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A B S T R A C T

The Outer Banks of North Carolina is a wave-dominated 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 curvature of the 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 in breaching-prone 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 on flow velocities 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 Pea Island 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 forcings indicates that ocean waves can modify water levels and velocities
in the back barrier. Sound-side storm surge regulates overall growth rate, duration, and decay of peak water
levels entering the inlet during extreme events.

1. Introduction

Rising sea levels and more intense hurricanes expected in the near
future due to climate change (Bender et al., 2010) increase 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 last for periods of time that vary from weeks to a few
years, having a faster morphological response to tidal and wave forces
than well-established inlets (Bertin et al., 2013). Given their relatively
short life cycles, complexity, and sporadic occurrence, ephemeral inlets
are much less understood than large semi-permanent inlets (Behrens
et al., 2013; Bond et al., 2013), posing 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 of a barrier island
leaving an active lagoon-ocean connection (Hayes and FitzGerald,
2013). Inlets will tend to remain open if tidal currents have the strength

to remove sediments dumped into the channel by the littoral drift
(Bruun, 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 two coastal states of U.S.
resulting in more than $120 million USD spent to fill three of the
breaches and rebuild damaged public infrastructure (FEMA, 2013).
Elevated costs to fill newly formed 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 al., 2016), Fire Island, NY (Flood et al., 2013) and Pea
Island, NC (Velasquez et al., 2015).

Focusing attention on the life cycle of ephemeral inlets has resulted
in studies that include modeling of barrier island breaching (Cañizares
and Irish, 2008; De Vet et al., 2015; Kurum et al., 2012; Roelvink et al.,
2009), migration and closure of idealized inlets (Nienhuis and Ashton,
2016; Tung et al., 2009) and artificially opened inlets (Baldock et al.,
2008; Fortunato et al., 2014; Pires et al., 2011). Studies on the mor-
phological evolution of cyclical ephemeral tidal inlets have explained
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seasonal closure by means of onshore sediment transport by swell and
low streamflow (Ranasinghe et al., 1998; Ranasinghe and Pattiaratchi,
1999), overwash during storms (Bond et al., 2013), and by wave-in-
duced mechanisms that push the ebb delta onshore (Bertin et al., 2009).
Conversely, the behavior and overall life cycle of irregularly and
naturally opened ephemeral inlets is described in a limited number of
studies (e.g. Liu et al., 1993; Weidman and Ebert, 1993).

This study aims to describe the morphological life cycle of an irre-
gularly and naturally opened ephemeral inlet known as Pea Island
Breach. Specific aims are to explore the spatio-temporal effects of tides,
waves, and storms on the morphodynamics of the inlet by means of
remotely sensed data, time series of measured oceanographic condi-
tions, and a sensitivity analysis to a state-of-the-art process-based
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 multi-temporal geospatial
analyses to determine the volumetric evolution of the subaerial vicinity
of the inlet relative to pre-breaching conditions. Changes in the chan-
nel's width and direction, and development of the flood delta led to the
definition of three morphologic phases of the breach life cycle.
Additionally, modeling experiments forced with only tides, tides and
summer waves, tides and winter waves, and storms were used to ex-
plain wave and tidal effects on the circulation, water levels, and mor-
phology of the inlet. The effects of sound-side surge while the inlet was
already opened were also explored through modeling scenarios. The
latter was motivated by the work of Kurum et al. (2012), who modeled
the Pea Island breaching and highlighted the importance of sound-side
surge during extreme events. Based on the analysis of observations and
modeling experiments, a qualitative conceptual model of the evolution
of the Pea Island Breach is proposed.

2. Study area

Pea Island Breach is located in the Outer Banks (OBX) of North
Carolina, a wave-dominated barrier island system (Hayes, 1979;
Nummedal et al., 1977) that separates the Albemarle-Pamlico Sound
from the Atlantic Ocean (Fig. 1). Tides in the OBX are semidiurnal with
a mean range of 1m in the ocean side and less than 0.3m inside the
sound. According to the National Oceanographic and Atmospheric
Administration (NOAA), mean sea level rise rates north of Pea Island
Breach are the highest in North Carolina with values of
4.48 ± 0.78mm/yr at the U.S. Army Corps of Engineers Field Research
Facility (FRF) and 3.84 ± 1.23mm/yr in Oregon Inlet Marina. These
values are based on data from 1978 to 2015 and 1977 to 2015, re-
spectively.

The wave climate 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’easters with wave heights over 2m from October to April (winter)
(Inman and Dolan, 1989). Wave records at 17m depth from the FRF
from 1997 to 2015 indicate that the mean wave height for the summer
(winter) is 0.77 (1.09) m coming from the east-southeast (northeast).
During hurricanes, waves over 5m high have been measured at the
FRF.

Pea Island Breach is located within Pea Island National Wildlife
Refuge (PINWR), a 23.6 km2 region of undeveloped land reserved to
provide habitat and protection for migratory birds and endangered
species as well as public enjoyment of the wildlife. The refuge extends
20.9 km along Pea Island and contains the only highway connecting the
OBX with mainland North Carolina. NC 12 is a two-lane 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 island chain.

2.1. Pea Island Breach

On August 27, 2011, Hurricane Irene made landfall in North
Carolina and moved north through the Albemarle-Pamlico Sound
(Fig. 1) generating a 1.9 m sound-side 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 of
Oregon Inlet in the middle of PINWR. Hardin 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, degradation of the dune field, and
paved surfaces in its vicinity, which channeled the flow from sound to
ocean. Kurum (2013) points out that the location of Pea Island Breach
coincides with overwash deposits caused by storm Nor’Ida in 2009 and
one of the narrowest portions of the barrier island with only 300m
between the ocean and the sound.

A hydrographic survey completed five days after the opening of Pea
Island Breach reported its maximum depth to be 3.5m on the sound-
side (Geodynamics, 2011). The initial width of the breach ranged be-
tween 48 and 75m in its narrowest portion and the ocean side re-
spectively. The North Carolina Department of Transportation (NCDOT)
filled the contiguous trident-shaped channels north and south of the
main breach within the right of way of NC 12 (Fig. 1d) and installed a
temporary metal bridge over the main channel to restore the trans-
portation 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 naturally. 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 and extratropical storms (Sciaudone et al., 2016).

2.2. 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 past four centuries (Fisher, 1962). Based
on high resolution ground penetrating radar data Mallinson et al.
(2010) estimated that 62% of the region between Oregon Inlet and
Cape Hatteras has paleo-inlet geometry. Among these historical inlets,
New Inlet has opened and closed within 1 km south of Pea Island
Breach (Fig. 1c). New Inlet existed from 1738 to 1922, it was artificially
reopened in 1925, but it shoaled up quickly (Birkemeier et al., 1984). It
was last opened after a nor’easter in 1932 and was formed by five
channels; the northernmost of those channels partially matches the
2011 location of Pea Island Breach. By 1935 only one channel remained
open, but eventually closed in 1945 (Clinch et al., 2012). Stick (1958)
reported that before the dune stabilization project on the OBX, water
usually passed through New Inlet's old channels during severe storms,
flooding and causing washouts on the coastal highway.

Although multiple inlets have existed in Pea Island (Fisher, 1962),
so far there is no evidence of a specific cyclic pattern that explains their
occurrence and life cycles (e.g. changes in river discharge or wave
seasonality). Instead, they seem to open irregularly during the hurri-
cane season as result of sound-side storm surges cutting through low
elevation portions of the barrier island (Clinch et al., 2012; Stick,
1958). The complex dynamics of multiple-inlet systems, and local
morphological and oceanographic conditions are believed to be the
major drivers in their life cycles.

3. Materials and methods

3.1. Data

Aerial photography with resolution of 0.15m (0.5 ft) was taken at
the breach location bimonthly and photogrammetrically derived digital
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terrain models with sub-aerial elevation data in NAVD 88 were pro-
vided by NCDOT four times a year (February, April, August, and
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 efforts by 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 flood-
plain mapping project (Blanton et al., 2008). This elevation data con-
sists of a 10m (1/3 arc-second) Digital Elevation Model (DEM) gener-
ated from the best and most complete available digital datasets in 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 period
(Tp) at 18m 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 17m depth from the year 1997 to present. The
closest tidal records to the breach are available at Oregon Inlet Marina
on the sound-side and at the FRF on the ocean side (See Fig. 1 for gauge
locations relative to the breach). The data for both tide gauges is ac-
cessible through the NOAA CO-OPS website Tides & Currents.

3.2. Planimetric evolution of the breach and quantification of sub-aerial
beach changes in its vicinity

The planimetric evolution of Pea Island Breach was analyzed by
means of four features digitalized from the monthly orthophotos: (1)
shoreline, (2) inlet's minimum width, (3) channel direction, and (4)
flood delta's horizontal area. The limit of the marsh vegetation is used
to represent the estuarine shoreline, 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 conditions (Overton and Fisher, 1996). It is

Fig. 1. Study site. (a) Location of the North Carolina coast and Hurricane Irene path along the Atlantic Ocean. (b) Outer Banks of North Carolina, location of tide and wave gauges relative
to Pea Island Breach, gauges close to Oregon Inlet are Oregon Inlet Marina (tides) and Oregon Inlet Waverider (waves). (c) Pea Island Breach relative to the historical locations of New
Inlet in Pea Island National Wildlife Refuge (PINWR). (d) Pea Island Breach from aerial photography taken on August 28, 2011. (e) Ground-based photograph of the breach.
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important to note that NCDOT schedules the photos to be taken as close
as possible 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 using the Near proximity tool available in ArcGIS
10.3. The channel direction corresponds to the azimuth of the center-
line 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 visual
inspection of lighter brown colors depicting depositional fans in the
sound-side. 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 the 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 de-
veloping flood deltas in tidal inlets (Liu et al., 1993; Powell et al.,
2006).

DEMs of the subaerial beach near the breach were generated in
GRASS GIS (Neteler and Mitasova, 2008) from the elevation data pro-
vided four times a year by NCDOT. To derive multi-temporal evolu-
tional trends, spatial patterns of elevation change, and to quantify
morphological changes in a cell-by-cell basis, raster-based statistical
analyses were applied to the time series of DEMs following the coastal
terrain analysis proposed by Mitasova et al. (2009). To assess the vo-
lumetric recovery of the breach region, volume changes of the subaerial
beach were computed and compared with pre-breaching conditions. All
volumes were computed over the 0m elevation 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 measured at Oregon Inlet Waverider were used
to qualitatively explore wave-related causes of morphological change in
the breach.

3.3. 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
based on expert judgement. Most conceptual models of inlet dynamics
have been built similarly (e.g. Balouin and Howa, 2001; Morris and
Turner, 2010; Weidman and Ebert, 1993, among many others), but
advances in computational power and implementation of numerical
techniques have helped to overcome spatial and temporal restrictions of
observations by using process-based 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
attain (Cayocca, 2001; Elias et al., 2006; Fortunato et al., 2014). Be-
cause one of our aims is to explore the spatio-temporal effects of tides,
waves, and storms on flow velocities and morphology, a 2DH mor-
phodynamic model of Pea Island Breach was used to assess the response
of the system to these external forcings.

3.3.1. Model description
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, 1994). Delft3D is a modeling software
widely used to study tide and wind-driven flows, wave-driven currents
and estuarine circulation; it has been specifically used to simulate the
dynamics of tidal inlets of the coasts of Australia and the Netherlands
by Castelle et al. (2007); Elias (2006); Jiao (2014). The Delft3D mod-
eling 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 wave-current interaction. Built-in

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 hydrostatic pressure assumptions. The turbulent fluc-
tuations are included through Reynolds stresses and related to the
Reynolds-averaged flow by a turbulence closure model based on the
eddy viscosity concept (Rodi, 1984). The bed shear stress induced by
turbulent flow is given by a quadratic friction law and a spatially uni-
form Chezy coefficient. Sediment transport is implemented in Delft3D
using the TR2004 model explained in detail by van Rijn (2007a,
2007b). The total sediment transport accounts for the bed and sus-
pended load transports. TR2004 solves the sediment concentration by
means of the time-averaged advection-diffusion equation and the bed
shear stress based on a bed roughness predictor. 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 built-in interface between the hydrodynamic
module and the third-generation wave model Simulating WAves
Nearshore (SWAN) (Booij 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
white-capping, bottom friction, depth-induced wave breaking, and non-
linear wave-wave interactions (Holthuijsen, 2007). The equation
system and all mathematical formulations for Delft3D FLOW and WAVE
modules are explained by Deltares (2014) and Lesser et al. (2004), thus
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, Oregon Inlet, and the PINWR
(Fig. 2). The model uses domain decomposition, a technique in which a
computational domain is subdivided in smaller domains that commu-
nicate with one another through internal boundaries (Deltares, 2014).
The computational domain has been discretized in three curvilinear
grids with increased resolution near to the coastline and the breach, in
Fig. 2 each grid is marked with patterned lines. The outer grid (dash
line) has 12,764 elements, the middle grid (dash-with-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
4m, respectively. As suggested by Roelvink and Reniers (2012), the
wave grid has a larger spatial extent than the hydrodynamic grid
(Fig. 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 gradient in the cross-shore boundaries is assumed (Neumann
boundary condition). The open-ocean boundary introduces the water
level elevations to the system specified by tidal constituents, ampli-
tudes, and phases obtained from the Western North Atlantic ADCIRC
Tidal Database (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 the open-ocean 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 interpolated in the grid nodes 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 the modeling results of Kurum (2013).

The results of a 15-day tide-only spin-up simulation 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 to never exceed a
Courant number of 10. The Chezy coefficient for bottom roughness is
65m.5/s and the horizontal eddy viscosity is 1 m2/s. The sensitivity of
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the model to variations in these parameters was tested, their final va-
lues were defined during the calibration process and they match the
default values in Delft3D. Detailed explanation of the hydrodynamic
model evaluation can be found in Velasquez-Montoya and Overton
(2017).

The evaluation of the hydrodynamic model compared water levels
and waves measured at Oregon Inlet Marina and Jennette's Pier, re-
spectively (Fig. 1). These stations are located within the middle grid
domain (Fig. 2) 10 km north of Pea Island Breach and 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 performance 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 numerical
models, 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 system (Roelvink and
Reniers, 2012). In spite of the aforementioned limitation, it is important
to note that the 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.

To explore the morphological evolution of Pea Island Breach in
Delft3D, morphological parameters were set according to previous
studies on idealized tidal inlets (Nienhuis and Ashton, 2016; Tung et al.,
2009) (Table 1).

3.3.2. Sensitivity tests to marine forcings
The model allows further analysis of the inlet's dynamics at smaller

temporal and spatial scales than those attained from measurements and
remotely sensed data. A series of modeling experiments were designed
to test the hydrodynamic and morphologic response of the inlet to
varying external forcings in a forthnight period. Simulations with only
tides; tides and typical summer waves; tides and typical winter waves;
and hurricane conditions were completed and compared. Identification
of particular spatio-temporal effects of tides and waves in the hydro-
dynamics of the breach and its vicinity was possible through compar-
ison of velocities at each grid node and at different stages of the tidal
cycle. The bathymetry of the inlet at the end of each simulation allows
identification of the effects of each forcing on the inlet morphology.

Table 2 shows the amplitude and phase of the principal tidal con-
stituents used to force the simulations in the open-ocean boundary.
Steady wave conditions were used to represent the calm weather of the
summer with Hs= 1m, Tp=8 s and Dir= 135° (from the southeast). In
contrast, the winter was represented with Hs= 3m, Tp=12 s and
Dir= 45° (from the northeast). Two tropical storm scenarios were cre-
ated based on wind, wave climate and storm surge generated by Hur-
ricane Sandy in 2012; the first of these simulations was forced with
waves, storm surge from the ocean side and Neumann boundary con-
ditions in the sound (lateral boundaries), while the second one had the
sound-side surge in the lateral boundaries. Both scenarios were forced
with winds observed at Oregon Inlet Marina. Measured time series of
boundary conditions used to simulate the storm in both cases are shown
in Fig. 3.

4. Analysis from observations

4.1. Life cycle of Pea Island Breach

The metrics used to describe the planimetric evolution of Pea Island
Breach are its shoreline, channel minimum width, channel direction
(azimuth), and area of the flood delta; each parameter and its temporal
variation is presented in Fig. 4. Temporal changes in the inlet

Fig. 2. Computational domain of the Delft3D model for Pea Island Breach. (a) Delft3D
FLOW and WAVE grids, lines with different patterns delineate the edges of three grids
with increased resolution with proximity to the breach. (b) Initial depth of the breach.

Table 1
Sediment-related and morphological parameters.

Parameter (units) Value

Sediment D50 (μm) 300
Specific density (kg/m3) 2650
Porosity (%) 40
ThetSD: Factor for erosion of adjacent dry cells 0.8
Sus: Factor for suspended sediment reference concentration 1
Bed: Factor for bed-load transport vector magnitude 1
SusW: Wave-related suspended sediment transport factor 0.15
BedW: Wave-related bed-load sediment transport factor 0.15
Morfac: Morphological scale factor 1

Table 2
Principal tidal constituents at the ocean boundary of the hydrodynamic model (Westerink
et al., 1993).

Constituent Amplitude (m) Phase (deg)

K1 0.092 176.0
O1 0.069 187.2
N2 0.105 338.9
M2 0.440 353.7
S2 0.081 13.2
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configuration as measured by those parameters, allowed identification
of three main phases of the inlet's life cycle:

1) Development (August 2011 – March 2012): In the first 6 months
after its opening, Pea Island Breach went through a development
phase of rapid morphological changes including curvature of the
main channel and spit growth (Fig. 4a). During this active period the
channel curved 75m southward at an average rate of 13m per
month; similarly, the flood delta experienced its maximum increase
in size extending up to 700m from the inlet channel into the sound
and reaching a planimetric area of 3.62× 105 m2 (36.2 ha). The
growth of this feature is evidence of a strong flood current trans-
porting sediments to the sound, where they deposit and are lost to
the beach system. Fig. 5 depicts two principal directions of flood
delta growth, to the west and south of the breach, lines in warm
colors in the same figure correspond to the edge of the flood deltas
in the development phase of the inlet. The main ebb channel ex-
hibited southward rotation of up to 82 degrees, the maximum angle
change occurred between October and December of 2011 as a re-
sponse of northerly littoral drift shaping the bulges at both sides of
the inlet. The channel minimum width slightly decreased reaching
33m in February 2012. It is important to note that at the beginning
of this phase (October 2011), a temporary bridge was constructed
over the breach, with this structure NCDOT reestablished the con-
tinuity of the NC 12 highway. By March 2012, NCDOT placed sand
and rock armour stones in the southern abutment of the bridge to
protect it from scouring.

2) Establishment (April–October 2012): the breach reached a relatively
stable phase during the calm summer of 2012. The following seven
months after its initial development, the curvature of the main
channel waned (partially because of the bridge protection measures
by NCDOT) and the size of the flood delta stabilized at approxi-
mately 4.17× 105 m2 (blue lines in Fig. 5). The ebb channel in the
ocean side slowly shifted from heading southeast to northeast; this

change in direction and the formation of a sand spit in the south side
of the channel observed in August 2012 (Fig. 4b), suggest a reversal
of the north to south littoral drift. The minimum width of the inlet
fluctuated from 54 to 29m, the latter was the narrowest the inlet
had been since its opening. At that time, it was believed that the
littoral drift would prompt the inlet to become narrower and close,
but the closure mechanism changed abruptly when Hurricane Sandy
hit the OBX in October 29, 2012.

3) Closure (November 2012–May 2013): the closure phase of the
breach was triggered by Hurricane Sandy in late October 2012.
Although the breach remained opened for six months after the
hurricane, the landward sediment transport by waves during the
extreme event is evident from overwash deposits in the vicinity of
the inlet (Fig. 4c) and the growth of the two main branches of de-
posits forming the flood delta (green lines in Fig. 5). Regardless of
the inlet channel widening after this hurricane (see increase in
channel minimum width at the end of October 2012 in Fig. 4), the
evidence of landward sediment transport suggest that the inlet be-
came shallower, setting up the environment for a progressive clo-
sure. During this stage, closure occurred from bottom infilling rather
than lateral infilling by bank sedimentation, which was the domi-
nant process narrowing the channel during phase 2. Soon after
Hurricane Sandy, a set of nor’easters hit the OBX. Incoming waves
prompted inlet infilling in the inlet's ebb channel that was relatively
stable heading east-northeast. Channel shoaling is evident from the
abrupt change in its minimum width from December 2012 to Jan-
uary 2013, period in which it went from 73m to 22m. The breach
closed in May 2013 when there was no evidence of continuous flow
through the inlet and ebb delta was no longer visible in the ortho-
photos.

The three phases on the inlet's life cycle match the seasonal changes
in the region. The development phase occurred during the first winter
after the opening of the breach, the establishment phase took place in
the summer of 2012 and the closure phase occurred the following
winter. Note that the first winter was relatively calm compared to the
more energetic winter of 2012–2013 (wave roses in Fig. 4). The FRF
defines storm events as those with maximum wave height greater than
2m with sustained duration greater than 8 h. The winter of 2011–2012
(phase 1) had 10 of these storms with mean Hs of 2.87m and average
duration of 23.4 h for a mean wave energy density of 10.4 kJ/m2. In
contrast, the following winter (phase 3) had 10 storms with mean Hs of
3.59m, mean duration of 51.8 h and mean wave energy density of
16.2 kJ/m2, about 1.5 times more than the preceding winter.

4.2. Volumetric changes in the subaerial vicinity of the breach

The temporal changes in volume of the subaerial beach near Pea
Island Breach from August 2011 to August 2014 were reported by
Velasquez et al. (2015). Fig. 6 shows the magnitude of the subaerial
volumes updated until October 2015 in black squares superimposed
over the time series of Hs and Dir. Prior to the inlet closure, volumetric
changes corresponded to localized redistribution of sand near the inlet
channel and in the beach, caused by the influence of the inlet, the
nearshore currents, and overwash by Hurricane Sandy. After the breach
closure (black line in Fig. 6), the subaerial beach experienced an overall
recovery in volume of 3.48× 104 m3 from October 2013 to April 2014.
On July 4, 2014, Hurricane Arthur hit the OBX and generated a max-
imum ocean side surge of 0.6 m at the FRF, this storm stopped the in-
creasing trend of beach volume. Although the breach did not reopen
during Arthur, the abrupt reduction of volume in the subaerial beach,
suggests that the storm prompted erosion and temporary flow through
the breach. Water accumulation along the sound-side of the inlet lo-
cation visible in the August 2014 orthophoto supports this idea.

After Hurricane Arthur, the breach location began to recover again
with small volume decreases after energetic wave conditions that

Fig. 3. Boundary conditions for storm scenarios. Top: Time series of significant wave
height, peak period and wave direction measured at Oregon Inlet Waverider used at the
open-ocean boundary. Middle: Time series of wind speed and direction measured at
Oregon Inlet Marina. Bottom: Time series of water level including storm surge in the
ocean (source: FRF) and sound (source: Oregon Inlet Marina).
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caused temporary loss of volume in the subaerial beach. These higher
than usual waves coming from the northeast (cool colors in Fig. 6
prevailing from October 2014 to April 2015) are generated by extra-
tropical storms that arrive to the study area with additional energy to
erode the beach. The maximum volume computed for the surroundings
of the breach was 5.26×105 m3 in August 2015, this value represents
92% of the pre-breaching volume (displayed at the beginning of the
time series in Fig. 6).

The pre-breaching and the most recent (October 2015) DEMs were
compared separately to identify areas of volume recovery. Fig. 7b
shows the elevation difference map generated from the subtraction of
the elevations from October 7, 2015 and August 2, 2011. In this figure,
warm colors indicate areas where recent elevations are higher than pre-
breaching elevations, while cool colors depict the regions were eleva-
tions were higher before breaching than they were in October 2015.
Overall, this portion of the island has lost elevation near the beach and

Fig. 4. Shorelines, wave roses and time series of 2-dimensional metrics depicting the planimetric evolution of Pea Island Breach grouped by phases of inlet life cycle. (a) Initial
development, (b) Inlet establishment, and (c) Closure phase. Dashed lines in the time series plots divide inlet evolution phases. *Date of the orthophoto in the background.
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gained elevation landward of the pre-breaching dune field. This trend is
a consequence of overwash and aeolian processes that redistribute the
sand in the island. The north dune field parallel to the coast migrated
landwards and by October 2015 was lower than the pre-breaching
ridge. Peak elevations in 2015 (red colors) are located in the seaward
shoulder of NC 12 where NCDOT piles up the sand cleared from the
road within the right-of-way. Elevations in the north bank of the
channel location are about the same as what they were before the
breach, in the south bank they are still lower than pre-breaching values.
The averaged beach berm elevation in October 2015 was 1.5m, which
is high enough to interrupt flow through this low-lying region, but it is
still lower than the averaged pre-breaching berm height of 2.1 m.

Per cell statistical analysis of the DEMs indicate that the most sig-
nificant elevation changes in the vicinity of the breach occurred in the
dune field parallel to the shoreline and in the region contiguous to the
inlet channel (Fig. 7a). The former changes are attributed to the low-
ering of the dune field by overwash caused by Hurricane Sandy in
October 2012. Maximum elevation loss of nearly 6m occurred north of
the breach in the narrow dunes separating the ocean from the NC 12
highway. Elevation changes south of the initial breach location are the
result of the southward curvature of the center portion of the main
channel by bank scouring. This elevation loss goes up to 3m at both
sides of NC 12. Elevation in the vegetated portion of the barrier island,
west of the estuarine channel running parallel to the coast, has re-
mained constant.

5. Results from modeling experiments

5.1. Effects of tides and waves on the circulation and morphological
response of the breach

To gain insights on the effects of waves on the circulation patterns
and morphology of Pea Island Breach a series of simulations in the
absence of and with varying wave conditions were undertaken. The
hydrodynamics of the set of simulations are analyzed at high and low
spring tide, when the highest velocities were simulated, while the re-
sulting bathymetry is analyzed at the end of the fortnight period. Fig. 8
depicts changes in the spatial distribution, magnitude, and direction of
the currents depending on the external forcings of the model. In the
absence of waves, the currents in Pea Island Breach follow a typical
tidal-dominated flow along the inlet, the flood current (Fig. 8a) funnels
water into the inlet's gorge where it reaches a maximum velocity of
3m/s in the narrowest portion of the channel. In the flood delta the
current splits into a major branch flowing towards the center of Pamlico
Sound and a small branch directed towards the south. The ebb current
(Fig. 8d) flows mainly from the south of the sound towards the breach,
the highest velocities occur in the narrowest portion of the channel
before reaching the ocean side, forming a jet directed towards the
northeast. At the end of this scenario, the center of the inlet deepened
and widened and sediment accumulation generated elongated features
in the flood and ebb deltas (Fig. 8g).

As expected, the most significant changes in circulation under the
combined forcing of tides and waves occur in the ocean side of the inlet.
The circulation pattern during high tide under low-energy waves ap-
proaching the inlet from the southeast resembles the tide-only scenario
with a unidirectional current flowing from ocean to sound, where a
small portion of the flood current turns southwards (Fig. 8b). On the
other hand, the same wave conditions during low tide significantly
modify the circulation pattern near the ebb delta (Fig. 8e). In this case,
the longshore current flows from south to north and surrounds the edge
of the ebb delta. The ebb current flowing to the northeast merges with
the longshore current and creates an eddy in the northern boundary of
the ebb delta. The presence of this counterclockwise eddy suggests that
during low tide, even under a south to north longshore current, the
circulation in the vicinity of the inlet is predominantly towards the
south. Under these conditions, the inlet deepens less than in the tide-
only scenario. The edge of the ebb delta smooths in the south and
progrades to the northeast around the ebb channel heading north.

Winter-like waves resulted in a strong north to south longshore
current of up to 1.5m/s that dominates the hydrodynamics and mor-
phology in the ocean side of Pea Island Breach (Fig. 8c and f and Fig. 9
bottom). During high tide, the longshore current flows north-south,
within the inlet channel and the flood delta the currents are still tidally-
dominated and follow the previously described paths. At low tide
(Fig. 8f) the ebb jet flows towards the south and merges with the

Fig. 5. Planimetric evolution of the flood delta of Pea Island Breach. The background
orthophoto was taken on June 15, 2013.

Fig. 6. Time series of significant wave height, wave direction and volume of the subaerial beach near Pea Island Breach (Modified from Velasquez et al., 2015).
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longshore current, which surrounds the ebb delta moving from north to
south. Under high-energy waves the main channel does not deepen,
instead it rotates following the predominant direction of longshore
transport (in this case to the south). The ebb delta flattens and sediment
accumulation in the flood delta in less than that for the two other

scenarios. The morphology of the inlet indicates that it was near closure
by the end of the simulated period. Although the initial morphology of
the inlet does not necessarily match the morphology of the inlet prior to
closure, this result provides additional evidence that high energy waves
contribute to inlet closure by driving inlet infilling from sediments

Fig. 7. Elevation change in the subaerial beach around Pea Island Breach. (a) Elevation range of the subaerial beach from August 2011 to October 2015, including all DEMs. (b) Elevation
difference between the most recent DEM (October 7, 2015) and the pre-breaching DEM (August 2, 2011). Warm colors depict higher elevations in October 2015 than August 2011, cool
colors indicate the opposite. The solid line is the seaward edge of pavement of NC 12.

Fig. 8. Simulated flow circulation and morphological response of Pea Island Breach. Circulation at spring tide at high (left) and low (center) tide under tides only (a, d), typical summer
waves (b, e) and typical winter waves (c, f). Final bathymetries after a fortnight period forced only with tides (g), tides and summer waves (h), tides and winter waves (i). Black arrows
indicate general circulation patterns. Dashed red and black lines in the bathymetric maps illustrate the initial edge of the ebb delta and the initial zero contour, respectively.
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eroded from the ebb delta.
The left and center panels of Fig. 9 show the difference in velocity

magnitude between the simulations including summer waves (top) and
winter waves (bottom) compared to the velocities from the tides-only
run. The effects of summer-like waves are focused in the ocean side of
the breach, where 1m-high waves shift south the flood current coming
from the ocean at high tide (Fig. 9a). The ray-like features in Fig. 9c
indicate the directionality changes of the ebb current due to the pre-
sence of southerly waves. The effects that northeasterly 3m-high waves
have on the currents in Pea Island Breach are also spatially variant, and
this variation is dependent on the phase of the tide. At high tide, the
waves increase the velocity of the longshore current (Fig. 9b). Never-
theless, the velocities in the channel and flood delta are larger in the
only-tide scenario. At low tide, velocities in the channel are larger
(about 1m/s) for the tides-only scenario (predominant blue in Fig. 9d).
The influence of the waves in the ocean-side of the inlet focuses in the
ebb delta. The blue linear feature in top of the red one in Fig. 9d depict
the location of the ebb current in the tides-only scenario flowing to-
wards the northeast, with the presence of waves this jet rotates south
and loses momentum.

The right column in Fig. 9 shows in red areas where the final
bathymetry is deeper for the tide only simulation than the scenarios
combining tides and waves. Blue features in the ocean side indicate
areas eroded by waves. Results from the three scenarios depict the role
of tides deepening the center of the main channel and controlling the
extent of the flood delta, while waves are responsible for the evolution
of the ebb delta, channel infilling, and rotation. Overall, under the
combined effects of tides and waves the flow along the inlet channel
conserves a tide-dominated behavior, with peak velocities in the inlet
gorge during high tide and peak velocities in the interface of the inlet
main channel and the ebb delta during low tide. Waves gain importance
in the circulation of the ocean-side of the inlet, where even under re-
latively calm conditions they rotate the ebb jet. Waves are also re-
sponsible for the formation of eddies near the ebb delta.

5.2. Wave effects on the water levels within the breach

To assess the spatial variation of water levels caused by the wave
action during a fortnight period, three representative locations at the
ebb delta, inlet main channel and flood delta (circled A, B, and C in
Fig. 9a) were chosen to compare simulated water levels from the three
simulations mentioned before. Changes in range and mean water levels
reflect strong wave effects caused by the wave setup of 3m-high waves
that is funneled through the inlet into the sound, these changes in water
levels are evident all along the vicinity of the breach area (Fig. 10). On
the other hand, summer-like waves do not have a significant effect on
the water levels; the tidal signal at the entrance, middle and back of
inlet follows the tidal signal generated by the only-tide simulation (see
correspondence of the dotted and solid lines in Fig. 10a, b, and c).

At the ebb delta, winter-like waves reduce the water level range by
0.09m compared to the tides-only tidal signal; this range reduction
consist of higher troughs during each tidal cycle in the fortnight period
(Fig. 10a). The wave set-up prevents water levels from reaching the low
troughs that occur in the absence of waves. At the center of the breach,
the winter wave set-up raises the water level 0.12m above the only-tide
mean reference level (Fig. 10b), in the sound this value is 0.10m
(Fig. 10c). It should be noted that 3m high waves are unlikely to occur
continuously for an entire fortnight period, nevertheless the present
experiment points out the spatial changes in water levels caused by
high-energy wave events at different stages of spring-neap cycle.

5.3. Effects of sound-side storm surge on the morphodynamics of Pea Island
Breach

The work by Kurum et al. (2012) highlighted the importance of the
sound-side surge in Pea Island breaching. Thus, to explore the effects of
sound-side surge while the inlet was already opened (i.e. the occurrence
of a hurricane after the breaching event), two simulations including and
excluding this phenomenon were performed. As specified in Section

Fig. 9. Difference in depth-averaged velocity (left: high tide, center: low tide) and bed level (right) between the waves and tides and the tides-only scenarios. Warm colors indicate areas
where waves enhance the currents, cool colors indicate the opposite. For bed levels (right), blue colors indicate areas where the waves and tides scenario resulted in deeper bathymetry
than the only tides case, warm colors indicate the opposite.
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3.3.2, we used water levels, winds and waves measured during Hurri-
cane Sandy to force the simulations. In addition to the exploratory goal
of these model runs, their results serve to qualitatively verify the model
performance at the breach under storm conditions. The verification
compares the inundation extent from an orthophoto taken after the
storm and that computed by the model. It should be noted that a perfect
match is not expected because the initial morphology in the model is an
approximation of the topo-bathymetric conditions and does not ne-
cessarily match the exact conditions before Hurricane Sandy.

Fig. 11 shows the differences in tidal signal west of the breach
(location C in Fig. 9a) caused by the inclusion of sound-side surge in the
model. The simulation forced by ocean surge only (dashed line in

Fig. 11) resulted in a gradually increasing surge from October 28 until
noon of October 29, a 1.2m peak that lasted 2 h followed by a gradual
decrease in water levels until October 31. On the other hand, the sound
and ocean surges generated a delayed and rapid change in water levels.
After October 29 at 6 a.m., it took 8 h for a 0.8m increase in water
levels to take place. Under these forcings, the simulated surge has a
dual peak with a duration of 18 h and a maximum elevation of 1.07m.
Similar to the arrival of the surge, its decay generates a steep drop in
water levels.

Fig. 12 displays the spatial distribution of the effects of the sound-
side surge in flow velocities at the peak flood (October 29 9 a.m.) and
ebb (October 30 4 a.m.) during the storm. Including sound-side surge in
the simulations generates high water level gradients between the ocean
and the sound (bottom panel in Fig. 3), phenomenon that causes higher
velocities through the inlet. The top panel in Fig. 12 shows that adding
the sound-side surge in the simulation modifies the peak flood current
during the storm and inundation patterns near the breach; depth-
averaged velocities are enhanced by about 0.5 m/s at the inlet channel,
inundated banks, and parts of the flood delta (warm colors in Fig. 12
top). Fig. 12 bottom shows changes in magnitude and directionality of
the peak ebb current by including the effects of the sound-side surge.
The blue strip indicates the position of the ebb current when the sound-
side surge was neglected. In that case, the ebb current does not exceed
2.5 m/s and it is rotated by the currents in the ocean side. The red strip
in the same figure indicates a faster ebb jet flowing almost straight from
sound to ocean. Such strong current loses less momentum when
reaching the ocean and it is not disrupted by the currents around the
ebb delta. Review of simulations output indicates that the peak ebb
velocity reached 3.5 m/s.

The modeled morphologies of the inlet excluding and including the
sound-side surge are presented in the top and central panels of Fig. 13,
respectively. For both cases, the main channel developed branches that
inundated and moved sediments landward from the center of the island;

Fig. 10. Time series of water levels at the ebb delta (a), the inlet channel (b), and the flood delta (c) for simulations with only tides, tides and summer waves, and tides and winter waves.

Fig. 11. Time series of simulated water levels for Hurricane Sandy including and ex-
cluding sound-side surge. Data for this figure correspond to model outputs at location C in
Fig. 9a.
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because a higher water level gradient occurs when including the sound-
side surge, these new channels have a larger spatial extent when both
surges are modeled together. Similarly, the sand accumulated in the
flood delta extends further west when including the sound side surge
(Fig. 13 center). For both scenarios, the estuarine channel perpendi-
cular to the inlet was filled with sediments, which was an actual con-
sequence of Hurricane Sandy. Nevertheless, the estuarine channel in-
filling was in reality partially caused by overwash, which is a process
that is not fully implemented in Delft3D. In the ocean side of the inlet
both scenarios resulted in a smoother ebb delta with no major differ-
ences between simulations. This result indicates that the effects of the
sound side surge in the morphology of Pea Island Breach do not extend
to the ocean side of the inlet.

The bottom panel of Fig. 13 shows predicted depth-averaged velo-
cities in Pea Island Breach during the peak flood of the storm (October
29 at 9 a.m.) superimposed over an orthophoto taken on October 31,
2012, the black lines correspond to flooded areas digitized from the
orthophoto following the overwash fans and debris line. The model
captures the inundation of the banks at both sides of the inlet (as seen
from the background orthophoto in Fig. 13). The velocities in the inlet
channel reach 3.5m/s and the flow widens when approaching the en-
trance to the sound inundating the channel's banks. Analysis of the flow
velocities for the duration of the storm indicate that the longshore
current rotates depending on the direction of the incoming waves
generated by the storm. At the beginning of the simulation, when the
waves come from the south, a south to north longshore current of up to
1.5 m/s dominated the dynamics in the ocean side. A 180-degree ro-
tation of the current occurred when the storm was at its most offshore
location and when its path reached the latitude of the breach at 10 a.m.
on October 29, 2012.

6. Discussion

Observations helped to identify three phases of inlet evolution clo-
sely related to seasonal wave patterns: development, establishment and
closure. Modeling scenarios provided insights on the circulation and
morphological response of the inlet to tides and waves. In addition,
model results verified that high-energy waves prompted inlet infilling
leading to inlet closure. Combination of analysis of observations and
modeling results led to the formulation of a conceptual model of the
dynamics of Pea Island Breach (Fig. 14).

After breaching, winter waves predominantly from the northeast
move sediment into the north bank of the channel, forcing tidal currents
to scour the south side of the inlet, this effect curves the main channel
in the predominant direction of the littoral drift, while in the sound-side
the flood delta begins to grow (Fig. 14a). Summer conditions slow inlet
curvature and prompt lateral infilling by spit formation at both sides of
the channel (Fig. 14b), the southern bulge of the inlet grows extending
the length of the ebb channel. A stormy winter brings waves that op-
pose the ebb channel direction, waves break in the ebb delta and move
sediment onshore prompting ebb delta attachment and inlet closure
(Fig. 14c). This phenomenon known as the bulldozer effect was in-
troduced by Hagemann (1969) and it is a consequence of the onshore
component of the wave radiation stress that moves sediments landward.
Bertin et al. (2009) state that this effect is enhanced during storms,
when water level gradients between the lagoon and the ocean are high.

Fig. 12. Difference in depth-averaged velocity between the storm scenarios forced with
the ocean and sound surges and the ocean surge only. Top: Peak flood during the storm
(October 29 9 a.m.). Bottom: Peak ebb during the storm (October 30 4 a.m.). Warm colors
indicate areas where including the sound-side surge in the simulation enhances the
currents, cool colors indicate the opposite.

Fig. 13. Simulated morphology and depth-averaged velocity at the peak flood current.
Simulated vectors are superimposed over the orthophoto taken after Hurricane Sandy on
October 31, 2012. Black lines contain flooded areas depicted from the photography.
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Although onshore sediment transport by the 2012–2013 winter storms
are the direct cause of Pea Island Breach closure, the sediment deposits
created by Hurricane Sandy in October 2012 are the initial trigger to
inlet infilling.

In a general context, the findings on Pea Island Breach contribute to
understand to role of seasonal wave climate and storms on the short-
term evolution and closing of small-scale tidal inlets. On a regional
scale, the evolution of Pea Island Breach exemplifies the behavior of a

small ephemeral inlet in the northern OBX. A similar evolution domi-
nated by wave seasonality is expected if future inlets cut through the
narrow barrier island system, although other factors such as geology,
storminess, and human actions can drastically alter inlet evolution. In
fact, even for Pea Island Breach, the placement of a temporary bridge
across the inlet restricted further southward curvature of the central
portion of the main channel and it may have resulted in local losses of
flow momentum at the bridge piles that prompted sedimentation.
Nevertheless, because no massive engineering projects interfered with
or closed the breach, its evolution is still considered to be controlled by
natural processes.

In addition to the aforementioned factors and the natural forces
investigated here, the life cycle of Pea Island Breach is strongly influ-
enced by the presence of large and mature tidal inlets in the system (e.g.
Oregon, Hatteras and Ocracoke inlets). These inlets are well-known to
dominate the exchange of water between sound and ocean (Inman and
Dolan, 1989; Wells and Kim, 1989). Although their influence on the
breach was not explored in the present study, we suspect that the Pea
Island Breach can have a reciprocal effect in the system by draining part
of the tidal prism and storm surges initially distributed among pre-ex-
isting inlets. This phenomenon could be one of the reasons why there
have not been more breaches in the northern OBX since Pea Island
Breach opened. Reports by Sciaudone et al. (2016) of sporadic flow
along the breach location following major storms demonstrates that the
non-fully recovered breach constitutes a strategic location that acts as a
natural control of overflow discharge from ocean to sound and vice
versa.

The present study does not resolve the full morphodynamics of the
system, instead it constitutes the initial phase to understand the dy-
namics of Pea Island Breach by means of remotely sensed data and a
sensitivity analysis to external forcings using a numerical model. The
model results presented here are exploratory scenarios to get insights
on the effects of natural forcings on water levels, flow velocities and
morphology of the breach. Model results are influenced by steady
waves and an initial bathymetry formed by a composite of measure-
ments (Blanton et al., 2008; Geodynamics, 2011) and model results
(Kurum, 2013). This limitation is counterbalanced by the combined use
of observations and modeling results, which gives a broad perspective
of the dynamics of the breach. Furthermore, changes in water levels and
flow velocities in the lagoon due to wave-induced set-up are consistent
with the findings by Bertin et al. (2009); Dodet et al. (2013);
Olabarrieta et al. (2011); and Orescanin et al. (2014).

Future steps in this study aim to explore the effects (if any) of Pea
Island Breach in neighboring Oregon Inlet dynamics. The definitive
goal of the numerical model introduced in this paper is to expand the
understanding of the medium-term (years) morphodynamics of Oregon
Inlet and Pea Island Breach. Various studies have proven that numerical
models are reliable tools for the investigation of multiple inlet systems
(Herman et al., 2007; Orescanin et al., 2016; Roos et al., 2013; Salles
et al., 2005; Wang and Beck, 2012). However, challenges to be faced
include scarcity of in-situ measurements of morphological variables,
such as periodic bathymetry and sediment properties, and im-
plementation of numerical acceleration techniques that properly re-
present the medium-term morphology in reasonable computational
times.

7. Conclusions

Geospatial metrics and a numerical model were used to explore the
spatio-temporal effects of tides, waves, and storms on flow velocities
and the morphological life cycle of Pea Island Breach. The inlet evolved
in three well-defined phases controlled by wave seasonality. The most
important morphological changes happened in the initial development
phase, when tidal and winter waves-induced forces shaped the inlet. In
the second phase, tidal currents controlled flow through the inlet and
wave effects were restricted to the ocean-side. The final phase started

Fig. 14. Conceptual model of Pea Island Breach dynamics. a) Inlet development under
winter conditions, b) inlet stabilization during summer; c) inlet closure by storm waves.
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after Hurricane Sandy, the ebb channel faced incoming storm waves
that moved sediment onshore until the inlet filled.

Sensitivity analysis of external forcings revealed spatial and tem-
poral variability of tidal and wave effects in the breach dynamics. As
expected, tidal currents dominate the hydrodynamics within the inlet
channel, whereas breaking waves increase flow velocities in the ocean
side, in particular, at the ebb delta and the nearshore bar. Less expected
were wave effects into the sound, where flood currents gain velocity by
the excess of water entering the inlet due to wave set-up. Modeling
experiments helped to identify this behavior consequence of winter
wave conditions. Furthermore, sensitivity analysis of sound-side surge
during Hurricane Sandy points out the fundamental role of this process
in the hydrodynamics of the system during extreme events. Sound-side
surge regulates overall growth rate, duration, and decay of peak water
levels during extreme events.

In spite of barrier island breaching being a severe erosion event, Pea
Island Breach sets a reference of strategic management decisions for
public infrastructure in low populated and highly vulnerable regions.
Agencies managing the region allowed nature to follow its course in a
historically breaching-prone region and even after its closure, the
breach location has been acting as a weir by regulating overflow from
both sides of the island. Landward relocation and construction of new
bridges along NC 12 will provide a solution to transportation needs in
the OBX, however, barrier island transgression and sea level rise will
keep posing new challenges to the transportation corridor.
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