
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Figure 2.1: (A) Map of southeastern coastal Louisiana showing the study area outlined by a red
broken line (B). Tropical cyclones making landfall within 100 km of the CH from 1998 to 2013
are indicated with black tracks. The Grand Isle tidal station and the Wave Information Studies
stations are shown with yellow diamond and blue circle, respectively. (B) Natural color aerial
orthophoto imagery of the CH acquired on January 24*", 1998. Single-beam bathymetric data
from the 2006 Louisiana Barrier Island Comprehensive Monitoring Program
is superimposed on the image as white contours (NAVD88 GEOID12B). Bay Champagne
and the west, central, and east zones are separated by broken red cross-shore transects.



and abandons the previously prograding delta complex (Penland et al. [1988; [Roberts| [1997).

The shift in the river’s depocenter and waning sediment delivery results in marine transgres-
sion of the abandoned region. The delta complex subsides and is reworked by coastal processes
along its seaward margins forming a sandy coastline backed by bays and lagoons
[1988). Stages two and three describe the next phases of the erosional headland: a detached
barrier island arc and a submerged inner-shelf shoal, respectively.

The dominance of transgressive marine processes within the study area is highlighted by its

long-term coastal morphodynamics. The CH’s shoreline retreated on alongshore-average 1,550

m between 1887 and 2012 (Williams et al., 1992} Byrnes et all 2017). During this time span,

the average erosion rate decreased from -14.81 m yr™! to -9.86 m yr~!, for the averaging periods

of 1887 to 1930 and 1956 to 1998, respectively (Byrnes et all [2017). This trend is in accord

with that of the Lafourche Delta as a whole, which decreased in erosion rate from -10.42 m yr!

to -6.25 m yr! from the 1880s to 2012 (Byrnes et al.,[2017). Regionally, this partly reflects the

advent of coastal projection and an increase in beach renourishments during the 20" century.

At the CH, decelerating erosion is further related to shoreline straightening as the headland

evolves toward a detached barrier island (Penland et all [1988)). From 1887 to 1988, sections

of the CH directly east of Belle Pass translated landwards nearly 3 km, while shoreline near

Caminada Pass accreted 500 m (Williams et all [1992)). Penland and Boyd| (1981) find a similar

pattern of shoreline accretion near Belle Pass and Caminada Pass, with higher erosion in the
central CH, for the period from 1934 to 1974. Cross-shore profile analysis from 1973 to 1975
concluded eastward directed sediment transport due to decreasing erosion toward Caminada
Pass, but also found less erosion near Belle Pass compared to the central CH .
These findings, along with geomorphic evidence in the existence of the flanking barrier islands

and progradational spits, suggest that a sediment transport divergence node is located centrally

within the CH (Penland and Boyd, 1981} |Georgiou et al., 2005; Morang et al., 2013).

Characteristic to the Lafourche Delta, decelerating erosion at the CH deviated during the

2004 to 2012 epoch, a period of intense tropical cyclone (TC) activity, when the average erosion

rate spiked to -13.62 m yr'! (Williams et al., [1992)). Up to 90% of shoreline change in LA has been

attributed to hurricanes and at mesoscale (decades) storms are considered the most significant

factor affecting shoreline dynamics (Morton et al.,[1994;Stone et all,[1997). Further details on the

importance of hurricane driven morphodynamics, particularly washover deposition and breaching

as processes in LA’s coastal evolution, can be found in Ritchie and Penland| (1988)); [Stone et al.|

(1997));|Stone and Orford| (2004)); Georgiou et al.| (2005));[Wang and Horwitz| (2007); Fearnley et al.|
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(2009); Rosati and Stone| (2009); [Sherwood et al| (2014). The CH’s coastal geomorphic context
has therefore been summarized as a low-energy environment (see Section predominately
formed by the availability of sediment, which is geologically controlled by the Mississippi River’s
periodic migration, and punctuated by high-energy TC events (Penland et al., |1989).

The Mississippi River delta, as well as the CH, is a highly engineered system. Upstream
damming and channelization of the Mississippi River during the 19" and 20*" centuries con-
siderably decreased net sediment delivery to the coast. A presentation of this situation and a
continental-scale sediment budget can be found in [Blum and Roberts| (2009)). It is probable that
the reduction in sediment availability accelerated the natural, geologically controlled erosion of
the Lafourche Delta. Local to the CH, coastal protection efforts began in 1985 with the impact
of Hurricane Juan. After Hurricane Andrew (1993), 13 stone-filled barges were sunk in front of
Moreau Ridge in 2-3 m of water and a sea-wall was constructed (situated approximately seaward
of Port Fourchon in Figure . In 2013, a 1,675 m long and 2 m in diameter geotube filled
with 191,000 m? of in-situ sediment was placed landward of the breakwater field. The current
dredging schedule for Belle Pass and Bayou Lafourche estimates that approximately 500,000 m?
of silt and clay sediment will be deposited west of Belle Pass every 1.5-2 years. In 2015 and
2016, construction of the Caminada Headland Beach and Dune Restoration was completed. This

restoration project began after the study period and is not captured in the lidar surveys.

2.2.3 Storm Climatology and Hydrodynamics

The CH are classified as a wave-dominated system with low-wave energy and exhibits a
micro-tidal regime. The tides are diurnal with a range of 0.318 m and a mean higher-high water
elevation of 0.332 m NAVDS88 (GEOID12B) for the 2012-2016 epoch. Water level observa-
tions referenced herein are taken from the National Oceanic and Atmospheric Administration’s
(NOAA) long-term tide gauge located at Grand Isle (GI) station (id: 8761724), approximately 12
km east of Caminada Pass. All further reference to the North American Vertical Datum of 1988
(NAVDS8B) assumes geoid model 12B (GEOID12B). Regional subsidence and eustatic sea-level
combine to yield a 9.0940.43 mm yr! rate of relative sea-level rise (RSLR). Zero-moment wave
height and corresponding peak wave period varies between 0.88 m (5.09 s) and 0.51 m (4.92 s)
for the winter and summer months, respectively (see Figure for the deepwater wave climate
and water level history over the study period). Wave data are hindcasts from 1998 and 2013
derived from the Wave Information Studies (WIS) station 73129 with a nominal depth of 21 m.

The low-energy conditions are regularly interrupted by winter cold fronts (approximately 20—
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40 times per year) from September to May and occasionally by tropical storms and hurricanes

from June to November (Rosati and Stone, [2009). Summer wind direction and wave propagation

is typically out of the south to southeast. During the winter, meteorological forcing is controlled

by cold fronts which induce a pattern of wind field rotation. The pre-frontal winds are from the

south and the post-frontal winds are directed from the north (Stone et al.,[2004). Cold fronts may

produce relatively high deep-water significant wave heights of 3 to 4 m (Rosati and Stone} [2009)).

If sufficient fetch exists, post-frontal wind waves in coastal embayments may erode backbarrier
marshes. The CH are mostly sheltered from post-frontal wave attack. However, these winds

have a significant overland fetch and are important for aeolian transport and post-storm dune

recovery (Ritchie and Penland) (1988} [Harter et al.l [2015).

Deviations from mean tidal level occur with cold fronts as steady pre-frontal winds may

drive wind-induced setups of 0.3 m—0.4 m (Morang et al.| 2013). These events are significant

for coastal erosion as overtopping and overwash occur when the high-water elevation (Rpign)

exceeds or meets the dune crest elevation (Dp;gp, in Ritchie and Penland, [1988| and [Sallenger)

2000). The top panel of Figure shows Rpign for the study period, where Ry;qp is the sum of

the observed water level and the 2% exceedence runup height. The 2% exceedence runup height

is estimated following [Stockdon et al.| (2006).

The most significant wave and water level events at the CH are associated with tropical

storms and hurricanes. In southeast LA, hurricanes have a 7 to 10 year return period with

major (category 3-5) hurricanes recurring every 26 years (Keim et al., [2007). Weaker hurricanes

(category 1 and 2) and tropical storms typically elevate water levels by 0.6 to 1.0 m. Major

hurricanes (category 3+) generate storm surges between 1 m and 4 m, but may increase water

levels up to 8 m as observed during Hurricane Katrina (2005) (Rosati and Stone, [2009)).

Tropical cyclone activity was significant throughout the 19*" and 20*" centuries with 52
named storms making landfall within 100 km of the CH between 1855 and 1997. The study

period (1998 to 2013) however exhibited an increase in TC landfall rate and intensity with 8

named storms in the same proximity (Williams et al.,[1992} [Byrnes et al.,[2017). Details of these

TCs are listed in Table Distance from the CH is defined as positive if landfall is to the west

as the TC’s counter-clockwise rotation makes impacts in the northeast quadrant more severe

(Sallenger et al.| 2006). World Meteorological Organization best track data for study period’s

TCs can be found in Figure 2.1] (Levinson et al., |2010).

16



HmO [m]
-

W S

winter N

summer N
NW,

13.7

i
™,

SE

[0.0 : 0.
[0.5: 1.
[1.0: 1.
[1.5:2
[2.0: 2.
[2.5:3.

[3.0:3.

W°
Hmo [m]

[
[
|
1
1
1
[
[

[3.5:i

3
]

spring N

fall N

Figure 2.2: Wave climate and water level time series for the study period. (A) Hourly offshore
zero-moment wave heights shown in blue with a monthly rolling average shown in black. Rpsgn
is shown in green. (B) Wave roses averaged by season for the time period between 1998 and

2013 pictured above.

17



Table 2.1: Details of tropical cyclones making landfall within 100 km of the CH between 1998
and 2013. TS = tropical storm and 1-4 are Saffir-Simpson hurricane wind scales. Water levels
are the maximum observations from the Grand Isle NOAA tidal station. The wave height and
peak period are maximum hindcast values from WIS station 73129.

name landfall category  distance water offshore wind central
from CH level Hpo (Tp) speed pressure
km m, m (s) km s mb
navd88
Hermine 1998-9- TS 86 0.59 2.81 74 1000
19 (7.37)
Isidore 2002-9- TS 20 1.26 4.84 103 989
26 (12.96)
Bill 2003-6— TS 97 0.83 5.71 93 1002
30 (10.07)
Matthew  2004-10— TS 94 0.97 3.43 74 999
10 (8.21)
Cindy 200576 1 0 0.78 5.78 120 992
(10.39)
Katrina 20058~ 4 -60 1.64 7.90 232 913
29 (16.77)
Gustav 2008-9-1 2 52 1.53 7.64 176 955
(14.71)
Isaac 2012-8— 1 -5 1.64 5.3 (8.46) 130 966
29

2.3 Methods

2.3.1 Lidar Data

The complete set of existent lidar surveys which cover the CH was compiled (see Table .
The first survey was flown October 9", 1998 and the final on March 8", 2013. Three surveys were
collected post-storm: TS Isidore (2002); Hurricane Gustav (2008); and Hurricane Isaac (2012).
The lidar are referred to by their acquisition year (2008a and 2008b differentiate between the
first and second survey in 2008, respectively). Extensive pre-processing of the raw lidar data
and quality-assurance checks (see Figure in the appendix for a flowchart) were performed to
minimize biases in the extracted morphological parameters. An overview of the methodology is
provided in this section and the reader is referred to the online supplement for further details.

The lidar data were transformed to a common geodetic system (GRS80), horizontal datum
(NADS83), vertical datum (NAVDS88), geoid model (GEOID12B) and projected coordinate sys-
tem (UTM 15N) and imported into GRASS GIS for further processing (GRASS Development
Team, 2018). The data were independently ground-truthed and shifted per survey to account
for systematic biases (see Figure for an illustration of the correction’s results). Forty-two

observations from a 2010 terrestrial survey, which occupied the center line of a paved road
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Table 2.2: Reported lidar survey metadata including the acquisition (vintage) date, collection
agency, lidar system, nominal point spacing, and reported accuracy.

Date Agency! lidar equipment? nominal point accuracy verti-
spacing (NPS) cal/horizontal
pt m m
1998-11-9 NOAA/NASA/USGS ATM II 1/3 0.15/0.8
2001-9-10 USGS/NASA ATM II 1/3 0.15/1.0
2002-10-12 NOAA/NASA/USGS ATM II 1/3 0.15/0.8
2006-12-6 USGS/JALBTCX EAARL 1/1 0.15/1.0
2008-3-9 USGS/NASA EAARL 1/1 0.15/1.0
2008-9-6 USGS/NASA EAARL 1/1 0.15/1.0
2010-4-26 JALBTCX Optech ALTM 1/1 0.15/0.5
Gemini System
2012-10-1 USGS Leica ALS70 1/1 0.107/0.18
2013-3-8 USGS Leica ALS60 1/2 0.122/0.73

(Chevron Rd. Port Fourchon, LA) as denoted by the survey team, were used as ground control
points (GCPs). The median difference between a survey’s lidar data and the GCPs determined
the shift for that lidar survey (median errors ranged between -27.8 cm and +47.0 cm, see Ta-
ble in the supplement). The 2006, 2008a, 2010, 2012, and 2013 surveys were available as
classified lidar (i.e. identified as ground, water, low vegetation, etc.) following the LAS open
data format specification (The American Society for Photogrammetry & Remote Sensing, (2013]).
Multi-curvature classification, a ground surface identification algorithm implemented in GRASS
GIS (Blumentrath| 2015), was used to identify the unclassified lidar ground points (Evans and
Hudak, 2007; Tinkham et al., 2011). Only lidar data classified as ground points were used in

the analyses.

2.3.2 Digital Terrain Models

The lidar point clouds were gridded to 0.5 x 0.5 m? cells using a regularized spline with
tension and smoothing (Mitasova et al.l [2005). The spline parameters were selected to minimize
the root-mean-square-error (RMSE) of a cross-validation sensitivity analysis (Neteler and Mi-
tasova, |2008). Turbid waters in the CH’s surfzone and marshes render lidar ground classification
in these locations unreliable. DTM cells which were below mean high water (MHW) and those
not contiguous with the main barrier landform were masked out to remove spurious data. The
supratidal beach, backshore, and foredune were extracted for morphometric analysis.

The DTMs were analyzed for five morphological parameters: shoreline position (zg;), dune
crest position and elevation (x4, and zg4., respectively) and dune toe position and elevation
(x4t and zg, respectively). The parameters were extracted from cross-shore transects spaced

every 10 m in the alongshore direction. The horizontal parameters were measured relative to a
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baseline that was generated by smoothing and simplifying the 1998 MHW contour. The vertical
features (zq. and z4) are referenced to NAVDS8S. The shoreline position was defined as the
MHW elevation for the lidar’s date (Hapke et al., |2011)). The dune crest was identified as the
cross-shore profile’s maximum elevation. The dune toe, referred to as dune low in storm impact
studies (Sallenger, [2000), was defined as the point of maximum slope change seaward of the
dune crest. Figure illustrates a subsection of the 1998 and 2013 DTMs with example feature
extraction results and a cross-shore transect. If a dune was not present, then dune low was not
defined. The reader is also referred to Figure 3 in |Stockdon et al.| (2007) for a diagram portraying
the cross-shore profile and extracted features.

Dune volume (V) was defined as sediment above a common threshold. The mean dune
tow elevation (Zg;) across the entire lidar survey collection was chosen to minimize the effects of
seasonality and storm impacts on the individual surveys (see Section for the procedure of
reducing bias introduced by RSLR). Dune volume was calculated by integrating the DTM over

cells with an elevation greater than zg with,

Vd:/sz where z > Zg (2.1)
A

where V; is dune volume, z is the DTM elevation, and A is the DTM cell area. Dune volume
per unit width was calculated by dividing V; by the alongshore length.

Change in morphological parameters and dune volume were calculated by taking the differ-
ence between lidar surveys, expressed as Ax = X, — X+, where x represents a morphological
parameter. Rates of change were computed with two methods: (1) the slope of a least-squares
linear regression of the parameter’s complete time series; (2) the net change (i.e. t5 =2013 and

t; =1998) divided by the total time elapsed.

2.3.3 Errors

Quality assurance of lidar data is critical in the low-elevation dune systems of coastal LA
given the magnitude of its vertical features. Based on the independent ground-truthing, the
1998, 2001, 2002, 2010, and 2013 surveys’ RMSE is smaller than the reported vertical accuracy
(see Tables and. The 2006, 2008a, 2008b, and 2012 lidar surveys exhibit RMSEs outside
their reported vertical accuracies, but do not have an observable trend suggesting an uncorrected
bias due to subsidence. Further, the ground-truthing of these surveys yielded relatively narrow
absolute error distributions (see standard deviation in Table [A.1)). This suggests that the rela-

tively larger RMSE values of the 2006, 2008a, 2008b, and 2012 lidar are due to systematic errors
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Figure 2.3: (A) The 1998 and 2013 DTMs shown in their actual position. The broken black
line is an example transect. The triangles and circles indicate x4, and x4, respectively. (B) 3D
models of the DTMs superimposed on the 1998 aerial photography (25x vertical exaggeration).
Viewpoint is looking northeast.
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in the initial lidar acquisition. After correcting the lidar data with a uniform shift, the accu-
racy of the corrected data (computed as 1.96-RMSE) is brought within the reported accuracy
for all the surveys except 2008a. The reader is referred to Section for an quality-assurance

assessment of the lidar processing methods.

2.3.4 Land-to-Water Ratio Calculation

Color infrared (CIR) aerial imagery was used to supplement the morphological analyses.
The CIR imagery was classified to determine the ground state as either dry land or open water.
Computing the land-to-water ratio (LWR), calculated with a sliding window operating on the
classified CIR imagery, generated a georeferenced raster for further analysis. LWRs provide a
quantitative method to assess the backbarrier wetlands’ state of deterioration, i.e. conversion
into open water. An early example of this methodology can be found in |Gagliano et al.| (1970)
where the 50% LWR contour is tracked through time to analyze spatial patterns of LA’s coastal
landloss. The CH’s backbarrier wetlands are deteriorated and appear to be transitioning into
open water. To investigate the relationship between the coastal morphodynamics and the back-
barrier’s deteriorated state, LWRs were computed at the beginning of the study period (1998)
and the end (2013).

The LWRs were determined following the general method outlined in [Twilley et al.| (2016)
and |Siverd et al.| (2018). Two sources of one-meter resolution aerial imagery were acquired. The
1998 digital orthophoto quarter quadrangle (DOQQ) CIR imagery for the study area was ac-
quired from |The LSU Department of Geography and Anthropology| (1999) and the 2013 National
Agriculture Imagery Program’s (NAIP) DOQQs were downloaded with the USGS’s EarthEx-
plorer tool (https://earthexplorer.usgs.gov/). The green and near-infrared bands from
both image sources were used in the LWR computations. The 1998 imagery was initially cap-
tured with photographic film and the 2013 imagery was acquired with digital charge-coupled
devices. Thus there are significant differences between the spectral signatures, i.e. reflectance
in each spectral band, produced by each image source and computations between them are not
quantitatively equivalent. However, they acquisition methods produce qualitatively comparable
CIR images that can be used to track the CH’s evolution over the study period.

The normalized difference water index (NDW ) was computed per tile based on the formu-

lation in McFeeters (1996) given as:

NDWI — Pg — PNIR

pg + PNIR’
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where p, is surface reflectance in the green spectral band and pyrg is reflectance in the near-
infrared (NIR) band. Per-tile NDWI distributions were visually inspected to determine the
threshold for differentiating between land and water pixels within the tile (typically, this value
was approximately 0.3). This threshold was used to separate the rasters into binary images
containing pixels classified as either land or water (i.e. land = 1 and water = 0). In other
words, pixels which contained NDWT values less than the threshold (i.e. exhibited a greater
reflectance in the NIR band which is mostly absorbed by water but is reflected by healthy plant
cell structure) are expected to represent land and vice versa. The binary images were merged
and clipped to extract the backbarrier within the bounds of Highway 1, Port Fourchon, and the
CH’s shoreline.

Land-to-water ratios were calculated within a neighborhood window and assigned to the
window’s center pixel. The neighborhood-averaging moving window operator applied to the

merged binary images can be expressed as:

) it N2—1 G N2—1
m=i— N1 n*jf¥
= 5 =

where LW R;; is the land-to-water ratio in the i*® and j*" pixel of the image, N is the side-
length of the window in pixels, and ., represents the land (1) or water (0) classification of the
m'™ and n'" pixel. The result is one-meter resolution geographic gridded data of a continous
variable representing the marsh surface’s state of conversion into open water. N determines
the length scale of the LWR, as larger N values will smooth out smaller scale variations in the
LWR (see Section in the online supplement for further details). LWR values are on the
interval [0, 1] where the limits represents open water and solid land, respectively. Areas of high
LWR represent a more solid marsh surface whereas lower LWR areas indicate relatively more
fragmentation and deterioration of the marsh surface into open water. The CH’s backbarrier
LWRs were visualized with contours (see Figures and . The contours are level curves
(e.g. LIWR = 0.3, 0.4, 0.5, etc.) of the LWR fields and were computed within GRASS GIS. To
relate the near-field LWR (i.e. the environment immediately proximal to the coastline) to the
morphological parameters (see Section , the LWR rasters were sampled and averaged along

the morphometric analysis transects.
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Figure 2.4: Net erosion (blue line) and dune translation (orange line) rate between September
1998 and March 2013. Dashed lines indicate boundaries between morphodynamic zones. The
green shaded area shows the breakwater field’s location.

2.4 Results

In this section, the CH’s overall morphodynamics, storm impact driven change, and rela-
tionship to the backbarrier environment will be presented in detail. Before going further, it is
worth defining commonly used terms: “net” refers to a change in time between the final and
initial lidar survey (e.g. x4 displacement between 1998 and 2013); “mean” refers to the mean
of a morphological parameter through time at a fixed alongshore position (e.g. z4. at a single
transect or set of adjacent transects); and “alongshore-average” or “average” of a parameter
indicates a mean taken over a set of adjacent transects (e.g. average erosion rate for a vulnerable

stretch of shoreline).

2.4.1 Definition of Alongshore Zones

Over the study period, the CH’s coastal morphodynamics exhibited three distinct zones
characterized by shoreline translation and dominant coastal processes. Figure [2.4] shows the
boundaries of the western, central, and eastern zones in relation to the net x4 and 4. translation
rates. The boundary between the western zone and the central zone/Bay Champagne (BC) can
be seen as an abrupt transition in shoreline morphodynamics. The central zone transitions
gradually into the eastern zone, but is still discernible in the net translation rates.

Average overwash frequency for each zone is presented in Table[2.3] A cross-shore profile was
considered overwashed when Rp,;4p, exceeded zg. for two or more consecutive hourly observations.
High-water elevation (see Figure between a pair of successive lidar surveys (e.g. 2010 and
2012) was compared to z4. values from the antecedent survey (i.e. the 2010 survey). The number
of overwash events is divided by the elapsed time and given as a yearly rate. Also presented

in Table is the fraction of transects that were overwashed with a higher frequency than the
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Table 2.3: Dune overwash statistics. The first, second, and third columns within each zone are
the yearly overwash rate, the fraction of transects exceeding the CH’s overall overwash frequency,
and the fraction without overwash, respectively.

Zone
West Central East

Period (n yrt) - - (n yrt) - - (n yrt) - -

1998-2001 0.26 0.00 0.83 3.16 0.06 0.01 2.92 0.04 0.43
2001-2002 1.97 0.00 0.08 4.78 0.10 0.00 7.84 0.26 0.00
2002-2006 4.98 0.07 0.00 30.34 0.67 0.00 11.78 0.26 0.00
2006-2008a 0.58 0.00 0.93 18.12 0.29 0.12 5.41 0.03 0.47
2008a—2008b 3.18 0.01 0.00 8.55 0.09 0.00 6.79 0.06 0.00
2008b—2010 4.49 0.03 0.00 33.13 0.74 0.00 38.42 0.52 0.00
2010-2012 1.73 0.01 0.18 18.57 0.52 0.00 7.49 0.18 0.00
2012-2013 1.04 0.02 0.92 24.90 0.61 0.02 19.92 0.24 0.41

CH’s overall rate and the fraction that was not overwashed.

Table provides preliminary insight into each zones’ processes as well as trends in the
relationship between dune morphology and storm climate. For example, overwash frequency ex-
ceeding the overall rate increased in the central zone after the 2008b survey. This increase shows
that Hurricane Gustav’s impact lowered z4. sufficiently to influence subsequent overwash events
and, plausibly, the central zone’s capacity to recover. Also, the western zone’s relatively low
overwash rate contrasts the dominant processes here with the other zones which are overwashed

more frequently.

2.4.2 Overall Morphodynamics

Net zg and z4. displacements and their translation rates are provided in Figure 2.5 The
central zone’s shoreline translated approximately -225.2 m while the west and east shorelines
eroded -51.4 m and -65.9 m, respectively. A similar pattern is evident in foredune translation
with x4, migrating landward -247.1 m in the central zone and -61.6 m and -72.8 m in the west
and east, respectively.

Translation rates were determined by linearly regressing alongshore-averaged xg and xq4.
in time. The erosion rate regressions’ coefficient of determinations (r?) were 0.77, 0.95, 0.95,
and 0.77 for the west, BC, central, and eastern zones, respectfully; while dune migration 72
values were 0.88, 0.95, 0.94, and 0.81 for the same zones. The relatively high 72 values indicate
that at the decadal time-scale steady marine transgression occurred with distinct zonation. The
western zone, which is influenced by coastal hardening, showed an erosion rate of -4.4 m yr!

with a lower and upper bound of -11.0 m yr™* and +0.84 m yr!, respectively. Erosion decreased

towards the east and the shoreline becomes stable near the breakwater field (see Figure .
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Figure 2.5: Shoreline (z4) and dune crest position (z4.) time series. The blue (west), orange
(BC), green (central) and red (east) differentiate the morphological zones. Vertical dashes rep-
resent TC landfalls where the thickness is scaled by the maximum observed water level at GI.
The side panels show the net erosion and dune translations (displayed as bars) along with their
respective change rates over the study period (broken black line).

The central zone historically exhibited relatively high erosion, overwash, and breaching. Two
erosional “hotspots”, seen in Figure [2.4] at approximately 777,500 m and 782,500 m easting, are
the sites of repeated storm-induced breaching. The erosion rates here range between -8.5 m yr!
and -22.5 m yr't with an average of -17.8 m yr'!. The eastern zone is an aggradational spit that
alternates between accretion, breaching and erosion, and shoreline annealing. Erosion here is
comparatively moderate with an average of -6.9 m yr'! and a range of -1.9 m yr! to -9.6 m yr!.

Time series of alongshore-averaged x4 and x4, are shown in Figure [2.5] The lidar sur-
vey dates are indicated with markers. The 2010 lidar survey for the eastern zone exhibited
clearly unrealistic data and was removed from the analysis. Dune crest translation followed
the same trends and zonation, but slightly outpaced shoreline retreat. The comparable shore-
line and dune translation rates suggest conservation of sediment volume in accordance with the

“rollover” model of barrier island transgression. “Rollover” describes landward barrier island

movement within a sediment limited setting through overwash processes (Woodroffe, [2002)) that

is by analogy applied to the CH.
Figure [2.6] shows a time series of z4. and dune volume per zone. Contrary to the coastline’s
steady landward translation, average zg. oscillates with storm impacts and has a gradual net

rate of change. Dune volume displays a similar pattern to z4.. The western zone exhibited a
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Figure 2.6: Time series of zg4. referenced to NAVD88 and dune volume per zone. The blue (west),
orange (BC), green (central) and red (east) differentiate the morphological zones. Vertical dashes
represent TC landfalls where the thickness is scaled by the maximum observed water level at
GI. The side panels show the net dune crest elevation and dune volume change (displayed as
bars) along with their respective change rates over the study period (broken black line)

relatively small net volume loss, while an increase occurs in the other zones. Only the central
zone’s dune volume per unit width showed a correlation with time yielding a volumetric flux of
0.987 m3 m™* yr! (r2 = 0.158). Net dune volume change, the rate of change in volume per unit
width, and net z4. displacement and change rate can be found in Figure [2.6

Figures and [2.9] contain sequential alongshore-averaged dune profiles for the western,
central, and eastern zones, respectively. The western zone’s morphological change is moderate
compared to the others. Initial and final profiles of the western zone, shown in Figure 2.7,
are similar in morphology with some dune crest lowering and translation. The central zone’s
morphology changed appreciably, resulting in qualitatively different initial and final profiles (see
Figure ) Overall, the central zone exhibits significant morphological change in response to
storms impacts. The cross-shore profile is quite diminished in elevation and reduced in coastal-
barrier function by 2013 with an average z4. less than 65 cm above MHW. Plausibly the
central zone would be frequently overwashed given Rp;4p’s historically regular exceedence of this
elevation (see Figure ) The eastern zone changes noticeably between surveys. Its initial

and final profiles, however, are similar in morphology, but translated landward and reduced in

elevation.
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Figure 2.7: Alongshore-averaged cross-shore profiles for the western section. Panels A through
H show data from two sequential lidar surveys. The solid and dashed lines are the antecedent
and subsequent profiles, respectively. Panel I contains the initial and final survey in the time
series.
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Figure 2.8: Alongshore-averaged cross-shore profiles for the central section. Panels A through H
show data from two sequential lidar surveys. The solid and dashed lines are the antecedent and
subsequent profiles, respectively. Panel I contains the initial and final survey in the time series
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Figure 2.9: Alongshore-averaged cross-shore profiles for the eastern section. Panels A through
G show data from two sequential lidar surveys. The solid and dashed lines are the antecedent
and subsequent profiles, respectively. Panel H contains the initial and final survey in the time
series. The 2010 survey has been removed due to spurious lidar data.

2.4.3 Storm Impacts

The CH’s storm driven coastal morphodynamics are visualized with a set of time stacks.
The time stacks were created by gridding the morphological parameters based on alongshore
location, represented by the easting coordinate, and the lidar surveys’ date using a 2D cubic
spline. Named TCs from Table are indicated to illustrate impacts and cumulative effects on
the coastal morphology.

Erosion rate is presented in Figure [2.10} The sequence of storms between TS Isidore and
Hurricane Katrina produced the longest period of erosive conditions. The CH’s shoreline is
mostly erosional over this period, except for the breakwater protected area (773,500 to 774,500
easting). Several breaches (areas of erosion in excess of -120 m yr!) formed in the central zone
with a relatively large breach opening in the bay mouth bar enclosing BC (775,000 easting). A
recovery period follows this storm sequence with shoreline accretion in the west, east, and most
of the central zone.

Hurricane Gustav generated the largest impact with many areas undergoing erosion rates
greater than -100 m yr'. The breaches at BC and in the central zone were re-opened and

enlarged. FErosion of the central zone continues after Hurricane Gustav, but is lessened, and
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Figure 2.10: Erosion rate time stack. The x-axis is the shoreline’s easting coordinate while the
y-axis represents time. TC impacts are represented as horizontal lines where Is, K, G, and Ic
denote Hurricanes Isidore, Katrina, Gustav, and Isaac, respectively.

shows some recovery following Hurricane Isaac. Relatively high erosion and rapid accretion
associated with natural shoreline annealing following TC impacts occurs in the eastern zone.

The top panel of Figure shows zg4. over the study period. The spatial patterns here
largely recapitulate those of Figures The most apparent trend in zg4. is the central zone’s
long-term elevation loss initiated by T'S Isidore. The western and eastern zones show fragmented
recovery towards pre-TS Isidore dune crest elevations. BC and the central zone, however, appear
to have uniformly lost elevation between 1998 and 2013. Another notable pattern is the apparent
alongshore re-distribution of dune volume seen in the bottom panel of Figure [2.11] Distinct
accumulations of volume can be seen in 1998. However, by 2013, much of the accumulated
sediment has been transported laterally, resulting in a more alongshore-uniform distribution.
This is most evident in the westward dunes of the western zone.

Alongshore-averaged changes to g, Z4c, Zde, and dune volume captured by post-storm lidar
surveys are provided in Table 2.4] Hurricane Gustav and TS Isidore produced relatively large
zg and x4, translations with approximately commensurate decreases in zg4. and dune volume.
Hurricane Katrina and the other 2005 TCs affected the western and eastern zones less than
the central, with z displacements of -3.3 m, -21.5 m, and -66.4 m, respectively. Hurricane

Rita (2005) made landfall 24 days after Hurricane Katrina, approximately 325 km to the west
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as a powerful category 3. Hurricane Rita’s maximum observed water level at the GI station
was 1.089 m MSL. This storm plausibly impacted the CH within the collision and overwash
regimes and partially forced the morphodynamic response observed in the 2006 lidar. Counter to
one’s expectation, given Hurricane Katrina’s wide-spread impact, dune crest elevation and dune
volume in the 2006 lidar exhibited some increases. One possibility is that the CH’s antecedent
condition (see in particular the central zone in Figure 2.8C) lessened the overall severity of
the impact as the dunes were already morphologically adjusted to inundation regime forcing.
However, it is difficult to assess Hurricane Katrina’s impact using this lidar. The time elapsed
between Hurricane Katrina and survey was 464 days, during which time the coastline may have
recovered substantially.

Huwrricane Isaac was a major storm surge producing hurricane (see Figure whose peak
water levels coincided with high tide at the CH. Considering storm waves and water levels,
Hurricane Isaac forced an impact within the overwash and inundation regimes with a maximum
water level (1.51 m NADVDS8S) observed at the GI station exceeding zq4. at 62% of the pre-storm
transects. This is corroborated by hindcast simulations which produce a maximum water level of
approximately 1.5 m NAVDS88 and a significant wave height reaching 4 m (water levels and waves
provided by the Coastal Emergency Risk Assessment https://cera.coastalrisk.live/). As
such, this event was expected to generate greater morphological change than that observed in the
2012 post-storm lidar. Storm surge relative to dune crest elevation is the predominant control
on morphological change, but no single parameter can entirely explain storm impact response
(Masselink and Van Heteren| [2014). Hurricane Isaac made landfall approximately in the CH’s
center (see Figure and the relationship between its shoreline orientation (SW to NE) and
Isaac’s NW track is an important factor. Morton and Sallenger Jr.| (2003) also observed that
maximum washover penetration (and hydrodynamic forcing) occurs approximately 20-50 km
east of the TC’s eye which places the CH outside this window for Isaac’s landfall. Ultimately,
it is the synchronization and combination of variables, including locally weak hydrodynamic
forcing, the previous state of the dunes, and the interaction between the shoreline orientation and
the landfalling storms’ wave fields, that produced the CH’s relatively minimal morphodynamic
response to Hurricane Isaac (Guisado-Pintado and Jackson) 2018)).

Morphodynamics observed during recovery periods (i.e. consecutive surveys without a TC
impact) are presented in Table The surveys lack the temporal resolution required to ac-
curately determine recovery rates. However, it is adequate to demonstrate broad patterns and

trends. The CH’s shoreline is generally accretionary outside TC impacts, except within the cen-
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Table 2.4: Dune and shoreline changes due to storm impacts.

TC name Zone xg displacement 4. displacement Zde Change dune volume change

() (1) (cm) ()

Isidore West -28.9 -27.0 -54.0
BC -37.7 -43.3 -52.8
Central -39.8 -42.5 -51.6
East -27.6 -25.9 -14.4
Katrina West -3.3 -2.2 35.1
BC -80.3 -59.2 22.0
Central -66.4 -56.0 15.0
East -21.5 -28.7 6.3
Gustav West -40.6 -15.2 -43.5
BC -56.5 -36.3 -19.2
Central -39.6 -67.1 -29.3
East -57.3 -48.3 -42.9
Isaac West -16.6 2.5 24.3
BC -29.4 -76.6 7.6
Central -37.3 -60.3 7.3
East n/a n/a n/a

-290296.7
-95631.8
-471045.9
-75434.8
159803.9
-22285.9
249996.5
-78491.2
-369045.4
-130960.4
-424823.4
-329451.1
-32856.2
74377.8
-151495.7
n/a

tral zone for the 2008b to 2010 interval. Despite the seaward movement of x4 during recovery
periods, x4, typically translated landward. The dunes invariably increase in volume between
impacts, but not always through an increase in z4.. In general, however, z4. recovers a fraction

of its pre-storm elevation between impacts.
2.4.4 Coastal Morphodynamics in Relation to the Backbarrier Envi-

ronment

A correlation between net erosion rate and the backbarrier environment can be observed in
Figure The LWR contours indicate, in a relative sense, spatial variation in the backbarrier
wetland’s conversion into open water. Three areas of relatively low LWR can be discerned: one
associated with BC to the west; a central area which extends to Highway-1; and an eastern area
that is constrained by chénier ridges. Directly seaward of these areas, localized “hotspots” of
erosion can be observed. These “hotspots” are commonly breached during TC impacts.

In Figure [2.12]B, mean LWR along a transect is plotted along with the net erosion rate
observed at that transect. Mean LWR represents the backbarrier’s near-field condition as the
transects were less than 450 m in length. This length was chosen to quantify the LWR between
the shoreline and natural landward ridges. A west-to-east trend of decreasing erosion rate,
plausibly due to the direction of alongshore sediment transport (Harper} 1977, |Georgiou et al.|
2005)), has been removed in order to highlight the LWR relationship. A coherence between LWR

and net erosion within the central zone is present with the signals in approximate antiphase.
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Table 2.5: Dune and shoreline recovery between T'C impacts.

Recovery period Zone xs displacement 4. displacement Z4c change dune volume change
(m) (m) (cm) (m?)
1998-2001 West 11.7 -12.3 1.9 96678.1
BC 4.4 -0.6 2.4 16737.6
Central 2.1 -3.6 12.1 69715.8
East 22.4 20.7 -16.9 26246.9
2006—2008a West 3.4 -1.6 24.7 146038.0
BC 16.9 -1.0 10.0 93042.0
Central 1.2 -13.7 15.7 407998.1
East 3.6 -2.9 21.7 176040.2
2008b—2010 West 16.8 -4.9 21.2 213853.2
BC -19.5 -23.7 -10.2 106766.7
Central -52.7 -24.6 2.8 243071.0
East n/a n/a n/a n/a
2012-2013 West 6.0 -0.9 -11.2 51651.9
BC 3.8 29.4 -1.4 25397.5
Central 7.2 20.7 2.8 243002.4
East 25.7 3.3 -12.4 154236.7

erosion rate land:water

-22 m/yr 13 m/yr

— <02

— 03-04
0.5-0.6
0.7-0.8

— >038

-10

)
| -
; =20 o < erosion rate 2 B 0.55
IS —— land:water g h .
= _18 F0.50 —
£ 2
s =
; ~16 - 0.45 :
2 8
4 <
g —14 - 0.40 E
=
2 E
= 035 S
=
@
=
=
QD
=

TT T T T T T [T T T T T T T [ T T T T T T T [T T T T
776500 778500 780500 782500
Easting UTM 15N [m]

Figure 2.12: Spatial relationship between net erosion rate and near-field backbarrier LWRs. (A)
1998 CIR aerial photography with LWR, contours superimposed on the backbarrier environment.
Net erosion rate shown where the cross-shore transects have been shifted offshore for the visual-
ization. (B) Net erosion rate and mean LWR plotted as a function of alongshore position. Black
markers indicate net erosion rate data points with an alongshore running average shown as the
red line. Solid blue line is the LWR.
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Figure 2.13: Mean zg4. elevation in NAVDS88 versus LWR calculated using a 25 m window. A
running average of zg. is shown as a blue-green line.

Mean z4. exhibits an approximate in phase coherence with the LWR and evidently contains
significant shorter wavelength components. This can be seen in Figure [2.13]which shows mean z4.
per transect in relation to mean LWR, (computed using 25 m window to capture the shorter length
scale variations in z4.). The spatial extent of Figures|2.12B and are aligned and displayed
as scatter plots in Figure Lines of best fit, computed with least-squares regression, have
been added to indicate the dependency of the morphological parameters on LWR. A negative
correlation between LWR and detrended net erosion rate (r? = 0.67) is clear, while a positive
correlation between LWR and mean zg. (72 = 0.48) is present but less determined. This indicates
that coastline exhibiting relatively higher mean z4. coincide with stretches where net erosion rate
is relatively less; and that both of these parameters are related to the near-field LWR.

Complexity in the processes involved (e.g. wave-current-vegetation interaction, overwash and
aeolian sediment transport) presumably reduce the efficacy of determining these correlations.
Unrepresented changes to the backbarrier wetlands occurring after the initial aerial photography
may also contribute to indeterminacy in the explanation of the net shoreline erosion rate’s
variance by the CH’s initial LWR. In Figure 2.15] it can be seen that the CH’s backbarrier
wetland evolved over the duration of the study period (15 years). As expected, the general
trend is the conversion of land into water and is most evident in the central zone. However, the
overall spatial pattern of the LWR contours is largely consistent between 1998 and 2013. For
the purposes of the current research, the net shoreline erosion and mean dune height over the

study period, where fluctuations due to storm impact/response cycles are reduced, is related
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Figure 2.14: (A) Relationship between net erosion rate and LWR. (B) Mean dune crest elevation
over the study period versus LWR.

to the backbarrier wetland’s initial condition to demonstrate their connection for low-elevation,
wetland-backed mainland barriers. Presumably, the backbarrier wetlands’ evolution, driven in
part by TC impacts, influences the shoreline and dune morphodynamics over the study period
and should be considered. Additional research that incorporates aerial imagery at a higher
temporal resolution is required to robustly analyze the wetlands’ evolution and relate this to the

coastal morphodynamics, but is out of the current research’s scope.
2.5 Discussion

2.5.1 Morphodynamic Trends

Due to differing dominant coastal processes, each zone’s morphodynamics should be dis-
cussed separately to better facilitate interpretation of their interrelation. The western zone
shows a spatial distribution of erosion rates consistent with an alongshore sediment transport
gradient introduced, in this case, by a breakwater field. An increase in erosion westward from the
breakwaters can be seen in Figure[2:4] This is counterintuitive given that the western zone abuts
a 600 m jetty that is expected to sequester sediment on its updrift side, i.e. to east of Belle Pass.
Eroded sediment might bypass Belle Pass though an offshore pathway. This sediment would
be transported to West Belle Pass and the Timbalier Islands. However, this quantity is likely

small given the high rates of shoreline erosion and land loss in these areas. Offshore or overwash
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Figure 2.15: Comparison of LWR contours between the beginning (A) and end of the study
period (B). Notice that more land has been converted into water over the study period, but the
general spatial pattern is consistent.

transport is therefore a more likely pathway for the eroded sediment. Sufficient washover must
occur to maintain a constant dune volume, as it is nearly conserved over the study period while
Z4e and x4 translated landwards approximately 60 m (see Figures and . The fact that
z4. and x4 are relatively stable between TC impacts suggests that the majority of the eroded
sediment is transported offshore during major storms. An alternative explanation is that eroded

sediment does bypass Belle Pass and is deposited in a flood-tidal shoal within Timbalier Bay

(Kulp et all [2002]).

The eastern zone displayed the highest variability with respect to storm-impact response.
Storm impacts nearly removed its entire dune volume, as seen with TS Isidore and Hurricanes
Katrina and Gustav in the upper panel of Figure However, between two successive storms,
dune volume typically recovered a greater amount relative to its post-storm state than observed in
the other zones. This is especially the case near Caminada Pass. The spit quickly built elevation
(see the bottom panel of Figure , but was easily disintegrated. From the observations, one
can assume that TC impacts eroded sediment from the central zone which was subsequently
transported eastward to rebuild the eastern zone during recovery, supporting the hypothesis of

(T977).

The central zone exhibits landward shoreline and foredune translation under normal condi-
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tions as well as post-storm impact. Minimal shoreline recovery between the impacts does occur
as the shoreline accreted 2.1 m, 1.2 m, and 7.2 m between the survey pairs 1998-2001, 2006—
2008a, and 2012-2013, respectively (see Table . Compared to the net landward translation
of the central zone’s shoreline (222.5 m) this process plays a minor role. The spatial pattern in
net erosion rate, which decreases towards the east and west (see Figure , suggests a sediment
transport divergence node exists in the central CH, as previous research has concluded (Harper)
1977} |Georgiou et all 2005). However, in light of the storm impact response/recovery dynam-
ics, it appears less effective as a background process and controls shoreline morphodynamics in
conjunction with major TC events. Overall, dunes within the central zone gained volume while
losing elevation. This can be seen in the temporal change in dune volume and z4. in the lower
and upper panels of Figure [2.11] respectively. At the same time, landward migration of xg.
outpaced x4 resulting in dune flattening. Figure [2.8 portrays the transition in morphology well,
where the initial relatively high foredune is successively lowered and widened.
Alongshore-averaged dune profile change within the central zone appears different than those
of the west and east, found in Figure [2.8] and in Figures and [2.9H, respectively. The initial
and final profiles of the central zone are qualitatively different, whereas those of the western
and eastern zones have been lowered and translated but appear morphologically similar. This
indicates that a state change occurred or was occurring in the central zone over the study period,
plausibly as the result of significant perturbations forced by T'C impacts. Coastal equilibrium
states are identified through conspicuous morphology and are said to transition when a threshold
is crossed in response to external boundary conditions or systemic perturbations (Woodroffe,
2007)). In particular, metastable equilibrium is defined by punctuated, rapid change followed
by a more gradual return to the previous conditions and, as such, is a useful conceptual model
for storm impact response and recovery (Woodrofte, 2007)). See Figure for a conceptual
diagram illustrating how a system in metastable equilibrium responds to storm-impact forcing
with respect to morphological state (e.g. dune volume or zg4.). Equilibrium states themselves
are supported by negative feedbacks which work to stabilize morphology, e.g. storm bar welding
and increased backbarrier sediment volume through washover deposition and aeolian transport.
The CH’s barrier morphology clearly exhibits metastable equilibrium characteristics over
the study period (see the impact/recovery cycles in Figure . As such, the CH’s evolution
partially supports the model of frequently overwashed barriers (FOB) proposed by [Matias et al.
(2009) based on the Ria Formosa barrier islands, Portugal. The FOB model describes the cyclic

evolution of sediment transport and morphodynamics in low-lying barriers that, as a consequence
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Figure 2.16: Conceptual diagram of a system in metastable equilibrium subject to a significant
storm impact.

of limited sediment supply and stunted dune growth, are subject to frequent overwash. The FOB
model consists of four stages: (1) a quiescent or recovery period, which depends on a non-negative
sediment budget, where overwash is uncommon and aeolian processes lead to dune growth; (2)
swash zone and dune erosion due to storm impacts or a re-configuration of sediment transport
patterns; (3) if erosion continues, the overwash-prone barrier is subject to complete overwash
that promotes dune destruction and the development of a wide and low washover plain; (4)
frequent overwashing that includes lesser storm conditions. See Figure for a conceptual
diagram of the CH’s evolution over the study period with respect to the FOB model. Note
that the initial stage has been changed to highlight storm-impacts and a return to metastatic
equilibrium, i.e. stage 1 in Figure corresponds to stage 4 in (Matias et al.l [2009), but the
ordering of the stages is the same.

Applying the FOB model to the current study allows a useful conceptualization: the eastern
zone follows the FOB model’s sequence of stages; the western zone never initiates stage 3 due to
coastal infrastructure; and, in the central zone, stage 1 does not commence following Hurricane
Gustav’s impact. The initial survey period (1998-2001) captured in panel A of Figures
corresponds to stage 1 as the profiles exhibit morphological stability or minor accretion (never-
theless, the dynamic eastern zone exhibits transfer of dune sediment to the beach). Hurricane
Isidore’s impact perturbs the system causing massive beach and dune erosion with a system wide
dune volume loss of approximately 9.3e5 m® (35.6% of the 2001 volume) and shoreline erosion

of 27.6 m to 39.8 m (see morphodynamics in panel B of Figures . Stage 3 does not
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Figure 2.17: Stages in the evolution of a low-lying, frequently overwashed barrier. The right-
hand side arrows indicate the sequence of stages following the impact of a significant TC. The
left-hand arrows indicate recovery trajectories exhibited by the CH’s different alongshore zones.
The thicker arrow represents the western zone, the solid line represents the eastern zone, and the
broken line indicates the central zone not recovering to stage 1 after Hurricane Gustav’s impact.
Adapted from [Matias et al.| (2009).
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occur in the western zone as during the 2002-2006 period aeolian processes rebuild the dune
and minimal swash zone or shoreline erosion occurred (see Figure ) In the central zone,
stage 3 and 4 clearly occurred following Hurricane Isidore (see continued erosion and landward
washover transport in Figure and the annual frequency of overwash in Table . This is
plausibly explained by a negative sediment budget (sediment mobilized from the central zone
feeds the east and west) and a more overwash-prone post-storm dune morphology (alongshore
average zq. < 1 m). There is some evidence that the eastern zone underwent stages 3 and 4,
as there is net dune volume loss (-18%) and minimal z4. growth (+6.3 cm) between 20012006,
but recovery is rapid and it does not exhibit prolonged erosion. The period 2006-2008a (see
panel D of Figures indicates that beach erosion and dune retreat have ceased and ae-
olian processes are promoting dune growth, signaling a return to stage 1 and a completion of
the metastable equilibrium cycle. The sequence of stages approximately repeats itself with the
impact of Hurricane Gustav (captured in panel E of Figures in the western and eastern
zones. However, the central zone does not clearly exhibit a return to stage 1 characteristics,
although there is minimal accretion and dune growth by 2013 (see Figure )

The deviation from the FOB model following Hurricane Gustav within the central zone, as
opposed to the western and eastern zones which conform relatively better to the FOB model,
suggests that the central zone crossed a threshold (or was crossing a threshold) and was no
longer in metastatic equilibrium. Lasting morphological changes to low-gradient, low-elevation
coastline have been observed and/or inferred elsewhere following storm impacts. Evidence from
Santa Rosa, FL, impacted by Hurricane Ivan (2004), suggests that post-storm recovery (stage 1)
depends on nearshore sediment availability and, consequently, pre-storm dune heights (Houser
et al.l |2008| |2015]). Pre-storm dune height was observed to control washover sediment volume
which, for that site, has limited recovery potential due to weak offshore winds. The system’s
susceptibility to crossing an irreversible threshold therefore depends on the relatively higher
dunes’ recovery before the next impact, because the low or discontinuous dunes will continue
overwashing and lose unrecoverable sediment to the backbarrier. The relatively higher dunes
in the central zone show limited, discontinuous recovery between 2002-2008a and are then ap-
proximately flattened and do not recovery following Hurricane Gustav in the period 2008b—2013
(see 777,000 m—779000 m easting and 781000 m—783000 m easting in Figure . Similar to
the morphodynamics observed in the CH’s central zone, Houser et al.| (2015) suggest that the
transition to a lower, flatter barrier profile signals a new equilibrium response. |[Eisemann et al.

(2018)) observed unrecovered sediment loss following Hurricane Katrina (2005) at low-lying Ship
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Island, MS over an eight year period and attributes this primarily to a systemic sediment deficit.
They further observe that sediment transferred to the shoreface during an impact is more likely
recovered, while washover sediment transport does not contribute to subaerial recovery as the
barrier island lacked a marsh platform for proximal deposition.

Harter et al.| (2015) observed five years of lidar data following Hurricane Tke’s (2008) impact
to Follet’s Island, TX (z4. < 3 m) which exhibited complete recovery of dune volume, eleva-
tion, and shoreline position. Their observations largely conform to the FOB model’s sequence
of states. They attribute dune regrowth to bay to barrier aeolian transport of washover fan
sediment. In the central zone, bay to barrier aeolian transport at overwash-prone sections is
presumably limited due to relatively lower LWR which appears to influence mean z4. over the
study period (see Figure and Section . Based on a 4000 year stratigraphic record,
Odezulu et al.| (2018)) argue that this situation at Follet’s Island will change in the future (ap-
proximately 260 years), as limited sediment supply and frequent overwashing will progressively
winnow the subaerial washover deposition and lead to drowning/disintegration of the barrier.
The CH and Follet’s Island exhibit similar geological and geomorphic characteristics. They are
both deltaic barriers with thin (1 m) shoreface sandy sediment overlying clay strata, are low-
gradient and low-elevation, and storm-impacted. Follet’s Island, however, experiences average
erosion rates of approximately 2 m yr' (Odezulu et all 2018), while the historical rate at the
CH is on the order of 10 m yr* (Williams et all [1992). This suggests that the CH’s central
zone may be considered an accelerated version of Follet’s Islands transgressive dynamics and
can serve as analogous system for diagnosing deviations from a metastatic equilibrium subject
to storm impact perturbations. This comparison illustrates that the transgressive processes and
resulting morphodynamics which shaped LA in the 19" and 20" centuries, due to subsidence-
driven RSLR, sediment deprivation, and frequent TC impacts, can serve as analogues for the
future evolution of other low-gradient coastlines due to projected changes in related forcings,
e.g. accelerated sea-level rise, increased storminess, and decreasing sediment supply.

The central and eastern foredunes zones lost elevation at net rates of approximately 2 cm
yr'! despite their conservation of dune volume. It is hypothesized in Ritchie and Penland| (1988)
that dune recovery at the CH follows a 10 year cycle between major storm impacts. The anal-
yses presented here, which encompasses more than 2 major TC impacts, roughly supports this
hypothesis but with a recover period for dune volume which is less than 10 years. However,
dune crest elevation relative to MSL may follow a different recovery trajectory. MSL rose at a

rate of 3.49 mm yr! (calculated from the GI tidal station as the difference between the observed
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rate of RSLR and the vertical land movement rate observed at the co-located National Geodetic
Survey’s Continous Online Reference Station) and alongshore-averaged z4. decreased over the
study period; therefore, the period required to recover dune volume may not be sufficient to
sustain a metastable equilibrium in zz.. One can assume that the impact of TS Isidore low-
ered the CH’s central zones’ dunes past a threshold for recovery given the frequency of storm
impacts that followed (Houser et al., 2015). The western zone appears less vulnerable due to
coastal infrastructure. In addition, both the western and eastern zones are plausibly supported
by negative feedbacks involving return of eroded sediment from the nearshore/beach related to
alongshore fed sediment dispersal from the central zone and the recovery of subaerial washover
deposition.

Drawing definitive conclusions about the TC impacts’ long-term effect would require a longer
lidar time series. However, there is evidence that the CH’s general alongshore distribution of
dune morphology has persisted through storm impacts in the past, though detailed historical
elevation data is missing. The zonation of z4. elevations in 1998 are similar to those in 1977, a
period which encompassed the severe impact of Hurricane Andrew (1993): > 2 m in the west,
between 1-2 m in the center, and < 1 m near bayou-shoreline intersections, though the 1977
eastern section had slightly more elevated dunes (Ritchie and Penland, [1988). The lidar analysis
also suggests that the CH’s intrinsic sediment budget did not change significantly over the study
period, but that systemic changes to the central zone were due to the sequence of storm impacts.
This is based on the approximate conservation of dune volume and that the dune and shoreline

translation rates were relatively steady within each zone.
2.5.2 Effects of Backbarrier Wetland Fragmentation on Low-Lying Coastal

Morphology

Due to its narrow width and low elevation, the CH’s backshore and dunes exhibit a close
connection to the backbarrier wetlands (see Figure . It is reasonable to assume that the
marsh platform’s relative state of deterioration into open water modifies cross-shore processes
such as overwash and aeolian transport. The CH’s low-lying topography is frequently overwashed
during the study period (see Table and, due to alongshore variability in marsh platform
deterioration, the overwash fluxes and storm surge-driven flow interact with both subaqueous
and subaerial environments. Backbarrier depositional environment (i.e. subaqueous or subaerial)
then plays a significant role on subsequent bay to beach aeolian recovery processes (Harter

et al.l [2015; [Houser et al., [2015). Alongshore variation in sediment transport processes, in turn,
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influences the CH’s morphology and morphodynamics (Cooper et al] [2018). In Figure [2.12] two

areas which exhibit erosional “hotspots” (see approximately 778,500 and 782,500 easting) and
chronic breaching over the study period are spatially correlated with relatively lower backbarrier
LWR. These areas are also associated with relatively low dune elevations (see Figure [2.13)).
Along stretches of coastline with relatively higher backbarrier LWRs, dunes are more continous
and elevated while the erosion rate is lessened (see Figures and prior to Hurricane
Gustav). With respect to the CH, which is backed by fragmented wetlands, low LWR, adjacent

the backshore seems to be analogous to narrow barrier island width, which has been related to

breaching, overwash susceptibility, and washover penetration (Rosati and Stonel 2007; Houser|

land Hamilton), [2009} [Houser}, 2013]).

During high water events, an increased hydraulic connectivity between backbarrier water

bodies and the ocean reduces bottom friction for overland flow (Boyd and Penland] [1981)). Over-

wash and storm surge-driven current velocities are higher in less vegetated and wetter areas due

to decreased surface roughness which increases beach erosion, landward sediment transport, and

the likelihood of breaching in numerical modeling studies (Kurum et all) [2012} |de Vet| 2014;

[Passeri et al., |2018). LWR is indicative of vegetated land cover abundance (pixels with lower

N DWT have higher reflectance in the NIR band) which influences washover deposition thickness

and geometry (Wang and Horwitzl, 2007; [Williams|, 2015) and, in areas of low near-field LWR,

washover penetrations will in general be greater given the on average lower elevation and vege-

tation density (Morton, 2002; Morton and Sallenger Jr., 2003). Given an overwash event, it is

plausible that more shoreface and beach sediment is transported landward in front of stretches
of low LWR and it is transported further inland. While this process occurs at the event scale,
at the decadal time-scale, given the frequency of overwash events, the accumulated difference
in landward transport would result in increased shoreline erosion rates seen as “hotspots” in
Figure 2.12]

The interaction between cross-shore processes and backbarrier environment also affects the
dune’s vertical morphology as evidenced by the correlation between LWR, and mean z4.. The
lower elevation dunes located near areas of low LWR would be overwashed more frequently

and with greater energy due to preferentially channelized flow through the low topography

and reduced bottom friction in the backshore/backbarrier (Morton, [2010; Houser} 2012, |2013).

Consequently, these areas would undergo greater bed level change than adjacent higher elevation
areas. This constitutes a positive feedback loop between overwash frequency and bed level

lowering which could produce the pattern seen in Figure A positive feedback between local
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minima in z4. and overwash frequency is used to explain the formation of overwash channels and

breaches (Priestas and Fagherazzi, [2010; [Houser| [2013). It is possible that, in a low-elevation

dune system, backbarrier LWR exerts greater control on z4. and, as a result, overwash frequency
than vice versa. It is unlikely that deposition from overwash could influence the distribution of
land and water observed at the scales seen in Figure Rather, a suite of interrelated geological

controls, which influenced the backbarrier topography and LWR distribution, determined the

alongshore pattern of dune morphology (Cooper et al., [2018)). The most important of these is

presumably the inherited surficial /near-surface stratigraphy and the topography of the mainland
barrier headland. The interior mainland’s wetland surface is striated by shore-aligned coarser

grained and lithified chénier ridges (see seaward-flaring ridges in Figures and [2.12]A) which

formed within the last 710 to 300 years (Kulp et al) [2002). In addition to the chénier ridges,

channel deposits associated with the Lafourche Delta’s progradation led to differential shallow

subsidence due to spatial variability in substrate compressibility (Byrnes et al., 2015;|Jafari et al.,

2018)), which presumably affected marsh drowning and landloss in the CH’s backbarrier. These

controlled the “lagoonal” dimensions of the CH’s backbarrier, i.e. areas of relatively low LWR

where accommodation space is greater (Walters et al., [2014; Brenner et al., 2015; Lorenzo-Trueba)

land Mariotti, [2017)), which influenced the alongshore distributions of chronic storm breaches and

overwash-vulnerable dune crests giving rise to the relationship in Figure [2.13

Once washover is deposited in the backbarrier, the area’s LWR, influences on average the
quantity of sediment which settles out at a sub- or intertidal elevation. An area’s LWR is a
proxy for its hypsography, as a higher LWR entails a larger proportion of supratidal elevations
and vice versa; and, all other factors being held constant, subaqueous deposition of washover
sediment would inversely scale with LWR. Mainland barriers commonly increase in subaerial

backshore volume during inundation- and overwash-regime storm impacts as sediment is trans-

ported from the shoreface landward for subaerial deposition (Duran et all [2016]). On the other

hand, overwash of low-lying, sediment deficit barrier islands leads to subaqueous washover depo-

sition and potential sediment loss from the system (Eisemann et al.,[2018} |(Odezulu et all 2018).

This suggests that, for the CH, the increased net erosion rate and decreased mean dune height’s
relationship with alongshore variations in LWR can partially be explained by increased accom-
modation space for washover sediment landward of relatively lower LWR sections. Backbarrier

accommodation space has been shown to increase the rate of barrier transgression (Walters et al.|

[2014; Brenner et al.l 2015} |[Lorenzo-Trueba and Mariotti, [2017)).

Due to numerous tidal creeks, navigational channels, and impounded water bodies, it is dif-
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ficult to estimate tidally driven sediment transport pathways at the CH without a site-specific
investigation as adjacent marshes can show significantly different sedimentation rates and tidal
amplitudes (Kuhn et al.l|1999). Determining whether proximal washover deposition would even-
tually be tidally flushed is outside the scope of this study. However, transport of washover from
the backbarrier through breach channels appears to be an active sediment transport pathway
during the channels’ intermittent openings (based on post-storm aerial photography). The CH’s
central zone’s backbarrier topography and fragmented wetlands can conceptually be compared
to stage one in the runaway barrier transgression model of FitzGerald et al. (2006) (despite
the system’s microtidal regime). Stage one of their model entails marsh decline which, in turn,
enlarges the tidal prism, consequently widening tidal inlets and increasing ebb/flood shoal sedi-
ment volume at the expense of the barrier. Storm breaches at the CH serve as temporary tidal
inlets. These are historically ephemeral due to low tidal energy and are annealed by alongshore
sediment transport. However, while open they apparently facilitate cross-shore sediment fluxes.
This suggests barrier sediment export via cross-shore tidal fluxes through storm-induced breach
channels may be sensitive to the health of backbarrier wetland ecosystems.

Washover sediment that is subaqueously deposited plausibly has an increased probability of
resuspension and being flushed from the system, rather than being reworked by aeolian processes
back into the dunes (Rosati and Stonel 2009; Eisemann et al. |2018]). Coastline orientation
relative to dominant wind direction is significant for determining the degree of aeolian sand
transport into the foredune as well as development of the dune system (Miot da Silva and Hesp),
2010). GoM barriers are typically oriented normal to off-normal to northerly cold front winds. As
a result, bay or backbarrier to shore aeolian transport of washover deposition is important for the
post-storm recovery process of these systems (Harter et al.; 2015). For the low-relief CH with an
approximately linear coastline, the wind-shoreline angles are approximately alongshore uniform.
Overland aeolian fetch for the dominant fall and winter wind direction (north and northwest) is
reduced by low LWR as relatively more of the wind flow travels over water (Houser and Mathew)
2011). Variability in aeolian sediment transport potential in the backbarrier is therefore an
additional factor explaining alongshore variability in dune height. These factors affect the rates
of post-storm dune recovery within proximity to low LWR backbarrier environments through
direct export of sediment (breach channels) and rendering it unavailable for aeolian transport.
Overwash-susceptibility, aeolian transport potential, and breach-vulnerability plausibly links the
interaction of the backbarrier environment with decadal shoreline morphodynamics through an

alongshore variation in cross-shore processes.
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2.5.3 Implications for Coastal Management

The CH were recently the site of the largest beach and dune restoration project in LA’s
history (completed in 2016). Historic morphodynamic trends provide knowledge of the CH’s
natural, pre-restoration behaviour (given its current geomorphic context) and can benchmark
its state of vulnerability. Morphodynamic trends warrant consideration from this standpoint
and that of the CH’s restoration program’s long-term resiliency. Identification of the CH’s sys-
tematic vulnerabilities and insights into their causality will assist monitoring and maintaining
the restoration project. Historical patterns in shoreline morphodynamics, long-term trends in
subaerial sand storage, and estimated dune crest post-storm recovery rate provide valuable in-
formation for decision makers and further studies.

Erosion rates on the order of 20 m yr™!, which occurs frequently in the central zone (see
Figures and , indicate a state of relatively high vulnerability. Storm impacts to the
CH in this vulnerable state routinely generate erosion rate spike of 40-60 m yr!. Comparing
the post-restoration behavior to this benchmark of vulnerability can provide the context for
making sound inferences about the timing and necessity of maintenance renourishments. While
the alongshore and cross-shore adjustment of the restoration’s emplaced sediment is expected,
morphodynamics which approach the pre-restoration behavior may plausibly be considered as
an indication of vulnerability (Dean) 2002).

A significant finding related to the erosional “hotspots” is their spatial correlation with back-
barrier marsh areas exhibiting a relatively low LWR. The connection between shoreline erosion
and marsh deterioration (for which low LWR may be considered a proxy) prompt further con-
sideration of marsh creation projects near the affected areas. A healthier, more solid backbarrier
marsh, directly landward of the “hotspots”, may enhance the trapping efficiency of washover
sediment and server to buffer the restored CH from re-establishing the relatively high erosion
rates observed pre-restoration. Coastal engineering design could decide to widen the marsh cre-
ation template in these areas. The optimum width could be estimated based on the results of
numerical sediment transport modeling studies.

The BC zone’s barrier will presumably continue to breach during storm-impacts. The erosion
and export of re-nourished sediment associated with the breaching and re-establishment of a
tidally connected embayment is presumably an expensive loss of sediment. To increase future
restorations’ cost-benefit ratio, it may be beneficial to extend the breakwater field an additional

1.5 km eastward. Numerical modeling studies are required to forecast the breakwater extension’s
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effect on the CH’s vulnerable central shoreline and any ecological impacts. It has also been
shown that the alongshore spit of the eastern zone is highly dynamic. Attempts to stabilize
the shoreline would plausibly be an inefficient expenditure of resources. Further, due to the
alongshore sediment transport patterns, this section will presumably continue to recover from
future storm impacts at an accelerated rate compared to the central zone.

Information derived from the dune volume calculations can provide coastal management
with reference values for use in long-term planning. Identification of the near constant trend
in subaerial sand storage, encompassing oscillations generated by storm impact/response cycles,
allows for an estimation of the natural, metastable equilibrium dune volume. It is plausible to
assume that the post-restored CH’s dunes will generally trend towards this volume given the sys-
tem’s geomorphic context. Volumetric calculations using data furnished by routine topographic
monitoring of the subaerial sediment placement can be compared to this reference value. Given
a project design life-time (i.e. the period of time during which the restoration is supposed to
provide services such as limiting wave overtopping, maintain beach width, etc.), the trend in
dune volume based on routine topographic monitoring will allow for a simple estimation of the
project’s performance. Sound inferences about when the project will require maintenance can
be based on a estimate of when the post-restoration volumes will reach the pre-restoration state.

The spatial patterns of dune volume change can be used to further refine the restoration’s
monitoring program. An analysis of post-restoration dune volume trends can be estimated for
the entire CH or target specific vulnerable stretches of the coastline. The behavior of select
stretches of the CH can be monitored more frequently or with higher resolution. This would
allow for a more nuanced decision-making process. For example, if a problem area (e.g. an
erosional “hotspot”) was losing dune volume at a greater rate than the adjacent areas (e.g. the
western zone) and therefore approaching the pre-restoration state faster, coastal management
would have a basis to consider a targeted maintenance of the problem area. On the other hand,
if the trend in the problem area’s dune volume indicates that it will not approach the pre-
restoration state within the project’s design life-time, then the targeted maintenance may be

forestalled and incorporated into a more comprehensive strategy.

2.6 Conclusions
A time series of foredune and shoreline morphology data, derived from nine airborne lidar

surveys, was analyzed to investigate storm-impact response/recovery coastal morphodynamics

at the Caminada-Moreau Headlands, Louisiana, USA from 1998 to 2013. The main findings can
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be summarized as follows:

1. The Caminada-Moreau Headlands’ coastline can be divided into three zones characterized
by different morphodynamics and dominant coastal processes. The western zone is influ-
enced by coastal infrastructure, exhibits comparatively moderate shoreline erosion, and is
relatively resilient to storm-impacts. The central zone is fully exposed to storm-impacts
and regular wave action, exhibits characteristics of a sediment transport divergence node,
and has the highest erosion rates. The entire central coastline displays overwash driven
morphodynamics that are modulated by backbarrier wetland deterioration. Relatively high
erosion rates found in the eastern zone alternate with periods of significant shoreline re-
covery. This zone is morphologically an aggradational spit sustained by eastward sediment

transport from the central zone.

2. The study period (1998-2013) was notable for tropical cyclone activity. Shoreline erosion
and foredune translation exceeding -20 m yr! were observed. Erosion generally resulted
from episodic shoreline translation driven by tropical cyclone impacts with minor or neg-
ligible recovery. The central zone typified this behavior with a net landward shoreline
translation of 222.3 m, while the western and eastern zones translated 54.5 m and 73.6 m,
respectively. Storm-impacts push the central zone past a metastable equilibrium threshold
resulting in negligible recovery following Hurricane Gustav’s (2008) impact. The western
zones’ coastal protection prevents prolonged erosion/frequent overwashing following storm-
impacts. The eastern zone conforms relatively well to the frequently overwashed barrier
model with approximately complete dune recovery following devastating storm-impacts

(Matias et al., 2009).

3. The alongshore spatial pattern of net erosion rates within the central zone was found to be
inversely correlated with the land-to-water ratio of the adjacent backbarrier wetland. The
mean dune crest elevation positively correlated with the backbarrier’s land-to-water ratio.
It is hypothesized that the fragmentation/deterioration of the wetlands into open water,
represented by a low backbarrier land-to-water ratio, influences washover sediment trans-
port and post-storm recovery. Possible mechanisms for this are reduced bottom friction
during overwash events, increased backbarrier accommodation space, and reduced aeolian

sediment transport potential during recovery periods.

4. Foredune translation slightly exceeded shoreline erosion while dune volume is approxi-
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mately conserved through time. This partially supports the “rollover” model of coastal bar-
rier transgression. However, the central and eastern dunes lost elevation at approximately
-2 cm yr't. The central zone’s morphology also appeared to transition from low-elevation
foredunes to overwash terraces and sheets. This suggests that the central foredunes were
pushed past a threshold for resilience given the area’s rate of relative sea-level rise (3.49
mm yr!). It is conjectured that the central zone lacked the capacity to withstand the

tropical cyclone impacts occurring between 1998 and 2013.
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CHAPTER 3

EVENT-SCALE MORPHOLOGICAL MODELING OF LOW-
LYING MAINLAND BARRIER SUBJECT TO HURRICANE
FORCING:THE ROLE OF BACKBARRIER WETLANDS

3.1 Introduction

Sediment transport associated with tropical cyclones (TC) is an important morphodynamic
driver for coastlines. For example, TC impacts have been estimated to account for up to 90% of
Louisiana’s (LA) shoreline change over decadal time scales (Stone et al., [1997). Morphological
change resulting from sediment transport directly influences the barrier’s resiliency to future
storm impacts (Woodrofle, 2007). Additionally, the depositional environment (e.g., backshore,
backbarrier lagoon, or offshore) imposes control on the amount of sediments available for recovery
processes (Houser et al.l 2008). Understanding the drivers and processes responsible for coastal
geomorphic change is therefore central to estimating long-term sediment budgets—an important
facet of resiliency in the context of sea-level rise and a changing climate (Miselis et al., | 2016}
Miselis and Lorenzo-Trueba, 2017)—and coastal restoration.

When a TC impacts the coast, the magnitude and direction of net sediment transport results
from the combination of storm surge induced pressure gradients and surface wave orbital motion.
The storm-driven flow is modulated by the biogeophysical and morphological state of the coastal
barrier that further complicates sediment transport patterns. Variability in sediment transport
and morphodynamics is therefore difficult to generalize across storm events and coastal settings
due to inherent site-specific differences. Because of its distinct topographic and land cover char-
acteristics, the Caminada-Moreau Headlands (CH), a rapidly-eroding deltaic headland of the
Mississippi River Delta (MRD) complex (Williams et al. |1992; Kindinger et al., 2013)), exhibits
contrasting TC impact-driven sediment transport processes from many other coastal barriers.
First, its low-lying topography makes the CH more susceptible to overwash and inundation. Sec-
ond, there exists an extensive, fragmented backbarrier wetland without a characteristic lagoon
(receiving basin for washover sediment). Overwash transport and storm surge-driven flow are
influenced by this variability in land cover (e.g., wetland creek bottom or emergent estuarine
vegetation) at length scales that range from 10° m to 10® m. In addition, the biophysical prop-
erties of vegetation and bed composition have been observed to influence post-storm washover

deposition (Morton) 2002; [Morton and Sallenger Jr., [2003; \Wang and Horwitz, [2007). Third,
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the CH is a sand-limited system (Kulk et all [2005). The barrier morphostratigraphy exhibits

a surficial veneer of sand overlying and transgressing the backbarrier marsh and paleo-deltaic

sediments (Penland et all [1988)). The thickness of the sand layer becomes significant for sedi-

ment transport during TC impacts as erosion may completely remove this layer, exposing marsh

outcrops or the mud barrier-core (Ritchie and Penland, 1988} Dingler and Reiss| (1995 |Cooper],

2013). The CH was chosen as a study site based on these considerations, in addition to its
economic importance as a barrier for Port Fourchon and its recent large-scale beach and dunes
restoration.

A significant number of TCs have impacted the CH and influenced its morphology over the

past two decades (Johnson et al., [2019)). Hurricane Gustav (2008) was particularly chosen for

this study as it produced the most severe morphodynamic response, i.e., alongshore-averaged

shoreline and dune crest erosion of 48.5 m and 41.7 cm, respectively, and was accompanied by

extensive data collection activities (Doran et al. [2009; [Kennedy et al., [2010)). This study inves-

tigates the CH’s morphological responses to the evolution of impact regime forcing
during Hurricane Gustav and analyzes the overwash/inundation processes of a low-lying
mainland barrier. In particular, the analyses herein relate the TC-driven sediment transport
processes to the CH’s site-specific characteristics. XBeach—a state-of-the-art, event-scale sedi-

ment transport/morphodynamic model—was chosen to hindcast Hurricane Gustav’s impact as

it has been extensively used to study TC impacts to barrier islands (Roelvink et al., [2009; [Mc-|

[Call et all| [2010; [Lindemer et al.l 2010} [Sherwood et all, 2014} [Nederhoff et al, 2015} [Smallegan|

let al] 2016}, [Harter and Figlus| 2017} [Roelvink et all 2017} [Smallegan et al, [2017; [Passeri et al.]

2018; [Schambach et al. 2018; van der Lugt et all 2019). Utilizing an event-scale morphody-

namic model allows for a quantitative inspection of overwash and inundation processes and the
influence of topography/land cover on these processes at great detail in conditions where direct
observation is often prohibitively difficult, if not impossible. The local-scale morphodynamic
model’s verification also provides the means to assess the land cover and topo-bathymetric in-
puts as variables influencing TC-driven sediment transport at the CH. This will allow future
research to conduct numerical experiments of TC impacts to assess the feasibility of various
barrier restoration design options and thus the CH’s future resiliency.

To address the importance of nearshore sediment supply in the barrier “rollover” process
and shoreline erosion during a storm event, a non-erodible layer is set up in the model and
specified at the surficial sand layer’s contact with the underlying barrier-core. This allows for a

numerical experiment that specifically assess the significance of nearshore sediment availability
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in overwash transport at the event time-scale (Miselis and McNinchl |2006). Analysis of overwash
processes in distinct ecomorphological areas of the CH address how variability in morphology and
backbarrier environment influence overwash. Specifically, whether a relatively more fragmented
wetland surface (i.e., lower bed friction and hypsometry) promotes landward sediment transport
during the overwash and inundation regimes compared to a relatively intact wetland surface (i.e.,
higher bed friction and subaerial land cover) is investigated.

The CH was recently the site of a major restoration effort including a $218 million beach and
dune renourishment and a $56 million backbarrier marsh creation component (Louisiana Coastal
Protection and Restoration Authorityl|2017)). Model calibration and validation completed herein
lays the foundation for future work that focuses on forecasting future TC-driven geomorphic
change to the CH. The future work will address the optimization of barrier system restoration
design to retain sediment during storm impacts in relation to long-term coastal sustainability.
Beach and dune restoration is critically important for the protection of Gulf of Mexico (GoM)
coastlines and many other mid- and low-latitude coastal zones subjected to TC impacts. Future
barrier design projects will benefit from an investigation into the role of low-lying topography,
land cover, and sediment availability within such impacts.

In this section, a brief introduction with relevant literature is presented. The rest of the
paper is structured as follows: Section provides an overview of the CH and Section [3.3
describes the model setups, input generation, and post-processing methods; in Section the
computational results are presented and compared with hydrodynamic and morphodynamic
observations associated with Hurricane Gustav; Section [3.5]discusses the sediment supply-limited
numerical experiments, sediment transport and morphodynamics under overwash/inundation
regimes in the context of low-lying barriers and backbarrier land cover/morphology’s effect on

deposition patterns; Section [3.6] summarizes the key findings.

3.2 Study Area

The CH is located in southeastern LA, USA, on the GoM’s northern coast. It is a mainland
barrier that forms a headland at the center of the (Late) LaFourche Delta littoral compartment.
Its coastline is approximately 21 km long bounded by two artificially stabilized navigational
inlets: Caminada Pass and Belle Pass, to the east and west, respectively (see Figure )
Alongshore drift-fed barrier islands (i.e., Grand Isle and the Timbalier Islands) flank the central
headland and shelter the large, shallow coastal embayments Barataria Bay and Terrebonne

Bay. Thirteen rubble mound breakwaters, a seawall, and an earthen dike protect the shoreline
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directly seaward of Port Fourchon (Johnson et all,[2019)). The CH’s natural (pre-restoration circa

2013) coastal morphology consisted of alternating washover sheets and terraces, discontinuous

foredunes and intermittently-open breach channels (Harper, [1977; Penland and Boyd| [1981}

[Ritchie and Penland) [1988). Pre-restoration foredune elevation was typically less than 1.5 m

above mean sea-level (MSL). Median sand grain sizes grade finer from a range of 160 to 249
(mean = 200 £ 19) wm over the dunes and beach to 74-159 (mean = 100 £ 23) um between 5.5

and 8 m water depth. For further details on the CH’s long-term evolution, the reader is referred

to |[Williams et al| (1992)), Kindinger et al.| (2013)) and [Byrnes et al.| (2017]).

With regard to the CH’s unique geology, an overview of its geological formation is insightful.

In LA’s coastal geologic literature, the CH is conceptualized as phase one in the MRD complex’s

delta cycle (Penland et al.,|1988]). Phase one describes the morphostratigraphy of an abandoned

delta lobe after marine transgressive processes, i.e., relative sea-level rise (RSLR), alongshore
drift, and overwash, have considerably reworked the original depocenter. Complex vertical and

lateral stratigraphic sequences arise due to meandering distributary channels and the concurrent

alongshore drift-fed accumulation of beach ridges (Kulk et al., 2005). However, a thin wedge or

veneer of mobile sand on top of paleo-deltaic strata and a contemporary marsh cap layer is used

to conceptualize the upper shoreface and barrier (Harper} [1977; Penland and Boyd, 1981} |Dingler|
1995). This model describes the contact between the reworked, mobile modern sand

and the underlying paleo-deltaic sediment and/or backbarrier marsh platform.

The sand layer’s thickness tapers from 3-4 meters near the inlets to very little in the central
area where marsh outcrops or the barrier-core may be exposed. Marsh outcrops and the barrier-
core denote the appearance of the underlying marsh surface or muddy-clay layers, respectively,
among the thin beach or washover sand lithosomes. During storm events, the sand layer’s
thickness affects local sediment transport as it influences sediment availability and can be entirely

eroded, exposing a nearly non-erodible bed composition (e.g., marsh platform soils with root

systems or over-consolidated clays) to erosional processes (Rosati and Stone,2009). The exposure

of marsh outcrops in eroding sediment-limited barrier sand bodies has been documented in the

literature (e.g., Doughty et al| (2004); Harter et al|(2015)); Matias et al| (2009); [Cooper] (2013));

\Sherman et al|(2013)). |Cooper| (2013) observed that the overstepped marsh platform is exposed

for a period of time at the shoreline and is eroded at different rates by different processes than
the migrating barrier sand body. The exposed barrier-core retreats during ambient conditions
and is less affected by storm events as it is probably submerged (Cooper] 2013)). Conceivably,

an analogous process occurs during TC conditions.
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Figure 3.1: (a) CH model grid and initial bed level. The inset shows the CH domain relative
to coastal LA and Gustav’s track. Kennedy et al| (2010)’s wave gage 9 (AK9) is indicated
and SWAN output locations are marked on the model’s offshore boundary with red circles.
Subregions Bayou Thunder (BT) and Bay Champagne (BC) are marked with black squares. (b)

GoM grid (blue) and LA grid (orange polygon). Hurricane Gustav’s track is presented with the
timestamps and black dashed line.
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3.3 Materials and Methods

3.3.1 Large-Scale Hydrodynamic Model

A two-dimensional, depth-averaged (2DH) fully-coupled SWAN/Delft3D-FLOW model (Lesser
et al.| (2004), SWAN version 4072ABCDE, Delft3D revision 64519) was used to simulate Hur-
ricane Gustav’s waves and water levels at the CH. Two nested grids were employed to allow
finer grid resolutions near the coast while reducing the overall computation time. The GoM grid
covered the western Atlantic basin, the GoM, and the Caribbean Sea (see Figure ) Water
levels were pre-computed on the GoM grid and imposed as water level time-series along the open
boundaries of the LA grid. The LA grid’s areal coverage contains the northern GoM coast, ex-
tending approximately from Houston, Texas to Mobile, Alabama with an offshore boundary that
roughly coincided with the continental shelf break (see orange polygon in Figure ) SWAN
computed wave spectra on both grids simultaneously to generate boundary conditions for the
nested grid, i.e., the LA grid. In the low-gradient GoM coastal zone, storm surge and surface
waves are modulated by vegetation to attenuate storm surge and wave energy (Hu et al., 2015}
Liu et al., [2018). Vegetation cover types were incorporated into the LA model based on a 2007
US Geological Survey (USGS) aerial survey (Sasser et all 2008)) and the physical properties of
each type were assigned using the USDA herbaceous plant database and other literature. Further
details on the large-scale hydrodynamic-wave model’s setup and verification of the vegetation
inputs can be found in |Liu et al.| (2018)).

Different from |[Liu et al| (2018)’s model, the LA grid was refined over the CH’s foreshore,
coastline, and backbarrier wetland. The model’s input topo-bathymetry in this location was
updated to incorporate the high-quality topo-bathymetric data described in Section Addi-
tionally, the meteorological forcing (i.e., wind velocity and atmospheric pressure) were generated
by merging a tropical cyclone model (Holland et al., |2010), based on the National Hurricane
Center’s best track data for Hurricane Gustav and observed TC geometry to capture the high
wind speeds of the storm’s eye, with background wind velocities and pressure fields provided by
the North American Regional Reanalysis (NARR) program. Finally, in contrast to applying a
bulk drag coefficient to compute wind stress for the momentum balance, or one which increases
monotonically with wind speed (Charnock}, [1955)), observational data in Powell et al.| (2003)
indicate that at high wind speeds the air-sea interface begins to saturate in terms of momen-
tum transfer. Here, we apply the relationship of [Vatvani et al| (2012) for the hydrodynamic

simulations, where the drag coefficient first increases with wind speed and then decreases after
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approximately 30 ms™.

3.3.2 Local Morphodynamic Model

A local XBeach model (XBeach-X release, revision 5526) of the CH (referred to as the CH
model) was nested within the LA grid (see Figure ) The governing equations of XBeach have
been covered extensively in previous studies (Roelvink et al.; 2009, [2012] 2017)). XBeach was
executed in “surf-beat” (SB) mode which solves the non-linear shallow water equations at the
wave group time scale (Roelvink et al., [2009). The momentum equation is tightly coupled with
a wave action model to force low-frequency infragravity waves. Suspended sediment transport
is modeled with a depth-averaged advection-diffusion equation of suspended sediment concen-
tration; and the bed load sediment transport is calculated with the formula proposed in (Van
Thiel de Vries, [2009). The resultant morphological changes are computed through the Exner
equation and a dune avalanching algorithm. The CH model’s computational grid, input data,
and non-standard processes are described in the following subsections.
Grid and Initial Topo-Bathymetry

The CH model’s computational grid is curvilinear with a refined resolution over the beach,
dunes, and tidal inlets. The domain spans approximately 30 km in the alongshore direction
and 13 km in the cross-shore for a total area of 390 km? (see Figure ) The landward
boundary was fitted to LA Highway 1 and the seaward boundary extends to the limit of the
high-quality bathymetric data (approximately -14 m NAVDS88). Grid size in the cross-shore
decreases smoothly from 40 m offshore to approximately 3 m at the duneline and increases
again to 20 m at the landward boundary. Grid spacing in the alongshore dimension transitions
smoothly from approximately 10 m over the tidal inlets (Belle Pass and Caminada Pass) to 20
m elsewhere. The given resolution was achieved with a total number of 1,008,750 grid cells.

The subaerial topography, as input, is generated by using a combination of a pre-storm
LIDAR survey, terrestrial real-time kinematic global positioning system (RTK-GPS) survey, and
the 2014 Coastal National Elevation Database (CoNED) digital terrain model (DTM) (Thatcher
et al.}|2016)). The LIDAR survey was conducted by the USGS’ Experimental Advanced Airborne
Research LIDAR (EAARL) on March 3™, 2008 and a nominal vertical /horizontal accuracy of
0.15/1.0 m was reported (Fredericks et al., [2017). The sandy beach, dunes, and backshore
were covered by the quality-controlled USGS’ LIDAR data (see online Supplement in [Johnson
et al. 2019)) that had been filtered to exclude all points below mean high water (MHW). Over

34,000 RTK-GPS points of wetlands, marsh ponds, tidal creeks, and navigational channels were

57



incorporated to resolve the CH’s backbarrier topography (CPRA, personal communication).
The subaqueous domain was entirely covered with the 2006 LA Barrier Island Comprehensive
Monitoring (BICM) Project’s hydrographic survey (single-beam sonar) that reported a vertical
accuracy of 0.18 m (Kindinger et al.,[2013). The high-quality data (i.e., the LIDAR, single-beam
sonar, and RTK-GPS data) were triangularly interpolated to the computational grid while grid
points outside the high-quality data’s coverage were sampled directly from the CoNED DTM
and smoothly merged with adjacent elevations.

Boundary Conditions

Water levels from the LA grid were output every 30 minutes at the CH domain’s corners and
linearly interpolated across its boundaries. Two-dimensional wave spectra were extracted from
the SWAN outputs at three locations along the CH model’s offshore boundary (see Figure )
and used to generate spatially varying wave energy boundary conditions with a resolution of 30
minutes. Zero gradient flow and wave energy conditions were specified on the lateral boundaries.
Absorbing-generating boundary conditions, which allow low-frequency oscillations in the water
level to pass out of the domain, were used on the landward and seaward boundaries (van Dongeren
and Svendsen, [1997)).

Non-Erodible Layer Specification

Hard coastal infrastructure in the CH, i.e., Port Fourchon, the road network, breakwaters,
seawall and jetties were treated as non-erodible for all simulations. Preliminary simulation results
indicated that unlimited sediment availability in the active layer overestimated post-storm dune
volume. In light of this, for a numerical experiment (Section which examines the influence
of sediment availability, a non-erodible layer (specified as the barrier-core) was generated for the
CH domain to model limited foreshore sediment supply. The numerical experiment’s sediment
transport results are contrasted those of the base simulation, which contains an infinitely thick
erodible layer outside the coastal infrastructure.

In the limited sediment supply case, sediment volume above MHW was considered as mobile
dune/beach sand; whereas sediment below was treated as immobile clay/vegetated marsh sur-
face, i.e., the barrier-core/marsh outcrops. Mean high water served as a proxy for the underlying
marsh platform’s elevation (Krone, 1985 [Morris et al.l |2002) and a value of 0.297 m NAVD88
was obtained from the nearby Grand Isle (GI) National Oceanic and Atmospheric Administra-
tion (NOAA) tidal station (CO-OPS id: 8761724). The mobile layer’s thickness was calculated
as 2zt — MHW, where z' is the initial bed level defined on the CH grid. Thus, the mobile

layer’s thickness varies spatially with the initial bed level, but the non-erodible layer’s elevation

58



is uniform across the domain. Because the CH’s primary sand storage is mostly contained in sub-
aerial washover deposits overlying a transgressed marsh platform, we believe this simplification
is reasonable. Perhaps in reality, the underlying layer is not completely immobile; however, due
possibly to over-consolidation, inter-particle cohesion, and vegetated root networks, the critical
shear stress for erosion is conceivably high. Although unresolved variability in the non-erodible
layer, particularly near the berm and shoreline, will likely influence the sediment transport hind-
cast, a more detailed treatment is outside the scope of this work and is identified as an area for

future research.

3.3.3 Land Cover Classification and Bed Friction Parameterization
Land cover, which is parameterized in terms of a calibrated bed roughness, is incorporated

into the CH model to realistically simulate erosion/deposition as it influences sediment entrain-

ment and transport. Such calibration, which includes the biophysical properties of vegetation

through land cover classifications, has been shown to significantly improve morphodynamic model

skill in overwash and inundation regimes (Kurum et al.| [2012} |de Vet et al.l[2015; Nederhoff et al.|

[2015; [Passeri et all [2018; [Schambach et al.l [2018; [van der Lugt et al. 2019)). Land use/land

cover (LULC) maps provided by NOAA’s Coastal Change Atlas Program (C-CAP) or the Na-

tional Land Cover Database (NLCD) are routinely utilized to incorporate LULC based surface

roughness into hydrodynamic/sediment transport models (Dietrich et all [2011; Mederios et al.|

[2012] [2015} [Passeri et al.| 2018; [Schambach et al., 2018). However, C-CAP and NLCD maps

were not suitable for hindcasting Gustav due to a two-year offset in their production from the

event. A two-year offset in LULC classification is significant for the CH as historically its rate

of erosion is 15 m yr! or greater (Williams et al., 1992 Kindinger et al. 2013). The LULC

classifications over the shore and the backshore vegetation were therefore spatially inaccurate
and could not properly model the CH’s surface roughness distribution (see Figure .

To calibrate accurate roughness fields for the CH model, remotely-sensed imagery from Land-
sat 5 (Thematic Mapper) for the date of August 30th, 2008, two days prior to Gustav’s landfall,
was separately classified (see Figure [3.2). The Semi-Automatic Classification Plugin (SCP)

(Congedol, [2016) for the Quantum Geographic Information System (QGIS) (QGIS Development|
2018) was used throughout the LULC classification process; both free and open-source

software packages. Spectral bands 1, 2, 3, 4, 5, and 7 were used as data in the LULC classi-
fication. A principle component analysis was initially performed on the band set and the first

three principle components were used to automatically define the training data regions. Training
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Figure 3.2: Shoreline mapping of LULC classifications. (a) the CH model’s LULC classification
with the detailed area in (b), (¢), and (d) shown with a black polygon. (b) and (d) display
the 2006 and 2010 C-CAP classifications, respectively. (c) the 2008 land cover classification
performed in this study. Note that the open water LULC class is made transparent to reveal
the imagery.

data regions for five LULC classes were assigned following the C-CAP scheme: open water, low
development, unconsolidated shore, estuarine emergent wetland, and grassland /herbaceous. The
minimum distance method was used for pixel classification.

The LULC classification was incorporated into the CH model through bed friction coefficients

that depend on the Manning’s n coefficient. Manning’s n values were mapped to LULC classes

following the [Mattocks and Forbes| (2008)’s calibration which has been successfully used in

XBeach (van der Lugt et al., 2019). The Manning’s n field was sampled at the CH model’s grid

points and smoothed to avoid abrupt transitions in roughness.

Dynamic bed roughness was utilized to incorporate the damping of roughness due to the

local vegetation’s burial or removal by deposition or erosion, respectively (van der Lugt et al.|

. The root length was set to 0.3 m (dyo0) and 0.5 m was used for the stem length (dstem ).
The variable roughness field realistically captures cross-shore bed friction gradients and reduces
unrealistic landward sediment transport rates during the inundation and overwash regimes. In
addition, it also reduces bed friction when backbarrier vegetation is buried by washover deposi-

tion or removed by erosion.
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Table 3.1: Land cover class definition correspondence with C-CAP classification scheme and
their associated Manning’s n values for bed roughness.

Classification C-CAP class name Manning’s n
Water Open Water 0.020
Sand Unconsolidated Shore 0.020
Backbarrier vegetation Grassland/Herbaceous 0.034
Wetland vegetation Estuarine Emergent Wetland  0.045
Anthropogenic Low Development 0.050

3.3.4 Model Performance Metrics

The computed geomorphic changes were assessed by comparing simulated post-storm bed
level elevations to a post-Hurricane Gustav LIDAR survey. The post-storm LIDAR survey
was conducted by the USGS’ EAARL on September 9*®, 2008 (Fredericks et al., 2017). Tight
temporal constraint on the input and verification data with regard to the event is important
for model verification (Lindemer et al. |2010); in this case, the pre- and post-storm LIDAR
were collected 5 months prior to and just 5 days after Hurricane Gustav’s impact, respectively.
The post-storm LIDAR survey data were averaged within the CH grid cells to yield comparable
values. Observations below MHW were removed because turbid coastal water may reflect the
LIDAR beam incorrectly measuring bathymetry. The computed morphology was also visually
compared to post-storm aerial imagery acquired 4 weeks after Hurricane Gustav (October 15¢)
2008) that also contained the impact of Hurricane Ike which made landfall September 13", 2008
in Galveston, Texas.

Standard statistical quantities were used to assess model accuracy and its predictive capa-
bility. The bias or mean error (€) describes the overall tendency to over-estimate erosion (€ < 0)

or accretion (€ > 0) and is calculated as

_ 1
e=—
N

N
i=

i i
(Zpost,JV[ODEL - Zpost,LIDAR) ) (3.1)
1
where N is the number of grid cells containing observations, zﬁmst’ vopper s the ith grid cell’s

computed post-storm bed level elevation, zéost’ Lipar is the LIDAR-derived post-storm elevation.

The root-mean-square-error (e,,,s) was computed as

N
2
Crms = 1 2 — 2 (3.2)
Tms — N post, MODEL post, LIDAR | * :
i=1

Model skill (s), which serves to benchmark predictive capability, was computed as
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where Az%,4p is the observed bed level change in the i
modeled change in the same cell (Gallagher et al. [1998). A perfect simulation is indicated by
s = 1, whereas s = 0 indicates that the results are no better than predicting no bed level change.
If s < 0, then zero bed level change is a better prediction than the model’s results.

Finally, the scatter index (ST) is used to provide an overall measure of the difference between

the predicted and estimated bed elevation in the domain and is given as
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A post, LIDAR

3.4 Results

3.4.1 Hydrodynamics

Waves and water levels generated by Hurricane Gustav were verified for the LA domain
using observation data collected from the GI NOAA tidal station, LA’s Coastwide Reference
Monitoring System’s (CRMS) water level loggers (CRMS0292 and CRMS1064), and wave gages
8, 9, and 11 from Kennedy et al.| (2010)). Figure compares observed versus computed mean
water levels (panels b—g) along with observed versus computed wave parameters (panels h—
j) and the biases and root-mean-square errors are tabulated in Table The hydrodynamic
model reproduces the water level observations with e,,,s values in the range of [0.16 m, 0.31
m]. The CRMS0292 and CRMS1064 stations (b and c in Figure respectively) are located
within the intertidal marsh and indicate that overland flow is accurately modeled; however, the
model slightly underestimates the storm surge’s peak magnitude. The GI station (Figure )
is sheltered within a harbor which offers an explanation to the phase and magnitude differences.
Wave gauges AK8, AK9, and AK11 (e—g in Figure slightly overestimate the peak water
level with biases of -0.02 m, 0.09 m, and 0.12 m, respectively. The consistent offset in water
level prior to the Gustav’s impact in AK9 and AK11 is plausibly explained by the settlement
of the instrument on LA’s muddy sea floor. Significant wave height at AK9 and AK11 (i and

j in Figure are reproduced with e;.,,s values of 0.34 m and 0.14 m, respectively, with the
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Figure 3.3: (a) Location of observation stations within the LA domain in relation to the local
XBeach domain (blue polygon). (b—j) Comparisons between calculated hydrodynamics and
observations with observations in black, computed values in dashed blue, and Gustav’s approx-
imate landfall time at Cocodrie, LA indicated as a vertical green line. From left to right water
level comparisons at CRMS station 0292 (b) and 0164 (c), NOAA’s GI tidal station (d), and
Kennedy et al|(2010)’s wave gages 8 (e), 9 (f), and 11 (g). Significant wave height comparisons
at Kennedy et al.| (2010)’s gages 8 (h), 9 (i), and 11 (j).

modeled peak leading the observations by approximately 1 hour at AK9. The difference between
the modeled and observed significant wave heights at AK8 (e,s = 0.61 m) is likely due to
inaccurately modeled wind fields near Hurricane Gustav’s track, which passed approximately
over AK8’s location.

Figure shows the boundary conditions used to force the CH (XBeach) model, as well
as, its internal hydrodynamic and wave computations. The water level boundary condition
hydrographs ) indicate a small east-to-west gradient which becomes seaward directed past
the storm’s peak. The computed water level at AK9 (Figure reproduces the measurements
with a bias and root-mean-square-error of 0.05 m and 0.22 m, respectively. Figure 3.4k and
Figure 32k indicate small variability in wave climate along the offshore boundary. A decent

match between the computed and observed significant wave heights at AK9 in Figure [3.4] is
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Table 3.2: Statistical performance metrics for the LA domain’s flow and wave models.

Water level

Significant wave height

CRMS0292 CRMS1064 GI AKS AK9 AKIl AKS AK9 AKIL

e [m] 0.16 027 026 -0.02 0.09 012 -0.13 0.07 -0.01

€rms [m] 0.19 030 031 016 021 025 061 0.34 0.14
2 F T T b

Hmo [m]

peak period [s]

) 0 »
4\ 00 3 18 12
gep gen? eV

00
A 6%
Ao £l

" o
Sev Sev Sev

o W
130 00 e
o oV x v

Figure 3.4: (a) Water levels imposed on the CH domain. The dashed lines indicate offshore and
the solid show the landward boundaries. The eastern and western locations are shown in black
and red, respectively. (b) Water level comparison between the CH model results (black) and
observations at AK9. (c) Wave height from the CH model’s wave energy boundary conditions;
solid is eastern, dashed is central, and dash-dot is the western location, respectively. (d) Wave
height comparison between computed results (black) and observations at AK9 (blue). (e) Peak
period computed from wave energy boundary conditions with same notation as (c). (f) Compar-
ison between CH model’s computed peak period results (black) and observations at AK9 (blue).
Hurricane Gustav’s landfall is indicated by a green vertical line.

achieved with a bias and root-mean-square-error of 0.17 m and 0.41 m, respectively, with a some
overestimation before and after the peak. The comparison of peak periods is satisfactory (e =
0.99 s and e,,s = 2.69 8), but the computed wave periods slightly lead the observations in time.

where H,,,; is the root-mean-square-error

For wave calculations, the breaker index, v = Hzlms

wave height and d is the local depth, in the wave breaking dissipation term was adjusted from

its default value of 0.55 to 0.4 which is within a reasonable range (Hoonhout), 2015)).

3.4.2 Morphodynamics

Domain-Wide Verification

The computed results for the entire CH domain were compared with the LIDAR observations
in terms of post-storm subaerial volume (Vy,), dune crest elevation (z4.), and bed level change
(Az). Subaerial volume calculations were limited to grid cells with elevations above MHW which
were contiguous with the main barrier sand body. The net change in subaerial volume (AVj,) was

calculated at cross-shore grid lines between the CH’s input and output topography. Figure [3:5h
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Figure 3.5: (a) Alongshore distribution of computed (black line) and observed (blue line) post-
storm dune volume. The green area is influenced by hard structures (seawall, breakwaters, and
jetty) and the magenta area is influenced by an alongshore spit and inlet system. (b) Correlation
between observed and computed post-storm volume where the western, central, and eastern most
regions denoted in (a) are represented with green squares, black circles, and magenta triangles,
respectively. (c) Alongshore distribution of computed and observed volumetric change. (d)
Correlation between computed and observed volume change.

and ¢ show the alongshore distribution of post-storm Vi, and its net change, respectively. The
central CH, approximately between 774000 and 785500 easting (referenced to Universal Trans-
verse Mercator Zone 15 North throughout) matches the trend in observed post-storm Vi, well
but shows a systematic overestimation of net accretion between 779000 and 782500 easting and a
variable response elsewhere. The CH’s western shoreline (west of 774000 easting and highlighted
in green) is protected with rubble mound breakwaters, a seawall, and an earthen dike. The com-
puted results here underestimate erosion which may be due to unresolved interactions between
the hydrodynamic-wave model and the structural defenses. The eastern end (shown in magenta
and approximately east of 785500 easting) is an attached alongshore spit and tidal inlet system.
The computed results here show that erosion is relatively underestimated. Computed versus
observed post-storm Vy, and the net change in Vj, are plotted in Figure [3.5p and c, respectively,
and the statistical metrics are provided in Table

Post-storm z4., defined as the maximum post-storm bed level elevation along a grid line, is
shown in Figure [3.6p. Post-storm z4. does not exhibit the same trends as V.. The computed
post-storm zg4. is not systematically biased in the central CH domain, but begins to show a
small discrepancy and a larger positive bias near the structural defenses and inlet system. This
is also evident in the computed versus observed post-storm z4. and its net change presented in

Figures[3.6b and d, respectively. Overall, the computed morphology in the central section of the
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Table 3.3: Statistical assessment of the computed Vy, and z4. and their net changes for the entire
CH domain. The results are assessed in terms of model bias (€), root-mean-square-error (€, ),
and scatter index (ST) using the LIDAR observations as reference values.

Vvsa A‘/sa Zdc Ach
Section e [m®] (%)  emms m?] SI[] SI[] @e[m] (%) emms [m] SI[] SI[]
Bast 767.4 (84.7) 880.8 049 0.22 0.53 (67.0) 0.57 0.25 0.28
Central 282.8 (16.8) 3874 0.15 0.29 0.13 (19.1) 0.40 0.38  0.67
West 978.3 (29.7) 1160.0 0.17 0.22 0.35 (22.3) 0.50 0.20 0.62
Overall 5094 (27.8) 717.8 0.23 0.33 0.23 (25.5) 0.47 0.33  0.68

—— observed  —— computed b

»
s

»
in

nd
o

n

Post-storm Zgc [m]

o

west
central
east

Computed post-storm Zgc [m]

4
in

L H -
770000 772500 775000 777500 780000 782500 785000 787500 0.0 1.0 2.0 3.0 4.0
Observed post-storm Zgc [m]

-0.5

Computed AZgc [m]

o

1 1 1557
770000 772500 775000 777500 780000 782500 785000 787500 15 10 05 0.0 0.5
Easting [m, UTM 15N] Observed Azge [m]

Figure 3.6: (a) Alongshore distribution of computed (black line) and observed (blue line) post-
storm dune crest elevation. The green area is influenced by hard structures (seawall, breakwaters,
and jetty) and the magenta area is influenced by an alongshore spit and inlet system. (b) Corre-
lation between computed and observed zg. where the western, central, and eastern most regions
denoted in (a) are represented with green squares, black circles, and magenta triangles, respec-
tively. (c) Alongshore distribution of computed and observed net z4. change. (d) Correlation
between computed and observed net change in z4..

CH is less biased than those of the other sections and that of the CH domain as a whole (see
Table |3.3)).

Bed level change at each grid cell containing LIDAR data (number of grid cells = 30,604
covering 3.1 km?) was calculated for the central CH and is compared to the observations in
Figure [3.7] Positive and negative biases are delineated by a one-to-one line. Points falling above
the line indicate overestimated accretion and those falling below an overestimation of erosion.
The II and IV quadrants in Figure [3.7] indicate qualitative error where the model predicted
accretion but erosion was observed and vice versa, respectively. The majority of the computed
bed level changes fall near the 1:1 line, but show a bias towards accretion. Relatively more
scatter occurs where observed net erosion is high (Az > 1m) or close to zero. In summary,

the model results show that the morphodynamics associated with Hurricane Gustav’s impact
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Figure 3.7: Computed versus observed net Az for the central portion of the CH. The solid line
indicates a perfect match between the model results and the observations and the dashed lines
are offset by one standard deviation in the observations. The colorbar indicates the density of
the plotted data points.

are captured reasonably well (s = 0.30), as is the bed level (e,s = 0.47 m), but there is an
overestimation of post-storm accretion in the subaerial beach and backshore (¢ = 0.23 m).
Subregion comparisons

Alongshore variability in pre-storm dune morphology, sediment availability and surface
roughness at the CH present different environments for modeling sediment transport and mor-
phodynamics. To identify the significant sediment transport processes and where they are dom-
inant in the CH, two subregions were selected. Our selection is based on the distinct char-
acteristics of the subregions, namely nearshore sediment availability and backbarrier surface
roughness/topography. Figure shows the subregions in relation to the CH domain: Bayou
Thunder (BT) to the east and Bay Champagne (BC) to the west.

Figure shows planview comparisons for the BT subregion. The pre- and post-storm
imagery (Figures and b, respectively) show that depressions between the beach ridge sets,
which acutely intersect the shoreline from the north-northeast, serve as sediment transport path-
ways. Storm-driven landward transport and dune lowering is also observed and reproduced in

the computed sediment transport results (see Figure and d for the model’s initial and final
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Figure 3.8: Bed level dynamics at the BT subregion. (a) Pre-storm aerial imagery (2007/9/20);
(b) Post-storm aerial imagery (2008/10/1); (c¢) Pre-storm input topo-bathymetry with the zero-
level contour shown in black and cross-shore transect locations; (d) Post-storm output bed level
with the zero-level contour; (e) Observed bed level change with the observations’ extent outlined
in black; (f) Computed bed level change also with the observations’ extent shown in black.

bed level, respectively). Figure only shows the observed bed level change above MHW
and thus does not capture the inter- and subtidal washover deposition observed in Figure |3.8pb.
However, the computed bed level change in Figure contains the subaqueous deposition of
washover sediment and the initial infilling of a navigational channel (also present in Figure )
In other words, the computed bed level change generally reproduces the observed barrier rollover
pattern of foreshore to backbarrier transport, but slightly overestimates landward transport and
post-storm accretion. Computed and observed post-storm bed levels at the transects (BT1,
BT2, BT3) in Figure are shown in Figure The cross-shore morphodynamics are cap-

tured well in the computed results, but landward transport and dune crest lowering are slightly

overestimated at BT1.

Figure [3.10] shows planview comparison of computed versus observed bed level dynamics
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Figure 3.9: Pre- and post-storm computed bed level profiles (dash and solid black lines, re-
spectively) in comparison with LIDAR observations (blue circles) for the BT subregion (panels
BT1—BT3) and the BC subregion (panels BC1—BC3).

at the BC subregion which is centered on an attached spit enclosing Bay Champagne, an inte-
rior marsh lake which historical erosion exposed to the ocean. Post-storm aerial imagery (Fig-
ure ) exhibits breaches in the attached spit and approximately uniform landward transport
and flattening of the barrier’s central section. The computed morphological change matches this
pattern (see the CH model’s input and output bed levels in Figures and d, respectively).
Figure contains the observed bed level change where both pre- and post-Gustav LIDAR
data exist. In general, the pattern of foreshore erosion and landward transport into the bay is
reproduced in the computations (Figure ) The aerial imagery in Figure also contains
Hurricane Ike’s impact, which occurred approximately two weeks after Hurricane Gustav, and
presumably exhibits additional storm-driven sediment transport. The eastern breach in Fig-
ure does not appear in the post-storm LIDAR (captured prior to Hurricane Tke’s impact),
but the western breach is present in both (see Figure ) The computed bed level change
in Figure shows the initiation of a scour channel at the observed breach’s approximate
location, but its formation and scour depth are limited compared with the observations. Com-
parisons of observed versus computed post-storm bed level along the transects (BC1, BC2, BC3)
in Figure [3.10¢ are shown in Figure 3.9 The computed cross-shore post-storm profiles are sim-
ilar to the observed post-storm morphology and accurately capture the storm-driven elevation
change.

The CH model’s performance statistics are presented in Table [3.41 The computed morpho-

dynamics are in general similar or slightly better than recent field-scale XBeach modeling studies
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Figure 3.10: Bed level dynamics at the BC subregion. (a) Pre-storm aerial imagery (2008/9/20);
(b) post-storm aerial imagery (2008/10/1); (c) pre-storm input topo-bathymetry with the zero-
level contour shown in black and the transect samples; (d) post-storm output bed level with the
zero-level contour; (e) Observed bed level change with observations’ extent outlined in black; (f)
Computed bed level change with the observations’ extent outline in black.
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Table 3.4: Statistics of computed bed level changes at subregions BT, BC, and the overall CH
grid. The skill is calculated based on bed level change, while the other metrics are based on
computed versus observed post-storm bed level.

Skill Bias RMSE SI

Region []  [m] [m] []

BT 0.53 014 024 024
BC 082 003 015 015
All 030 0.8 032  0.32

reported in the literature (Passeri et al., |2018; |[Schambach et al., [2018; [van der Lugt et al [2019)).
Within the BT subregion, the model performs well, but the comparison between the modeled
and observed bed level has more scatter with a discernible bias compared to BC. However, it
must be noted that BT is located in a part of the CH with greater variability in bed composi-
tion and backbarrier surface roughness/topography which offers an explanation for the observed

scatter in the model-observation comparison.

3.4.3 Storm-Driven Barrier Evolution

The CH’s low-lying topography is more susceptible to overwash and inundation by TC-
driven storm surges and waves compared to other barriers with more developed and higher
elevation backshore/foredune systems. The barrier sand body is also relatively narrow, thus
it is tightly coupled to the backbarrier environment, and fragmented at short length scales.
These characteristics are expected to produce impact regime morphological responses that may
be typical of low-lying barriers and differ from others. In addition, variation in geomorphology
and biophysical properties within the CH’s domain (e.g.,, BT and BC areas) can introduce
variability into sediment transport processes. Figures and show the time-stacks of
cross-shore profile evolution at BT3 and BC3, respectively, to illustrate these differences.

The profiles display a similar initial sequence and duration of impact regimes (panels b and
¢ in Figures and at BT3 and BC3, respectively) at the onset of Hurricane Gustav.
Following [Sallenger| (2000), impact regimes are defined as: (i) swash that occurs when maximum
water level for a given interval (1 hr) does not exceed MHW; (ii) collision that occurs when
maximum water level exceeds MHW but is less than zg4.; (iii) overwash that occurs when the
maximum water level exceeds z4. but the minimum water level does not; and (iv) inundation
that takes place when the minimum water level exceeds z4e.

Both profiles experience an initial swash regime which is relatively insignificant. Next, col-

lision regime forcing occurs (lasting approximately 20 hrs), followed by a relatively brief period
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Figure 3.11: Cross-shore bed level evolution at BT3. (a) Cross-shore profiles and MHW (blue
line). The dashed and solid black lines are the initial and final bed levels, respectively. The
yellow, orange, and red areas indicate profile change over the first collision, overwash, and inun-
dation regimes, respectively. (b) Time-series of water level (solid) and z4. elevations (dashed).
(¢) Time-series of cross-shore current velocity at the shoreline in (a). The green, yellow, or-
ange, and red shaded areas in (b) and (c) indicate the swash, collision, overwash, and inundation
regimes, respectively. (d) Time-stack of bed levels showing the profile’s evolution with the MHW
contour (blue line) for reference.
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Figure 3.12: Cross-shore bed level evolution at BC3. (a) Cross-shore profiles and MHW (blue
line). The dashed and solid black lines are the initial and final bed levels, respectively. The
yellow, orange, and red areas indicate profile change over the first collision, overwash, and inun-
dation regimes, respectively. (b) Time-series of water level (solid) and zg4. elevations (dashed).
(¢) Time-series of cross-shore current velocity at the shoreline in (a). The green, yellow, or-
ange, and red shaded areas in (b) and (c) indicate the swash, collision, overwash, and inundation
regimes, respectively. (d) Time-stack of bed levels showing the profile’s evolution with the MHW
contour (blue line) for reference.
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of overwash (2 hrs at each profile), which rapidly transitions into a relatively longer period of
inundation forcing. The inundation regime lasted approximately 5 more hours at BC3 than that
at BT3 (a 71% percent change in duration). After the storm’s peak, the sequence approximately
repeats itself in the reverse order at BT3, while the BC3 profile does not return to the collision
regime but instead persists within the overwash regime as the storm passes.

During the collision regime (yellow areas in panels a, b, and ¢ in Figures and
sediment transport differs markedly between the profiles. There is little change at BT3 and,
in contrast, there is substantial foredune scarping and offshore transport at BC3. The most
significant elevation change occurs at both profiles over a short duration within the overwash
regime (see orange area in Figures and and bed level change between approximately
9/1 08:00 and 10:00 in panel d). Responses to overwash regime forcing at BT3 and BC3 share
the characteristics of relatively large and rapid landward sediment transport. At BT3, however,
overwash sediment transport forms a thicker subaerial deposit than that at the BC3 profile,
with less landward extent. Overwash sediment transport at BC3 terminates approximately 85
m further landward (into the bay) and is deposited at a lower elevation. At both profiles,
depositional patterns during the inundation regime largely conform to that deposited during the
initial overwash regime, except that washover length and volume is noticeably larger at BC3
compared to BT3. At BT3, transported sediment is deposited above MHW (i.e., subaerially)
and forms a thicker washover fan with less landward excursion.

During the inundation regime (red areas in panels a and b in Figures and , the
cross-shore current direction shows a marked reversal at BC3, but is less pronounced at BT3.
The inundation regime at BT3 results primarily in further landward transport of the pre-storm
dune sediment. This is also the case at BC3 despite the presence of a flow reversal. The second
overwash regime interval at BC3 does not appear to influence the profile’s bed level which
remains approximately stable after the cross-shore velocity peaks. However, at BT3 there is
minor seaward transport during this period which corresponds to a small seaward directed flow
reversal (see MHW contour in Figure B.11{). This is followed by stability during the second
collision regime.

A significant difference between the two profiles can be identified in their post-storm mor-
phology. The post-storm z4. at BC3 is 0.55 m NAVDS88 while at BT3 it is 0.84 m NAVDSS.
The impact to BC3’s foredune forces greater lowering despite its approximate similarity to BT3
in terms of initial z4. elevation. The difference in impact is due to differences in z4. evolution

and the resulting profile’s evolution following peak morphological change during the inundation
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regime (see dashed lines in Figures[3.11p and [3.12p for z,4. evolution). The evolution of z4. begins
to differ between the two profiles during the inundation regime which appears to be the result
of the backbarrier environment’s effect on washover deposition transported during the overwash

regime, which will be discussed in the next section.
3.5 Discussion
3.5.1 The Influence of Backbarrier Marsh Properties on Cross-Shore

Sediment Transport

Alongshore variability in the CH’s backbarrier environment modulates shoreline change at
medium-term time scales (Johnson et al. 2019). Considering that TC impacts dominate the
CH’s coastal morphodynamics, this variability will conceivably be evident in overwash and in-
undation driven sediment transport processes. It is also reasonable to assume that proximal
hypsometry (i.e., the relative distribution of subaqueous and subaerial bed elevation) and land
cover (e.g., vegetated versus bare earth ground condition) are the leading order backbarrier
properties influencing landward sediment transport during the overwash and inundation impact
regimes. Three shoreline stretches, approximately 1 km in length, were selected to represent
characteristic ranges in these properties and broadly express variability in marsh surface frag-
mentation and ecological health. A section within the BC area (774700 to 775575 easting) and
the BT area (781950 to 782725 easting) were selected to represent a completely drowned back-
barrier wetland and an intermediately deteriorated marsh, respectively. A section west of BT
(approximately between 780590 to 781430 easting) was included as it contains relatively uniform
vegetated land cover and a solid marsh surface (this area is referred to as SM). These sections can
therefore be regarded as points on a scale between healthy backbarrier marshes and those which
have completely deteriorated into open water. Deterioration into open water is due to land-loss
caused by, for instance, subsidence, RSLR and insufficient sediment supply. SM, BT, and BC
therefore represent the healthy marsh, the intermediately fragmented stage, and the completely
deteriorated backbarrier marsh on this scale, respectively. This scale could also be quantified
with environmental metrics. For instance, the backbarrier wetlands’ land-to-water ratio (LWR)
averaged over the SM, BT, and BC subregions are 0.63, 0.31, 0.12, respectively (Johnson et al.|
2019).

Figure [3.13] shows the computed cross-shore profile change and net sediment transport that

are alongshore averaged within the three sections, i.e., SM, BT, and BC. The net sediment trans-
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Figure 3.13: Alongshore averaged pre- and post-storm cross-shore profiles shown as dashed and
solid lines, respectively. Gray profiles indicate individual transects. Centroids for pre-storm
Vsa which was transported landward are indicated with gray squares and the centroids of post-
storm washover deposition are marked with black circles where the red vector indicates mean
displacement.

port was analyzed per profile by finding the centroids of the eroded pre-storm volume and the
post-storm deposition and calculating the displacement between them. The cross-shore profiles
were interpolated to uniform cross-shore spacing (0.5 m) from the computational (morphological)
grid and aligned at the MHW contour. Eroded volume was defined as sediment above MHW,
while post-storm deposition extended to the washover deposition’s “pinch out”, defined where
bed level change was less than 1 cm.

Average net sediment transport is shown in Figure [3.13illustrated by the red vector indicat-
ing the mean centroid displacement. Variation in net transport conforms intuitively to the scale
of backbarrier wetland health. Landward transport of eroded sediment decreases from the BC
section (the most deteriorated) to the SM section (the least deteriorated); while the elevation
of the deposition’s center of mass increases from BC to SM. Eroded sediment is transported
further inland and is deposited at a lower elevation at the BC section than at the BT section and
SM exhibits less landward sediment transport than BT with deposition occurring higher relative
to MHW. This is presumably due to variability in the backbarrier’s initial elevation and land
cover as the hydrodynamic forcing, pre-storm z4., and impact regimes were similar between the

sections.
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Figure 3.14: (a) and (b) correlation between horizontal displacement and average backbarrier
Manning’s n and average elevation, respectively. (c) and (d) correlation between vertical dis-
placement and average backbarrier Manning’s n and average elevation, respectively. The red,
blue, and green indicates samples from the BC, BT, and SM areas, respectively.

Initial bed surface elevation and roughness (i.e., land cover determined Manning’s n) were
averaged from the pre-storm dune crest up to 400 m inland from the shoreline along grid lines to
parameterize hypsometry and land cover, respectively. Vertical (Az) and horizontal (Ax) cen-
troid displacements at each cross-shore profile were linearly regressed against the same profile’s
mean elevation and initial Manning’s n value. The results in Figure indicate that overwash
sediment transport is dependent on these parameters. In addition, these parameters appear well
suited to express the conceptual scale as mean backbarrier elevation and bed roughness vary
continuously between BC and SM (the constant Manning’s n in BC is due to its uniform uncon-
solidated shore land cover). The landward excursion of washover (Ax) decreases linearly with
increasing mean backbarrier elevation (r? = 0.49,p < 0.001) and vegetated land cover-based

roughness (72 = 0.70,p < 0.001) suggesting that a healthier and more vegetated marsh increases

sediment retention and promotes proximal deposition (Morton and Sallenger Jr.| 2003} [Wang|

land Horwitz, 2007). In addition, the fate of washover sediment within the tidal frame (Az) is

also influenced by elevation (r? = 0.79, p < 0.001) and land cover (r? = 0.70,p < 0.001) which is

intuitive as accommodation space associated with deeper, more extensive subtidal backbarrier

elevations allows for increased subaqueous deposition (Brenner et al.l 2015; Lorenzo-Trueba and

2017).

Decreasing the elevation of washover deposition will affect aeolian recovery processes and

may threaten the barrier’s sustainability in response to RSLR. Following an overwash or inun-

dation regime storm impact, aeolian sand transport from washover fans to foredunes is often
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an important recovery process promoting sustainability of the coastal dunes (Miot da Silva and|

Hesp), [2010} [Harter et al 2015). Aeolian transport potential is dependent on the sediment’s

moisture content. Sediments that are deposited lower in the tidal frame will have higher mois-

ture content and thus less potential for recovery due to increased flooding duration/frequency

(Rosati and Stone, 2009; [Houser and Mathew|, 2011)). If backbarrier marshes deteriorate and

fragment, there will be a shift from environments resembling SM to that of BC in terms of
hypsometry and land cover. This would lead to a decrease in the elevation of washover de-
position (see Az’s trend in Figure . It is likely that the dune volume recovery rate will
likewise decrease due to increased tidal flooding of these sediments. In the long term, this will
increase the frequency of overwash, as insufficient recovery leaves barriers vulnerable
, and promote the deposition of barrier sediment lower within the tidal frame as
long as subaqueous accommodation space exists. It is also possible that increased overwash fre-
quency and increased subaqueous washover deposition (i.e., reduced post-storm recovery) would

reinforce each other in a manner similar to overwash frequency and local alongshore minima in

foredune elevation (Houser and Hamilton, 2009). The triggering of this feedback mechanism due

to backbarrier marsh drowning or die-off may threaten the ability of TC-impacted barriers to

conserve subaerial mass during RSLR.

3.5.2 Influences of Sediment Availability

A numerical experiment was designed in the CH domain to assess the effects of limited fore-
shore sediment supply during an TC-driven sediment transport event. A non-erodible layer was
specified to model the lack of sediment entrainment below the mobile sand layer. The experi-
ment’s motivation was based on the computed post-storm V,’s systematic bias (see Tables

and and Figure , which, in part, may be explained by the abundance of sandy sediment

in the model despite the CH’s sand-scarce surficial geology (Harper] 1977 [Kulp et al.l [2005;

Kindinger et al. 2001). The experiment focuses on the CH’s central section where there is a rel-

atively greater sediment deficit (Harper} |1977; [Penland and Boyd, 1981} Kindinger et al., 2001)

while other considerations in the model setup were not changed.

Distributions of post-storm Vj, per unit width in the unlimited versus the supply limited
simulations are shown in Figure Limiting the sediment supply reduced the bias (€) by
28.3% within the central zone to 11.9 m?/m from 16.6 m*/m and reduced € by 9.7% over the
entire domain. This demonstrates that limited foreshore sand supply affects the cross-shore

sediment transport. The extent of this relationship is identified as a future research topic as the
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Figure 3.15: Distributions of post-storm Vs, per unit width in the CH’s central section. Yellow,
blue with forward hatches, and green with backward hatches denote the observations, supply
limited, and unlimited supply scenarios. The vertical dashed lines indicate the distribution
means.

true spatial distribution of the CH’s sand layer thickness is unknown.

SL1 and SL2 in Figure [3.16) show cross-shore profiles for the unlimited and limited sediment
supply scenarios. The difference in post-storm profile elevation, particularly in the foredune,
illustrates that the overestimation of landward transport compared with the observations is
decreased when the foreshore sediment supply is limited. However, the computed post-storm
deposition still contains excess sediment volume compared to the observations. The observed
washover fans sharply tapers (approximately -175 m cross-shore) indicating that the LIDAR
surveys captured the majority of the post-storm subaerial deposition.

The observed cross-shore profiles are shown relative to pre- and post-storm aerial imagery
in Figure In Figure the breaker line has shifted offshore despite the appearance of
smaller waves. The area in between is interpreted as the exposed barrier-core due to the massive
washover sediment transport. The vegetated subaerial barrier-core near the intersection of the
navigational channel and the shoreline in Figure |3.16] appears to experience less erosion than
that in the adjacent. A similar process has been documented for fetch-limited barrier islands
within the Chesapeake Bay, USA and the Isle Dernieres, LA .

Another factor contributing to the over-estimation of post-storm V, is conjectured to be
the neglect of fine sediment in the model’s bed composition. This location of the CH has been
documented to contain little sand in its surficial stratigraphy. took a sediment
boring in 2010 (see B-9 in Figure approximately 100 m from the post-Gustav shoreline at
an elevation of 0.8 m NAVDS88 and described its sediment texture and soil type. From top to the
bottom of the bore sample, the first 60 cm was classified as sand-silt mixture with appreciable

fines, the next 122 cm as slightly sandy clay with organics and shell fragments, and the next
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Figure 3.16: (a) Pre- and (b) post-storm aerial imagery with the location of SL1 and SL2 cross-
shore transects. B-9 denotes the location of boring B-9 taken in 2010 (2010). Note
the post-storm imagery also contain the effects of Hurricane Ike which is not present in the
post-storm LIDAR data. (SL1 and SL2) Post-storm profile comparisons between the unlimited
(black) and sediment limited (green) scenarios with LIDAR observations (blue circles) and initial
bed level (dashed line). The shaded area indicates the difference in post-storm profiles.
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3.35 m as very soft slightly organic clays. Plausibly, a similar stratigraphy and sedimentology
comprised the bed composition which was eroded during Hurricane Gustav. Intuitively, the
disintegrated fines would be transported further during the storm compared to barrier sand and
likely would not be deposited within the post-storm dune. This possibly explains some of the
excess computed post-storm deposition compared to the observations as the model’s sediment
transport formulations and inputs treat the bed composition as pure sand.

Ultimately, an accurate estimation of the CH’s surficial morphostratigraphy and erodible
layer thickness is essential for understanding sediment supply during TC-driven sediment trans-
port at this site. Even limited core or grab sample collections within a subregion (e.g., BT) would
mitigate the difficulty of obtaining subsurface samples; nevertheless, sampling the nearshore, par-
ticularly the surfzone, would still prove extremely challenging. However, it may be possible to
correlate sediment core observations with high-frequency subbottom seismic profiles to achieve

a representative distribution of the mobile sand layer’s thickness within the nearshore.

3.5.3 Implications for Barrier Design and Coastal Management

The backbarrier wetlands’ role in TC-driven sediment transport has ramifications to coastal
management and engineering in relation to RSLR and beach/dune restoration design. It has
been recognized that vertical marsh accretion can be outpaced by RSLR leading to marsh drown-
ing and land loss (Orson et al., 1985} FitzGerald et al.| |2008; |Blum and Roberts| [2009; [Weston,
2014). The resulting coastal morphodynamic effects are frequently discussed in terms of an
increased tidal prism and the sequestration of additional barrier sediment within subaqueous
tidal deltas. The computed sediment transport results indicate, however, that the drowning of
marshes may produce additional coastal morphodynamics effects through storm-driven washover
sediment transport processes. If marsh drowning occurs within the adjacent backbarrier wet-
lands, resulting in the conversion of proximal wetland land cover to open water and decreasing
the hypsometry, then an increase in landward transport of nearshore sediment may be expected if
overwashing or inundation occurs. Without increased sediment input to the active beach profile,
the increased sediment export will negatively affect sediment budgets of the barrier sand body
and lead to (increased) shoreline erosion and barrier fragmentation (FitzGerald et al., 2008]).

Marsh drowning and land-loss is expected to become more widespread throughout the coastal
zone (Weston, 2014) as eustatic sea-level rise accelerates (Oppenheimer et all |2019). Barrier
drowning due to RSLR over long-term timescales has received significant attention (FitzGer-

ald et al., 2008; Moore et al. |2010, 2014), but may not be tractable to engineering solutions.
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As shown in this study, the backbarrier marsh’s role in retaining subaerial sediment during
overwash/inundation processes operates at time- and length scales which may be influenced by
coastal engineering activities. Restoring relatively small areas of backbarrier marsh, as opposed
to offsetting the land-loss which affects coastal bay tidal prisms, may have a large influence on
shoreline morphodynamics for TC impacted coastlines.

The simultaneous restoration/creation of backbarrier marshes in conjunction with beach/dune
renourishments is an engineering solution found in practice to offset shoreline erosion. This de-
sign method is predicated on the practical understanding that, if overwash events are likely,
then it is best to elevate foredunes to reduce their occurrence and provide an intact platform
for subaerial washover deposition. The results herein support the simultaneous restoration of
wetlands and provide a basis for further improvement of existing restoration design solutions.
For instance, the computed sediment transport results at BC3 and BT3 suggest that the over-
wash regime quickly reduces foredune elevation and, within the subsequent inundation regime,
landward sediment transport distance is dependent on the backbarrier wetland. Assuming that
overwashing will occur in the project’s design lifetime, prolonging sediment retention within the
backshore/foreshore system through the construction of a broader subaerial beach nourishment
along with backbarrier marsh creation may be more advantageous than increasing foredune ele-
vation via dune nourishment. Future work will address this issue through a series of numerical

experiments which vary restoration design targets and TC forcing.

3.6 Conclusions

A large-scale hydrodynamic model of the northern Gulf of Mexico was coupled with a local-
scale sediment transport/morphological model of the Caminada Headlands, Louisiana to simulate
Hurricane Gustav’s impact to a low-lying mainland barrier. The computed results exhibited a
good agreement in terms of tropical cyclone-driven storm surge and surface waves at a number of
coastal and intertidal wetland observation stations. Computed bed level dynamics were compared
with pre- and post-storm LIDAR surveys. The results show good skill in modeling overwash pro-
cesses and post-storm deposition patterns on the backshore in the unprotected, central area and
reasonable skill over the entire domain. The sediment transport model was used to investigate
the tropical cyclone-driven sediment transport and morphological response processes over the
Caminada Headland’s low-lying coastal topography and variable backbarrier environments. The
unique characteristics of these processes include: (1) the majority of net sediment transport

occurs during a short-duration (approximately 2 hours) overwash regime as the low-elevation
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coast is rapidly inundated; (2) inland washover sediment transport distance is influenced by the
backbarrier topography /surface roughness as increased accommodation space/reduced roughness
allows for more landward sediment transport.

The following summarizes the main findings.

1. A large-scale hydrodynamic-wave model was successfully coupled with a local-scale mor-
phodynamic model of a low-lying mainland barrier to simulate Hurricane Gustav’s impact
to the coastal geomorphology. The model incorporates the most recent and highest quality

input data in terms of topo-bathymetry and surface roughness.

2. Washover sediment transport is found to be dependent on backbarrier bed friction and
elevation. For similar pre-storm dune elevation and impact regimes, cross-shore profiles
with lower backbarrier elevation and less vegetated land cover exhibit increased land-
ward sediment transport. Simultaneous restoration/creation of backbarrier marshes with
beach/dune renourishments may serve as a engineering solution to offset increased washover

sediment transport at tropical cyclone impacted coastlines.

3. The evolution of a low-lying mainland barrier subject to tropical cyclone generated hy-
drodynamic forcing shows a response that follows the impact regimes of [Sallenger| (2000)).
However, the distinction between the overwash and inundation regime, in terms of mor-
phological response, is not clearly evident. Further, the inundation regime does not appear
as effective in generating landward sediment transport as the low-lying topography is sig-

nificantly reduced during the overwash regime.

4. Biases in computed post-storm dune volume and tropical cyclone-driven landward trans-
port at the Caminada Headlands are partially explained by a nearshore sediment deficit.

Other potential explanations are the abundance of fines in the bed composition.
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CHAPTER 4

CHARACTERISTICS OF TROPICAL CYCLONE FORC-
ING TO BEACH AND DUNE RESTORATIONS IN CON-
JUNCTION WITH BACKBARRIER MARSH CREATION
SCENARIOS

4.1 Introduction

Vulnerable coastlines are often restored and fortified by renourishing the main barrier sand
body to offset natural shoreline erosion and protect against future storm impacts (Deanl (2002]).
It is therefore imperative to predict the fate of placed sediment, which provides vital information
for decision-making and the design practice for restoration. Understanding potential sediment
transport pathways, particularly the mode of sediment transport or loss rates, will help provide
design constraints to coastal engineers and develop strategies for optimal sand resource manage-
ment. For many mid- and low-latitude coastlines, the major driver of high sediment transport
and loss rates are tropical cyclone (TC) impacts (Morton et al., [1995; [Stone et al.,|1997; Morton
and Sallenger Jr.| 12003} |Georgiou et al., [2005). In this regard, understanding the sediment trans-
port mechanisms and their interaction with the natural features during a TC event are central
to assessing the sustainability of the restoration projects and, possibly, developing strategies to
improve the resilience of the barriers.

Sediment transport and morphological change driven by TC impacts is, to the first order,
controlled by the event’s maximum water level elevation relative to the barrier’s dune crest
elevation (Sallenger, 2000). Accordingly, restoration design mostly aims at achieving profile
elevations higher than the design water levels. However, the backbarrier elevation and its land
cover also influence event-scale sediment transport. This is mostly because vegetated land cover
and increased elevation promotes deposition and reduces landward sediment transport (Morton
and Sallenger Jr.| [2003; Wang and Horwitz, 2007 |[Johnson et al.l |2019). Backbarrier marshes are
natural features of most barrier systems and are integral to physical/ecological systems. They
also supply many benefits such as improving the water quality, providing habitats for species,
and attenuating storm surge/waves (Woodrofte, 2007; [FitzGerald et all 2008} [French et al.,
2016)). Therefore, consideration of the backbarrier environment’s defensive capabilities during
beach and dune restoration design aligns with the principles of working-with-nature and long-
term resiliency. However, knowledge of the backbarrier’s effects on beach and dune restorations

in response to TC impacts is still limited and deserves further study.
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The objective of this study is to test the effect of the backbarrier elevation and land cover
on the sediment retainment capacity of barrier systems that experience frequent overwash under
TC forcing. To address this question, we use a physics-based numerical model to investigate the
morphological response of three different restoration strategies under two different TC forcing
with different backbarrier elevation and land cover. A previously verified sediment transport-
morphodynamic modeling system (XBeach) is set up using accurate input data from a recent
large-scale restoration in coastal Louisiana (LA) and hindcast storm conditions from Hurricane
Gustav (2008) in the Caminada Headlands (CH). The CH restorations (Byrnes et al. [2015}
Coastal Engineering Consultants, 2015} |Jafari et al., |2018]) serve as the basis for the numerical
experiments which vary the physical and ecological configuration of the restoration scenarios.

In this section a brief introduction with relevant literature was provided; in Section the
numerical model set up and input is described; Section presents the sediment transport and
morphodynamic modeling results; model sensitivity to vegetation height and the role of marsh
creation in barrier restoration is discussed in Section finally, a summary of the main findings

are reported in Section 4.5
4.2 Materials and Methods

4.2.1 Restoration Scenarios

The CH Beach and Dune Restoration Project placed approximately 2.38 x 10° m? of sand
mined offshore from Ship Shoal along 21.3 km of the CH’s shoreline (see the green polygon in
Figure . The pre-restoration profile lacks a discernible foredune and the maximum elevation
is around 1.5 m by using the North American Vertical Datum of 1988 as reference, i.e., 1.5 m
NAVDS8S8. The post-restoration design targets an elevation of 1.37 m NAVDS88 beach that is 20
m-wide. Target dune crest elevation is 2.13 m NAVDS88 over a width of 88.4 m, see Figure [4.2]
for a representative profile (Coastal Engineering Consultants| [2015)). The marsh creation project
was designed to span from Port Fourchon to Elmer’s Isle (see purple polygon in Figure and
will create approximately 5.6 km? of marshland at an elevation of 0.76 m NAVDS8S (Ardaman
& Associates, 2018]). The three post-construction scenarios used in the numerical experiments
are directly based on these design specifications (see Section .

The first restoration scenario reflects the actual ”as-built” morphology of the CH after the
beach and dune restoration was completed (BD scenario). The BD scenario was set up by
incorporating the post-construction survey data (see Section . The restoration design

template, shown in Figure indicates that the subaerial profile’s elevation was increased for a
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Figure 4.1: The CH model grid and initial bed level. The inset shows the CH domain relative
to LA and Hurricane Gustav’s (2008) track. The marsh creation and beach/dune restoration
footprint geometries are displayed as purple and green polygons, respectively. Sample transects
T1, T2, and T3 are shown with black lines.
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Figure 4.2: Typical design profile for the Caminada Beach and Dune Restoration. The pre-
existing grade is shown as a red dashed line and the placement geometry is the dot-filled polygon
with the construction tolerance shown as a buffer on the placement geometry. Modified from

[BAD 2019).

width of approximately 150 m and the dune crest was raised to an elevation of 2.13 m NAVDSS.

The second scenario (MC scenario) includes the beach and dune restoration but further
incorporates the backbarrier marsh creation project. The last scenario models the complete
deterioration of the backbarrier wetland (WD scenario) into open water and is diametrically
opposed to the MC scenario. Figure [£.3] shows the initial topo-bathymetry for the BD, MC, and

WD scenarios at sample transects T1, T2, and T3.

4.2.2 Morphodynamic Model
A coupled large-scale hydrodynamic-wave model (Delft3D-Flow version 64519 and SWAN

version 4072ABCDE) covering the eastern Atlantic Ocean basin and the Gulf of Mexico, which
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Figure 4.3: Initial topo-bathymetric inputs for the BD (black), MC (green) and WD (blue)
restoration scenarios at sample transects T1, T2, and T3. The pre-restoration profile is shown
as a dashed line. The gray, green, and blue shaded areas are the difference between the restoration
scenario profiles and pre-restoration profile, respectively.

has been verified for Hurricane Gustav (2008) (Liu et all 2018} [Johnson et al., [2020)), used to

generate water level and surface wave boundary conditions for a local-scale morphodynamic-

sediment transport model (XBeach-X release, version 5526). XBeach has been used extensively

for modeling TC impacts (Roelvink et al., 2009; [McCall et al., [2010; [Lindemer et al., 2010;

[Sherwood et all 2014} [Nederhoff et al., [2015}; [Smallegan et al, 2016} [Harter and Figlus|, [2017;
[Roelvink et al.| 2017} [Smallegan et all, 2017} [Passeri et al., 2018} [Schambach et al., 2018} [van der
Lugt et al., 2019; |Johnson et all |2020). The local-scale model of the Caminada Headlands

(CH model) was previously calibrated and verified to hindcast Hurricane Gustav’s impact using

surface wave, hydrological and morphological observations (Johnson et al.,|2020). As part of this

process, a remotely-sensed land cover/land use (LULC) classification was produced from Landsat
5 (TM) imagery and calibrated to a Manning’s n-based surface roughness. The same CH model
(see Figure is used here, but its topo-bathymetric and LULC-based surface roughness inputs
are modified to reflect the CH’s post-construction state in the different restoration scenarios.
The new topo-bathymetric data, incorporated to model the CH’s post-restoration state,
are comprised of real-time kinematic global positioning system (RTK-GPS) and single-beam

sonar hydrographic survey data. RTK-GPS and hydrographic data were collected in December
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12th) 2014 and May 25", 2016 during the post-construction phases of the BA-45 and BA-143
restoration projects, respectively. These surveys total 902723 elevation observations that spans
across the CH’s entire shoreline, beginning at approximately the -5 m NAVDS88 contour and
ending approximately 200 m past the post-construction shoreline. These "as-built” elevations
captured the post-construction morphology of the CH’s beach and dunes. An additional single-
beam sonar hydrographic survey was conducted between October 29** and November 10", 2015
as part of the Louisiana Barrier Island Comprehensive Monitoring (BICM) Project Phase 2
which extended out to approximately -14 m NAVDS88 (Byrnes et al., [2015). To set up the
post-construction scenarios, these survey data sets were triangularly interpolated to the CH
model’s grid and the remaining grid points were sampled from the Coastal National Elevation
Database (CoNED) digital terrain model (DTM) [Thatcher et al.| (2016). To update the LULC-
based surface roughness distribution to post-construction conditions following the restoration’s
construction, Landsat 8 (TM) imagery from December 10", 2016 was acquired. The remotely-
sensed data were classified following the methodology in |Johnson et al.| (2020)).

For the restoration scenarios, the input topo-bathymetry and roughness fields were generated
based on restoration design documents and post-construction data (Coastal Engineering Con-
sultants| [2015; |Ardaman & Associates, 2018)). The backbarrier marsh creation was set up in the
model by uniformly setting the elevation of the grid points within the marsh creation footprint to
the design elevation of 0.76 m NAVDS88 (Ardaman & Associates, [2018)). The created marshland
is assumed to have a uniform LULC and Manning’s n value (0.034) corresponding to backbarrier
vegetation in (Johnson et al., [2020). The marsh creation was then smoothly merged with the
surrounding topo-bathymetry and surface roughness inputs within a 50 m buffer distance. To set
up the WD scenario, water bodies in the CH’s backbarrier were randomly sampled and averaged
to yield an elevation of -0.64 m NAVDS88. This elevation was assigned to grid points within the
marsh creation footprint and smoothly merged with adjacent elevations within a 50 m buffer.

Within the same polygon, the LULC was set to open-water with a Manning’s n of 0.020.

4.2.3 Storm Conditions

Two storm conditions were used to force the CH model. Forcing was imposed as water
levels on all boundaries and surface wave boundary conditions on the offshore boundary (see
Figure . One set of conditions (see Figure , ¢, and e) were identical to those produced by
Hurricane Gustav (2008) (HG conditions) and have previously been verified within the CH model
(Johnson et al.;|2020)). An additional set of conditions (see Figure , d, and f) were synthesized
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Figure 4.4: Water level and surface wave boundary conditions. (a) Hurricane Gustav water levels
at the CH model’s boundary where the dashed black and red lines indicate the southeast (SE)
and southwest (SW) corners, respectively, and solid black and red lines indicate the northeast
(NE) and northwest (NW) corners, respectively. (b) Water levels in 100 year conditions with
same line styles as (a). (c) Offshore zero-moment wave height for Hurricane Gustav at three
offshore locations: east (black line), central (blue), and west (red). (d) Offshore zero-moment
wave height for the 100 year conditions with same line styles as (b). (e) Peak period for Hurricane
Gustav conditions with same line styles as (b). (f) Peak period for the 100 year conditions with
same line styles as (b). The tropical cyclone’s landfall is shown as a vertical green line.

to simulate 100-year return period forcing along a track identical to Hurricane Gustav’s (see
inset in Figure . To generate the conditions for 100-year return period, the HG boundary
conditions are scaled by ramp functions, where were different for water level and zero-moment
wave height (H,,0). Maximum value of the ramp functions are equal to the ratio between the
100 year return period conditions and Hurricane Gustav’s peak values for both water level and
Hopnp.

Mean sea level (MSL) is estimated as 2.13 m for a 100-year return-period water level and the
peak water level of 1.36 m MSL observed during Hurricane Gustav, which were acquired from
the National Oceanographic and Atmospheric Administration (NOAA) Grand Isle (GI) tidal
station (CO-OPS id: 8761724), approximately 15 km to the northeast of the CH. The scaling
factor, denoted as o with superscripts wl and H,,q indicating those used for water level and zero-
moment wave height, respectively, was therefore calculated as «,,; = 2.13m/1.36m = 1.57. The
value obtained was used to smoothly scale the HG water level at the boundaries to approximate
the water levels for a hypothetical storm with a 100-year return period (see Figure and b,
respectively).

A similar procedure was employed to scale up the surface wave boundary conditions for
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100-year return period at the offshore boundary. The relationship for H,,q is obtained from the
Wave Information Studies (WIS) station 73129, given as H,,,0(7).) = 3.1452+1.6284 log(T,.) with
T, being the return period in years, and was used to calculate H,,o for 100-year return period.
The maximum H,,o associated with Hurricane Gustav at this WIS station was 7.64 m which
yields a scaling factor of ap,,, = 10.6443m/7.6400m = 1.39. Since the surface wave boundary
conditions are imposed as directional wave spectra, the HG energy spectra were scaled with a
ramp function which has a peak factor of afqmo (see Figure and d for the HG and 100 year
conditions, respectively). The distribution of energy density in frequency and directional space
was kept the same as that is used in HG so that the peak frequency and mean direction in the

HG and 100-year conditions are identical.
4.3 Results

4.3.1 Morphodynamics

To contextualize our discussion on hurricane-induced morphodynamic changes, it is worth
describing the impact regimes. Following |Sallenger| (2000), impact regimes are defined as: (i)
swash that occurs when maximum water level for a given interval (1 hr) does not exceed mean
high-water (MHW); (ii) collision that occurs when maximum water level exceeds MHW but is
less than the dune crest (zq4.); (iil) overwash that occurs when the maximum water level ex-
ceeds z4. but the minimum water level does not; and (iv) inundation that takes place when the
minimum water level exceeds z4.. Figure 15 shows the pre- and post-storm profiles at T1, T2,
and T3 for each restoration scenario under the HG storm conditions along with the maximum
mean water levels.The backbarrier mean water levels approached the dune crest elevation (ap-
proximately 2.35 m NAVDS88), but never establish a connection with the ocean. Therefore, the
HG storm conditions never initiated the inundation regime due to the CH’s restored dune eleva-
tion. Although the inundation regime was never reached, duneface sediments were transported
to the dune’s leeward side and offshore. The seaward sediment transport is almost identical at
these transects for all the restoration scenarios, but a slight morphological difference in the small
washover deposition is noted.

The 100-year storm conditions produced inundation regime forcing at transects T1, T2, and
T3 as indicated by the maximum mean water levels in Figure As expected, the result of the
inundation regime forcing is landward transport of beach and dune sediment. The profiles’ net
change indicate that dune lowering between each scenario is morphologically similar, but there are

quantitative differences. The presence of a restored backbarrier marsh (scenario MC) decreases
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Figure 4.5: Pre- and post-storm profiles for the HG storm conditions shown as dashed and solid
lines, respectively. The BD restoration is shown as black, the MC as green, and the WD as blue
lines. Maximum water levels over the entire event are shown as dash-dot lines.

the amount of lowering compared to scenarios BD and WD. The post-storm z4. decreases with
decreasing backbarrier elevation at every transect, where WD has a lower post-storm dune than
BD, which is likewise lower than MC. Comparing the profiles from scenario MC to WD reveals
a conspicuous difference in that the horizontal landward excursion of washover increases when
the backbarrier marsh is present (MC scenario) compared to the WD scenario with open-water
landward of the dune.

Figure [£.7] shows the displacements of eroded beach and dune sediment onto the backbarrier
at the sample transects after a hurricane with 100-year return period. The spatial comparison
between the centroids of eroded pre-storm sediment volume and the post-storm deposition allows
us to analyze the sediment displacement of sediment. The pre- and post-storm profiles were
alongshore-averaged over a one-kilometer shoreline stretch centered at T1, T2, and T3. These
transects highlight the general deposition patterns along CH. Landward sediment migration in
the MC scenario is more emphasized as opposed to those in BD and WD scenarios. However,
the opposite is the case of the sediment’s vertical displacement (Az) which is deposited at a
higher elevation in the MC scenario than in the BD and WD scenarios. This suggests that the
volume of sediment eroded is similar in all the cases, and the landward migration determines the

vertical displacement of the dune crest. The results also indicate that approximately half of the
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Figure 4.6: Pre- and post-storm profiles for the 100 year storm conditions shown as dashed and
solid lines, respectively. The BD restoration is shown as black, the MC as green, and the WD
as blue lines. Maximum water levels over the entire event are shown as dash-dot lines.

post-storm sediment transport in the WD scenario is deposited below MHW.

Figure [£:8] which shows the distributions of sediment transport at each profile within the
alongshore averaging section, contrasts the horizontal and vertical components of washover sed-
iment transport under the 100-year storm condition. Since the HG forcing did not result in
overwash, its deposition patterns are not part of the current analysis. In terms of vertical dis-
placement (Az), there is a clear order to the scenarios where the mean Az is -0.47 m, -0.98 m,
and -1.4 m for the MC, BD, and WD scenarios, respectively. The MC’s narrow Az distribution
relative to the others is likely due to the uniform elevation of the backbarrier marsh platform on
which the washover transport was deposited. Identifying the trends in the horizontal displace-
ment is less straightforward. From the distributions of Az, less landward sediment transport
clearly separates WD scenario from BD and MC; however, there is no clear trend to describe the
difference in sediment displacement for BD and WD scenarios. In summary, under the 100-year
forcing, landward horizontal sediment transport increases with increased backbarrier elevation,

while vertical displacement becomes more negative with decreasing backbarrier elevation.
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The BD, MC, and WD restoration scenarios are represented with black, green, and blue lines.
The pre- and post-storm profiles are shown as dashed and solid lines respectively. Centroids of
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respectively. The displacement between the two is indicated with vector.
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Figure 4.9: Cross-shore bed level evolution at T1 for the BD scenario under 100 year storm
conditions. (a) Cross-shore profiles and MHW (blue line). The dashed and solid black lines are
the initial and final bed levels, respectively. The yellow, orange, and red areas indicate profile
change over the first collision, overwash, and inundation regimes, respectively. (b) Time-series of
water level (solid) and z4. elevations (dashed). (¢) Time-series of cross-shore current velocity at
the shoreline in (a). The green, yellow, orange, and red shaded areas in (b) and (c¢) indicate the
swash, collision, overwash, and inundation regimes, respectively. (d) Time-stack of bed levels
showing the profile’s evolution with the MHW contour (blue line) for reference.

4.3.2 Impact Regimes

100 Year Storm Forcing

Figures and are time stacks showing the morphological and forcing evolution
at profile T1 under the 100 year storm conditions within the BD, WD, and MC scenarios,
respectively. Panel a within the Figures and shows the profiles after each impact
regime with cross-sectional area changes during different impact regimes, where yellow, orange
and red colors indicate the profiles after collision, overwash and inundation regimes, respectively.
Panel b shows the mean water level and z,4. time series as well as the succession of impact regimes.
Panel ¢ in the same figure shows time series of cross-shore velocity at MHW, and panel d presents
the time stack of bed level changes.

For the storm with 100-year return period, profile T1 is within the collision regime for ap-
proximately 24 hours before a two-hour long overwash regime. During the collision regime,
sediment transport patterns are similar for all the scenarios where duneface sediment was trans-
ported offshore. During the overwash regime, more landward sediment transport from the dune
crest is observed for WD scenario compared to those in the BD and MC scenarios.

Cross-shore velocity at the MHW contour of the initial profile, shown in panel ¢ of Fig-

ures 4.11} and starts increasing during the overwash regime, and accelerates sharply
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Figure 4.10: Cross-shore bed level evolution at T1 for the MC scenario under 100 year storm
conditions. (a) Cross-shore profiles and MHW (blue line). The dashed and solid black lines are
the initial and final bed levels, respectively. The yellow, orange, and red areas indicate profile
change over the first collision, overwash, and inundation regimes, respectively. (b) Time-series of
water level (solid) and z4. elevations (dashed). (c¢) Time-series of cross-shore current velocity at
the shoreline in (a). The green, yellow, orange, and red shaded areas in (b) and (c) indicate the
swash, collision, overwash, and inundation regimes, respectively. (d) Time-stack of bed levels
showing the profile’s evolution with the MHW contour (blue line) for reference.

S e N W
[88AAVN ‘w]
1PA9] pg

o
[

09-02 12

c
09-02 06
09-02 00 2
09-01 18
13
09-01 12{——== > o8
> =
<z
09-01 06 g e
0=
09-01 00
08-3118 a1
08-3112
-2
1 2 3 -1 1 400 300 200 100 -100
elevation [m]  yelocity [ms~!] Cross-shore distance [m]

Figure 4.11: Cross-shore bed level evolution at T1 for the WD scenario under 100 year storm
conditions. (a) Cross-shore profiles and MHW (blue line). The dashed and solid black lines are
the initial and final bed levels, respectively. The yellow, orange, and red areas indicate profile
change over the first collision, overwash, and inundation regimes, respectively. (b) Time-series of
water level (solid) and zg4. elevations (dashed). (¢) Time-series of cross-shore current velocity at
the shoreline in (a). The green, yellow, orange, and red shaded areas in (b) and (c) indicate the
swash, collision, overwash, and inundation regimes, respectively. (d) Time-stack of bed levels
showing the profile’s evolution with the MHW contour (blue line) for reference.
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once the dune is inundated (red shaded area). The majority of the sediment transport occurs
during the inundation regime in all the scenarios which lasts approximately 4 hours. From Fig-
ures [4.9] and [£10] one can observe that sediments eroded from the dune crest form thick
washover deposits landward of the pre-storm dune. The thickness of the deposition during the
inundation regime depends on the pre-storm topography. WD exhibits the thickest, but the
shortest deposition; whereas MC shows the most elongated but the thinnest deposition. Fol-
lowing the inundation regime, a second overwash regime occurs and produces a relatively small
amount of landward transport onto the leeward side of the newly deposited washover sediment.
No significant flow reversal occurs in the 100 year storm conditions under any restoration sce-
nario. Overall, the majority of sediment transport occurs during the inundation regime, and
the deposition patterns are tightly linked to the accommodation space in the backbarrier, which
depends on the backbarrier’s pre-storm topography.
Gustav-Like Forcing

Figures and show the morphological evolution of T1 under Gustav-like conditions
for the WD and MC scenarios, respectively. Since the inundation regime did not occur under
the HG storm conditions (in panel b of Figures and the mean water level never
exceeds the dune crest elevation), these profiles do not exhibit notable landward transport. In
both the WD and MC scenarios, there is erosion at the duneface and offshore transport during
the initial collision regime. The following overwash regime, which lasts approximately 1 hour,
produces discernible, but small amounts of landward transport. Overall, the restoration scenarios
examined here, which vary with respect to the backbarrier accommodation space and surface
roughness, do not significantly affect storm impacts unless extended overwash or inundation

regimes occur.

4.3.3 Domain-Wide Morphodynamics

To holistically assess the effect of the different restoration scenarios on the CH, change in the
pre- and post-storm subaerial sediment volume is plotted along the CH’s shoreline in Figure |4.14]
Subaerial volume calculations were limited to grid cells with elevations above MHW which were
contiguous with the main barrier sand body. The net change in subaerial volume (AVj,) was
calculated at cross-shore grid lines between the input and output topography.

The green and magenta areas indicate the shoreline sections that are protected by structural
defenses (break waters, seawall and geotube, and a jetty) and involved with inlet/spit processes,

respectively. These sections historically exhibit different morphodynamic characteristics from
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Figure 4.12: Cross-shore bed level evolution at T1 for the BC scenario under HG storm con-
ditions. (a) Cross-shore profiles and MHW (blue line). The dashed and solid black lines are
the initial and final bed levels, respectively. The yellow, orange, and red areas indicate profile
change over the first collision, overwash, and inundation regimes, respectively. (b) Time-series of
water level (solid) and z4. elevations (dashed). (c¢) Time-series of cross-shore current velocity at
the shoreline in (a). The green, yellow, orange, and red shaded areas in (b) and (c) indicate the
swash, collision, overwash, and inundation regimes, respectively. (d) Time-stack of bed levels
showing the profile’s evolution with the MHW contour (blue line) for reference.
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Figure 4.13: Cross-shore bed level evolution at T1 for the MC scenario under HG storm con-
ditions. (a) Cross-shore profiles and MHW (blue line). The dashed and solid black lines are
the initial and final bed levels, respectively. The yellow, orange, and red areas indicate profile
change over the first collision, overwash, and inundation regimes, respectively. (b) Time-series of
water level (solid) and zg4. elevations (dashed). (¢) Time-series of cross-shore current velocity at
the shoreline in (a). The green, yellow, orange, and red shaded areas in (b) and (c) indicate the
swash, collision, overwash, and inundation regimes, respectively. (d) Time-stack of bed levels
showing the profile’s evolution with the MHW contour (blue line) for reference.
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Figure 4.14: Net volumetric change over the 100 year storm event as a function of alongshore
distance. The BD, MC, and WD restoration scenarios are shown as black, green, and blue lines,
respectively. The green shared area indicates a protected stretch of the CH and the magenta
area indicates an area affected by inlet processes.

those within the exposed central CH shoreline (Johnson et al.,[2019). In these flanking areas, the

storm-driven morphodynamics do not indicate distinct variability between restoration scenarios
because there was no marsh creation here.

In contrast to CH’s flanks, volumetric change in the central CH exhibited distinct morpho-
logical responses to the restoration scenarios. The MC restoration uniformly sustained relatively
small AV,,; volumetric decreases rarely exceed 500 m®. On the other hand, volumetric sediment
loss from the dunes in WD scenario ranges between 1500 m?® and 2250 m?. Volumetric sediment
loss in BD falls between those of the MC and WD scenarios with most of the central shoreline
exhibiting volumetric changes between -500 m? and -1000 m3.

The net change in dune crest elevation along the CH shoreline, (Azg4.) in Figure is
similar to that of the volumetric change. The CH’s ends (green and magenta areas) show limited
variability between scenarios, while the central area exhibits a discernible trend. Similar to
the alongshore variation of the volumetric change, WD shows the greatest impact, followed by
BD with MC being the least impacted. However, the relative differences between scenarios are
smaller compared to the volumetric change. Throughout most of the central CH, z4. in the MC
scenario was lowered by at least 0.75 m. The WD scenario sustained large dune lowering with
net changes on the order of a meter, while the BD restoration typically varied between -0.75 m
and -1.0 m Azg.. In addition, there appears to be a trend in which the difference between the
MC and WD scenarios increases along the eastern part of CH’s shoreline. Dune crest lowering
increases for the WD scenario and decreases for the MC, which conceivably indicates that marsh

creation is more important in this part of the domain.
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Figure 4.15: Net dune crest elevation change over the 100 year storm event as a function of
alongshore distance. The BD, MC, and WD restoration scenarios are shown as black, green, and
blue lines, respectively. The green shared area indicates a protected stretch of the CH and the
magenta area indicates an area affected by inlet processes.

4.4 Discussion

4.4.1 Vegetation Stem Height in Dynamic Bed Roughness

jvan der Lugt et al.|(2019) showed that incorporating the effects of erosion and deposition on

vegetated land cover’s surface roughness improves the accuracy of overwash sediment transport
modeling. The bed shear stress term in XBeach’s implementation of the momentum equations

is, in the z direction, given as,

Ty = cfpuE\/(l.lﬁu,.ms)2 +u? +v% (4.1)

where, Ty, is the bed shear stress in the - direction, ¢y is the friction coefficient, p is the density
of water, ug is the Eulerian flow velocity in the z-direction, w,.,s is the root-mean-square wave
orbital velocity, and vg is the Eulerian flow velocity in the y-direction. The friction coefficient

is calculated from a depth-dependent, Manning’s n based Chézy coefficient,

_ g’

where, g is the gravitational acceleration, n is the Manning’s coefficient, and A is the local water
depth.

Dynamic roughness accounts for the time variation of n associated with the local bed level
changes, i.e., whether the initial land cover is covered with sand or removed through erosion.
In the case of surface flows over barrier systems, the most important land cover is typically

vegetation, so the dynamic roughness is expressed as a function of vegetation’s morphological
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parameters:

n(t) = o (4.3)

Nsand + (Tlo - nsand) - min (max <Oa hvidiAUZ(t)’ 1))5 Az(t) >0

Nsand T (nO - nsand) - min (max (Oa Ma 1))7 _dv S AZ(t) <0

where, n(t) is the dynamic Manning’s n, nganq is the Manning’s n for sand, ng is the initial
Manning’s n for the vegetated land cover, d, and h, are the vegetation’s root depth and stem
height, respectively. The values of h, and d, thus play an important role for momentum loss in
high-energy flows which induce erosion and deposition.

In the case of beach and dune sand washover onto a backbarrier marsh platform, it is expected
that landward sediment transport will be sensitive to the vegetation’s stem height (h,). To test
this sensitivity, 6 simulations of 100 year storm conditions in the MC restoration scenario were
performed for five different values of stem height, i.e., h, = 0.25 m, 0.5 m, 0.75 m, 1.0 m, and 1.25
m. The values selected are all reasonable for backbarrier vegetation stem heights. In addition,
a case with dynamic roughness turned off was also simulated, i.e., dn/dt = 0.

Pre- and post-storm profile change at T1, T2, and T3 are shown in Figure[£.16] The landward
transport of washover sediment is reduced by 50 m to 100 m when dynamic roughness is not
utilized compared to the other cases. In the static roughness case, the washover deposits forming
during the overwash and inundation regimes do not affect the friction exerted by the backbarrier
marsh on the flow despite their relatively thick (approximately 1 m) accumulation on top of the
vegetation. The cases with dynamic friction show that decreasing h, leads to a smooth increase
in landward sediment transport. The difference between washover deposition’s landward extent
between smallest (h, = 0.25 m) and largest (h, = 1.25 m) stem heights varies 30 m and 50 m at
transects T1, T2, and T3. This is intuitive because shorter vegetation is buried earlier during
the storm; the friction is reduced and thus the shear at the bed increases which allows more
erosion for a longer time.

Across the entire domain, h, played a significant role in determining Azy. as can be seen
in Figure In the static roughness case, dune crest lowering generally does not exceed 60
cm, while the other simulations typically exhibit crest lowering in the range of 0.75 to 1.0 m.
Similar to the washover deposition’s landward extent, the smaller h, allows for more dune crest
lowering. Overall, the simulations indicate that overwash driven sediment transport is sensitive

to the dynamic roughness formulation’s vegetation input parameters.
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4.4.2 Simultaneous Backbarrier Marsh Creation with Beach and Dune

Restoration

The sediment transport results from the 100-year storm conditions clearly demonstrate the
benefit of restoring/creating backbarrier marshes in barrier systems that are likely to experience
inundation and/or overwash regimes during a storm. Figures and show that the
presence of a backbarrier marshes systematically reduces storm impacts. With regard to Azye,
the benefits of reducing dune lowering across the domain are obvious as a higher post-storm
dune crest is less vulnerable during subsequent impacts. Barrier island restoration projects
typically set a specific barrier elevation at the end of its design lifetime. If, in the project
design, it is assumed that overwash and inundation events are probable, it can be expected that
the backbarrier wetlands will help mitigate dune crest lowering during those events. The target
elevation at the end of its design lifetime can then be accomplished with a lower initial beach and
dune lift (i.e., with less dredged sediment). In addition, the design lifetime of the restoration
could be extended (e.g., from 20 years to 25 years) adding value to the cost of the project’s
construction.

With regard to volumetric change, AV, is less negative in scenario MC and Figure [£.7]
indicates that washover sediment is deposited at a higher elevation relative to the pre-storm
dune. This situation is advantageous to achieve long-term resilience of restored barrier against
storm-induced erosion. Since washover deposition is kept at a higher elevation in the tidal frame,
i.e., higher relative to MSL, eroded sediment deposits will readily be available for natural and
anthropogenic post-storm recovery processes. The subaerial sediment can then be used to re-
build the target dune elevation or can serve as a substrate for aeolian recovery (Houser et al.|
2015).

Overall, the backbarrier marsh, by reducing AVj,, buffers the export of sediment from the
subaerial barrier understood as a cell in a sediment budget context. In terms of sediment budget,
shoreline erosion occurs due to sediment volume losses from the subaerial barrier either through
offshore, alongshore, or overwash transports. Over time, the reduction of sediment export from
the subaerial barrier will presumably be manifested as a reduction in the rate of shoreline erosion.
Most beach and dune restoration projects also have the goal of offsetting or mitigating shoreline
erosion. Thus, the reduction in subaerial sediment loss during overwash and inundation events
is facilitated by backbarrier marsh creation and can therefore serve as a feasible alternative in

counteracting the shoreline erosion.
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Creating a permanent vegetation cover is another aspect of both beach/dune and marsh
restoration. This serves many goals, e.g., ecological health, stability of newly placed sediment,
and promoting organic accretion in the case of marshes. The marked decrease in landward
transport of washover with increasing vegetation height in Figure adds an additional benefit
to the creation of backbarrier marshes and establishment of vegetation. Further, the effect of
stem height in modulating roughness also adds some explanatory evidence for the role vegetation
plays in trapping sediment during overwash and inundation regimes. When sediment is retained
in the vicinity of beach and dune, this sediment is less likely to be exported from the system
entirely in the long-term. Because stem height is dependent on vegetation species, planting tall

vegetation species over the backbarriers should be considered.

4.5 Conclusions

A physics-based sediment transport-morphodynamic model was used to simulate the event-
scale morphodynamic changes under real and synthetic tropical cyclone conditions at the Cami-
nada Headlands, Louisiana after its recent large-scale beach and dune restoration. Two tropical
cyclone conditions were simulated: (1) forcing identical to those of Hurricane Gustav (2008);
(2) storm conditions for 100-year return period along Hurricane Gustav’s track. In addition to
the actual post-restoration scenario, two hypothetical land cover and topography of backbarrier
were considered to examine their effect on post-storm impacts. These alternative scenarios aims
at assessing the impact of the backbarrier’s land cover and elevation on erosion. The first incor-
porated a fully restored marsh and the second considers a marsh which was fully deteriorated
and converted to open-water.

The results indicate that the Caminada Headlands Beach and Dune Restoration could sustain
the impact of a Hurricane Gustav-like storm, regardless of backbarrier restoration, with some
offshore sediment transport and minimal overwashing. The morphodynamics of the 100-year
storm conditions, which produced overwash (approximately 4 hours) and inundation regimes
(approximately 4 hours), show considerable differences depending on the restoration scenario.
In general, the presence of a restored backbarrier marsh reduced the subaerial volume loss and
dune crest lowering compared to those in un-restored and open-water scenarios. These results
suggest that incorporating backbarrier marsh creation into beach and dune restoration projects
at low-lying barrier which experience frequent overwash may increase the barrier’s resilience to
storm impacts.

The following summarized the main findings.
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1. The simultaneous creation of a backbarrier marsh with a beach and dune restoration pro-
duces the optimal solution for mitigating the storm impacts if overwashing and inundation
are expected. Backbarrier marsh increases post-storm dune crest elevation and post-storm
subaerial volume retention. The increased elevation of the backbarrier marsh platform
generated thinner washover deposits because enhanced bed friction due to the vegetative

land cover limited landward sediment transport.

2. During the inundation regime, sediment transport is sensitive to vegetation stem height in
the backbarrier wetland. Taller vegetation generally exerts drag on the flow for a longer
duration as the vegetation is gradually buried into washover deposits. Whereas shorter
vegetation is buried quicker allowing a larger shear at the bed and thus landward trans-
port. Assuming that all other ecological considerations are equal, planting taller vegetation

species in marshes along the overwash prone barriers is recommended.

3. Hurricane Gustav-like forcing at the post-restoration Caminada Headlands does not pro-
duce significant morphological change. This is likely due to a short period of overwash
regime forcing and the lack of inundation. Collision regime forcing transported a small
amount of sediment offshore. In this regard, it is conjectured that irrespective of the back-
barrier land cover and elevation, increasing the crest elevation of a barrier is effective only

if the overwash regime is absent or briefly occurs.
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CHAPTER 5
CONCLUSIONS

The objective of this dissertation was to investigate the morphodynamics of the Caminada
Headlands (CH), a vulnerable low-lying barrier system, driven by tropical cyclone (TC) forcing.
To accomplish this, in summary, the CH’s morphodynamics were first analyzed at the decadal
time scale using a 15 year time series of LIDAR surveys. The analysis of shoreline migration
and dune morphology change placed the event-scale barrier morphodynamics within context and
prepared the ground for detailed physics-based numerical modeling and analysis of Hurricane
Gustav’s (2008) impact to the CH. A modeling system, consisting of a large-scale hydrodynamic-
wave model and a local-scale sediment transport-morphodynamic model that are one-way cou-
pled, was developed to hindcast the impact of Hurricane Gustav. The hindcast simulation’s
hydrodynamics were verified with water level observations from multiple stations and nearshore
surface waves from rapidly-deployed pressure transducers; while the model’s morphodynamics
were verified with a pair of pre-/post-storm LIDAR surveys.

The hindcast simulation’s sediment transport results revealed that alongshore variability
within the CH’s backbarrier environment, specifically surface roughness and topography re-
lated to wetland disintegration, can explain differences in impacts to the CH’s beach and dunes
despite similarities in forcing and pre-storm dune topography. Guided by these findings, the
verified modeling system was further employed in numerical experiments that forced the CH’s
recent beach and dune restoration with Hurricane Gustav-like and 100 year return period storm
conditions. The Hurricane Gustav-like numerical experiments indicated that a TC of Hurricane
Gustav’s strength would not significantly impact the post-restoration CH, as its storm surge and
waves did not generate significant overwash. The numerical experiment forced with 100 year
storm conditions showed extensive washover of the CH’s restoration and exhibited a variable re-
sponse depending on the restoration’s backbarrier marsh component, which was varied between
full marsh creation, no marsh creation and open water. The evidence and conclusions yielded by
the dissertation’s research recommends that backbarrier marsh creation within barrier systems
vulnerable to overwash will enhance their resiliency to future storm impacts.

The LIDAR analyses in Chapter[2] besides generating conclusions of their own, also provided
context for further investigation. To begin, raw LIDAR point clouds for 9 aerial surveys between
1998 and 2013 were acquired, ground-truthed with an independent terrestrial survey, classified

and separated into bare-earth data, and interpolated to digital terrain models (DTM) on a
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common grid (see Appendix . The DTMs were analyzed with cross-shore transects spaced
every 10 m as well as integrated to provide volumetric change statistics. The CH’s decadal
coastal morphodynamics exhibited distinct zonation. The central zone’s shoreline eroded at a
rate of -17.8 m yr'!, while the western and eastern zones’ shorelines migrated at rates of -4.4 m
yr't and -6.9 m yr!, respectively. The zonation is interpreted to reflect the structural defenses in
the western zone, the presence of an alongshore sediment transport gradient within the central
zone (Georgiou et all [2005)), and aggradational spit/inlet processes in the eastern zone.

Eight named TCs made landfall with 100 km of the CH during this period, including Hur-
ricanes Isidor (2002), Katrina (2004), Gustav (2008), and Isaac (2012). The majority of the
CH sustained alongshore averaged shoreline displacements between -30 m and -60 m and dune
crest lowering between 20 cm and 50 cm as a result of the TC impacts, followed by recovery
periods that typically regained the lost volume and elevation. However, due to alongshore vari-
ability in dune morphology, sediment availability and transport gradients, the CH recovered at
different rates and, as a result, were overwashed during the post-storm recover periods at dif-
ferent rates depending on zone. The central zone experiencing an average rate of 26.6 overwash
occurrences per year in post-TC impact periods, while the western and easter zones exhibited
rates of 2.8 and 8.6 occurrence per year, respectfully. The CH’s alongshore variability in decadal
morphodynamics was therefore also reflected at the shorter time scales of TC impact/recovery
cycles.

A conceptual model for the evolution of frequently overwash barriers (FOB model) was
applied to the CH (Matias et al., 2008). The model consists of 4 stages: (1) an initial quiescent
period where swash erosion/deposition and aeolian transport dominate; (2) a storm impact which
produces massive morphological change; (3) a period of frequent overwashing, more washover
transport, and potential conversion to a washover plain; (4) a period of wanning overwash events.
Applied to the CH, the western zone sustains storm impacts, but quickly returns to stage (1)
without suffering a period of frequent overwashing. The eastern zone completes the entire cycle
following a storm impact, presumably due to a plentiful supply of sediment eroding from the
central zone and accumulating updrift of Caminada Pass. However, due to a negative sediment
budget, the central zone does not return to a recovery period, i.e., stage (1), following Hurricane
Gustav’s impact. This conclusion is supported by the net morphological change of the central
zone’s alongshore averaged profile, i.e., change in the shape of the beach and dunes from the
beginning to the end of the study period, which has shifted from a continuous foredune to a

flatter washover plain; while, on the other hand, the western and eastern zones have similar
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profile morphologies, but with less elevated foredunes.

Over the study period, despite the multiple TC impacts and shifts in morphology, the CH’s
subaerial volume is approximately conserved; however, the dunes were generally widened and
flattened. It has been hypothesized that the recovery period for subaerial volume at the CH
is approximately 10 years (Ritchie and Penland, [1988) and this is generally supported by the
LIDAR analyses, except that the period may be revised downward to 5 - 7 years. However,
this is not the case for dune elevation, which was not recovering at a sustainable rate. Over
the study period, the dune crest change rate was, on average, -2.0 cm yr'!, while the rate of
sea-level rise (SLR) was 3.49 mm yr'. This was an unsustainable situation, leading the CH
into a new metastable equilibrium, as opposed to the storm impact/full-recovery cycle which
previously characterized its morphodynamics.

Interestingly, within the central zone an inverse correlation (72 = 0.67) was found between
the net shoreline erosion rate and land-to-water (LWR) of the proximal backbarrier wetlands.
Shorelines seaward of backbarrier environments with areal averaged LWR values less than 40%
exhibited erosion rates of -16 to -20 m yr™!, while other shoreline stretches with proximal back-
barrier LWR values above 50% had erosion rates of less than -14 m yr'. A less determined
correlation (r? = 0.48) was found between LWR and dune crest elevation as well. Given the
intimate linkage between the subaerial beach/dunes and the backbarrier during overwash events,
and the importance of TC impacts for driving shoreline morphodynamics, it was conjectured
that a relationship between these two environments exists which occurs during the process of
washover sediment transport. To address this conjecture, a high-resolution sediment transport-
morphodynamic model of the CH was developed to hindcast the impact of Hurricane Gustav
(2008).

In Chapter [3] the sediment transport and morphodynamic processes and their relationships
with backbarrier land cover and topography, which were inferred from the LIDAR surveys of
TC impacts, are investigated with a physics-based numerical model. A fully-coupled basin-
and regional-scale hydrodynamic-wave model (Delft3D/SWAN) was developed to hindcast the
waves and water levels generated by Hurricane Gustav within the Gulf of Mexico (GoM). The
model is forced with astronomic tides and meteorological fields produced by blending a tropical
cyclone model (Holland et al., 2010) and background North American Regional Re-analysis pro-
gram winds and atmospheric pressure distributions. Water levels observed at stations 292 and
164 of LA’s Coastwide Reference Monitoring System (CRMS) network, the National Oceano-

graphic and Atmospheric Administration’s (NOAA) tidal gauge at Grand Isle (GI) and pressure
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transducer 8, 9, and 11 from |Kennedy et al.| (2010)’s pre-storm deployment (AK8, AK9, and
AK11, respectively) were utilized to verify the modeling system’s hydrodynamics and surface
wave fields. The computed water levels have root-mean-square-error (RMSE) values of 0.19 m,
0.30 m, 0.31 m, 0.16 m, 0.21 m, and 0.25 m for observation stations CRMS0292, CRMS0164, GI,
AKS8, AK9, and AK11, respectively. Surface waves, expressed as significant wave height, were
also observed at AK8, AK9, and AK11 and yielded RMSE values of 0.61 m, 0.34 m, and 0.14
m, respectfully.

The large-scale hydrodynamic-wave model drove a local-scale sediment transport-morphological
numerical model (XBeach) by forcing the boundary with water levels and directional wave spec-
tra. The internal hydrodynamics of the local-scale model were also compared to observations
from AK9, as it was within this model’s domain, yielding RMSE values of 0.22 m and 0.41 m
for water level and zero-moment wave height, respectively. Verification of the local-scale model’s
sediment transport and morphodynamics were accomplished with a set of pre- and post-storm
LIDAR surveys. The LIDAR points were averaged within the model’s computational grid cells
and compared with the change between the model’s input (pre-storm) and output (post-storm)
bed level. Domain-wide, the morphodynamic model exhibited a Brier skill score of 0.30, a bias
of 0.18 m, and a RMSE of 0.32 m. Within subregions defined for detailed analysis, i.e., Bay
Champagne (BC) and Bayou Thunder (BT), the model had Brier skill scores of 0.82 and 0.53,
respectively, with RMSE values of 0.15 m and 0.24 m, respectively; the subregions are relatively
free from the influence of structural protection’s in the CH’s west and inlet processes in the east.
The Brier skill scores are reasonable for the entire domain and the BT subregion, and excellent
for the BC subregion (van Rijn et al., [2007)).

Biases in the model output are uniformly positive across the domain and it was hypothesized
that this was due to excess sediment supply in the modeled CH’s nearshore compared to reality.
The CH is a sediment starved system where the underlying marsh and clay layers outcrop within
the beach and dunes due to storm-driven erosion that completely removes the upper veneer of
mobile sediment. This situation was modeled by setting a non-erodible layer at the mean high
water (MHW) contour to model the contact between the mobile sand layer and the underlying
strata. A hindcast of Hurricane Gustav was run with this modification and it reduced the bias
in post-storm dune volume per unit width by 28.3% and 9.7% for the central zone and entire
domain, respectfully.

The sediment transport-morphodynamic model allowed for observation and analysis of Hur-

ricane Gustav’s impact regimes, and their evolution over the event’s duration, at high level of
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detail where direct observation is prohibitively difficult. A majority of the dune lowering and,
too a lesser extent, sediment transport occurs during an initial short-duration overwash regime
(2 hours) as beach and dune sediment is eroded and transported onto the backbarrier. This is
followed by a more prolonged inundation regime (6 to 7 hours), where landward transport of
sediment eroded from a wider section of the subaerial barrier occurs.

The washover deposition at the BT and BC subregions is compared to an additional area,
entitled the ”"solid marsh” (SM) subregion, so-called because it exhibits a relatively continous
backbarrier marsh with uniform vegetated land cover. The three subregions are situated on a
conceptual scale representing the disintegration of marshes into open water, with SM represent-
ing a health continous marsh, BT representing an intermediate state and BC representing the
complete conversion of wetlands into open water. Analysis of sediment transport was accom-
plished at cross-shore transect by computing the centroids of the pre-storm subaerial volume
(sediment above MHW) and the post-storm deposition. The washover displacement’s horizontal
component was inversely correlated with both the proximal backbarrier’s average Manning’s n
and elevation with coefficients of determination (r?) of 0.70 and 0.49, respectively, and p-values
<< 0.001 in both relationships. Further, the vertical displacement of washover sediment was
positively correlated with average Manning’s n and elevation, i.e. the greater the backbarrier’s
surface roughness and higher its topographic elevation, the higher the post-storm sediment vol-
ume would be deposited in the tidal frame, with r2-values of 0.70 and 0.79, respectively, and
p-values << 0.001 in both relationships. These parameterizations served well to characterize
the conceptual scale of wetland health, as they exhibited approximately continous variation
across the SM, BT, and BC subregions representing the high, middle, and low portions of the
parameters’ ranges.

Chapter [4] attempts to forecast TC impacts to the CH after the large-scale restoration of its
beach and dunes using the modeling system verified in Chapter 3] The actual “as-built” beach
and dune restoration (completed in 2016) is modified in the model to incorporate a hypothetical
marsh creation component. A scenario is also developed that completely removes the backbarrier
marsh, representing a situation where the wetland has completely deteriorated into open water.
The post-restoration simulations were forced with the hindcast Hurricane Gustav conditions
and a 100 year return period TC. The 100 year return period forcing was synthesized based on
statistical relationships drawn from the nearby NOAA GI tidal gauge and a Wave Information
Studies station, resulting in an peak water level scaled by a factor of 1.57 and a peak significant

wave height scaled by 1.39, compared to Hurricane Gustav.
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It was found that a Hurricane Gustav-like impact to the post-restoration CH would not cause
significant morphological change, regardless of the backbarrier marsh, as the restored dunes were
not inundated or extensively overwashed. This, however, assumes that the impact occurred
within a relatively shore time period after the restoration. Settlement of the placed sediment
due to self-weight consolidation and compaction of the underlying strata significantly reduces the
barrier overall elevation through time (Jafari et al., [2019)). If the Gustav-like storm conditions
impacted the post-restoration CH after sufficient settlement had occurred to allow for extensive
overwash and inundation, the protection afforded by the renourished dune system may not have
been as robust. The 100 year return period TC, on the other hand, generated considerable
overwash (4 hours) and inundation regime (4 hours) forcing. As a result, landward transport of
washover occurred across the CH resulting in subaerial volume loss and dune crest lowering which
was strongly affected by the backbarrier marsh or lack thereof. Subaerial volumetric losses per
unit width, with and without a marsh creation component in place, rarely exceeded 50 m® m™!,
while in the case of open water backing the dunes, volumetric losses typically ranged between
150 m? m™! and 225 m? m™'. A similar pattern occurred with dune crest lowering, with changes
between 0.50 m of 0.75 m for the marsh creation scenario, 0.75 m and 1.15 m without the marsh
creation, and 1.00 m and 1.25 m for the scenario with open water backing the dunes. When the
displacements of eroded pre-storm volume are analyzed into vertical and horizontal components,
the created marsh component allowed for increased landward displacement of sediment, but the
washover is deposited at a higher elevation compared to the other post-restoration scenarios.

Considering the main finding from Chapters and 4] it can be concluded that backbarrier
wetlands play an important roll in buffering low-lying barriers from morphological change dur-
ing overwash and inundation regime events. At the decadal time scale, it was observed that the
conversion of solid marsh to open water (as represented by the LWR) is significantly correlated
to shoreline erosion and dune crest elevation, suggesting that restoration/creation of backbarrier
marshes could help attenuate shoreline erosion and dune lowering. At the event time scale, based
on a hindcast simulation of Hurricane Gustav’s impact, land cover-based surface roughness and
topography, as a parameterization of backbarrier wetland health, were found to significantly in-
fluence washover sediment transport. The greater the average surface roughness and backbarrier
elevation, which may serve as proxies for wetland health, the smaller the horizontal displace-
ment of washover sediment and the less elevation the sediment losses once redeposited. Finally,
the presence of a backbarrier marsh creation component, in conjunction with a beach and dune

restoration of the CH, was seen to mitigate the erosion of subaerial dune volume and dune crest
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lowering during a 100 year return period storm event. On the basis of these results, the simul-
taneous creation of backbarrier wetlands with beach and dune restorations, or as standalone
projects, appears to be an effective method for enhancing the resiliency of barrier systems which
are frequently overwashed.

If restoration budgets are constrained and project priority must be determined, then the dis-
tribution of pre-restoration coastal morphology and backbarrier wetland health should be utilized
when evaluating cost-benefit ratios. For instance, if the majority of a project site’s backbarrier
wetlands are severely deteriorated, then marsh creation should be prioritized as an inundation
regime impact to renourished dunes, without an intact backbarrier marsh platform, would likely
generate significant elevation and subaerial volume loss, reducing the benefit of the renourish-
ment. With an intact backbarrier marsh created first, then vulnerable beaches and dunes could
be renourished with a greater probability that future inundation regime impacts would result in
less severe losses, increasing the renourishment’s benefit. On the other hand, if the backbarrier
wetlands are generally not deteriorated, or at risk of disintegration, then renourishment of the
beach and dunes should be prioritized to protect the barrier from inundation regime impacts due
to lower probability storm events. In the scenario where both the beach/dunes and backbarrier
marsh are seriously impaired, and the barrier is at risk of disintegration, then the prudent action
would be to add sandy sediment to the system through a beach and dune renourish and forestall
the complete disappearance of the barrier.

Future work related to this dissertation should follow two related trajectories. The first
pertains to field work. Topographic and vegetation monitoring of the CH could provide the
context for understanding the evolution of its restoration due to storm events in the future. If
this monitoring was coupled with rapid-response efforts, following a TC impact, then progress
in the modeling of TC driven sediment transport could be made based on the data collection.
Further field investigations into the distribution of the CH’s mobile surficial sand layer are
necessary if the accurate modeling of this situation is to be accomplished. On the other hand,
the modeling system verified in Chapter [3] and utilized in Chapter [@] could facilitate further
numerical experimentation. Conducting more simulations which vary the storm conditions,
possibly representing less energetic events or different storm tracks, and restoration scenarios
would increase the scope and robustness of recommendations as to barrier restoration design.
Additionally, efforts should be made to perform long-term modeling of the CH using the verified
modeling system, coupled with wind-driven aeolian sediment transport, subsidence, and sediment

compaction/consolidation process models, as enhancing coastal resiliency necessarily requires
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long-term estimates of morphological change. The physics-based modeling of a barrier system’s
long-term evolution, while challenging both computationally and in terms of uncertainty, would

be a great technological advancement.
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APPENDIX A

SUPPLEMENTAL MATERIAL FOR CHAPTER 2

A.1 Work flow

In coastal LA, the conditions of low-relief and low-elevation topography, subsidence-driven
vertical land movement (VLM) and accelerated coastal evolution present unique challenges to
morphological analyses. To address these challenges, the lidar surveys were processed from raw
data a whole to generate quality-controlled, comparable digital terrain models (DTMs) of the
subaerial beach, backshore, and foredune. Figure presents a flow chart that illustrates the
step-by-step methods for processing the raw lidar point clouds.

A brief walk-through of Figure is provided here with more detailed descriptions available
in the following sections. The initial step was the acquisition of airborne lidar survey data sets
which exhausted publicly available data resources (to the best of the authors’ knowledge). An
extensive terrestrial real-time kinematic global positioning system (RTK-GPS) survey was fil-
tered to extract geodetically stable ground-control points (GCPs) that were contained within the
combined lidar data’s coverage (see Figure for aerial photographic depiction of GCPs). Li-
dar points were compared with the GCPs to calculate ground-truthing statistics (see Table .
The lidar surveys were shifted individually based on the median difference between the lidar
data and the GCPs (see Figure for an illustration of the correction’s results).

Corrected lidar data which were classified as ground points were extracted into a bare-earth
lidar data set. The surveys which were were not initially classified were processed with an surface
point detection algorithm. The lidar points classified as ground as opposed to non-ground were
extracted and added to the bare-earth data set. The bare-earth lidar were analyzed for elevation
range and point density at resolutions 0.5, 1, 2, 5, and 10 m. The lidar data were gridded at 0.5
x 0.5 m resolution using a smoothing spline approximation method. The DTMs were masked to
remove cells below mean high water (MHW) and not contiguous with the main barrier landform.
The extracted subaerial barrier DTMs were analyzed with cross-shore transects to determine the
dune crest, dune toe, and shoreline positions. Dune volume was calculated by integrating the
DTMs above a threshold defined as than mean dune toe elevation. Finally, the morphological
parameters and dune volumes, that are functions of alongshore position and time, were assembled

in a database that allowed for the investigation of spatial and temporal trends in the study site’s
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coastal geomorphology.

A.2 Lidar data pre-processing

The first survey was flown October 9*", 1998 and the final on March 8", 2013. Three
surveys were collected directly following a storm impact: TS Isidore (2002); Hurricane Gustav
(2008); and Hurricane Isaac (2012). The effects of multiple other TCs were also captured (see
Table for storm details). The lidar data were collected by different agencies and acquired
with disparate survey equipment. The surveys were conducted by four agencies: the United
States Geological Survey (USGS), the National Oceanographic and Atmospheric Administration
(NOAA), the National Aeronautic and Space Agency (NASA), and the United States Army
Corps of Engineers (USACE) through their Joint Airborne Lidar Bathymetry Technical Center
of Expertise (JALBTCX). The data sets’ signal-to-noise ratio, point classification scheme, and
geodetic coordinate reference system also varied significantly between themselves. The data
were archived along with the metadata (vintage, nominal accuracy, coordinate reference system,
etc.) in uncompressed *.las format (see Figure 2.2 for select metadata). The survey metadata is
provided in Table

The data were pre-processed generally following the methodology in Mitasova et al.| (2009)
to achieve comparable DTMs and verify quality control. The National Oceanographic and At-
mospheric Administration’s (NOAA) VDatum 3.8 tool (https://vdatum.noaa.gov) was used
for transformation and conversion of the uncompressed lidar data to a common coordinate refer-
ence system (CRS). Using NOAA’s VDatum tool, the lidar were transformed from their original
CRS to the Geodetic Reference System of 1980 (GRS80), referenced to the North American Da-
tum 1983 (NADS83) and the North American Vertical Datum 1988 (NAVDS88) using geoid model
2012b (GEOID12B) and projected to the Universal Transverse Mercator zone 15N (UTM15N).
The maximum uncertainties associated with CRS transformations in eastern Louisiana amount
to 17.1 cm. The transformations made herein are not as large as they do not included sea-level
referenced datums and were on the order of 10 cm. Transformations between geoid models (e.g.
GEOIDO06 to GEOID12B) were significant and yielded elevation changes on the order of 5 cm at
some points.

The 1998, 2001, 2002, and 2008b lidar were not disseminated as classified points (i.e. iden-
tified as ground, water, low vegetation, etc.) following the LAS open data format specification
(The American Society for Photogrammetry & Remote Sensing, 2013)). However, the 2006,

2008a, 2010, 2012, and 2013 surveys were available as classified lidar. Multi-curvature classifi-
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cation (MCC), a ground surface identification algorithm implemented in GRASS GIS (Blumen-
trath, [2015), was used to identify the ground points of the unclassified lidar (Evans and Hudak|
2007, [Tinkham et al.l 2011). The MCC parameters require tuning as the algorithm is sensitive
to point density, beam angle, and topographic relief. Classification results from a sensitivity
analysis were visually compared with aerial orthophoto imagery acquired close in time to the
surveys. The selected MCC parameters can be found in Table [AT7] and the reader is referred
to [Mitasova et al.| (2005) and [Evans and Hudak| (2007) for details on the MCC. Only ground
points were used for bare-earth DTM generation.

Preliminary inspection of the lidar data revealed that some surveys apparently contained
significant biases. In certain situations, the bias was comparable in magnitude to the relevant
morphodynamics, e.g. storm-induced dune crest elevation change. For example, as determined
by the ground-truthing, the bias of the 2008a and 2008b lidar surveys are -16.3 cm and 46.7 cm,
respectively (see Table . These lidar surveys recorded Hurricane Gustav’s impact which,
after removing the biases to yield best estimates, produced an average dune crest elevation
change of -29.3 cm within the central zone (see Table . In this case, not only are the biases
comparable in magnitude to the morphodynamics, but retaining them in the calculated elevation
change would lead to the conclusion that the central zone’s dune crest increased in elevation.
Therefore, the lidar surveys were independently ground-truthed.

To ground-truth the lidar, the raw point clouds were compared to a stable geodetic reference
surface by means of a real-time kinematic global positioning system (RTK-GPS) survey. The
geodetic reference surface was Chevron Rd. in Port Fourchon adjacent the Chevron Pipe Line
installation. Figure [A72) shows the GCPs in relation to Chevron Rd.. The RTK-GPS survey
was completed on November 11*", 2010 during the CH Beach and Dune Restoration Project’s
design. Forty-two RTK-GPS points were selected as GCPs. These points were selected as they
overlapped with every lidar surveys’ coverage and occupied the “center line of asphalt”, referring
to Chevron Rd., as denoted by the surveyor. Chevron Rd. is located near the shoreline within
Port Fourchon (see Figure for the location of the GCPs relative to the study area).

The CH is known to be affected by regional subsidence. Subsidence would act to lower the
elevation of Chevron Rd. through time which would positively bias comparisons of the GCPs to
lidar surveys conducted prior to 2010. A National Geodetic Service’s Continuously Operating
Reference Station (CORS), located at the Grand Isle (GI) NOAA station (see Figure for
its location), has recorded a VLM rate of -5.6 mm yr!. Since the Chevron Pipe Line and the

CORS site are in close proximity and overlie similar stratigraphy, it is reasonable to assume
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Figure A.2: Location of GCPs in relation to Chevron Rd., Port Fourchon, LA.

they are affected by similar subsidence rates. To correct for subsidence, the GCPs were linearly
interpolated to the lidar acquisition dates with the observed VLM rate of -5.6 mm yr™'. Lidar
returns within a 0.5 m horizontal radius of a GCP were then averaged to represent the lidar
derived elevation, zj;qq:, for each lidar survey.

The difference between z;;4.r and the subsidence-corrected RTK-GPS elevation was com-
puted for each lidar survey. The median of the differences was used to represent the systematic
error (offset) of a particular lidar survey. The entire uncorrected lidar point clouds were uni-
formly shifted by their corresponding offset. Statistics on the ground-truthing can be found
in Table The corrected and uncorrected zj;q4- values along Chevron Rd. are shown with
the GCP elevations in Figure The smaller vertical discrepancies in the bottom panel of

Figure suggest that the correction performed reasonably well.

A.3 DTM generation

The corrected lidar point clouds were analyzed to determine optimum DTM resolution and
generation method. Per cell elevation range and points-per-cell were calculated at 0.5, 1, 2, 5,
and 10 m resolutions. For resolutions of 2 m or less, all surveys except 2012 had a mean per cell
elevation range less than the nominal accuracy of the survey. A resolution of 0.5 m was selected
for DTM generation to accurately resolve the shoreline and other small-scale features. At this
resolution, mean points-per-cell is near 1 for all surveys except 2006 and interpolation is required

to ensure data coverage for all DTM cells. Regularized spline with tension and smoothing (RST),
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Table A.1: Statistics of lidar survey validation. The GCPs column shows the number of GCPs
that contained lidar data within a 0.5 m radius of the GCP. Mean, median, standard devia-
tion (Std.), and root-mean-square-error (RMSE) are calculated between Zj;qqr and the GCP’s

elevation.
Survey GCPs Mean Median Std. RMSE
(n) (cm) (cm) (cm) (cm)
1998 14 -1.8 -2.3 8.2 8.1
2001 37 7.7 8.2 5.7 9.6
2002 19 2.8 3.8 7.2 7.6
2006 42 -27.5 -27.8 3.6 27.8
2008a 29 -16.3 -15.6 11.7 20.0
2008b 37 46.7 47.0 5.5 47.0
2010 42 -4.5 -4.5 1.6 4.7
2012 42 32.4 32.4 1.2 32.4
2013 40 -2.8 -3.2 3.0 4.1
Uncorrected Z
—e— 1998  —— 2002 —— 2008a 2010 2013 /
—— 2001 —— 2006 —— 2008b —e— 2012 === GCPs
2.0
1.51
1.0
E
g
k=] Corrected Z
<
2
%)
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GCP number
Figure A.3: Comparison of GCP elevations with mean lidar elevations at each GCP along
Chevron Rd. The lidar surveys are represented by solid lines, where the values of Zj;q44, are

indicated with markers, and the black dashed line is the RTK-GPS derived elevation of Chevron
Rd. (top) Uncorrected lidar. (bottom) Lidar elevations after shifting by the correction. All
elevations are referenced to NAVDSS.
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an approximation function which minimizes the data’s deviation from an approximated surface,
was used to interpolate the DTMs (Mitasova et al., |2005]).

Cross-validation optimization was performed for each lidar survey on a limited portion of
the study area to tune the RST function (Neteler and Mitasova), 2008]). Cross-validation iterates
over individual lidar data points, approximating a surface without the point and then computing
the residual between the removed point and surface. The tension parameter, which controls the
weight of individual points, was varied over the values 500, 1000, 1200, and 2000. The tension
which minimized the root-mean-square error (RMSE) of the cross-validation results was used
in the RST approximation. However, the RST was found not to be sensitive to tension for the
study site’s topography. The elevation range, point density, and cross-validation RMSE for the
lidar surveys can be found in Table

Finally, the removal of spurious and low-quality lidar was necessary to produce comparable
DTMs. Turbid waters in the surfzone and back barrier wetlands within the CH render the
ground classification of lidar in these locations unreliable. The lidar beam is partly reflected by
the water column and thus incorrectly estimates the terrain’s elevation. Therefore, DTM cells
below MHW and not contiguous with the main coastal barrier landform were masked out and
the supratidal beach, backshore, and foredune were extracted for morphometric analysis. MHW
elevations for the lidar acquisition dates were taken from the GI station. The final product of
the pre-processing is a time series of DTMs containing the CH’s subaerial coastal morphology

from 1998 to 2013.

A.4 Morphometric analysis

The DTMs were analyzed for five morphological parameters: shoreline position (z4), dune
crest position and elevation (x4, and zg4., respectively) and dune toe position and elevation (z4
and zg4, respectively). The horizontal parameters were measured relative to a baseline that was
generated by smoothing and simplifying the 1998 MHW contour. The vertical features (z4. and
zar) are referenced to NAVDS88. The parameters were extracted from cross-shore transects of
the DTMs spaced every 10 m in the alongshore direction. The transect lengths, which ranged
from 200 to 450 m, were chosen to avoid intersecting obstructions behind the barrier while still
completely sampling the dune profile. These coastal features (morphological parameters) were
utilized to identify temporal trends and spatial patterns with a focus on post-storm response
and recovery.

The shoreline position was defined as the MHW elevation for the lidar’s date (Hapke et al.|
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2011). The dune crest was identified as the cross-shore profile’s maximum elevation. The dune
toe, referred to as dune low in storm impact studies (Sallenger} |2000)), was defined as the point of
maximum slope change seaward of the dune crest. This definition follows|Stockdon et al.| (2007)),
except that identification is limited to elevations within the interval [z, 24.]. The identification
was accomplished by fitting a 5*"-order spline to the cross-shore profile between x4 and 4.
and taking the spline’s second derivative. Next, the position of maximum slope change (i.e. the
spline’s second derivative in space) within the cross-shore profile yields x4; and zg4:. This was
found to be a sufficient and robust method for the study area, as compared to more complex
techniques (Wernette et al., |2016)), because the morphology consisted of a single foredune with
minimal relief. In Figure sections of the 1998 and 2013 DTMs are shown with example
feature extraction results and cross-shore transect. If a dune was not present, then dune low
was not defined. The reader is also referred to Figure 3 in |Stockdon et al.| (2007) for a diagram
portraying the cross-shore profile and extracted features.

Dune volume was defined as sediment volume above a common threshold. The mean dune
tow elevation (Zg;) across the entire lidar survey collection was chosen to minimize the effects
of seasonality and storm impacts on the individual surveys. To obtain a constant threshold
through time, it was necessary to define the threshold relative to MSL on a per survey basis. In
nature zg; is related to MSL, therefore defining a mean threshold relative to NAVDS&8 would bias
the volumetric calculations with respect to time due to MSL rise. In other words, a common
threshold referenced to NAVD88 would sit higher in the dune profiles of more recent surveys
relative to the older surveys and result in the estimation of less sediment volume in newer surveys
relative to older surveys. Therefore, zy4; elevations were transformed from NAVD88 to MSL for
each survey before taking the mean, where MSL at the survey’s acquisition date was estimated
from the GI NOAA station. Mean z4; referenced to MSL was transformed back to NAVDS88 for
each survey to define dune sediment.

DTM elevation above Zg; was integrated to estimate dune volume (see Eq. for expression).
Dune volume per unit width was calculated by dividing V; by the alongshore length. Change
in morphological parameters and dune volume were calculated by taking the difference between
lidar surveys, expressed as Ay = xt, — Xt,, Where x represents a morphological parameter. Rates
of change were computed with two methods: (1) the slope of a least-squares linear regression of
the parameter’s complete time series; (2) the net change (i.e. t2 =2013 and t; =1998) divided

by the total time elapsed.

119



A.5 Assessment of lidar accuracy

Quality control of lidar data is critical for morphological analyses of low-elevation dune
systems. This is evidenced by the pre- and post-Hurricane Gustav lidar. These surveys each
have reported vertical accuracies of £15 cm. An observed 55 cm decrease in z4. (the 10%
exceedence value for the central zone’s post-Gustav change) therefore has an accuracy of +30
cm. This change represents a 42% + 23% reduction in the central zone’s average z4. (1.33 m). A
reduction of 10% of the dune crests by 50% or more would likely warrant further investigation or
prompt emergency repairs. However, as shown by the independent ground-truthing, uncorrected
systematic biases may interfere with sound management decision-making. The post-Hurricane
Gustav lidar displayed a +47 cm bias (see Table . If left uncorrected, and assuming that this
bias is representative of the entire survey, the systematic error would reduce the 10% exceedence
value of post-storm z4. change to -8 cm or a 6% + 23% reduction of the average pre-storm
Z4.. Coastal management may not be justified expending resources to repair this level of dune
crest lowering. Thorough circumspection is therefore required when applying three dimensional
morphological analyses to lidar data within a low-elevation dune system.

One can possibly question the accuracy of the lidar processing on two bases. (1) The limited
spatial extent of the ground-truthing relative to the study area; and (2) the temporal interpola-
tion of the GCP elevations for ground-truthing the older lidar (see Section .

Issue (1) questions whether elevation corrections determined considering the GCPs’ limited
footprint is applicable to the entire survey. Forty-two of the 48,664 points from the 2010 RTK-
GPS survey qualified as GCPs for the entire lidar time-series. The remaining RTK-GPS points
occurred on the beach, dunes, and wetlands which are not geodetically stable. The topography at
these positions changes considerably in time and, therefore, cannot validate older lidar surveys.
However, selecting all 2010 RTK-GPS survey points above MHW yields 2,885 points that can
ground-truth the full spatial extent of the 2010 lidar survey. These points occupied cross-
shore transects along the entire CH coastline. This additional ground-truthing was performed
identically to the others (see Section .

The full 2010 lidar survey showed a bias of -3.2 cm and a RMSE of 12.0 cm when referenced
to the 2,885 RTK-GPS points. The ground-truthing of the entire 2010 lidar survey yields errors
similar to the spatially-limited ground-truthing reported in Table [A7]] i.e. bias = -4.5 ¢cm and
RMSE = 4.7 cm. The increased RMSE is plausibly due to vegetation and structures captured

by the lidar, but avoided in the RTK-GPS survey. These obstacles introduce larger discrepancies
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Table A.7: Optimized MCC parameter values.

Survey Resolution Tension Spline step
(m)

1998 0.5 0.200 20

2001 0.5 0.175 15

2002 1.0 0.150 20

2008b 0.5 0.255 15

between the lidar and RTK-GPS, but would not affect mean error determined by ground-truthing
the unobstructed Chevron Rd. It is therefore reasonable to apply corrections derived from the
limited ground-truthing to the entire study area.

Issue (2) addresses whether the GCPs are valid as reference elevations for the older lidar
surveys given regional subsidence. The GCP elevations for the 1998, 2001, and 2002 ground-
truthing were vertically shifted by -7.9, -6.3, and -5.6 cm, respectively, based on the observed
vertical land movement rate. The RMSE of these lidar surveys, using the shifted GCP elevations
as reference values, is smaller than the surveys’ reported vertical accuracies (see Table and
Table . This lends credibility to the methodology despite the difference in observation
dates. The 2006, 2008a, 2008b, and 2012 lidar surveys exhibit RMSEs outside their reported
vertical accuracies, but do not have an observable trend suggesting an uncorrected bias due to
subsidence. Further, the ground-truthing of these surveys yielded relatively narrow absolute
error distributions (see standard deviation in Table. This suggests that the relatively larger
RMSE values of the 2006, 2008a, 2008b, and 2012 lidar are due to the initial lidar acquisition
process, rather than a discrepancy with the interpolated GCP elevations. After correcting the
lidar data by their offset from the GCPs (median error), the accuracy of the corrected data,
computed as 1.96 - RM SE, is brought within the reported accuracy for all the surveys except
2008a.

Table A.8: Statistics and cross-validation results for lidar surveys.

Survey Resolution Points per cell Range || Tension RMSE

(m) (m) (m)

1998 0.5 1.047 0.006 500 0.088
1.0 1.192 0.023 1000 0.094
2.0 1.784 0.083 1200 0.095
5.0 6.382 0.289 2000 0.096
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10.0 21.292 0.481 — —
2001 0.5 1.000 0 500 0.064
1.0 1.000 0 1000 0.066
2.0 1.393 0.026 1200 0.067
5.0 4.672 0.152 2000 0.067
10.0 16.573 0.313 — —
2002 0.5 1.007 0.001 500 0.097
1.0 1.026 0.004 1000 0.096
2.0 1.103 0.014 1200 0.095
5.0 1.728 0.090 2000 0.093
10.0 3.975 0.254 — —
2006 0.5 1.114 0.002 500 0.052
1.0 1.198 0.006 1000 0.054
2.0 1.512 0.033 1200 0.055
5.0 6.641 0.284 2000 0.054
10.0 25.333 0.553 — —
2008a 0.5 4.195 0.001 500 0.108
1.0 4.275 0.004 1000 0.113
2.0 4.987 0.030 1200 0.113
5.0 15.56 0.272 2000 0.111
10.0 59.861 0.576 — —
2008b 0.5 1.012 0.002 500 0.075
1.0 1.052 0.011 1000 0.077
2.0 1.386 0.064 1200 0.078
5.0 5.670 0.368 2000 0.079
10.0 21.547 0.649 — —
2010 0.5 1.031 0.001 500 0.018
1.0 1.382 0.011 1000 0.017
2.0 3.831 0.075 1200 0.017
5.0 21.600 0.246 2000 0.017

122



10.0 82.687 0.418 — —
2012 0.5 1.067 0.002 500 0.022
1.0 1.614 0.026 1000 0.022
2.0 5.363 0.125 1200 0.022
5.0 30.962 0.295 2000 0.023
10.0 115.448 0.444 — —
2013 0.5 1.001 0.000 500 0.023
1.0 1.030 0.001 1000 0.021
2.0 1.353 0.013 1200 0.021
5.0 5.850 0.130 2000 0.021
10.0 21.505 0.283 — —

A.6 LWR window-size sensitivity

The side length of the window operator used to compute the LWR can affect the results.
Studies in the literature provide little guidance for objectively selecting the window size, besides
the notion that it should be sufficient to capture the length scales of interest and yet large enough
to reduce noise. However, LWR computed with different window sizes are expected to exhibit a
similar alongshore signal. Figure[A.4]shows mean LWRs calculated with a range of window sizes.
A similar spatial pattern exists for all the window sizes and, as expected, the smaller windows
produce higher frequency oscillations. It appears that the 251 m window is shifted slightly to
the west, but it exhibits the same pattern. The similarity between LWRs lends credibility to the

relationships found with the CH’s backbarrier LWR.
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Figure A.4: LWRs computed with different sliding window operator sizes.
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