ABSTRACT

VELASQUEZ MONTOYA LILIANA . Observation and Modeling of the Morphodynamics of
Tidal Inlets in the Northern Outer Banks of North Caralif\dander the directionf Dr. Margery
F. Overtor).

This dissertatiopresents a comprehensive overview of the morphodynamiassei
permanent and an ephemerdal inletlocated in northern Outer Banks of North Carolina: Oregon
Inlet and Pea Island Breach. The temporal and spatial scakb& g@rocesses that drive the
hydrodynamics and morphological evolutioiithese tidal inletare studied by means of remotely
sensed datajn-situ observations, and a highksolution twedimensional deptaveraged
numerical model based on Delft3Geospatl metrics and analysef observational datareused
to study thehistoricalbehavior ofboth inlets, while the numerical model is used to identify their
seasonal circulatigrevolutional patternsand possible interactions betweelets

Using nulti-temporalaerial imagery and hydrographic surveyahered from 2005 until
2015,decadal evolutiondtends of Oregon Inletre identified Specifically, trends likea cyclical
response of the inlet to dredging, the northward rotation of its main channel, and frequent sediment
transport reversal in its southern shoulder. Similayial photographig used to study the-Zear
lifecycle of Pea Islan@reach, which opned in 2011 and closed in 20I3e evolution of the
subaerial featurgof Pea Island Breadfisplaysepisodic curvature afs main channel, rotation of
the ebb channel, shoaljrand widening by Hurricane Sandy (2012

A morphological model built for @gon Inlets calibrated, validatecind applied to study
thehydrodynamics anchediumterm (years) evolution dhe inlet.Mediumterm simulationgead
to the definition of the spatial effects of tides and waves on the morphology of Oregon Inlet,
sedimentransport pathwaysind sediment transport rate into the infgncurrent with thenodel
development, a sensitivity analysis to waves and islesmpleted for Pea Island Breach. The
results from simplified seasonal simulationad¢o the definition ofa qualitative model of the
ephemeral inlet lifecycle ants closure mechanisrhdditional modeling experiments combining
Oregon Inlet and Pea Island Breach indicate that the latter did not have any hydrodynamic effects
in the former. Exploration of ideiaed breaching scenarios in Pea Island sugtfestinlet spacing

and breaching geometpfay a major role in multiple inlet stability theary
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CHAPTER 1: INTRODUCTION

1.1 Motivation

One of themost active areas of the coasts around the wertbatwithin and near tidal inlets,

where the restless movement of sediments modifies the configuration of the coastal landscape in
a few days up to geologicaimescalesThe empirical concept of inletability (Escoffier 1940;

van de Kreeke 1992)nd the mathematical formulations correlating tidal prism and-sextonal

area demonstrateommon behavioof tidal inlets in the coasts of U§.J ar r et t 1976;
1969) Nevethelessgach system has its own particularitesl processes with different temporal

and spatial scalgbatdifferentiate its morphologyn the case of Oregon Inlet, the presence of a
terminal groin in its soutlshoulder dredging activities ints nauvgational channel, and the
development of an ephemeral inlet in its vicinity, are some of the factors that add complexity to

the morphodynamics of the system

Oregon Inlet is the only semiermanent inlet in the northern Outer Banks of North Carolina
proven to havesignificant economic impadt the federal andtatelevels (Moffatt and Nichol
2014) Given theeconomic and environmental interesgikeep this inlet opemnderstandingts
dynamics has become urgdispeciallynowadaysvhen the replacement of the Herbert C. Bonner
Bridge acrosghe inlet could lead to changes management practiceSlevertheless, there are
knowledge gaps in thkehavior otthe inletsuch aseasonatirculation,its response to dredging,
and theprocesss driving its morphological changéisat need to be addressadrderto achieve

sustainable and reliable sand management fpbarkis dynamic feature

Likewise, the development of ephemeral inlets is an additional coastal evolutional process that
poses major managementhallenges ithe Outer BanksStorm-induced larrierislandbreaching
andformationof new inletss part of the evolutional history of ti@uter BankgBirkemeier et al.

1984; Mallinson et al. 2010; Stick 195&8)d it islikely to becomea morerecurreniphenomenon
because of sea level rise and hurricgdeshton et al. 2008 However, studies on the relatively

fast (up to a few years) evolutional patterns of ephemeral inlets are limited and the processes

driving their evolution and closure are still artiae topic of academic discussigBond et al.



2013; Fortunato et al. 2014; Ranasinghe and Pattiaratchi.198@) most recent opening of an
ephemerainlet in the northern Outer Banks occurred in 2011 in Pea Islarkan Hduth of Oregon
Inlet. This event created the opportunity to stthy life cycle and closure mechanisms of the inlet,

as well as, iteffectsin the hydrodynanais of Oregon Inlet and the back barrier sound.

1.2 Research am

The aim of thisstudyis to increase the understanding of the meelierm (years) morphology of
semipermanent and ephemeral inlets in the northern Outer Banks of Nortm&#momeans of
geospatial analysis of observations and numerical modelisigg Oregon Inlet and Pea Island

Breach as case studies, the following specific aims are addressed

1 Assessthe responsef the Oregon Inletto major dredgingeventsand oceanographic
conditions from suaerial features evolution, bathymetry, and geospatial metrics obtained
from multi-temporal datasets tiiedecadébetweer?2005and2015.

1 Build, calibrate, and validate a twebmensional deptlaveraged morphological modek
Oregon Inletunder the Delft3D modeling platfornUse the moddb identify evolutional
trends caused by natural processes and assess the spatial effects of tides and waves on the
morphologyof the inlet

1 Explore thespatiotemporag¢ffects of tideswaves, andstorms on the morphodynamics of
the Pea Island Breaclby means ofremotely sensed data, timeres of measured
oceanographiconditions,and a sensitivity analysis to theocessbhasedmnodel

1 Identify the possible hydrodynamic effects that Pe&mtsBreach had on Oregon Inéetd
the back barrier sourdluring the lifecycle of the former inlet (20:2D13).

1.3 Dissertation gructure

The next four chaptexs this dissertatiomre individualmanuscrips thataddressa portion orthe
totality of the each specific research alisted in section 1.2Chapter 2 introducesthe
hydrodynamic model built to study Oregon Inlet and its hydrodynamic calibration and validation.

In this chapterthe hydrodynamic response of t@egon hlet to clanges in wave climates



assessedSeasonal circulation patterns through the inleppagsented andnalyzed with respect

to their implications for seasonalorphological changes

Chapter 3 is a comprehensive study of the morphodynamics of Oregon Inteeidecade of
20052015. The initial part of the chapter describes ésponsesf the inlet to dredgingy means

of geospatial analysis otis-aerid features evolution anbdathymetric change3'he second part

of chapter3 builds uponchapter 2, the hyddynamic models developed further tstudy the
evolutional trends of Oregon Inlet. The morphological model is calibrated, validated, and used to

identify morphologic evolutional pattered the inlet

Chapter 4 describes the morphological life cycle Péa Island Breach and explores sipatic
temporal effects of tides, waves, and storms on the morphodyrnamicdosure of the ephemeral
inlet. Similar to chapter 3, in chapter 4servational datéas used to perform muHliemporal
geospatial analysewhile modeling experiments avsed to explain wave and tidal effects on the
circulation, water levels, and morphology of the inlBte last section of this chapter combines
analysis of observations and modeling experiments to propose a qualitative gahoeqmtel of

the lifecycle of the breach.

In Chapter 5, the model built for Oregon Inlet and Pea Island Breach is used to identify the
hydrodynamic changes thhteaching of Pea Islantbuld cause inthe backbarrier sound and
Oregon Inlet Modeling scenarios combine Oregon Inlet with the breach that opened in 2011 and
other idealized inlets witlvarying geometries and locationChapter 6 has theconcluding

remarks, discussion of limitations, ageneral recommendatisfor futureresearch



CHAPTER 2: IMPACTS OF THE SEASONAL FORCINGS ON
THE HYDRODYNAMICS OF OREGON INLET , NC

Published as:Velasquez Montoya, LilianaDverton, Margery F. (2017)mpacts of seasonal
forcings on the hydrodynamics of Oregon Inlet, .NRGoceedings of Coastal Dgmics 2017
Helsingor, Denmark, pp 1241250.

2.1 Abstract

This study explores the hydrodynamic response of a tidal inlet to wave climate seasonality by
means of a process based numerical model. We assess the model performance relative to water
levels and wavesieasured atearby gauges. The validated model idusestudy the spatial and
temporal changes in the hydrodynamics within the inlet and in its area of influence. Seasonal
changes in the circulation patterns through the inlet are analyzed with respect to their implications
for seasonamorphology. The redts from this study serve to illustrate the dynamicity of a wave
dominated tidal inlet and the spatemporav ar i abi | i t y miflethydrodganics.ef f e c
Studies of this kind provide information to face challenges on infrastructure designpdenal fior

strategic navigation and inlet management practices.

2.2 Introduction

Tidal inlets are strategic locations for navigation, recreation and fisheries. They regulate the
exchange of water pollutants, nutrients, and sediments betwdagoons and oceans
Understanding the circulation and responses of tidal inlets to changing natural forces is therefore
of utmost interest to manage these dynamic features and the infrastructure in their areas of
influence. Hydrodynamics of tidal inlets have been explaatéeingth byBruun (1978); Mehta

and Joshi (1988)\van & Kreeke (1988)among others. Advances in humerical modeling have
all owed studies to investigate wave effects
(Bertin et al., 2009; Dodet et al., 28 Olabarrieta et al., 2011; Ranasinghe and Pattiaratchi,.1999)



Still, further investigations are required to enhanceautigerstanding of wave effecta seasonal

dynamics at senpermanent inlets in largestuaries

This paper presents the seasonalrbglynamics of a tidal inlet that has remained open over 170
years in the Outer Banks of North Carolina, USA. Oregon Inlet has been subject of multiple studies
regarding the design of a dual jetty syst@aurett, 1978; Vemulakonda et al., 1989t has ot

been built, and the construction of a terminal groin in its down drif{dmeer et al., 1998; Miller

et al., 1996; Overton et al., 1992hese studies provide a general understanding of the dynamics
of Oregon Inlet, but their outcomes are restdctyy the spatial and temporal resolution of
monitoring efforts in the region and the scarcity of hydrodynamic measurements near the inlet.

Our aim is to enhance the knowledge of Oregon Inlet at spatial (meters) and temporal (tidal cycle,
tidal month and sasons) scales that have not been investigated before. This study explores the
hydrodynamic response of the inlet to changes in wave climate by means of a-pesesss
numerical model that allowed us to identify the spatial extent of wave effects maheRiesults
include circulation patterns for calm and energetic wave conditions and analysis of their
implications for the morphological evolution of the inl€he results of this study provide useful
information to face challenges on inlet managemeattjres, navigation, and infrastructure
design in Oregon Inlet. Moreover, the validated hydrodynamic model presenteuilhbesused

in future work as the basig a morphological model that will be used to investigate the evolution

of the inlet and iténteraction with a storrmduced ephemeral inlet that operd€dkm to the south

of Oregon Inlet in 2011.

2.3 Study area

Oregon Inlet is located in the Outer Banks of North Carolina, a sdem@nated barrier island
system between the Atlantic Ocean and theefdarlePamlico SoundKigure2.1). Oregoninlet

opened in 1846 during a storm and by 1989 had migrated approximately 3.5 km southward and
0.6 km landwardJoyner etl., 1998) Today, the northern spit located in Bodie Island remains
responsive to littoral drift processeghile the south side of the inlet is stable because of a terminal
groin completedin 1991 to protect the abutment of the Herbert C. Bonner Bridugsiog the

inlet. The migratory nature of the Oregon Inlet generates an asymmetric geometry in which the



main channel is in the southernmost space between the northern spit and the terminal groin with
depths up to 14 m and minimum widths ranging from 83 1,000 n{Figure2.1).
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Figure2.1. Locationof Oregon Inlet and seasonal wave roses created from data recordeBRIE thhem 1997 to 2@

The mean tidal rangexf the two closest gauge stations to Oregon Inlet are 0.98 m in the ocean
side at the U.S. Army Corps of EngineddlSSACE) Field Research Facility (FRF) and 0.28 m in
the sound side at Oregon Inlet Marik@giure2.1). The wave climate in the region is characterized
by two seasongjuring the winter (October to April), extratropical storms generate northeasterly
waves with sigificant wave heights (Hs) that vary betwezand 5m at 17 m depth. During the

summer (May to September), waves with Hs of less than 1 m arrive to thenacithieinlet from



the eastoutleast (see seasonal wave rosdsigure2.1). The calm conditions of the summer are
occasionally disrupted by the occurrence opical storms during the hurricane season (lone
November). All the aforementioned conditions result in a longshore transport rate near the inlet of
about 700,000 Ayr to the soutlfinman and Dolan, 1989; Jarrett, 1978)

2.4 Data and methods

Data used in this study include information to support grid design and to define the spatial domain
of the hydrodynamic model for Oregon Inlet, such as aerial photography and shorelines. We also
required forcings to use as boundary conditions for the nfoeldbathymetry, water levels, waves,
winds) and data to evaluate the model performance, such as available records of hydrodynamic
variables near Oregon Inlet. Sectidd.1presents the data sources, their location and resolution.

The hydrodynamic model used to study Oregon Inlet is explained in deteittion2.4.2

2.4.1 Observations of waves, tides, and wind

Wave and tidal records are available at the gauges showgure2.1. The longest wave record

near Oregon Inlet is available frothe FRF gauge at 17 m depth; this station provides Hs, wave
direction (Dir) and peak period (Tp) every 30 minutes from 1997 to present. The data of this
station helped to identify the seasonal wave climate in the region. Oregon Inlet Waverider is a
wavegauge located at 18 m depth seaward of Oregon Filgaire2.1). This station is owned by

the Coastal Studies Institute and was active from 2012 to g8l @ave boundary conditions used

to force the model in this study come from th
are the only wave and tide gauges within the model donfrégiure 2.1 and Figure 2.2). Wave
records in the former station are available from September 2012 to March 2014 at 11 m depth,
while the latter has been measuring hourly water levels from 1996 and wind conditions from 2007
to present. Data from these two stations was usedalate the model performandable2.1

presents a summary of the data available in each gauge and its usage in this study.



Table2.1. Gauges and data availability in the study area

Name Measured variables Time frame available  Usage
FRF 17 m depth Waves (Hs, Tp, Dir) 1997- present Seasonal wave climate
Oregon Inlet Waverider Waves (Hs, Tp, Dir) 2012- 2016 Boundary conditions

Jennetteds Waves(HsTp,Dir) Sept. 2012 Mar. 2014 Model Evaluation
Oregon Inlet Marina Water levels 1996- present Model Evaluation

Wind 2007- present Boundary conditions

2.4.2 Hydrodynamic and wave nodels of Oregon Inlet

The hydrodynamic and online waeeupled model of Oregon Inlet is based on the modeling
platform Delft3D(Lesser et al., 2004yvhich has been used to simulate tidal inlet hydrodynamics

by Castelle et al. (2007); Elias et al. (2006); Sennes et al. (20hig) software suite has buift
coupling of multiple modules, among those, we use the FLOW and WAVE. The hydrodynamic
model (FLOW) solves the twdimensional deptlaveraged (2DH) continyit equation and
horizontal momentum equations, while the vertical momentum equation is reduced to the
hydrostatic pressure relation by assuming gravity to be the major vertical acceleration. The WAVE
module uses the third generation Simulating WAves Neeegls%VAN) mode(Booij et al., 1999)

that solves the spectral action balance equation. SWAN accounts for refractive wave propagation
due to currents and depth and represents wave generation by wind, dissipation due to
whitecapping, bottom friction, depihduced wave breaking, and nlbmear wavewave
interactions. Deltares (2014a, 2014b) explain all mathematical formulations and equations solved
in both modules of Delft3D in detalil.

Delft3D uses a finite difference scheme to solve the system of parfexiedifial equationsThe

region surrounding Oregon Inlet was discretized in two curvilinear grids with increasing resolution
near the inletKigure2.2b), both grids communicate with one anethhrough internal boundaries.

The external grid has 12,764 elements and the internal grid has 34,776 elements, with edge lengths
that range between 14 im Oregon Inlet and 460 m near the boundafiezble 2.2). The wave

grid has 18,213 elements and extends far offshore and alongshore to prevent any boundary



problemsfrom propagatingnto the hydrodynamic grid. During the compudgat SWAN obtains
current information by bilinear interpolation from the hydrodynamic grid. The-model

communication happens every 20 minutes, and the hydrodynamic time step is 30 s.

Table2.2. Delft3D giids characteristics

Grid Number of elements  Minimum element size (m) Maximum element size (m)
External 12,764 45 461
Internal 34,776 14 223
Wave 18,213 43 788

Oregon'Inlet

Legend
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Figure2.2. Model domain. a) ADCIRC NC9 Mesh for the Western North Atlantic Odaebelft3D FLOW and
WAVE grids; ¢) Grid and bathymetryear Oregon Inlet (negative depthdicate elevation)

To schematize as accurgteas possible the bottom in different regions of the domain, the
bathymetry of the model was generated by merging multiple sources ebatipgmetric data.
Depths in the Croatan Soumbrthwest soundare based on the 2002 NOAA sounding; the flood



delta d Oregon Inlet and the topography near the inlet are based on the 2014 Post Sandy Topo
Bathy LIDAR ; the depths in the main channel of the inlet were obtained from the hydrographic
survey of Oregon Inlet by the USACE on April 2014. Elevations and depthkdaest of the

model domain are based on the digital elevation model of the flood mapping program of the
Federal Emergency Management Agency (FENBIanton et al., 2008)he final bathymetry is

a composite of the most recent tepathymetric data in thregion, given the muitemporal nature

of the data, the bathymetry does not represent an instantaneous state of the inlet, instead it captures
its most important features creating a realistic model of the bottom. Oregon Inlet is represented
with a welldefined main channel, a complex set of sinuous channels in the flood delta and the
steep edge of the ebb delta in the ocean $idpie 2.2c), locations of all feates match those

visible from orthophotos and satellite images of the inlet.

The model includes the two main structures in the study area. The Herbert C. Bonner Bridge is
schematized as a porous plate with a loss coefficient of 0.44 dependent on theldbtierflow

by the bridge pierg¢Farraday and Charlton, 1983)he loss coefficient is used to determine the
additional quadratic friction term in the momentum equation. The terminal groin is schematized
as thin dam, which is an infinitely thin objectedsin Delft3D to represent flow obstacles in the

model that prohibit flow exchange between adjacent cells.

The shoreline of mainland North Carolina forms the closed boundary on the west side of the model.
In the lateral (north and south) and ojm®an (ast) boundaries, water levels are fed from
simulations of the ADvanced CIRCulation model for oceanic, coastal and estuarine water
(ADCIRC) (Luettich et al., 1992; Westerink et al., 2008DCIRC was run using the high
resolution mesh for the coast of No@arolina (NC9 mesh) and forced by 8 tidal constituents
(M2, S2, N2, K2, K1, O1, P1 and Q1) in the ofmmean boundary and wind forcing from the
ADCIRC Surge Guidance Syste@resback et al., 2013lrigure2.2a and b shovthe ADCIRC

mesh relative to the Delft3D grids of Oregon Inlet. Wave conditions are extracted from Oregon
Inlet Waverider and are assumed to remain spatially constant along theagaenboundary of

the wave model.

Each simulation starts from a uniform water level, followed by -@db spinup period of tide

only forcing. After this period, the model dissipates the errors from the transition between its initial

10



state and that imposed by the boundargditions. Calibration and validation simulations forced
by tides and waves were run over fortnight periods that include a spring and neap tidaltaghble,

are considered to provide sufficiemgnditions to evaluate the model performance.

2.5 Results

2.5.1 Model calibration

Multiple simulations were set up to test model stability with different time steps, processes and
simplified boundary conditions. Once the model showed a stable behavior, the calibration of the
physical parameters of the model began. The edidor period is Januaryi419, 2014; this period

was selected because of the availability of data to force the models (ADCIRC and Delft3D) and
because of continuous records of water levels and wave conditions at Oregon Inlet Marina and
Jennet t eehagailable te compare with the model results. The evaluation of the model was
done statistically by computing the Mean Absolute Error (MAE) as defin&ditinerland et al.

(2004) and by visually comparing simulated and observed water levels and wavhe at t

aforementioned stations.

Effects of boundary conditions on the model performance were tested by running simulations with

two ADCIRC meshes with varying resolution near the inlet (NC6B and NC9). As expected, the

best results were obtained when usingew&vels from the highesolution ADCIRC mesh for

North Carolina (NC9) to force the Delft3D model of Oregon Inlet. The two physical parameters
calibrated for the model were the bed roughnesshanldorizontal eddy viscosity. Both parameters

were varied whin a range of acceptable values for coastal settigbl¢ 2.3) and their final

values were chosen as the combination resulting in the most accurate simulataierdevels

and waves at Oregon | nl e tivelM&iven that theserack mokrent n et t e
measurements availabilethe inlet, the model was verified to reach flow velocities close to those

reported in the literature.
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Table2.3. Range of parameters and sourcewatfer leveboundary conditions tested for modedlibration. Bold
values are the final calibrated settings

Parameter Evaluation range
Chezy: 65

Bed roughness coefficient Manning: 0.018, 0.02, 0.024

Horizontal eddy viscositgm?/s) 1, 10, 50, 100

Source of water level boundai ADCIRC NC6B mesh (110 m)

conditions (mesh resolutio
near Oregon Inlet) ADCIRC NC9 mesh (2%n)

ADCIRC NC9 mesh for opencean and Newmaniateral
boundaries

Under this evaluation method, the simulated water levels that had the best match with
measurements at Oregon Inlet Marina were obtained from a simulation with a Chezy coefficient
and horizontal eddy viscosity of 65 and 10&snwespectively. Such simulation had a MA&E

0.06 m for water levels. Nevertheless, we found that under these settings, the mean velocity within
the inlet was 0.6 m/s and it never exceeded 1.3 m/s. Such velocities are relatively low compared
to those reportedy Nichols and Pietrafesa (199 Who state that Oregon Inlet mean flow velocity

is about 0.9 m/s and those measured in 2010d&gan Engineering International (201&ho
captured velocities of up to 2.6 m/s across the inlet. Revision of the parareatets their final

values shown in boloh Table2.3, which correspond to the default values in Delft3D and resulted

in a MAE of 0.07m for water levels and 0.28 for Hs. These values led to more realistic velocities

in the inlet than the previous set of parameters, this improvement was obtained at the expense of a

slight decrease in tidal signal accuracy at Oregon Inlet MaFigare?2.3a).

The left panels irFigure 2.3 show the comparison of observed and simulated water levels at
Oregon I nlet Marina (a) and wave conditions a
Simulated water levels follothe general tidal signal at thearina; nevertheless, the model fails

to reproduce 50% of the peaks and troughs of the tidal record. This inaccuracy of model can be
explained because of the protected location of the tidal gauge and the lack of ddtail in t

bathymetry in its vicinity. Simulated waves reproduced the observed wave conditions closely, with
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a few exceptions. Discrepancies between the model and the observations can be explained by
temporary changes in wind/sea conditions that may not havepbesent in the forcings of the

model at those specific instants of time.

2.5.2 Model validation

The validation period goes from February 4 to 19, 2014. Availability of data to force and evaluate

the model led to the selection of this fortnight period, which ialsloides a storm that generated

3 m Hs in Jennettebds Pier and a surge of 0.6 n
behavior as that of the calibration period. Simulated water levels in Oregon Inlet Ktdioma

the observationdHgure 2.3e), but the model usually over predicted the tidal peaks. The model

does a good job capturing the growth rate, duration and decay of the surgetinetdbetween

February 13 and 15, but it under predicted its peak by 0.1 m. Regarding simulation of wave
conditions, the model captures most of the observed Hs, Tp and Dir including abrupt changes in
direction and temporal variation on heights and piril@r calm and energetic conditiofsgure

2.3f - h).

The MAE for water levels and Hs is 0.11 m and 0.29 m respectively. These errors argaofi¢che

order of magnitude as those from the calibration period. Possible causes of those errors are missing
details in the bathymetry caused by merging multiple surveys near the inlet. In particular, the
location of Oregon Inlet Marina poses a big challefiogenodel evaluation given the unchartered

waters in its vicinity. Nevertheless, the model shows consistency to predict water levels in the
sound, waves in the ocean side and flow veloci
magnitude. Tis behavior provides confidence in the hydrodynamic model to study the effects of

seasonal forcings in Oregon Inlet dynamics.
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calibration (left) and validation (right) fortnight periods

2.5.3 Seasonality of Oregon Inlet

To identify theimpact of wave seasonaliip Oregon Inlet dynamig$wo simulations forced with
representative wave conditions of the summer and the wintedeeetopedThe two simulations

were hotstarted from a tidenly run, each simulation lata month, and both aferced with

equal tidal conditions extracted from the Western North Atlantic ADCIRC Tidal Database
(Westerink et al., 1993Wave boundary conditions correspond to observed waves at Oregon Inlet
Waverider for January 2013 (winter) and July 2012 (sumnhagse specific months were chosen
because they include wave conditions that follow the general patterns expected for each season
(Figure2.4). The winter month inclugs four events with Hs higher tham2(gray bands ifigure

2.4), three of them with waves predominantly from the nodhtheast and the last one with waves

from the southsoutheast. In the summer, waves primarily from the south and southeast remained

below 2m. These boundary conditions allowed us identifying the hydrodynamic responses of the
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inlet to the two contrasting periods. Model outputs were analyzed atilghvand higher high tide
for the period of time marked with the darkest gray backgrourkdguare 2.4, which coincides

with spring tide.

Figure2.5 shows the depthveraged velocities in Oregon Inlet at different stages of the tidal cycle
(columns) and times when wave conditioepresentwo different seasons (rows). At low tide

(first column), the ebb current flows from the sinuous channels of the flood delta in the sound,
through the inlet main channel closer to the terminal groin, and reaches the ocean. In the summer,
the main ebb current is unidirectional, heading northeast witlh-@etraged velocities up to 1.2

m/s Figure2.5a). Under energetic waves from the northelasfure2.5b), waveinduced currents

in the ocean rotate the ebb current 3° southward. A +sonith longshore current develops at both
sides of the inlet generating a residual flood current in the north bank of the inlet that constricts
themain ebb current. This longshore current continues flowing to the south past the pocket of the
terminal groin, which is located in the shadow zone of the ebb current.
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Figure2.4 Wave boundary conditions from Oregon Inlet Waverider at 18 m depth. Top: Time series of sig|
wave heights. Bottom: Time series of nautical wave direction
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During high tide, the flood current flows through all the extent of the inlet, the wétter otean

side is funneled into the sound and distributed among the channels in the flood delta. This pattern
is similar for summer and winter conditions. The highest velocities underfthesgsoccur near

the tip of the terminal groin directed towarthe inlet(Figure2.5c and d). This current could be

one of the causes of the sporadic formation of a sand spit in the south side of the inlet, like the one
visible in Figure 2.1. During the summer, there is not a wadifined longshore current, while
during energetic conditions it can reach about 0.75 m/s flowing north to sdiltih merges with

the flood current entering the inlet. The southward longshore current reestablishes 1.5 km south of

the terminal groir{Figure2.4d).
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Figure2.5. Seasonal circulation in Oregon Inlet. Wave conditions in the white boxes correspond to those s
at 15m depth at the location marked with a red star in the top left panel
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At higher high tide, thood current reaches velocities of 2 rffsgure2.5e and f). Similar to the
previously described circulation pattern, the water enters through the inlet forrchlenergetic
conditions. A significant change in the circulation occurred in the ocean side, where the model
captures a reversal of the longshore current. In the presrargeticscenarios, waves approached

the inlet from the northeast, but in this cagayescome from the eastortheast, which causes the
longshore current to flow from south to north. This longshore current reversal has been reported
by Miller et al. (1996) who found thasignificantnet potential sediment transport toward the north

couldoccurnearOregon Inlet.

After reviewing the model outputs at different times and with varying wave conditions, we found
that the longshore current shifts when waves travel from directions higher thakilgft waves
approach arth of this direction,the resulting longshore current matches the predominant
southward littoral drift. In the wave records used to force the seasonal simulations, 75% of the
waves approached the inlet from directions between 60° and 180° (markers above the black line
on the lottom panel oFigure2.4), but waves with these directions were usually not high enough

to create northward longshore currents faster than 0.05 m/s. From the fownbigy events
simulated, only the last one had all waves coming from the southeast. These results suggest that
despite the predominant littoral drift travels toward the south, reverse periods camoften

than previously thought, especially whigapical storms traverom offshore towards the North

Carolina coast, which resgin swells traveling south to north.

The spatial extent and variation of wave effects are expectedflteence not onlythe
hydrodyramics of the system, but alé® morghology. An initial overview of the spatial variability

of those effects, is presentedrigure2.6, which includes the 0.2 Nfed shear stress contours

at low (leff), high (center) and higher high tide (right) for summer and winter conditions. A 0.2
N/m? bed shear stress is considered the minimum critical shear stress for initiation of motion for
sands with b= 2 0 Ovare Rin, 2007) thus this contour provides atea of the nearshore
regions where active sediment transport takes place near Oregon Inlet, which has sediment sizes
of t he or dBolaneobd., 2A02)0 & m

The most important differences in the spatial distribution of bed shear stoessegn sumer

and winteroccur in the ocean side, where winter waves have effects on the batioen éffshore
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along the coast and the edge of the ebb delta than summer wWapee2.6). In the sound side,

the spatial distribution of the bed shear stress is highly dependent on the tidal flow rather than the
wave conditions. During low tide, the bed shear stresses that maubrk sediments are located
within the sinuous channels of the flood defig(re 2.6 left), while at high tidethe 0.2 N/m

contour covers most of the flood de(Figure2.6 center and right). This pattern indicates that ebb
currents shape the channels in the sound, while flood currents are distributed across the whole
flood delta generating higher bed shear stressi®ishoalsvhere ebb currents do not have major

effects on the bottom.

Low tide High tide Higher high tide

& 0.2 Bed shear
Depth (m) ] Ustress (N/m?)
| | - —— 0.2 winter

NN 505
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Figure2.6. Bed shear stress 0.2 N/oontour for summer and winter at different stages of the tidal.cycle

2.6 Conclusion and future work

A coupled hydrodynamic and wave model was calibrated and validated for Oregon Inlet using
observed tides and waves in the sound and ¢cespectively. The model allowed us to identify

the following circulation patterns of the inlet under summer and winter forcings. During the
summer, tidal flow regulates the hydrodynamics of the inlet. Thedmgingy waves of the winter
rotate the ebb ctent southwards and generate longshore currents in the same direction that can
reach velocities of 0.75 /s Waves coming south of 60° reverse this longshore current, generating

a flow in the opposite direction of the dominant littoral drift near Oregtet. Ifhis longshore
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current could be one of the factors leading to sand accumulation adjacent to the terminal groin in
the down drift side of the inlet. Ebb currents drain through the channels in the flood delta while

flood currents enter the sound inundgtmost of the flood deltand shaping the shoals

A morphological model based on the validated hydrodynamic model presented here is under
development. Recent evaluation of the morphological behavior of the model indicates that it can
capture general esmnal and depositional trends within the Oregon Inlet. Future work to study
the response of the inlet to natural processes and structures will couple model outputs with multi
temporal geospatial analysis of the main morphological features of the iglehdethern spit,
shoals).
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CHAPTER 3: MORPHOLOGICAL EVOLUTI ON OF OREGON
INLET: 2005-2015 A DECADE OF NATURAL AND HUMAN -
INDUCED CHANGES

Paper will be submitted to journal as: Velasquez Montoya, LilianaOverton, Margery F.,
Sciaudone J. Elizabeth. Morphological evolution of Oregon I18[#52015a decade of natural

and humannduced changes.

3.1 Introduction

Tidal inlets are highlydynamic coastal features controlled by tidad waveinduced currents.

Their strategic role in navigation, commerce, fisheries, and tourism has historically exposed them
to the action of humans while influenced by the natural evolution of their surngundi
environment. In addition to their soeg@onomic relevance, tidal inlets control the exchange of
water, nutrients, pollutants, and sediments between-bacler bays and the coastal ocean.
Moreover, the capacity of tidal inlets to regulate the sedirbedget in eroding barrier islands
increases the interest to understand their morphodynamics and to predict their behavior under

natural and anthropogenic forcings.

The morphology of tidal inlets has been studied for decades by means of conceptual mibdels b

from analysis of observatior(e.g. Elias and vaned Spek 2006; Hayes and FitzGerald 2013;

Komar 1996; among othersyemiempirical relationships between tbmsssectional area of the

inlet gorge and its tidal prisifiescoffier 1940; Jarrett 1976; vaed Kr ee ke 1992; OO0BT
have explained the permanence of tidal inlets. Combinations of these techniques with process
based models have been usethe last two decades to study the physics behind the morphology

of tidal inlets(Bertin et al. 2009; Elias et al. 2006; Fortunat@let2014; Nienhuis and Ashton

2016; Tung et al. 2009)rhese studies have demonstrated that numerical experiments provide
insights in the physics of such systems that were not attainable before, and have significantly
contributed to enhance theundarstdi ng of ti dal i nl etsd behavi ol

scales.
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Some of the aforementioned approaches have been applied in the past to study Oregon Inlet, one
of the most dynamic inlets in the Outer Banks of North Cardlimaan and Dolan 1989Most

of these studies have been related to stabilization and navigation plans, such as: the design of a
dual jetty systengHollyfield et al. 1983; Jarrett 1978; Vemulakonda et al. 198&) never came

to realization; the impacts of the terminal groin built in the down drift shoulder of th¢Jajeter

et al. 1998; Overtoet al. 1992)and bypassing of dredged sedimdjitelan et al. 2003; Dolan

and Stewart 2006)'he objective of these studies was to understand the processes that control the
morphology of the inlet or its vicinity; specifically, tkensequences of engineering interventions
designed to ensure navigation along and transportation across the inlet, which has been proven to
provide sociceconomic benefits at the local, state and federal |éMaéfatt and Nichol 2014)

Despite the usefulness of these investigations, their outcomes are restricted by ttierapatial
resolution of observations available a decade ago and computational gdctve time when a

numerical model was built for Oregon I nlet in

This paper aims to update and enhance the understanding of the morphodynamics of Oregon Inlet
in the decade of 2008015 by means of periodical remotely sensed daturobservations, and

a highresolution 2DH numerical model based on Delft3D. Respoofthe inlet to natural forces

and dredging are analyzed from sadrial features evolution, bathymetric changes, and geospatial
metrics obtained from muitemporal aerial photography. A morphological model is calibrated

and used to 1) identify evolutial trends caused by natural processes and 2) assess the spatial
variation in theeffects of tides and waves on the morphology of Oregon Inlet. Understanding the
processes involved in the morphological evolution of Oregon Inlet serves to plan sustandble s
management practices, navigation strategies, and infrastructure development around this dynamic

coastal system.

3.2 Study area

Oregon Inlet is located in a transgressive wdominated barrier island system known as the
Outer Banks of North Carolina. Theet drains the water of the Albemaiffamlico Sound into
the Atlantic OceanKigure 3.1) and separates Bodie Island in the north from Pea Island in the

south. Oregonnlet is the only inlet along nearly 2&dn of shoreline from Rudee Inlet, VA to
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Hatteras Inlet, NC that gives access to the Intracoastal Waterway. The history of Oregon Inlet dates
back to September 1846, when it was opened by a storm. In 1963, thepdexei and tourism
growth in the Outer Banks led to the construction of the 3.9 km long Herbert C. Bonner Bridge
crossing the inlefrrom 1846 tdl989 the inlet had migrated nearly 3.5 km southward and 0.6 km
landward(Joyner et al. 1998)etting dangerously close to the southern abutment of the Bonner
Bridge. In 1991, theauth side of the inlet was stabilized with a terminal groin to protect the
southern abutment of the bridge. Since then, the (da@pestEhannel of the inlet has remained

close to the terminal groin.

The tidal prism for Oregon Inlet has been reportetil@sx 16 m?® (Jarrett, 1976) and 85 x 46°
(Hollyfield et al., 1983), both values obtained prior to the construction of the terminal groin. Ebb
and flood currenthave been reported tange from 0.65 to 1.16 m/#lichols and Pietrafesa,
1997) instantaneous measurements ©@gean Engineering International (201&)gistered
maximum flood currents up to 2.5 m/s. Tt sediment transport in the inlet vicinity is 700,000
m3/yr to the south(Inman and Dolan 1989; Jarrett 19%@}h some reversal periods as the one
studied byMiller et al. (1996) With the south side of the inlet stabilized with the terminal groin,
the northerrspit remains dynamic and responsive to littoral drift processes and sotas. et

al. (2003)estimated 3 m depth and computed the northern spit accretion to be approximately
250,000m3 from September 2002 to June 2003. The same study stated that coarse sediments
bypass the inlet along the ocean bar, while the fine fraction continues to move into the inlet,

forming its spit.

The inlet has a wellleveloped flood delta that protrudespegximately 5 km into the sound
(Figure3.1) forming a system of shoals and sinuous channels that distribute the tibcaméhout

of the sound. To ensure safe navigiathrough the inlet and beeena 40 m wide navigation span

between the piles of the Bonner Bridge, a navigation channel is maintained at an authorized depth

of 4.3 m by the U.S. Army Corps of Engineers (USACE). The navigation channel is currently
locatel north of the inletdés main channel and dan
(Figure3.1), intensifying the need for dredging activities. The ebbadwedis an alongshore length

of 3 km and extends approximately 3.5 km into the ocean forming an oval shape crossed by the

straight ebb channel of the inlet. The ebb delta has a complex system of transitory channels and
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shoals. Recurrent features in the ldstade include marginal flood channels at both sides of the
inlet and a triangulashaped marginal shoal seaward of the pocket of the terminal groin.
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Figure3.1. Study area a). Location of Oregon Irmelative to the southeast coast of USA and the Outer Bani
North Carolina, b). Aerial view of Oregon Inlet, ¢). Ground view of Oregon Inlet from the terminal groil

Tideson the Outer Banks are semidiurnal with a mean range obfh the ocean side dress

than 0.3 minside the sound in Oregon Inlet Marina. The wave climate in the region is characterized
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by the occasional occurrence of tropical storms between June and November (hurricane season)
and frequent nor(laneaa antd Rotas 1989Rigurte h2deft wight) shews the
percent occurrence of significant wave digi and direction (peak period) at Oregon Inlet
Waverider located at 18.3 m depkgure3.1a) and deployed in 2012. The bottom panéligure

3.2 shows the same plots built from the 198910 wave hindcast from the North Carolina Wind
Wav e Power project at t he s ame | ocati on.
WAVEWATCH Il wave model coupled with ADCIRC and SWAN, and was validated for normal

and extreme conditions (Blanton and Edge, 2015). Saort and decadal wave data indicate that

30% of the waves have significant wave height (Hs) of 1 m and approach Oregon Inlet from
directions between northortheast (22.5°) and sousloutheast (157.5°). Waves exceeding 3 m

approach mainly from the northeast (45°) and east (90°) and have peak periods (Tp) longer than 8 s

3.3 Data

Monitoring by the North Carolina Department of Transportafid@DOT) provides bimonthly
(February, April, June, August, October and December) aerial photography with resolution of 0.30
m (1ft) from 2005 until mie2011 and 0.15 m (0.5 ft) from mi2D11 to 2015. Moreover, the study

area has been part of metéimporad Li DAR surveys downloadable as Digital Elevation Models
(DEMs) from the National Oceanographic and Atmospheric Administration (NOAA) Digital
Coast website. The year and resolution of each survey, along with the agency that completed each
of them are listé in Table3.1. To assess the need for dredging the navigation channel of Oregon
Inlet, the USACE performs hydrographic surveys including the navigation channehwiadlyp
mapping the bottom of Oregon Inlet. Surveys from 2005 to 2015 were reqfrestede USACE

Wilmington district office.
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Observations: Apr 2012 - Dec 2015
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Figure3.2. Joint probability of occurrence of Hs and direction (lafifl Hs and peak period (right) at the locatic
Oregon Inlet Waverider. Top: Observations at Oregon Inlet Waverider, Bottom: Hindcast from the North C
Wind Wave Power Project at thearest node to Oregon Inlet Waverider

The most comprehensivepographic/bathymetric data source for the coast of North Carolina
corresponds to a grid with 10 m resolution developed as part of the Floodplain Mapping Project
(FMP) (Blanton et al. 2008)This DEM was built from multtemporal surveys merged together,

it is referenced to NAD83 and elevation is provided in meters referenced to NAVD88. Bathymetric
data to correct and update unrealistic features of the DEM near Oregon Inlet was obtained from
NOAA databases including the 2014 NOAA NGS TopobaibAR and the hydrographic survey

H11032 completed in 2002, which encompasses parts of the Pamlico and Croatan Sounds. Depths
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were givenin meters with horizontal datum NAD83 and vertical datum in Mean Lower Low

Water. All elevation data was converted to NAVD 88.

Table3.1. LIDAR surveys available from 2005 to 2015

Year DEM Name Agency
Resolution (m)
2005 2 USACE NCMP Topobathy LIDAR: USACE National Coastal Mappin
Atlantic Coast (NY to VA) Program (JALBTCX)
2008 2 NOAA NGSLIDAR: NC NOAA National Geodetic Surve
(I0CM)
2009 2 USGS CoastdliDAR: Postlda (NC) NASA Wallops, USGS Coastal ar
Marine Geology Program, Nationi
Park Service
2009 2 USACE NCMP LIiDAR: Atlantic Coast USACE National Coastal Mappin
(NC) Program (JALBTCX)
2011 2 NOAA NGSLIDAR: NC Postlrene NOAA National Geodetic Surve
(I0CM)
2012 1 USGS LIiDAR: PostSandy (DE, MD, USGS Coastal and Marine Geolox
NC, NY, VA) Program
2014 0.5 NCFMP LIiDAR: Statewide North U.S. Geological Survey, Nortl
Carolina (Phase 1) Carolina Floodplain Mapping
Program
2014 1 NOAA NGS TopobathyLiDAR: Post NOAA National Geodetic Survey

Sandy (SC to NY)

(I0CM)

Hydrodynamic data is relatively scarce in the study area andvaitable within the inlet. A

single tidal gauge and two wave gauges are located within a 20 km radius of the inlet, the USACE

Field Research Facility (FRF) with the largedal and wave records in the area is located 48 km
north of Oregon InletKigure3.1). Water levels at Oregon Inlet Marina are available from 1997

to present. Wave easurements at Oregon Inlet Waverider are available from 2012 at 18 m depth

and at

wayves

data from Oregon Inlet Waverider was used as wave boundary conditions for thé\fetaruez
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3.4 Methods

3.4.1 Geospatial metrics of inlet @olution

Observations gathered systematically in the decade of-2005 served to extract geospatial

metrics used to identify morphologic evolutional trends and to evaluate the response of the inlet to
major dredging events. Aerial photographs were used tizéigi t he s hor el i ne, the
width, channel orientation (azimuth) and the area of the Bodie Island spit. NCDOT schedules the
photos to be taken at high tide, but weather and sunlight conditions do not always allow the flight

to happen at that timéhus the photos are taken as close as possible to high tide. The shoreline

was defined as the wety line at the instant in time when the photograph was taken, therefore, its

exact location depends on local tide and wave condi{©merton and Fisher 1996) The inl e
minimum width is the narrowest portion of the mainrutnel between the inlet shoulders and was
measured using thi@ealo proximity tool of ArcGIS 10.3. The channel orientation corresponds to

the azimuth of the centerline of the ebb channel visible from aerial photography. The area of the
spitis computed atite r egi on bet ween the spitds shorelin
has remained stable in the last dec&ttgure3.3 shows the graphical explanation of teospatial

metrics used in this study. The aerial photographs were also used to creattapgeraimation

which helsto visualize and identify evolutional patterns of the inlet.

Volumetric changes in the subaerial portion of the Bodie Island spit @een@uted from the
LiDAR-based DEMs listed ifiable3.1. Volumes were calculated over the 0 m elevation surface
(NAVDS88) constrained by the area formed by the intdérgseof all DEMs and the beach ridge
baseline shown ikigure3.3. Cell-by-cell rasterbased statistical analys@ditasova et al. 2009)

of the DEMs allowed to compute elevation changes at each cell over the period between 2005 and
2015. These analyses were completed following the standardized procedures destidnekihby

et al. (2014)Hydrographic surveys from théSACE datasets were used to monitor depth changes
in the inleto6s gor-geeional ardaotthe inletbalopy meae sed ldével. Tlreseo s s
surveys were also used to evaluate the stability of the inlet according to the hydraulic stability
methal proposed b¥scoffier (1977)and the hydraulic parameters for Oregon Inlet presented by
USACE (1999)
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3.4.2 Numerical Model Description

The proces$based numerical model Delft3{@erritsen et al. 2008; Lesser et al. 2004; Roelvink
and Van Banning 1994 used in this study to compute 20hydrodynamics, waves, and
morphology of Oregon Inlet. Delft3D allows online coupling of its multiple modules resulting in
simultaneous computation of flow characteristics and bathymetric changes due to the action of
oceanic forcings. Delft3l-LOW is thehydrodynamic module that solves the Navier Stokes
equations for an incompressible fluid, under the shallow water, Boussinesq and hydrostatic
pressure assumptions. The system of partial differential equations with its corresponding initial

and boundary coritibns is solved on curvilinear grids using finite differen(i@sltares 2014).

Delft3D is internally coupled with the wave modefrfsiating WAves Nearshore (SWANKBoOI

et al. 1999) SWAN is a thirdgeneration wave model that solves the evolution of the wave
spectrum using the spectral action balance equation. Among the wave effects included in the
coupled SWAN and Delft3D, the ones which have the stsingiect on nearshore sediment
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transport and morphology are the wamnduced mass flux, additional turbulence due to
whitecapping and breaking, and bottom current directed in the direction of wave propagation

known as streamin@.esser 2009)

The TR2004 sediment transport model explained in leogtran Rijn (2007a; bAnd available in

the builtin interface of Delft3D is used in this study. The total sediment transport is computed as
the sum of the net bed load and the suetpended load transports rates averaged over the wave
period. TR2004 solves the tiraveraged sediment concentration by means of theawemged
advectiondiffusion equation and the bed shear stress based on a bed roughness predictor. The net
sedimenthange in the bottom is computed each time step as a result of changes in the sediment
fluxes from the suspended and bed loads. In case of accelerated morphological simulations, these

fluxes are multiplied by the usdefined morphological factor (MORFAC).

3.5 Evolutional trends of Oregon Inlet from observational data

3.5.1 Planimetric changes

The subaerial vicinity of Oregon Inlet has experienced continuous morphological changes in the
decade of 2002015. Such changes occurred at different temporal scales ranging from months to
years. The top panel &igure3.4 shows the evolution of the channel minimum width and the spit

area. As expected, the data indicates an inverse relationship between these variables, where a larger
spit results in a narrower inlékhe minimum width of the inlet has varied between 626 and 1015

m, while the spit area has been as low as 42é¢#&hing a maximum of 81 Ha before Hurricane

Irene (2011). The spit area decreased significantly due to breaching during this huFigares (

35 and flooding during storm Nordélda (2009) .
area of the spit grew again as a response of the littoral driftéiméinuously brings sediments

from the north into the spit. Nonetheless, the spit has not recovered bacKrenprealues and

has notyetexceeded 62 Ha.

Bodie Island spit has remained convex to the ocean and its most dynamic features are its
southermost tip and the internal channel connected to the sdtigdré3.5). The southern tip of

the spit tends to grow south, but its horizontal expansion is controllegeséspy dredging
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activities, which are the main reasomhy the area of the subaerial spit remained relatively
constant from 2013 to 2015. On the other hand, the internal channel within the spit was inactive
from 2005 until 2011 with a width of 185 m, camsting the narrowest section of the spit. In
August 2011, the same channel funneled the ssidelsurge of Hurricane Irene breaching the
spit and creating a temporary channel with a depth of abouFigor¢3.5, 2011). It took nearly

a year for the breach to recover. In this period, sstlle spits grew over the breach until it was
filled and the geometry of the original spit was reached, this time with a rerm@rnal channel

width of only 50 m Figure 3.5, 2013). By 2015, the area recovered at the breach location was
approximately 22 Ha, which is equivalent to 220,08600f sediment given the original depth of

the breach.

The center panel é¢figure3.4 depicts the direction of the main channel of the inlet relative to the
north measured from aerial photography. The decadal trend indicates that the main channel of the
inlet has rotated 13btthe north, with a final azimuth of 31° by the end of 2015. This rotation is
also confirmed from hydrographic surveys from the USACE (see section 5.2) and it is likely a
consequence of accretion of the south shoals in the ebb delta. The bottom gégales.4

shows the time series of Hs and their direction. The red lines indicate the times when sand
accumulation in the inleside of the terminal groin was captured the orthophotos. This
intermittent sand feature has become more frequent with time and it is the consequence of the
migration of sand waves in the opposite direction of the predominant littoral drift. The episodic
reversal of the littoral drift occusgithin the shadow zone of the ebb delta, where refracting waves
enhance sediment transport towards the inlet. These sediments bypass the terminal groin,
accumulate along the structure and are eventually eroded by tidal cuFigote 3.6 presents
three different periods when a sand wave is
feature forms in the inlegide of the terminal groin. This phenomenon is edsieisualize in a
time-lapse including all the aerial photographs that can be fdanthe following link:
youtu.be/_ZPwx3pbS8.
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Figure3.4. Planimetric evolution of Oregon Inlet from 2005 to 2015. Time series of channel minimum wid
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Other evolutional trends that can be depicted from the-typee are: 1) Erosion of the estuarine
shoreline of Pea Island near the southern abutment of the Herbert C. Bonner Bridge caused by
scouring of the southernmost channel of the flood deiaween 2005 and 2015 near one hectare

of land was lost due to migration and curvature of this channel; 2) Erosion and migration of the

fl ood

active; 3) Migration 6flood delta shoals to the inner side of the sound@)vhrwash deposits and

del tads i sl

and

n

t he

back of Pea

aeolian sediment transport filling artificial ponds in the pocket of the terminal groin.
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Figure3.5. Yearly evolution of Bodie Island spit. Each colored line depicts a month as indicated in the lege
December photography for each year is shown in the background. The frame in the bottom right corner cc
elevation range of the stable portioiithe spitfor the period of 2002015.
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Figure3.6. Sand waves moving south to north in Pea Island. Solid lines represent the shoreline of the bac
photography and the datihes are the shorelas 2 months after

3.5.2 Elevation changes in Bodie Island Spit and depthttanges in the Inlet

The LIDAR datasets listed iffable 3.1 were used to compute the elevation range of the stable
horizontal area of Bodie Island spit. The panel in the bottom right coréguie 3.5 shows the
spatietemporal distribution of elevation of the spit from 2005 until 2014. Most of the spit has
remained relatively constant in elevation, with changes below 1 m. The most signific
differences occurred in the sand lobes at the center of the spit, where elevation changes reach 3.9
m. Such changes can be attributed to landward sediment transport and dune growth. In the south
portion of the spit, vegetation cover has expanded fqgonoximately 5 Ha in 2005 to 12 Ha in

2015, prompting dune growth and stabilization of that area, which remain#dce even after

the breaching of the spitin 2011.

The hydrographic surveys by the USACE were superimposed in order of occurrenceén a ti
lapse (see this link: youtu.be/a3vChcxSgl14) that confirmed the rotation of the main channel of the
inlet. Using these DEMSs, crosectional profiles and areas below M8ere extracted at a transect

in the center of the inlet and normal to the main ckbafffigure 3.1b). The two top panels of
Figure 3.7 show the temporal variain of the inlet maximum depth and its cregstional area

over the study period. The inlet maximum depths changed within a 5 m range, reaching maximum
values of 16 m. The crosectional area ranged between 3,000 and 5,60@the times when

the inletwas the deepest, the cremctional areas remained within 3,500 and 4,000 he largest

areas occurred immediately after two dredging events of the navigational channel thaeéeéxceed
400,000 M (November 2008 and October 2013). An increase in the-sexg®nal area of the
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inlet was expected after dredging in September 2009, unfortunately, the surveys did not cover

enough spatial extent to compute the cisesstional area at that time.

The five bottom panels ikigure 3.7 show the bathymetric profiles at the inlet gorge for five

periods (A, B, C, D, E) defined with gray shadows in the top-8arées plots in the same figure.

From January 2005 until November 2008) (Aajor dredgingdid not occurand sediments

deposited in the north shoulder of the inlet forcing its main channel to migrate to the south. In this
period the main channel deepened 2.5 m. After dredging the navigation channel at the end of 2008
(B), the iret experienced a fast decrease in its maximum depth. Once the navigation channel was
almost filled by September 2009, the inlet tended to deepen again. In October 2009 (C) nearly
904,579 m of sediments were dredged from the navigation span leavingm 260e navigation
channel north of the inletds gorge. It i s exp
largest crossectional area of the inlet for the whole study period. However, there are no surveys

to corroborate this hypothesis. Iniuy t he i nl et 6s i nstantaneous r e
(maximum depth of 12 m). As the subaqueous spit filled, the main channel migrated north and
deepened until Hurricane Irene hit the Outer Banks in August 2011. This hurricane caused the inlet
gorge to get to its shallowest depth in the study period (11 m). The response of the inlet to the
storm occurred between the end of August 2011 and October 2013 (D). During this period the
main channel deepened and migrated south with a relatively smalbtehsruconsequence of

sidecast dredging at the navigation span. In November 2013, dredging in the navigation channel
resulted in a response of the inlet similar to period A. The subaqueous spit filled and the main
channel of the inlet migrated south (E)xe@all, the main channel of the inlet migrated within 100

m horizontally and 5 m vertically.
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3.5.3 Cyclic adjustment to dredging and stability of Oregon Inlet

Af ter reviewing the <cyclical evolutional
maximum depths, it was found that the inlet adjusts its geometry to dredging in-sctitee
ranging from months to a few years. As showikrigure 3.8 (left), the cyclic adjustment of the
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crosssectional area of the inlet iterates over a-step cycle: 1) Oregon Inlet tends to migrate in

the same directionoftheaect i ng spit wuntil it is restricted
main channel to become narrower. To compensate for the excess of sediment carried into the spit
by the littoral drift, the inlet deepens. When the spit encroaches into the mavightinnel,

dredging is undertaken, increasing the cigesstional area of the inlet. 2) While the littoral drift

fills the dredged channel, the main channel adjtsslIf to the new hydraulic conditions becoming

shallower and migrating north. Once thedalyed channel fills the cycle repeats.
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Figure3.8. Evolution of Oregon Inlet crossectional area. Left: Cyclic adjustment of the cresstional area to
dredging, the rock wall represents the terminal groin in the south side of the inlet. Right: Stability curve of
Inlet modified from USACE (1999).

The selfrecovery of the system to anthropogenic modifications of its-s®st$onal area is typical

of hydraulically stable inlet§Escoffier 1940) Figure 3.8 (right) shows the stability curve of

Oregon Inlet, the range of cressctional areas between 2005 and 2015, and the sedimentary
stability curve of the inlet. The latter derived from geverning equation for unstabilized inlets

A= 5.74x105P**° proposed by Jarrett (1976), where A is the inlet esessional area @ and P

is the equilibrium tidal prism® defi ned as P=AVmaxT/ . Here, V
ft/s and T is tidaperiod in seconds. As shownkigure3.8, Oregon Inlet was in stable equilibrium

during the study period. The closest the inlet has been to reach the point bfeuegtalibrium

(~2,700 ) was in 2005 when its crosectional area was ~3,20F,rbut even then, it was far

from the critical crossectional area (~4653nthat could lead to its closure. These results are

consistent with the fact that the inlet has remained open for over 170 years. However, the stability
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analysis assumes that only one inlet connects the ocean and the sound, neglecting the influence of
theother five major inlets in the Outer Banks and an ephemeral inlet that opened during Hurricane

Irene in 2011 downdrift of Oregon Inlet.

3.6 Morphological model of Oregon Inlet

3.6.1 Model set up

The morphological model of Oregon Inlet is based on a validated hytaodc model built in a
previous phase of thitudy and described in detdy VelasquezMontoya and Overton (2017)

In this model, lhe study area is discretized in two subdomains with increasing resolution nearshore
and into the inletKigure3.9a). The two domains communicate with one anotheutn internal
boundaries, following the domain decomposition approach available in Delft3D. This approach
results in more efficient running times and element size flexibility than a siloghain model
(Deltares 2014). The external morphologic grid has 12,764 elements and the internal grid has
34,776 elements. The size of the elements ranges between 14 m in Oregon Inlet and 460 m near
the external boundaries. A hydrodynamic time step of 30 s is used to ensure numerical stability.
The wave grid extends 15 km offshore and 35 km alongshore at each side of the inlet, this larger
domain than the morphologic one was selected to prevent namariéacts from propagating

into the morphologic gridRoelvink and Reniers 20123WAN and Delft3D are coupled online

(two way wavecurrent interaction), the intnaodel communication happs every 20 minutes,

wave information is passed from the wave grid nodes to the hydrodynamic grid nodes by bilinear

interpolation.

The bathymetry of the model was generated by merging some of thédtponetric datasets
described in the data section¢liding the 2002 NOAA survey of the Croatan Sound, the 2014
Post Sandy Top&athyLiDAR, and the FMP DEM. For calibration purposes, the main channel
of Oregon Inlet is defined based on the USACE hydrographic survey of October 2014.
Interpolation smoothingvas required to merge all bathymetric sources while maintaining a
realistic representation of the inlet. The final main channel, sinuous channels in the flood delta,
and the steep edge of the ebb delta in the oceanFSgled3.9b) match the real features visible
from aerial photographs of the inlet taken in 2014.

37



The two mammade structures built in the study area havegubdimensions, thus both of them

were sclematized according to their hydraulic characteristics and the options availBelE3D.

Because the thickness of the Herbert C. Bonner Bridge piers is smaller than the element sizes, the
bridge is schematized as a porous plate. A spatially constarddefficient of 0.44 was computed

given: a 20 m average grid size, one pile per grid cell, an average pile diameter of 5 m, and a drag
coefficient of a square pil&Zevenbergen et al. 2012)he loss coefficient is dependent on the
blockingof the flow by the bridge pier$-arraday and Charlton 1988hd it is used to determine

the additional quadratic friction term in the momentum equation. The terminal groin is
schematized as a thin dam, which is an infinitely thin object used in Delft3D to represent flow
obstacleshat prohibit flow exchange between adjacent cEltgure3.9c shows the element edges

in which the schematizations were applied.

Based on the sediment size distribution of Oregon Inlet publish&blan et al. (2003); Wells

and Kim (1989) Moffatt and Nichol (199Q)four grain diameters are assumed to be spatially

di stributed in the study area (125, 180, 350
to the do distribution shown irFigure3.9b. The coarsest sediments are located in the dry portion

of the islands, the southern shoals of the ebb delta and tndaut&€he finest sediment are located

in the sound with grain diameter of 125 em. ||
depth. Theeghi n t he i nl et gorge and flood delta was
and its surrounding e gi on was assigned 60% of 125 &m, K
leadingtoashnear to 200 em. Thersd@iOmamtd fl2&ctimoma v
density equal to 2650 kgAnTo account for 10% of heavy mineral content in the inleggor

reported byDolan and Stewart (2006d)he two other sediment fractions have a specific density

equal to 2880 kg/fn
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Figure3.9.Computationatlomain. a. Delft3D morphology and wave grids; b. bathymetry and spatial distribu
dso; €. spatial discretization of the structures in Oregon.Inlet

3.6.2 Schematization of tide and wave boundary conditions

The principle of input schematization is to ued the number of boundary conditions by selecting

a set of representative conditiofRoelvink and Reniers 20125chematized tide and wave
boundary conditiongnablemorphological simulations runin reasonable computational time
whilecommpt i ng similar bed | evel changes as a fdAbr
conditions are used to force the model. Although input schematization has proven to be effective

in medium to longterm simulations, it should be noted that the im@atation of the method

could lead to additional inaccuracies in the model results.
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In the computational domain used in this study, mainland North Carolina forms the closed
boundary on the west side of the model. The lateral boundaries (south and reodéfireed as
Neumann boundaries with zero water level gradient, and thea@am boundary is forced with
a spatially constant morphological tideatteux 1995) The amplitude and phase of the five
principal tidal constituents for the study area (N\2, K1, S2, O1) were extracted from the
Western Mrth Atlantic ADCIRC Tidal Databas@Vesterink et al. 1993nd used to determine
the morphological tide as defined Bpelvink and Reniers (2012)This methodology relates the
simulated sedimenitansport and bottom changes over half a spnegp cycle with those obtained
from sub cycles of 24 hours and 50 minutes. The correlation and slope betweendkeraded
transport for each sub cycle and that for half spriegp cycle indicate howasdely the sub cycle
represents the pattern computed in half spnegp cycle. The best correlation obtained in this

study and the resulting morphological tide are presentEdyure3.10.

Wave boundary conditions are imposed along the -mgean boundary of the wave model and
assumed to remain spatially constant. Wave records from Oregon Inlet Waverider (red star in
Figure 3.9a) were schematized following a hybrid approach between the chronological
schematization method presented Bipwn and Davies (20099nd the Energy Flux Method
described in detail by8enedetet al. (2016) This combination was made to account for the
chronological order of intraseasonal wave events and to retain 95% of the energy flux of the
original wave record. The hybrid method used in this study divides a time series of wave records
in representative subsets based on penalized contrast for ghangeetection(Killick et al.

2012; Lavielle 2005) The Matlab © tool findchangepts.m finds the data that causes abrupt
changes in the mean of the significant wave hewgtird and splits the time series at those times.
The mean of each segment of wave records is considered the representative wave condition for
that specific period. Mean wave direction and peak period are also computed for each subset.
Because schematidavaves are used in combination with a morphological tide, the duration of
each schematized wave is scaled in time relative to the duration of each subset in the original
record. The effect of wind is not included in the model. Thus, only incoming svesihs&dered

asawave boundary condition.
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Figure3.10. Morphological tide. Left: water level variation over half negguing tidal cycle offshore of Oregor
Inlet. Right: Best correlation for bathymetdhange from a single tide vs. bathymetric change obtained from
the neapspring tidal cycle

3.6.3 Model evaluation

Hydrodynamic and morphological parameters in Delft3D were calibrated to verify the reliability
of the model to study the morphodynamic®woégon Inlet. Evaluation of the model performance

to reproduce water levels and waves was completed for two separate fortnight periods and is
explained in detail byelasquezMontoya and Overton (2017alibration of morphological
parameters was completed when using schematized boundary conditions (i.e. morphological tide
and schematized waves showirigure3.11) for a fourmonth period (10/14/201-402/10/2015).

This time frame was selected because hydrographic surveys covering the main channel of the inlet
were available and no dredging toolkag# between hydrographic surveys. The latter allows
calibration ofthe model for natural conditions. A total of 35 wave conditions (thick red lines in
Figure3.11) were selected to represent the waves during the calibration period. Different number
of wave conditions (7, 15, and 55) were tested, but 35 were found to account for 95% of the energy
flux of the original timeseries (black line inFigure 3.11) and to provide a reasonable
representation of individual wave events that occurred in that period. The schematization of tides
and waves for this foumonth period resulted in a 92% redoctiin computational time relative

to the Abrute forced simulation.
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Figure3.11. Time series of observed and schematized wave conditions for the calibration period

To evaluate the model performance, calibration parameters were adjusted until the best
representation of observed bed level change and final depth was attained. The final values of the
calibration parameters are presentedlable 3.2. Quantitative evaluation of the model was
completed using the Mean Absolute Error (MAE) and Root Mean Square Error (RMSE) for depth
and the Brier Skill Score (BSS) for bed level chandge 3tatistics were computed following the
definitions bySutherland et al. (2004%till, as suggested Bosboom et al. (2014pualitative
observation and expert judgement waguieed to avoid better statistics from underestimation of
cumulative bed changes inherited from the mean squared error. The comparison between
observations and model results was done solely in the spatial extent where hydrographic surveys

were available.

The topleft panel inFigure 3.12 shows the initial bathymetry of Oregon Inlet for October 14,
2014. The topight panel shows the linear fit between modeled and observed depths after-the four
month simulation. The diagonal line in the background of the scatter plot represents thdiperfect
line. The bottom panels in the same figure serve to qualitatively compare the observed and modeled
bathymetry at the end of the calibration period. A coefficient of determinatfpofiB.92, a MAE

of 0.72 m, a RMSE of 0.9% and the qualitative compson of model results vs. observations

indicate that modeled depths are reasonably similar to the observations.
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Table3.2. Model parameters

Parameter Value
Time step (s) 30
Roughness (Chezy coefficient) 65
Horizontal eddy viscosity (As) 1
Horizontal eddy diffusivity (rffs) 0.1
Morphological scale factor 2

Minimum depth for sediment calculation (m) 0.1

Van Rijnds reference 1

Threshold sediment thickness (m) 0.05
Estimated rippléneight factor 2
Factor for erosion of adjacent dry cells 0.8

Currentrelated reference concentration factor 0.25

Currentrelated transport vector magnitude fact: 1

Waverelated suspended transport factor 0.15
Waverelated bedoad transport factor 0.15
Observations 14
€12 | R2=0.9186 "
£ SoSaagie
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B O s o
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Figure3.12. Observed bathymetry for October 2014 (teft) and February 2015 (botteleft), modeled bathymet
February 2015 (bottoright) and scatter plot of modeled vs. observed depth at the end of the simulatic
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Comparison of bed level changes that depiciier@l and depositional trends was also completed.
Figure3.13 shows observed (left) and simulated (right) bed level changes for the whole extent of
field measurements (top) and the center of the inlet (bottom). When considering the complete set
of datapoints, the BSS of the model is 0.33, this statistic becomes 0.36 when analyzing only the
data points in the central portion of the i
according to the classification proposedStherland et al. (2004pverall, the model was able

to reproduce the main erosion and depositional trends: (i) the accretion area around the bridge, (ii)
sedimentation in the north bank of the mamamnel of the inlet, (iii)) erosion in the subaqueous
portion of the spit, and (iv) sediment deposition in the inlet side of the terminal groin. On the other
hand, the model could not reproduce an area of accretion in the subaqueous spit (delineated with
adash line in the bottosteft panel ofFigure3.13). The latter can be attributed to the sensitivity

of the model to the initial bathymetry of the subaqueous spit Bhddelta. Such sensitivity
represents a major challenge in this modeling effort because the spatial extent of the hydrographic
surveys is usually similar to that shown in the top pandtigiire 3.13, requiring merging of

outdated bathymetric datasets as part of the initial set up of the model.

Observations Model

BSS= 0.33 Bed level changes (m)
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Figure3.13. Observed (left) and modeled (right) bed level changes fadimplete extent of measurements (tc
and the center of the inlet (bottom)

An additional quantitative validation of the model under natural foreamiys was not possible

because of dredging taking place between hydrographic surveys. However, avpialttiation
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of erosional and depositional trends was completed fordaggeriod (04/20/201506/02/2015).

This validation run was forced with 25 wave conditioRsg(re 3.14A) selected using the
schematization approach previously explained. Observed (left) and modeled (right) bed level
changes are presentedHFigure 3.14B; the blue stripe inside the solid line oval in the left panel
depicts dredging at the navigation channel. The same shape is visible in the right panel as a red
stripe (accretion); this is @sult of dredging not being included in the model and sedimentation
occurring at the navigation channel. Similarthe calibration results, the model did not capture
sedimentation in a subset of the submerged spit delineated within the-iashe&igure3.14B.

This misrepresentation of bed level changes is related to the unknown initial nearshore bathymetry
around the spit. Although a perfect match was not dggdeloetween observations and model
results because of dredging not being included in the model, general agreement between erosional
and depositional trends occurred at locations (i) to (iv) markEayure3.14B. It should be noted

that relatively small bathymetric changes (< 1 snghas those that occurred during the validation
period, are harder to reproduce by numerical models. However, the model still captstre$ mo

the evolutional changes that occurred in this short period.
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Limitations on the model performance are related to the use of a generalized bathymetry built from
multi-temporal surveys that do not allow a completely realistic representation of the system at the
beginning of the simulations. Furthermore, the use of sclimedaboundary conditions is
expected to introduce additional errors in the model results. Nevertheless, calibration and
validation analyses suggest that the model captures the general and expected trends of bathymetric
changes occurring in the inlet. Thassults provide confidence to use the morphological model

in combination with observational data to assess evolutional patterns of the system and the spatial

effects of tides and waves on Oregon Inlet morphodynamics.

3.6.4 Simulation of evolutional patterns of Oregon Inlet

A mediumterm morphological simulation was completedomplement the understanding of the
evolutional patterns of Oregon Inlet gathered from analysis of observations. The goal of this
simulation is to provide a generalized representation of up to 2 years of morphological change in
the inlet under naturdbrcing only (without dredging). The wave conditions were schematized
from the data at the closest node to Oregon Inlet Waveridefiga®3.1) from the wave hinded

from the North Carolina Wind Wave Power project (Blanton and Edge, 2015). A representative
wave condition was obtained for each month of the year following the methodology proposed by
Brown and Davies (20097 his method resulted in larger waves for the winter months and smaller
waves for the summer months, capturing the seasonality of the annual wave climate. adie@ver

nature of the method smooths storm events, thus they need to be included separately.

Storms registered at the FRF dating back to 1985 (Hs> 2 m and duration > 8 hours) were used to
define the number of events and their characteriskaisl€3.3). Months with an averaged number

of storms below one, are assumed to not have storms (May to August). The number of storms used
for the rest of the months is the averagenber of storms rounded to the nearest whole number
and their Hs corresponds to the averaged maximum Hs. Direction and wave period were defined
to reflect seasonal trends from the hindcast. The wave directionality was defined to include waves
approachingrom the nortknortheast in the winter and the eastitheast in the summer. The peak
periods are higher than 10 s for storms and lower forstamm conditions. The final schematized

wave climate for a year is shown kigure 3.15; these conditions repeat for each year in the

simulation.
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The initial and resulting depths after the first and second year of the simulation are skunan

3.16. Model results indicate that after one year without dredging the subaqueous spit extends over
the traverse channel that connects with the northernmost channel in the flood delta. With this
channel blocked, the subaqueous spit merges with a shoal in the flood delta. On the opposite
shoulder, sediments accumulate in the islde of the terminal groin as a result of the longshore
current reversal in the shadow region of the ebb delta. Theainamel remains relatively stable
gaining no more than 1 m depth and reaching maximum depths up to 15 m. These results agree

with the patterns found from observational data.

Table3.3. Storm data from thERF.

Month Max Hs Averaged Averaged Averaged number of storms (Numb
(m) Max Hs (m)  duration (hours) of storms used in the simulation)
1 5.3 2.95 27.44 1.7 (2)
2 4.7 3.13 30.64 1.4 (1)
3 5.1 3.04 30.91 2.0(2)
4 5.2 3.14 38.09 1.3 (1)
5 5.1 3.09 34.68 0.8 (0)
6 34 2.57 29.78 0.3 (0)
7 3.6 2.80 11.60 0.2 (0)
8 71 3.55 34.89 0.6 (0)
9 8.1 3.30 39.61 1.5(2)
10 6.3 3.19 41.00 1.7(2)
11 6.1 3.15 31.08 1.5 (2)
12 5.6 3.10 29.85 1.2 (1)

After the second year of the morphological simulation, the sediments that were once part of the

subaqueous spit form a detached shoal that migrates towards the flood delta. This result confirms
that the inlet is a sediment sink and is consistent with saditnansport mechanism responsible

for the formation of the shoal system in the flood delta. The sediment accumulation in the south

side of the inlet causes the main channel to curve, with the center moving to the north and the ebb
channel heading north&a The persistent deposition of sand in the south side of the inlet captured

in the model is supported by the observed accumulation of sediments in the inlet side of the
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terminal groin Figure3.6). The rotation of the main channel favors its connection with the two
southernmost channels in the flood delta (Davis Channel in the center and Green Island Channel
in the back of Pea Island). Other morphological changes include the development ofrelmargi

flood channel surrounding the northern spit and smoothing of the ebb delta.
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Figure3.16. Modelinitial (left) and resulting bathymetry after one (center) and two years (right) of morphols
change. White arrows indicate the direction of the main sediment transport pathways from simulatio
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3.6.5 Effects of tides and vaveson the morphology of Oregonlinlet

Two additional simulations were completed and compared with the base simulation described
previously. These simulations were set up with the aim to determine the spatial effects of tides and
high-energy waves in the morphology of the inlet after yeer. The simulations differ from each

other based on the physical processes used as boundary conditions. One of the simulations was
forced with tides only and the other one with tides and more severe storms represented by the
maximum Hs listed iMable 3.3. Figure 3.17 depicts the bed level changes caused by tides and
waves with differing HsFigure3.17 a shows the egnht where tides dominate the morphology of

the inlet. Tidal currents erode the submerged portion of the spit and generate accumulation of
sediments to the west of the bridge. As expected, bathymetric changes in the main channel of the
inlet are caused bydal currents. On the other hand, changes in the morphology of the inlet due to
wave action are predominant in the ocean side, where waves erode the ebb delta and enlarge bed
level changes caused by tidésgure3.17b and c). Waves erode sediments in the north side of the

ebb delta; those sediments are transported into the inlet and deposited around the bridge. Increase
in Hs translates in increasing areas of erosidhe front and south of the ebb dekayre3.17c).

However, patterns of bed level changes remain relatively similar under different wave forcing.

Model results idicate that the net sediment transport rate into the inlet (from ocean to sound) is
approximately 205,000 Hyr. The simulation forced with only tides allows computing the relative
contribution of tides and waves to this transport rate. Tidal currentsage®®% of the transport

into the inlet, while waves are responsible for the remaining 45%. The sediment transport rate into
the inlet reported here is lower than the 298,08meomputed bynman and Dolan (198®gased

on a continuity model of shoreline change. The intrinsic differences in methodologies, as well as,
the morphological state of Oregdmlet and its vicinity in1989 (before the construction of the
terminal groin) can explain this discrepancy. Nevertheless, both studies indicate that the inlet is a
sediment sink and transport rates into the inlet are of the same order of magnitude, providing a
general estimate t¢iie sediment volume lost every year from the beach system into the flood delta.
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Figure3.17. Simulated bed level changes (blue: erosion and red: accretion) after one year of a) Only tides,
andaveraged maximum Hs (base simulation), and c) Tides, and maximum Hs. The dashed lines indicate
edges of the main channel of the inlet.

3.7 Discussion and onclusions

Observational data and numerical modeling allowed enhancing the understahdihg o
morphology of Oregon Inlet. Analysis of the response of the inlet to natural processes and
dredging of the navigation channel was completed by means -@fesi#th features evolution and
bathymetric changes. A morphological model based on Delft3xaldsated and used to assess
morphological evolution trends of the inlet. Meditenm modeling scenarios led to the definition

of the spatial effects of tides and waves on the morphology of Oregon Inlet, sediment transport
pathways and sediment transp@te into the inlet. Observations and model results indicate that

Oregon Inlet has been in a state of stable equilibrium in the past decade.

In-situ and remotely sensed data allowed studying the morphologic evolution of Oregon Inlet from
2005 until 2015Combination of 2and 3D geospatial metrics of the main features of the inlet led

to identification of decadal evolutional trends and shdadan response to dredging. In the studied
period, Oregon Inlet rotated to the north as an adjustment to thegent/ngshore currents that

prompt the accretion of the northern spit and sediment deposition in the tip of Pea Island. During
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the same period, the inlet regulated itself, maintaining hydraulic and sedimentary stability. The
cyclic adjustment of the inléo spit accretion and dredging follows a tatep cycle; the inlet
migrates south and deepens when the spit is prograding. After the navigation channel is dredged,
the littoral drift predominantly from the north fills the dredged channel first, givioggimspace

for the main channel to move north.

A gquantitative calibration and qualitative validation of a morphological model using schematized
boundary conditions was completed. Modeled scenarios indicate that after two years with no
dredging, sedimentwill fill the navigation channel, but it is likely that the main channel of the

inlet will remain open. Sediments transported by the littoral drift into the inlet will continue to
form shoals and prompt growth of the flood delta. Deposition in thegidletof the terminal groin

tends to become persistent, but the formation of a subaerial feature and its spatial extent depends

on the proximity of the main channel of the inlet to the terminal groin.

Model results depend on schematized boundary conditrmmsper and intensity of storms,
generalized representation of the initial bed levels, historical records of sediment sizes, and
underlying assumptions of a 2DH numerical model (i.e. hydrostatic pressure assumption, shallow
water and Reynoldaveraged equi@ns, sediment transport model, morphological scale factor,
etc., as specified iDeltares, 2014d). Wind effects are not included in the model (i.e. wilniyen

currents, wave generation by wind), neither Aeolian transport nor other subaerial processes that
could have important effects on the morphology of thedwmgtinterface of the system. Deétsp

the assumptions and simplifications, the model is able to reproduce realistic evolutional trends at
the center of the inlet and serves as a tool to study the dynamics of the system. Future research
should address the implementation and relative canioib of missing processes to the

morphology of the inlet and its vicinity.

Methods and results from this study serve as a basis to investigate the response of Oregon Inlet to
future dredging scenarios and management practices in a(shonths) to medim- (years) term

time scales. In fact, undergoing replacement of the Herbert C. Bonner Bridge by a new structure
with larger spacing between piles is expected to reduce dredging needs and model results indicate
that the inlet will remain open without dradg for two years. Netherveless, a-diedging

scenario for several years could result in hydraulic stability problems that depend on additional
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variables. Longeterm prediction becomes complex and uncertain due to unknown factors that
could have importarconsequences on the evolution of the inlet such as, number and intensity of
hurricanes per year, sedimentary layers in the bottom, beach nourishments near the inlet, and
scouring of the terminal groin. Thus, caution and expert judgement should be used wh

implementing modeling tools for loAgrm prediction of tidal inlets.
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CHAPTER 4: OBSERVATIO N AND MODELING OF TH E
EVOLUTION OF AN EPHEMERAL STORM -INDUCED INLET:
PEA ISLAND BREACH, NORTH CAROLINA , USA

Published as Velasquez Montoya, Lilian&lizabeth J., Sciaudone, Mitasova, Helena, Overton,
Margery F. (2018)Observation and modeling of the evolution of an ephenstoaiminduced
inlet: Pea Island Breach, North Carolina, USZontinental Shelf Researqi56), pp 5%69.
https://doi.org/10.1016/j.csr.2018.02.002

4.1 Abstract

The Outer Banks of North Carolina is a wad@minated barrier island system that has experienced

the opening and closure of numerous inlets in the last four centuries. The most recent of those
inlets formed after the breaching of Pea Island during Hurricane Irene in 2011. The Pea Island
Breach experienced a rapid evolution including episodic curvafuitee main channel, rotation

of the ebb channel, shoaling, widening by Hurricane Sandy in 2012, and finally closing before the
summer of 2013. Studying the life cycle of Pea Island Breach contributes to understanding the
behavior of ephemeral inlets indaichingprone regions. This topic has gained relevance due to
rising sea levels, a phenomenon that increases the chances of ephemeral inlet formation during

extreme events.

This study explores the spatiotemporal effects of tides, waves, and storms eelfioities and
morphology of the breach by means of remotely sensed data, geospatial metrics, and a numerical
model. The combined use of observations and results from modeling experiments allowed building
a conceptual model to explain the life cycle of Réend Breach. Wave seasonality dominated the
morphological evolution of the inlet by controlling the magnitude and direction of the longshore
current that continuously built transient spits at both sides of the breach. Sensitivity analysis to
external focings indicates that ocean waves can modify water levels and velocities in the back
barrier. Souneside storm surge regulates overall growth rate, duration, and decay of peak water

levels entering the inlet during extreme events.
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4.2 Introduction

Rising seadvels and more intense hurricanes expected in the near future due to climate change
(Bender et al., 2010ncrease the risk of barrier island breaching, leading to ephemeral inlet
formation(Ashton et al., 2008 Ephemeral tidal inlets are highly dynamic features that drastically
alter the hydrodynamics, morphology, and water quality in coastal regions. Different from mature
tidal inlets, ephemeral inlets are smaller in size and lagteivods of time that vary from weeks

to a few years, having a faster morphological response to tidal and wave forces than well
established inletéBertin et al., 2013) Given their relatively short life cycles, complexity, and
sporadic occurrence, ephemeral inlets are much less understood than largerseanent inlets
(Behrens et al., AB; Bond et al., 2013posing increasing challenges in coastal management and

infrastructure design in their regions of influence.

In the context of this paper, tidal inlets are morphological features formed after storm surges break
through a portion foa barrier island leaving an active lagemrean connectiofHayes and
FitzGerald, 2013)Inlets will tend to remaimpen if tidal currents have the strength to remove
sediments dumped into the channel by the littoral Bifiun, 1978; Escoffier, 1940; Hayes, 1979)

- unless the newly formed inlets are artificially closed by coastal managers. For instance, in 2012
Hurricane Sandy opened four breaches in twastal states of U.S. resulting in more than $120
million USD spent to fill three of the breaches and rebuild damaged public infrastriiEMa,

2013) Elevated costs to fill newlformed inlets and adaptation strategies to adjust to recurrent
breaching in less populated areas have resulted in cases where inlets have been left alone to let
nature follow its course. Recent examples of this management practice are Katama Bay, MA
(Orescanin et al2016) Fire Island, NY (Flood et al., 2013and Pea Island, NQ/elasquez et

al., 2015)

Focusing attention on the lifeycle of ephemeral inlets has resulted in studies that include
modeling of barrier island breachif@afizares and Irish, 2008; De Vet et al., 2KuGum et al.,
2012; Roelvink et al., 2009nigration and closure of idealized inl@&enhuis and Ashton, 2016;
Tung et al., 2009nd artificially opened inletd@aldock et al., 2008; Fortato et al., 2014; Pires

et al.,, 2011) Studies on the morphological evolution of cyclical ephemeral tidal inlets have

explained seasonal closure by means of onshore sediment transport by swell and low streamflow
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(Ranasinghe et al., 1998; Ranasinghe and Pattiaratchi,, i®8%)vash during storm®ond et
al., 2013) and by wavenduced mechanisms that push the ebb delta on§Bergn et al., 2009)
Conversely, the behavior and overall life cycle of irregularly and naturally opened ephemeral inlets

is described in a limited number of studieg(kiu et al., 1993; Weidman and Ebert, 1993)

This study aims to describe the morphological life cycle of an irregularly and naturally opened
ephemeral inlet knowas Pea Island Breach. Specific aims are to explore the $patporal

effects of tides, waves, and storms on the morphodynamics of the inlet by means of remotely
sensed data, time series of measured oceanographic conditions, and a sensitivity aaalgges to
of-the-art procesdased model. The description of the evolution of the inlet and the analyses

presented hereafter are relative to the period following the breaching event.

Observational data was used to perform rreltnporal geospatial analysés determine the
volumetric evolution of the subaerial vicinity of the inlet relative to-lmeaching conditions.
Changes in the channel 6s width and direction
definition of three morphologic phases of the dmfe life cycle. Additionally, modeling
experiments forced with only tides, tides and summer waves, tides and winter waves, and storms
were used to explain wave and tidal effects on the circulation, water levels, and morphology of the
inlet. The effects osoundside surge while the inlet was already opened were also explored
through modeling scenarios. The latter was motivated by the wdfkiroim et al. (2012)who

modeled the Pea Island breaching and highlighted the importance ofsdanslirge during

extreme events. Based on the analysis of observations and modeling experiments, a qualitative

conceptual model of the evolution of the Pea Island Breachpeged.

4.3 Study area

Pea Island Breach is located in the Outer Banks (OBX) of North Carolina, adeaeated
barrier island systerfHayes, 1979; Nummedal et al., 1977t separates the Albemafamlico

Sound from the Atlantic OceaRifjure4.1). Tides in the OBX are semidiurnal with a mean range

of 1 m in the ocean side and less than 0.3 m inside the sound. According to the National
Oceanographic and Atmospheric Administration (NOAA), mean sea level rise rates north of Pea

Island Breach are the higstan North Carolina with values of 4.48 + 0.78 mm/yr at the U.S. Army
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Corps of Engineers Field Research Facility (FRF) and 3.84 + 1.23 mm/yr in Oregon Inlet Marina.
These values are based on data from 1978 to 2015 and 1977 to 2015, respectively.

The waveclimate is characterized by calm wave conditions during the summer with irregular
occurrence of severe tropical storms between June and November (hurricane season) and
numerous extratropical nor 6easters wiimdr) wave
(Inman and Dolan, 1989Wave records at 17 m depth from the FRF from 1997 to 2015 indicate

that the mean wave height for the summer (winter) i8 (L209) m coming from the easbutheast

(northeast). During hurricanes, waves over 5 m high have been measured at the FRF.

Pea Island Breach is located within Pea Island National Wildlife Refuge (PINWR), &r23.6
region of undeveloped land reservedptovide habitat and protection for migratory birds and
endangered species as well as public enjoyment of the wildlife. The refuge exterkda a(bfg

Pea Island and contains the only highway connecting the OBX with mainland North Carolina. NC
12 is a twelane highway of vital importance to the communities south of the refuge. It constitutes
the major evacuation route before hurricanes and offers the fastest access to the touristic, cultural,

and historic attractions located all along the barrier islaathch

4.3.1 Pea lsland Breach

On August 27, 2011, Hurricane Irene made landfall in North Carolina and moved north through
the AlbemarlePamlico SoundKigure4.1) generatinga 1.9 m soundide surge that opened two
breaches in the OBX. The first inlet opened in the north side of the village of Rodanthe, but it was
artificially closed two weeks after the storm. The second inlet, known as Pea Island Breach, opened
10 km south bOregon Inlet in the middle of PINWRiardin et al. (2012) and Kurum et al. (2012)
attribute the opening of Pea Island Breach to the narrow width of the island, its low elevation,
degrad#ion of the dune field, and paved surfaces in its vicinity, which channeled the flow from
sound to ocearKurum (2013)points out that the location of Pea Island Breach coincides with
overwash deposits caused by storm Nordélda in
island with only 300 m betweendlocean and the sound.
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Figure4.1. Study site. (a) Location of the North Carolina coast and Hurricane Irene path along the Atlantic

(b) Outer Banks of North Carolina, location of tide and wgaeges relative to Pea Island Breach, gauges clc

Oregon Inlet are Oregon Inlet Marina (tides) and Oregon Inlet Waverider (waves). (c) Pea Island Breach r

the historical locations of New Inlet in Pea Island National Wildlife Refuge (PINVdRP€a Island Breach fror
aerial photography taken on August 28, 2011. (e) Grdxased photograph of the breach
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A hydrographic survey completed five days after the opening of Pea Island Breach reported its
maximum depth to be 3.5 m on the sowndke (Geodynamics, 2011)rhe initial width of the
breach ranged between 48 and 75 m in its narrowest portion and the ocean side respectively. The
North Carolina Department of Transportation (NCDOT) filled the contiguous trahamped
channels north and south of the main breach within the right of Higyré4.1d) and installed a
temporary metal bridge over the main channel to restore tisptetation corridor along the OBX.

After assessing the vulnerability of NC 12 at the breach location, NCDOT decided to evaluate
long-term solutions for the coastal highway breaches leaving the temporary bridge in place and
allowing the inlet to evolve natally. In May 2013, after 1 year and 9 months of the breaching
event, there was no evidence of continuous flow through the inlet and it was essentially closed.
Since then, sporadic flooding has occurred in the breach area after some tropical andieatratrop

storms(Sciaudone et al., 2016)

4.3.2 Historic inlets near Pea Island Breach

The morphology of the OBX has been influenced by the opening and closure of up to 30 inlets in
the pas four centuriegFisher, 1962) Based on high resolution ground penetrating radar data
Mallinson et al. (2010¢stimated that 62 % of the region between Oregon Inlet and Cape Hatteras
has paleanlet geometry. Among these historical inlets, Nevetrilas opened and closed within

1 km south of Pea Island Breadhrigure 4.1c). New Inlet existed from 1738 to 1922, it was
artificially reopened in 1925, but it shodlap quickly(Birkemeier et al., 1984)t was last opened
after a norbéeaster in 1932 and was formed by
partially matches the 2011 location of Pea Island Breach. By 1935 only one channel remained
open, but eventuallglosed in 1945Clinch et al., 2012)Stick (1958)reported that before the
dune stabilization project on the OBX, water

during severe storms, flooding and causing washouts on the coastal highway

Although multiple inlets have existed in Pea Islé@ifidher, 1962)so far there is no evidence of a
specific cyclic pattern that explains their occurrenceliémdycles (e.g. changes in river discharge
or wave seasonality). Instead, they seem to open irregularly during the hurricane season as result

of soundside storm surges cutting through low elevation portions of the barrier {€#ndh et
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al., 2012; Stick, 1958)The complex dynamics of multiplalet systers, and local morphological

and oceanographic conditions are believed to be the major drivers in their life cycles.

4.4 Materials and methods

4.4.1 Data

Aerial photography with resolution of 0.15 m (0.5 ft) was taken at the breach location bimonthly
and photogrammetrically derived digital terrain models with-aeital elevation data in NAVD

88 were provided by NCDOT four times a year (February, April,ustigand October) during the
lifecycle of the inlet. Bathymetry near the breach area is scarce, a single hydrographic survey
completed a few days after the breaching was made available by Geodynamics (2011).The former
data is a result of monitoring effottg NCDOT, collected as part of a coastal monitoring program

in support of the NC 12 Transportation Management Plan. Ocean and sound bathymetry were
obtained from the coastal flood analysis system for the state of North Carolina floodplain mapping
project (Blanton et al., 2008)his elevation data consists of a 10 m (1/3s@cond) Digital
Elevation Model (DEM) generated from the best and most complete available digitatslatase

the region. This DEM consists of 25 separated tiles, each one in NAD 83 and elevation in meters

referenced to NAVD 88. This study uses only the tiles closest to the breach area.

Significant wave height (Hs), wave direction (Dir) and peak perioddiTp3 m depth are available

from 2012 to present at the Oregon Inlet Waverider station owned by the University of North
Carolina Coastal Studies Institute. The same variables are also available at the FRF wave gauge at
17 m depth from the year 1997 to geat. The closest tidal records to the breach are available at
Oregon Inlet Marina on the sowsdle and at the FRF on the ocean side Fsg@re4.1 for gauge

locations relative to the breach). The data for both tide gauges is accessible through the NOAA
CO-OPS website Tides & Currents.

4.4.2 Planimetric evolution of the lreach andsub-serial beachchanges in itsvicinity

The planimetric evolution of Pea Island Breach wasdyared by means of four features digitalized

from the monthly orthophotos: (1) shoreline,
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(4) flood deltads horizontal area. The I i mit
shorelire, while the shoreline on the ocean side and the inlet channel are represented as the wet
dry line at the instant in time when the photograph was taken, making it dependent upon tidal and
wave conditiongOverton and Fisher, 1996lf is important to note that NCDOT schedules the
photos to be taken as close @ossible to high tide, but weather and lighting conditions do not
always allow the flight to happen at that exact time. The minimum width of the inlet channel was
measured between the closest portions of the channel shoreline usiMgath@oximity tod
available in ArcGIS 10.3. The channel direction corresponds to the azimuth of the centerline of
the ebb channel.

The horizontal extent of the submerged flood delta was digitized at a scale of 1:500, the edge of
the sand deposits was recognized by visaapection of lighter brown colors depicting
depositional fans in the sowstle. For orthophotos in which the sunlight reflectance in the water
impeded recognition of the edge of the submerged flood delta, its shape was assumed to remain
invariant from he previous digitized flood delta. This methodology assumes that sand deposits in
the flood delta do not decrease in size over time, which is the case for most developing flood deltas
in tidal inlets(Liu et al., 1993; Powell et al., 2006)

DEMs of the subaerial beach near the breach were generated in GRAS®lektr and
Mitasova, 2008jrom the elevation da provided four times a year by NCDOT. To derive multi
temporal evolutional trends, spatial patterns of elevation change, and to quantify morphological
changes in a cebby-cell basis, rastelbased statistical analyses were applied to the time series of
DEMs following the coastal terrain analysis proposedMitasova et al. (2009)To assess the
volumetric recovery of the breach region, volume changes of the subaerial beach were computed
and compared with pyereaching conditions. All volumes were computed over the 0 vatsbe

surface (NAVD88) masked by the area formed by the estuarine, ocean, and channel shorelines
(while the inlet was opened), and two constant shore normal lateral boundaries. In addition to the
aforementioned analysis, time series of Hs, Dir and Tp unedst Oregon Inlet Waverider were

used to qualitatively explore wavelated causes of morphological change in the breach.
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4.4.3 Modeling tools and sensitivity analysis

Despite the photographic monitoring efforts in the Pea Island Breach, the frequency of the
observations is limited to a temporal scale of months and corresponding hydrodynamic data is non
existent. Therefore, analysis of the processes involved in the morphological evolution of the inlet
when and where no data is available was initially baseelxpert judgement. Most conceptual
models of inlet dynamics have been built similarly (&glouin and Howa, 2001; Morris and
Turner, 2010; Weidman and Ebert, 1993, among many otHarsladvances in computational
power and implementation of numerical techniques have helped to overcome spatial and temporal
restrictions © observations by using procelsased models. These models have proven to be
valuable tools to provide information about the flow of tidal inlets at temporal and spatial scales
that most measurements are unable to af@@&yocca, 2001; Elias et al., 2006; Fortunato et al.,
2014) Because one of our aims is to explore the syfatiporal effects of tides, waves,dan
storms on flow velocities and morphology, a 2DH hydrodynamic model of Pea Island Breach was

used to assess the response of the system to these external forcings.

4.4.3.1 Modeldescription

The morphodynamic model of Pea Island Breach is based on the Delft3D platform developed by
Delft Hydraulics(Lesser et al., 2004; Roelvink and Van Banning, 19B4){t3D is a modeling
software widely used to study tide and withdven flows, wavedriven currents and estuarine
circulation; it ha been specifically used to simulate the dynamics of tidal inlets of the coasts of
Australia and the Netherlands Bastelle et al.2007); Elias (2006); Jiao (2014}he Delft3D
modeling suite consists of multiple modules capable to interact with each other; this study uses the
FLOW and WAVE modules coupled online, implementation that accounts for-euekent
interaction. Builtin formulations for sediment transport and bathymetric updating are also part of
the FLOW module.

Delft3D-FLOW is a finite difference model that solves the Navier Stokes equations for an
incompressible fluid, under the shallow water, Boussinesq, and hytdrgstssure assumptions.
The turbulent fluctuations are included through Reynolds stresses and related to the Reynolds

averaged flow by a turbulence closure model based on the eddy viscosity {&umkpii984)
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The bed shear stress induced by turbulent flow is given by a quadratic friction law and a spatially
uniform Chezy coefficient. Sediment transport is implement&Ift3D using the TR2004 model
explained in detail byan Rijn (2007a, 2007b)he total sediment transport accounts for the bed

and suspended load transports. TR2004 solves the sediment concentration by means of the time
averaged advectiediffusion equation and the bed shear stress based on a bed szuglatictor.
Bathymetric updating occurs each time step as a result of changes in the sediment fluxes from the

suspended and bed loads.

Delft3D-WAVE is the builtin interface between the hydrodynamic module and the -third
generation wave model SimulatidgAves Nearshore (SWANBooijj et al., 1999)SWAN solves

the spectral action balance equation, accounts for refractive propagation of waves, and represents
the processes of wave generation by wind, dissipation due to-edmpeng, bottom friction,
depthinduaed wave breaking, and ndinear wavewave interactiongHolthuijsen, 2007) The

equation system and all mathematical formulations for Delft3D FLOW and WAv#ules are
explained byDeltares (2014 and b and Lesser et al. (20Q4hus they are not repeated here.

The model of Pea Island Breach is part of a coastal area model that includes 27.4 km of oceanfront
shoreline, Oregoinlet, and the PINWRHKigure4.2). The model uses domain decomposition, a
technique in which a computational domain is subdivided in smaller domains that communicate
with one another through internal boundaribgltares, 2014d). The computational domain has

been discretized in tae curvilinear grids with increased resolution near to the coastline and the
breach, irfFigure4.2 each grid is marked with patterned lines. The outer grid (daghiasel2,764
elements, the middle grid (dashth-dot line) has 34,056 elements, and the grid in the breach
vicinity (solid line) has 46,080 elements; the minimum edge size of grid elements is 42, 14 and 4
m, respectively. As suggested Bypelvink and Reniers (2012he wave grid has a larger spatial
extent than the hydrodynamic griéFigure 4.2) to prevent numerical artifacts at the lateral

boundaries from propagating into the breach domain.

The western boundary of the model is the mainland coastline of North Carolina, defined in the
model as a closed boundary. A zero water level gradighe crosshore boundaries is assumed
(Neumann boundary condition). The opsrean boundary introduces the water level elevations

to the system specified by tidal constituents, amplitudes, and phases obtained from the Western
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North Atlantic ADCIRC Tichl Databas€Westerink et al., 1993)Wave characteristics in the
offshore boundary are defined from the measurements at Oregon Inlet Waverider. Wave and tidal

boundary conditions are assumed spatially uniform along theasam boundary.

Elevation data from the floodplain mapping project DEM was used to generate the topography of
the barrier islands and the bathymetry of the sound and the deeper portions of the model on the
ocean side. The topography near the breach was interpolatedgridhmeodes from the digital

terrain model of August 28, 2011 provided by NCDOT. The bathymetry of the breach was built
from the survey of the channel by Geodynamics (2011), the structure of the ebb delta and the
nearshore bathymetry was obtained from tloelefing results oKurum (2013)

The results of a tidenly spinup simulation of 15 days serve as the initial conditions for all
simulations in the sensitivity analysis. The time step of the simulations is 12 s, this value was
chosen to attain numerical stability at the small cells in the breach area and texwaed a
Courant number of 10. The Chezy coefficient for bottom roughness i§%& and the horizontal

eddy viscosity is 1 Afs. The sensitivity of the model to variations in these parameters was tested,
their final values were defined during the calfton process and they match the default values in
Delft3D. Detailed explanation of the hydrodynamic model evaluation can be foumataisquez
Montoya and Overton (2017)

The evaluation of the hydrodynamic model compared water levels and waves measured at Oregon

l nl et Marina and JehRgue4d4l). ehese stitions are locates svithie the | v e |
middle grid domainKigure4.2) 10 km north of Pea Island Biaand constitute the closest active

gauges to the breach. Given the lack of measurements of hydrodynamic variables within the breach
grid, it was not possible to evaluate the model performance at the breach location. Nevertheless,
because of the good perfmance of the model in Oregon Inlet, which is the most complex region

in the entire model domain, we assume that the model is suitable to study the hydrodynamics of
Pea Island Breach. This assumption follows the principles of evaluation of numericakmodel
where the overall performance of the model is assessed by means of the limited spatial and
temporal discrete data at strategic locations that capture the complexity of the (Be&dvimk

and Reniers, 2012)n spite of tle aforementioned limitation, it is important to note that the
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simulations completed in this study intend to reveal the sensitivity of the model to natural forcings

and to provide exploratory insights on the effects that they have on the system.

Figure4.2. Computational domain of the Delft3D model for Pea Island Breach. (a) Delft3D FLOW and W
grids, lines with different patterns delineate the edges of three grids with increased resolution withypi@xtia
breach. (b) Initial depth of the breach

To explore the morphological evolution of Pea Island Breach in Delft3D, morphological
parameters were set according to previous studies on idealized tida{Nidgtsuis and Ashton,
2016; Tung et al., 2009Table4.1).
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