
ABSTRACT 

VELASQUEZ MONTOYA, LILIANA. Observation and Modeling of the Morphodynamics of 

Tidal Inlets in the Northern Outer Banks of North Carolina. (Under the direction of Dr. Margery 

F. Overton). 

This dissertation presents a comprehensive overview of the morphodynamics of a semi-

permanent and an ephemeral tidal inlet located in northern Outer Banks of North Carolina: Oregon 

Inlet and Pea Island Breach. The temporal and spatial scales of the processes that drive the 

hydrodynamics and morphological evolution of these tidal inlets are studied by means of remotely 

sensed data, in-situ observations, and a high-resolution two-dimensional depth-averaged 

numerical model based on Delft3D. Geospatial metrics and analyses of observational data are used 

to study the historical behavior of both inlets, while the numerical model is used to identify their 

seasonal circulation, evolutional patterns, and possible interactions between inlets.   

Using multi-temporal aerial imagery and hydrographic surveys gathered from 2005 until 

2015, decadal evolutional trends of Oregon Inlet are identified. Specifically, trends like a cyclical 

response of the inlet to dredging, the northward rotation of its main channel, and frequent sediment 

transport reversal in its southern shoulder. Similarly, aerial photography is used to study the 2-year 

lifecycle of Pea Island Breach, which opened in 2011 and closed in 2013. The evolution of the 

subaerial features of Pea Island Breach displays episodic curvature of its main channel, rotation of 

the ebb channel, shoaling, and widening by Hurricane Sandy (2012). 

A morphological model built for Oregon Inlet is calibrated, validated, and applied to study 

the hydrodynamics and medium-term (years) evolution of the inlet. Medium-term simulations lead 

to the definition of the spatial effects of tides and waves on the morphology of Oregon Inlet, 

sediment transport pathways, and sediment transport rate into the inlet. Concurrent with the model 

development, a sensitivity analysis to waves and tides is completed for Pea Island Breach. The 

results from simplified seasonal simulations lead to the definition of a qualitative model of the 

ephemeral inlet lifecycle and its closure mechanism. Additional modeling experiments combining 

Oregon Inlet and Pea Island Breach indicate that the latter did not have any hydrodynamic effects 

in the former. Exploration of idealized breaching scenarios in Pea Island suggests that inlet spacing 

and breaching geometry play a major role in multiple inlet stability theory.  
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 CHAPTER 1: INTRODUCTION 

1.1 Motivation  

One of the most active areas of the coasts around the world is that within and near tidal inlets, 

where the restless movement of sediments modifies the configuration of the coastal landscape in 

a few days up to geological timescales. The empirical concept of inlet stability (Escoffier 1940; 

van de Kreeke 1992) and the mathematical formulations correlating tidal prism and cross-sectional 

area demonstrate common behavior of tidal inlets in the coasts of U.S. (Jarrett 1976; O’Brien 

1969). Nevertheless, each system has its own particularities and processes with different temporal 

and spatial scales that differentiate its morphology. In the case of Oregon Inlet, the presence of a 

terminal groin in its south shoulder, dredging activities in its navigational 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 semi-permanent inlet in the northern Outer Banks of North Carolina 

proven to have significant economic impact at the federal and state levels (Moffatt and Nichol 

2014). Given the economic and environmental interests to keep this inlet open, understanding its 

dynamics has become urgent. Especially nowadays when the replacement of the Herbert C. Bonner 

Bridge across the inlet could lead to changes in management practices. Nevertheless, there are 

knowledge gaps in the behavior of the inlet such as seasonal circulation, its response to dredging, 

and the processes driving its morphological changes, that need to be addressed in order to achieve 

sustainable and reliable sand management plans for this dynamic feature.  

Likewise, the development of ephemeral inlets is an additional coastal evolutional process that 

poses major management challenges in the Outer Banks. Storm-induced barrier island breaching 

and formation of new inlets is part of the evolutional history of the Outer Banks (Birkemeier et al. 

1984; Mallinson et al. 2010; Stick 1958) and it is likely to become a more recurrent phenomenon 

because of sea level rise and hurricanes (Ashton 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 an active topic of academic discussion (Bond et al. 
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2013; Fortunato et al. 2014; Ranasinghe and Pattiaratchi 1999).  The most recent opening of an 

ephemeral inlet in the northern Outer Banks occurred in 2011 in Pea Island, 10 km south of Oregon 

Inlet. This event created the opportunity to study the life cycle and closure mechanisms of the inlet, 

as well as, its effects in the hydrodynamics of Oregon Inlet and the back barrier sound.  

1.2 Research aim 

The aim of this study is to increase the understanding of the medium-term (years) morphology of 

semi-permanent and ephemeral inlets in the northern Outer Banks of North Carolina by means of 

geospatial analysis of observations and numerical modeling. Using Oregon Inlet and Pea Island 

Breach as case studies, the following specific aims are addressed:   

 Assess the response of the Oregon Inlet to major dredging events and oceanographic 

conditions from sub-aerial features evolution, bathymetry, and geospatial metrics obtained 

from multi-temporal datasets of the decade between 2005 and 2015. 

 Build, calibrate, and validate a two-dimensional depth-averaged morphological model for 

Oregon Inlet under the Delft3D modeling platform. Use the model to identify evolutional 

trends caused by natural processes and assess the spatial effects of tides and waves on the 

morphology of the inlet. 

 Explore the spatiotemporal effects of tides, waves, and storms on the morphodynamics of 

the Pea Island Breach by means of remotely sensed data, time series of measured 

oceanographic conditions, and a sensitivity analysis to the process-based model. 

 Identify the possible hydrodynamic effects that Pea Island Breach had on Oregon Inlet and 

the back barrier sound during the lifecycle of the former inlet (2011-2013). 

1.3 Dissertation structure 

The next four chapters of this dissertation are individual manuscripts that address a portion or the 

totality of the each specific research aim listed in section 1.2. Chapter 2 introduces the 

hydrodynamic model built to study Oregon Inlet and its hydrodynamic calibration and validation. 

In this chapter, the hydrodynamic response of the Oregon Inlet to changes in wave climate is 
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assessed. Seasonal circulation patterns through the inlet are presented and analyzed with respect 

to their implications for seasonal morphological changes. 

Chapter 3 is a comprehensive study of the morphodynamics of Oregon Inlet in the decade of 

2005-2015. The initial part of the chapter describes the responses of the inlet to dredging by means 

of geospatial analysis of sub-aerial features evolution and bathymetric changes. The second part 

of chapter 3 builds upon chapter 2, the hydrodynamic model is developed further to study the 

evolutional trends of Oregon Inlet. The morphological model is calibrated, validated, and used to 

identify morphologic evolutional patterns of the inlet.  

Chapter 4 describes the morphological life cycle of Pea Island Breach and explores the spatio-

temporal effects of tides, waves, and storms on the morphodynamics and closure of the ephemeral 

inlet. Similar to chapter 3, in chapter 4 observational data is used to perform multi-temporal 

geospatial analyses, while modeling experiments are used to explain wave and tidal effects on the 

circulation, water levels, and morphology of the inlet. The last section of this chapter combines 

analysis of observations and modeling experiments to propose a qualitative conceptual model 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 that breaching of Pea Island could cause in the back-barrier sound and 

Oregon Inlet. Modeling scenarios combine Oregon Inlet with the breach that opened in 2011 and 

other idealized inlets with varying geometries and location.  Chapter 6 has the concluding 

remarks, discussion of limitations, and general recommendations for future research. 
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 CHAPTER 2: IMPACTS OF THE SEASONAL FORCINGS ON 

THE HYDRODYNAMICS OF OREGON INLET, NC 

Published as: Velasquez Montoya, Liliana, Overton, Margery F. (2017). Impacts of seasonal 

forcings on the hydrodynamics of Oregon Inlet, NC. Proceedings of Coastal Dynamics 2017. 

Helsingor, Denmark, pp 1240-1250. 

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 waves measured at nearby gauges. The validated model is used to study 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 seasonal morphology. The results from this study serve to illustrate the dynamicity of a wave-

dominated tidal inlet and the spatio-temporal variability of waves’ effects on inlet hydrodynamics. 

Studies of this kind provide information to face challenges on infrastructure design and to plan for 

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 between lagoons 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 explained at length by Bruun (1978); Mehta 

and Joshi (1988); van de Kreeke (1988), among others. Advances in numerical modeling have 

allowed studies to investigate wave effects on tidal inlets’ circulation and closure mechanisms 

(Bertin et al., 2009; Dodet et al., 2013; Olabarrieta et al., 2011; Ranasinghe and Pattiaratchi, 1999). 
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Still, further investigations are required to enhance the understanding of wave effects on seasonal 

dynamics at semi-permanent inlets in large estuaries.  

This paper presents the seasonal hydrodynamics 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 system (Jarrett, 1978; Vemulakonda et al., 1985) that has not 

been built, and the construction of a terminal groin in its down drift side (Joyner et al., 1998; Miller 

et al., 1996; Overton et al., 1992). These studies provide a general understanding of the dynamics 

of Oregon Inlet, but their outcomes are restricted by 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 seasons) 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 process-based 

numerical model that allowed us to identify the spatial extent of wave effects in the inlet. Results 

include circulation patterns for calm and energetic wave conditions and analysis of their 

implications for the morphological evolution of the inlet. The results of this study provide useful 

information to face challenges on inlet management practices, navigation, and infrastructure 

design in Oregon Inlet. Moreover, the validated hydrodynamic model presented here will be used 

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

of the inlet and its interaction with a storm-induced ephemeral inlet that opened 10 km to the south 

of Oregon Inlet in 2011. 

2.3 Study area 

Oregon Inlet is located in the Outer Banks of North Carolina, a wave-dominated barrier island 

system between the Atlantic Ocean and the Albemarle-Pamlico Sound (Figure 2.1). Oregon Inlet 

opened in 1846 during a storm and by 1989 had migrated approximately 3.5 km southward and 

0.6 km landward (Joyner et al., 1998). Today, the northern spit located in Bodie Island remains 

responsive to littoral drift processes, while the south side of the inlet is stable because of a terminal 

groin completed in 1991 to protect the abutment of the Herbert C. Bonner Bridge crossing the 

inlet. The migratory nature of the Oregon Inlet generates an asymmetric geometry in which the 
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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 630 m to 1,000 m (Figure 2.1).  

 
Figure 2.1. Location of Oregon Inlet and seasonal wave roses created from data recorded at the FRF from 1997 to 2015. 

 

 

The mean tidal ranges of the two closest gauge stations to Oregon Inlet are 0.98 m in the ocean 

side at the U.S. Army Corps of Engineers (USACE) Field Research Facility (FRF) and 0.28 m in 

the sound side at Oregon Inlet Marina (Figure 2.1). The wave climate in the region is characterized 

by two seasons; during the winter (October to April), extratropical storms generate northeasterly 

waves with significant wave heights (Hs) that vary between 2 and 5 m at 17 m depth. During the 

summer (May to September), waves with Hs of less than 1 m arrive to the vicinity of the inlet from 
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the east-southeast (see seasonal wave roses in Figure 2.1). The calm conditions of the summer are 

occasionally disrupted by the occurrence of tropical storms during the hurricane season (June to 

November). All the aforementioned conditions result in a longshore transport rate near the inlet of 

about 700,000 m3/yr to the south (Inman 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 model (i.e. bathymetry, water levels, waves, 

winds) and data to evaluate the model performance, such as available records of hydrodynamic 

variables near Oregon Inlet. Section 2.4.1 presents the data sources, their location and resolution. 

The hydrodynamic model used to study Oregon Inlet is explained in detail in section 2.4.2. 

2.4.1 Observations of waves, tides, and wind 

Wave and tidal records are available at the gauges shown in Figure 2.1. The longest wave record 

near Oregon Inlet is available from the 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 

wave gauge located at 18 m depth seaward of Oregon Inlet (Figure 2.1). This station is owned by 

the Coastal Studies Institute and was active from 2012 to 2016, the wave boundary conditions used 

to force the model in this study come from this station. Jennette’s Pier and Oregon Inlet Marina 

are the only wave and tide gauges within the model domain (Figure 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 used to evaluate the model performance. Table 2.1 

presents a summary of the data available in each gauge and its usage in this study. 
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Table 2.1. Gauges and data availability in the study area. 

Name Measured variables Time frame available Usage 

FRF 17 m depth Waves (Hs, Tp, Dir) 

Waves (Hs, Tp, Dir) 

Waves (Hs, Tp, Dir) 

1997 - present Seasonal wave climate 

Oregon Inlet Waverider 2012 - 2016 Boundary conditions 

Jennette’s Pier 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 models of Oregon Inlet 

The hydrodynamic and online wave-coupled model of Oregon Inlet is based on the modeling 

platform Delft3D (Lesser et al., 2004), which has been used to simulate tidal inlet hydrodynamics 

by Castelle et al. (2007); Elias et al. (2006); Sennes et al. (2007). This software suite has built-in 

coupling of multiple modules, among those, we use the FLOW and WAVE. The hydrodynamic 

model (FLOW) solves the two-dimensional depth-averaged (2DH) continuity 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 Nearshore (SWAN) model (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, depth-induced wave breaking, and non-linear wave-wave 

interactions. Deltares (2014a, 2014b) explain all mathematical formulations and equations solved 

in both modules of Delft3D in detail. 

Delft3D uses a finite difference scheme to solve the system of partial differential equations. The 

region surrounding Oregon Inlet was discretized in two curvilinear grids with increasing resolution 

near the inlet (Figure 2.2b), both grids communicate with one another through internal boundaries. 

The external grid has 12,764 elements and the internal grid has 34,776 elements, with edge lengths 

that range between 14 m in Oregon Inlet and 460 m near the boundaries (Table 2.2). The wave 

grid has 18,213 elements and extends far offshore and alongshore to prevent any boundary 
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problems from propagating into the hydrodynamic grid. During the computation, SWAN obtains 

current information by bilinear interpolation from the hydrodynamic grid. The intra-model 

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

Table 2.2. Delft3D grids 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 

 

 
Figure 2.2. Model domain. a) ADCIRC NC9 Mesh for the Western North Atlantic Ocean; b) Delft3D FLOW and 

WAVE grids; c) Grid and bathymetry near Oregon Inlet (negative depths indicate elevation). 

 

To schematize as accurately as possible the bottom in different regions of the domain, the 

bathymetry of the model was generated by merging multiple sources of topo-bathymetric data. 

Depths in the Croatan Sound (northwest sound) are based on the 2002 NOAA sounding; the flood 
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delta of 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 depths for the rest of the 

model domain are based on the digital elevation model of the flood mapping program of the 

Federal Emergency Management Agency (FEMA) (Blanton et al., 2008). The final bathymetry is 

a composite of the most recent topo-bathymetric data in the region, given the multi-temporal 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 well-defined main channel, a complex set of sinuous channels in the flood delta and the 

steep edge of the ebb delta in the ocean side (Figure 2.2c), locations of all features 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 the blocking of the flow 

by the bridge piers (Farraday and Charlton, 1983). The 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 object used in 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 open-ocean (east) 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., 2008). ADCIRC was run using the high 

resolution mesh for the coast of North Carolina (NC9 mesh) and forced by 8 tidal constituents 

(M2, S2, N2, K2, K1, O1, P1 and Q1) in the open-ocean boundary and wind forcing from the 

ADCIRC Surge Guidance System (Dresback et al., 2013). Figure 2.2a and b show the 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 the open-ocean boundary of 

the wave model.    

Each simulation starts from a uniform water level, followed by a 15-day spin-up period of tide-

only forcing. After this period, the model dissipates the errors from the transition between its initial 
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state and that imposed by the boundary conditions. Calibration and validation simulations forced 

by tides and waves were run over fortnight periods that include a spring and neap tidal cycle, which 

are considered to provide sufficient conditions 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 calibration period is January 4 – 19, 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 

Jennette’s Pier were available to compare with the model results. The evaluation of the model was 

done statistically by computing the Mean Absolute Error (MAE) as defined in Sutherland et al. 

(2004) and by visually comparing simulated and observed water levels and waves at the 

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 using water levels from the high-resolution 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 roughness and the horizontal eddy viscosity. Both parameters 

were varied within a range of acceptable values for coastal settings (Table 2.3) and their final 

values were chosen as the combination resulting in the most accurate simulation of water levels 

and waves at Oregon Inlet Marina and Jennette’s Pier respectively. Given that there are no current 

measurements available in the inlet, the model was verified to reach flow velocities close to those 

reported in the literature.  
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Table 2.3. Range of parameters and sources of water level boundary conditions tested for model calibration. Bold 

values are the final calibrated settings. 

 

 

 

 

 

 

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 100 m2/s respectively. Such simulation had a MAE\ of 

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 reported by Nichols and Pietrafesa (1997), who state that Oregon Inlet mean flow velocity 

is about 0.9 m/s and those measured in 2011 by Ocean Engineering International (2012), who 

captured velocities of up to 2.6 m/s across the inlet. Revision of the parameters lead to their final 

values shown in bold in Table 2.3, which correspond to the default values in Delft3D and resulted 

in a MAE of 0.07 m for water levels and 0.29 m 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 Marina (Figure 2.3a). 

The left panels in Figure 2.3 show the comparison of observed and simulated water levels at 

Oregon Inlet Marina (a) and wave conditions at Jennette’s Pier (b to d) for the calibration period. 

Simulated water levels follow the general tidal signal at the marina; 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 detail in the 

bathymetry in its vicinity. Simulated waves reproduced the observed wave conditions closely, with 

Parameter Evaluation range 

 

Bed roughness coefficient 

Chezy: 65 

Manning: 0.018, 0.02, 0.024 

 

Horizontal eddy viscosity (m2/s) 1, 10, 50, 100 

 

Source of water level boundary 

conditions (mesh resolution 

near Oregon Inlet) 

ADCIRC NC6B mesh (110 m) 

ADCIRC NC9 mesh (25 m)  

ADCIRC NC9 mesh for open-ocean and Newmann lateral 

boundaries 
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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 have been present 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 also includes a storm that generated 

3 m Hs in Jennette’s Pier and a surge of 0.6 m in Oregon Inlet Marina. The model showed a similar 

behavior as that of the calibration period. Simulated water levels in Oregon Inlet Marina follow 

the observations (Figure 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 surge that occurred between 

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 periods for calm and energetic conditions (Figure 

2.3f - h).  

The MAE for water levels and Hs is 0.11 m and 0.29 m respectively. These errors are of the same 

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 challenge for model 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 velocities in the inlet that fall within the reported currents’ 

magnitude. This behavior provides confidence in the hydrodynamic model to study the effects of 

seasonal forcings in Oregon Inlet dynamics. 
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Figure 2.3. Comparison of time series of observed and simulated water levels at Oregon Inlet Marina (a, e); 

significant wave height (b, f), peak period (c, g) and nautical wave direction (d, h) at Jennette’s Pier for the 

calibration (left) and validation (right) fortnight periods. 

 

2.5.3 Seasonality of Oregon Inlet 

To identify the impact of wave seasonality in Oregon Inlet dynamics, two simulations forced with 

representative wave conditions of the summer and the winter were developed. The two simulations 

were hot-started from a tide-only run, each simulation lasted a month, and both are forced with 

equal tidal conditions extracted from the Western North Atlantic ADCIRC Tidal Database 

(Westerink et al., 1993). Wave boundary conditions correspond to observed waves at Oregon Inlet 

Waverider for January 2013 (winter) and July 2012 (summer). These specific months were chosen 

because they include wave conditions that follow the general patterns expected for each season 

(Figure 2.4). The winter month includes four events with Hs higher than 2 m (gray bands in Figure 

2.4), three of them with waves predominantly from the north-northeast and the last one with waves 

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

below 2 m. 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 at low, high and higher high tide 

for the period of time marked with the darkest gray background in Figure 2.4, which coincides 

with spring tide. 

Figure 2.5 shows the depth-averaged velocities in Oregon Inlet at different stages of the tidal cycle 

(columns) and times when wave conditions represent two 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 with depth-averaged velocities up to 1.2 

m/s (Figure 2.5a). Under energetic waves from the northeast (Figure 2.5b), wave-induced currents 

in the ocean rotate the ebb current 3° southward. A north-south longshore current develops at both 

sides of the inlet generating a residual flood current in the north bank of the inlet that constricts 

the main 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.  

 
Figure 2.4 Wave boundary conditions from Oregon Inlet Waverider at 18 m depth. Top: Time series of significant 

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 water in the ocean 

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 under these forcings occur near 

the tip of the terminal groin directed towards the inlet (Figure 2.5c 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 well-defined longshore current, while 

during energetic conditions it can reach about 0.75 m/s flowing north to south until it merges with 

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

the terminal groin (Figure 2.4d). 

 
Figure 2.5. Seasonal circulation in Oregon Inlet. Wave conditions in the white boxes correspond to those simulated 

at 15 m depth at the location marked with a red star in the top left panel. 
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At higher high tide, the flood current reaches velocities of 2 m/s (Figure 2.5e and f). Similar to the 

previously described circulation pattern, the water enters through the inlet for calm and energetic 

conditions. A significant change in the circulation occurred in the ocean side, where the model 

captures a reversal of the longshore current. In the previous energetic scenarios, waves approached 

the inlet from the northeast, but in this case, waves come from the east-northeast, 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 that significant net potential sediment transport toward the north 

could occur near Oregon 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 than 60°. When waves 

approach north 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 bottom panel of Figure 2.4), but waves with these directions were usually not high enough 

to create northward longshore currents faster than 0.05 m/s. From the four high-energy 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 can occur more often 

than previously thought, especially when tropical storms travel from offshore towards the North 

Carolina coast, which results in swells traveling south to north.  

The spatial extent and variation of wave effects are expected to influence not only the 

hydrodynamics of the system, but also its morphology. An initial overview of the spatial variability 

of those effects, is presented in Figure 2.6, which includes the 0.2 N/m2 bed shear stress contours 

at low (left), high (center) and higher high tide (right) for summer and winter conditions. A 0.2 

N/m2 bed shear stress is considered the minimum critical shear stress for initiation of motion for 

sands with d50= 200 μm (van Rijn, 2007), thus this contour provides an idea of the nearshore 

regions where active sediment transport takes place near Oregon Inlet, which has sediment sizes 

of the order of 220 μm (Dolan et al., 2003).  

The most important differences in the spatial distribution of bed shear stresses between summer 

and winter occur in the ocean side, where winter waves have effects on the bottom farther offshore 
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along the coast and the edge of the ebb delta than summer waves (Figure 2.6).  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 could rework sediments are located 

within the sinuous channels of the flood delta (Figure 2.6 left), while at high tide, the 0.2 N/m2 

contour covers most of the flood delta (Figure 2.6 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 stresses in the shoals where ebb currents do not have major 

effects on the bottom. 

 
Figure 2.6. Bed shear stress 0.2 N/m2 contour 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 ocean, respectively. 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. The high-energy waves of the winter 

rotate the ebb current southwards and generate longshore currents in the same direction that can 

reach velocities of 0.75 m/s. Waves coming south of 60° reverse this longshore current, generating 

a flow in the opposite direction of the dominant littoral drift near Oregon Inlet. This longshore 



   

19 

 

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 inundating most of the flood delta and 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 erosional 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 inlet (e.g. northern spit, 

shoals). 
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 CHAPTER 3: MORPHOLOGICAL EVOLUTION OF OREGON 

INLET: 2005-2015 A DECADE OF NATURAL AND HUMAN-

INDUCED CHANGES 

Paper will be submitted to journal as: Velasquez Montoya, Liliana, Overton, Margery F., 

Sciaudone J. Elizabeth. Morphological evolution of Oregon Inlet: 2005-2015 a decade of natural 

and human-induced changes.  

3.1 Introduction 

Tidal inlets are highly dynamic coastal features controlled by tide- and wave-induced 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 surrounding 

environment. In addition to their socio-economic relevance, tidal inlets control the exchange of 

water, nutrients, pollutants, and sediments between back-barrier bays and the coastal ocean. 

Moreover, the capacity of tidal inlets to regulate the sediment budget 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 models built 

from analysis of observations (e.g. Elias and van der Spek 2006; Hayes and FitzGerald 2013; 

Komar 1996; among others). Semi-empirical relationships between the cross-sectional area of the 

inlet gorge and its tidal prism (Escoffier 1940; Jarrett 1976; van de Kreeke 1992; O’Brien 1969) 

have explained the permanence of tidal inlets. Combinations of these techniques with process-

based models have been used in the last two decades to study the physics behind the morphology 

of tidal inlets (Bertin et al. 2009; Elias et al. 2006; Fortunato et al. 2014; Nienhuis and Ashton 

2016; Tung et al. 2009). These 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 the understanding of tidal inlets’ behavior at variable temporal and spatial 

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 Carolina (Inman and Dolan 1989). Most 

of these studies have been related to stabilization and navigation plans, such as: the design of a 

dual jetty system (Hollyfield et al. 1983; Jarrett 1978; Vemulakonda et al. 1985) that never came 

to realization; the impacts of the terminal groin built in the down drift shoulder of the inlet (Joyner 

et al. 1998; Overton et al. 1992); and bypassing of dredged sediments (Dolan et al. 2003; Dolan 

and Stewart 2006). The objective of these studies was to understand the processes that control the 

morphology of the inlet or its vicinity; specifically, the consequences of engineering interventions 

designed to ensure navigation along and transportation across the inlet, which has been proven to 

provide socio-economic benefits at the local, state and federal levels (Moffatt and Nichol 2014).  

Despite the usefulness of these investigations, their outcomes are restricted by the spatio-temporal 

resolution of observations available a decade ago and computational power at the time when a 

numerical model was built for Oregon Inlet in the mid 80’s.  

This paper aims to update and enhance the understanding of the morphodynamics of Oregon Inlet 

in the decade of 2005-2015 by means of periodical remotely sensed data, in-situ observations, and 

a high-resolution 2DH numerical model based on Delft3D. Responses of the inlet to natural forces 

and dredging are analyzed from sub-aerial features evolution, bathymetric changes, and geospatial 

metrics obtained from multi-temporal aerial photography. A morphological model is calibrated 

and used to 1) identify evolutional trends caused by natural processes and 2) assess the spatial 

variation in the effects of tides and waves on the morphology of Oregon Inlet. Understanding the 

processes involved in the morphological evolution of Oregon Inlet serves to plan sustainable sand 

management practices, navigation strategies, and infrastructure development around this dynamic 

coastal system.  

3.2 Study area 

Oregon Inlet is located in a transgressive wave-dominated barrier island system known as the 

Outer Banks of North Carolina. The inlet drains the water of the Albemarle-Pamlico Sound into 

the Atlantic Ocean (Figure 3.1) and separates Bodie Island in the north from Pea Island in the 

south. Oregon Inlet is the only inlet along nearly 260 km of shoreline from Rudee Inlet, VA to 



   

22 

 

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, the development and tourism 

growth in the Outer Banks led to the construction of the 3.9 km long Herbert C. Bonner Bridge 

crossing the inlet. From 1846 to 1989, the inlet had migrated nearly 3.5 km southward and 0.6 km 

landward (Joyner et al. 1998) getting dangerously close to the southern abutment of the Bonner 

Bridge. In 1991, the south side of the inlet was stabilized with a terminal groin to protect the 

southern abutment of the bridge. Since then, the main (deepest) channel of the inlet has remained 

close to the terminal groin.  

The tidal prism for Oregon Inlet has been reported as 113 x 106 m3 (Jarrett, 1976) and 85 x 106 m3 

(Hollyfield et al., 1983), both values obtained prior to the construction of the terminal groin.  Ebb 

and flood currents have been reported to range from 0.65 to 1.16 m/s (Nichols and Pietrafesa, 

1997); instantaneous measurements by Ocean Engineering International (2012) registered 

maximum flood currents up to 2.5 m/s. The net sediment transport in the inlet vicinity is 700,000 

m3/yr to the south  (Inman and Dolan 1989; Jarrett 1978) with some reversal periods as the one 

studied by Miller et al. (1996).  With the south side of the inlet stabilized with the terminal groin, 

the northern spit remains dynamic and responsive to littoral drift processes and storms. Dolan et 

al. (2003) estimated 3 m depth and computed the northern spit accretion to be approximately 

250,000 m3 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 well-developed flood delta that protrudes approximately 5 km into the sound 

(Figure 3.1) forming a system of shoals and sinuous channels that distribute the flow into and out 

of the sound. To ensure safe navigation through the inlet and between a 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 

located north of the inlet’s main channel and dangerously close to the Bodie Island accreting spit 

(Figure 3.1), intensifying the need for dredging activities. The ebb delta has 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 last decade include marginal flood channels at both sides of the 

inlet and a triangular-shaped marginal shoal seaward of the pocket of the terminal groin. 

 
Figure 3.1. Study area a). Location of Oregon Inlet relative to the southeast coast of USA and the Outer Banks of 

North Carolina, b). Aerial view of Oregon Inlet, c). Ground view of Oregon Inlet from the terminal groin. 

 

Tides on the Outer Banks are semidiurnal with a mean range of 1 m on the ocean side and less 

than 0.3 m inside 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’easters in the winter (Inman and Dolan 1989). Figure 3.2 left (right) shows the 

percent occurrence of significant wave height and direction (peak period) at Oregon Inlet 

Waverider located at 18.3 m depth (Figure 3.1a) and deployed in 2012. The bottom panel in Figure 

3.2 shows the same plots built from the 1989-2010 wave hindcast from the North Carolina Wind 

Wave Power project at the same location. The hindcast was generated from NOAA’s 

WAVEWATCH III wave model coupled with ADCIRC and SWAN, and was validated for normal 

and extreme conditions (Blanton and Edge, 2015). Short-term 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 north-northeast (22.5°) and south-southeast (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 Transportation (NCDOT) provides bimonthly 

(February, April, June, August, October and December) aerial photography with resolution of 0.30 

m (1ft) from 2005 until mid-2011 and 0.15 m (0.5 ft) from mid-2011 to 2015. Moreover, the study 

area has been part of multi-temporal LiDAR 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 listed in Table 3.1. To assess the need for dredging the navigation channel of Oregon 

Inlet, the USACE performs hydrographic surveys including the navigation channel and partially 

mapping the bottom of Oregon Inlet. Surveys from 2005 to 2015 were requested from the USACE 

Wilmington district office.   
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Figure 3.2. Joint probability of occurrence of Hs and direction (left) and Hs and peak period (right) at the location of 

Oregon Inlet Waverider. Top: Observations at Oregon Inlet Waverider, Bottom: Hindcast from the North Carolina 

Wind Wave Power Project at the nearest node to Oregon Inlet Waverider. 

 

The most comprehensive topographic/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 multi-temporal 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 Topobathy LiDAR and the hydrographic survey 

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

Water. All elevation data was converted to NAVD 88. 

Table 3.1. LiDAR surveys available from 2005 to 2015. 

Year DEM 

Resolution (m) 

Name Agency 

2005 2 USACE NCMP Topobathy LiDAR: 

Atlantic Coast (NY to VA) 

USACE National Coastal Mapping 

Program (JALBTCX) 

2008 2 NOAA NGS LiDAR: NC NOAA National Geodetic Survey 

(IOCM) 

2009 2 USGS Coastal LiDAR: Post-Ida (NC) NASA Wallops, USGS Coastal and 

Marine Geology Program, National 

Park Service 

2009 2 USACE NCMP LiDAR: Atlantic Coast 

(NC) 

USACE National Coastal Mapping 

Program (JALBTCX) 

2011 2 NOAA NGS LiDAR: NC Post-Irene NOAA National Geodetic Survey 

(IOCM) 

2012 1 USGS LiDAR: Post-Sandy (DE, MD,  

NC, NY, VA) 

USGS Coastal and Marine Geology 

Program 

2014 0.5 NCFMP LiDAR: Statewide North 

Carolina (Phase 1) 

U.S. Geological Survey, North 

Carolina Floodplain Mapping 

Program 

2014 1 NOAA NGS Topobathy LiDAR: Post 

Sandy (SC to NY) 

NOAA National Geodetic Survey 

(IOCM) 

 

Hydrodynamic data is relatively scarce in the study area and non-available 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 largest tidal and wave records in the area is located 48 km 

north of Oregon Inlet (Figure 3.1).  Water levels at Oregon Inlet Marina are available from 1997 

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

and at Jennette’s Pier from 2012 to 2014 at 11 m depth. Measured water levels at the marina and 

waves at Jennette’s Pier were used to evaluate the performance of the hydrodynamic model, while 

data from Oregon Inlet Waverider was used as wave boundary conditions for the model (Velasquez 

Montoya and Overton 2017).  
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3.4 Methods 

3.4.1 Geospatial metrics of inlet evolution 

Observations gathered systematically in the decade of 2005-2015 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 to digitize the shoreline, the inlet’s minimum 

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 time, thus the photos are taken as close as possible to high tide. The shoreline 

was defined as the wet-dry line at the instant in time when the photograph was taken, therefore, its 

exact location depends on local tide and wave conditions (Overton and Fisher 1996).  The inlet’s 

minimum width is the narrowest portion of the main channel between the inlet shoulders and was 

measured using the “Near” 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 

spit is computed as the region between the spit’s shoreline and the northernmost beach ridge that 

has remained stable in the last decade. Figure 3.3 shows the graphical explanation of the geospatial 

metrics used in this study. The aerial photographs were also used to create a time-lapse animation 

which helps to visualize and identify evolutional patterns of the inlet. 

Volumetric changes in the subaerial portion of the Bodie Island spit were computed from the 

LiDAR-based DEMs listed in Table 3.1. Volumes were calculated over the 0 m elevation surface 

(NAVD88) constrained by the area formed by the intersection of all DEMs and the beach ridge 

baseline shown in Figure 3.3. Cell-by-cell raster-based statistical analyses (Mitasova 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 described by Hardin 

et al. (2014). Hydrographic surveys from the USACE datasets were used to monitor depth changes 

in the inlet’s gorge and to compute the cross-sectional area of the inlet below mean sea level. These 

surveys were also used to evaluate the stability of the inlet according to the hydraulic stability 

method proposed by Escoffier (1977) and the hydraulic parameters for Oregon Inlet presented by 

USACE (1999). 
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Figure 3.3. Geospatial metrics of inlet evolution. 

 

3.4.2 Numerical Model Description 

The process-based numerical model Delft3D (Gerritsen et al. 2008; Lesser et al. 2004; Roelvink 

and Van Banning 1994) is used in this study to compute 2DH hydrodynamics, 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.  Delft3D-FLOW is the hydrodynamic 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 conditions is solved on curvilinear grids using finite differences (Deltares 2014a).  

Delft3D is internally coupled with the wave model Simulating WAves Nearshore (SWAN) (Booij 

et al. 1999). SWAN is a third-generation 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 strongest effect on nearshore sediment 
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transport and morphology are the wave-induced mass flux, additional turbulence due to 

whitecapping and breaking, and bottom current directed in the direction of wave propagation 

known as streaming (Lesser 2009). 

The TR2004 sediment transport model explained in length by van Rijn (2007a; b) and available in 

the built-in interface of Delft3D is used in this study. The total sediment transport is computed as 

the sum of the net bed load and the net suspended load transports rates averaged over the wave 

period. TR2004 solves the time-averaged sediment concentration by means of the time-averaged 

advection-diffusion equation and the bed shear stress based on a bed roughness predictor. The net 

sediment change 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 user-defined 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 2005-2015. Such changes occurred at different temporal scales ranging from months to 

years. The top panel of Figure 3.4 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 inlet. The minimum width of the inlet has varied between 626 and 1015 

m, while the spit area has been as low as 42 Ha, reaching a maximum of 81 Ha before Hurricane 

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

3.5) and flooding during storm Nor’Ida (2009). After both of these extreme events, the horizontal 

area of the spit grew again as a response of the littoral drift that continuously brings sediments 

from the north into the spit. Nonetheless, the spit has not recovered back to pre-Irene values and 

has not yet exceeded 62 Ha. 

Bodie Island spit has remained convex to the ocean and its most dynamic features are its 

southernmost tip and the internal channel connected to the sound (Figure 3.5). The southern tip of 

the spit tends to grow south, but its horizontal expansion is controlled by nearby dredging 
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activities, which are the main reasons why 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, constricting the narrowest section of the spit. In 

August 2011, the same channel funneled the sound-side surge of Hurricane Irene breaching the 

spit and creating a temporary channel with a depth of about 1 m (Figure 3.5, 2011).  It took nearly 

a year for the breach to recover. In this period, small-scale spits grew over the breach until it was 

filled and the geometry of the original spit was reached, this time with a narrower internal 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 220,000 m3 of sediment given the original depth of 

the breach. 

The center panel of Figure 3.4 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 13° to the 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 panel of Figure 3.4 

shows the time series of Hs and their direction. The red lines indicate the times when sand 

accumulation in the inlet-side of the terminal groin was captured in 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 occurs within 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 currents. Figure 3.6 presents 

three different periods when a sand wave is depicted in Pea Island’s shoreline before the sand 

feature forms in the inlet-side of the terminal groin. This phenomenon is easier to visualize in a 

time-lapse including all the aerial photographs that can be found in the following link: 

youtu.be/_ZP-wx3pbS8. 
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Figure 3.4. Planimetric evolution of Oregon Inlet from 2005 to 2015. Top: Time series of channel minimum width 

vs. spit area. Middle: time series of channel orientation with respect to north. Bottom: Time series of Hs and 

Direction, red lines indicate times when sand accumulation was observed in the inlet-side of the terminal groin. 

 

Other evolutional trends that can be depicted from the time-lapse 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 delta. Between 2005 and 2015 near one hectare 

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

flood delta’s island in the back of Pea Island caused by flood currents that keep the flood delta 

active; 3) Migration of flood delta shoals to the inner side of the sound; 4) Overwash deposits and 

aeolian sediment transport filling artificial ponds in the pocket of the terminal groin. 
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Figure 3.5. Yearly evolution of Bodie Island spit. Each colored line depicts a month as indicated in the legend. The 

December photography for each year is shown in the background. The frame in the bottom right corner contains the 

elevation range of the stable portion of the spit for the period of 2005-2015. 
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Figure 3.6. Sand waves moving south to north in Pea Island. Solid lines represent the shoreline of the background 

photography and the dash-lines are the shorelines 2 months after. 

 

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

The LiDAR datasets listed in Table 3.1 were used to compute the elevation range of the stable 

horizontal area of Bodie Island spit. The panel in the bottom right corner of Figure 3.5 shows the 

spatio-temporal 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 significant 

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 from approximately 5 Ha in 2005 to 12 Ha in 

2015, prompting dune growth and stabilization of that area, which remained in place even after 

the breaching of the spit in 2011.   

The hydrographic surveys by the USACE were superimposed in order of occurrence in a time 

lapse (see this link: youtu.be/a3vCbcxSg14) that confirmed the rotation of the main channel of the 

inlet. Using these DEMs, cross-sectional profiles and areas below MSL were extracted at a transect 

in the center of the inlet and normal to the main channel (Figure 3.1b). The two top panels of 

Figure 3.7 show the temporal variation of the inlet maximum depth and its cross-sectional area 

over the study period. The inlet maximum depths changed within a 5 m range, reaching maximum 

values of 16 m. The cross-sectional area ranged between 3,000 and 5,000 m2. At the times when 

the inlet was the deepest, the cross-sectional areas remained within 3,500 and 4,000 m2. The largest 

areas occurred immediately after two dredging events of the navigational channel that exceeded 

400,000 m3 (November 2008 and October 2013). An increase in the cross-sectional 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 cross-sectional area at that time.  

The five bottom panels in Figure 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 time-series plots in the same figure. 

From January 2005 until November 2008 (A) major dredging did not occur and 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 inlet 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 m3 of sediments were dredged from the navigation span leaving a 250 m wide navigation 

channel north of the inlet’s gorge. It is expected that such a large dredged volume resulted in the 

largest cross-sectional area of the inlet for the whole study period. However, there are no surveys 

to corroborate this hypothesis. In turn, the inlet’s instantaneous response was to become shallower 

(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 small disruption, consequence 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). Overall, the main channel of the inlet migrated within 100 

m horizontally and 5 m vertically. 
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Figure 3.7. Geometric changes at the center of the inlet from 2005-2015. Top: time series of maximum depth and 

cross-sectional area separated by four major dredging events (dredged volumes indicated in the top of the plot) and 

Hurricane Irene. Bottom: spatio-temporal evolution of the bathymetric profile of the inlet. White arrows indicate the 

direction of migration of the inlet for each period. 1 and 1’ depict the orientation of the transect in Figure 3.1b. 

 

3.5.3 Cyclic adjustment to dredging and stability of Oregon Inlet 

After reviewing the cyclical evolutional patterns of the bathymetric profiles and the inlet’s 

maximum depths, it was found that the inlet adjusts its geometry to dredging in a time-scale 

ranging from months to a few years. As shown in Figure 3.8 (left), the cyclic adjustment of the 
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cross-sectional area of the inlet iterates over a two-step cycle: 1) Oregon Inlet tends to migrate in 

the same direction of the accreting spit until it is restricted by the terminal groin, causing the inlet’s 

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 navigation channel, 

dredging is undertaken, increasing the cross-sectional area of the inlet. 2) While the littoral drift 

fills the dredged channel, the main channel adjusts itself to the new hydraulic conditions becoming 

shallower and migrating north. Once the dredged channel fills the cycle repeats. 

   
Figure 3.8. Evolution of Oregon Inlet cross-sectional area. Left: Cyclic adjustment of the cross-sectional area to 

dredging, the rock wall represents the terminal groin in the south side of the inlet. Right: Stability curve of Oregon 

Inlet  modified from USACE (1999). 

 

The self-recovery of the system to anthropogenic modifications of its cross-sectional area is typical 

of hydraulically stable inlets (Escoffier 1940). Figure 3.8 (right) shows the stability curve of 

Oregon Inlet, the range of cross-sectional areas between 2005 and 2015, and the sedimentary 

stability curve of the inlet. The latter derived from the governing equation for unstabilized inlets 

A= 5.74x10-5P0.95 proposed by Jarrett (1976), where A is the inlet cross-sectional area (ft2) and P 

is the equilibrium tidal prism (ft3) defined as P=AVmaxT/π. Here, Vmax is maximum velocity in 

ft/s and T is tidal period in seconds. As shown in Figure 3.8, Oregon Inlet was in stable equilibrium 

during the study period. The closest the inlet has been to reach the point of unstable equilibrium 

(~2,700 m2) was in 2005 when its cross-sectional area was ~3,200 m2, but even then, it was far 

from the critical cross-sectional area (~465 m2) that 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 

the other 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 hydrodynamic model built in a 

previous phase of this study and described in detail by Velasquez Montoya and Overton (2017). 

In this model, the study area is discretized in two subdomains with increasing resolution nearshore 

and into the inlet (Figure 3.9a). The two domains communicate with one another through internal 

boundaries, following the domain decomposition approach available in Delft3D. This approach 

results in more efficient running times and element size flexibility than a single-domain model 

(Deltares 2014a). 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 numerical artifacts from propagating 

into the morphologic grid (Roelvink and Reniers  2012). SWAN and Delft3D are coupled online 

(two way wave-current interaction), the intra-model communication happens 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 the topo-bathymetric datasets 

described in the data section, including the 2002 NOAA survey of the Croatan Sound, the 2014 

Post Sandy Topo-Bathy LiDAR, 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 smoothing was 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 ocean side (Figure 3.9b) match the real features visible 

from aerial photographs of the inlet taken in 2014.  
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The two man-made structures built in the study area have sub-grid dimensions, thus both of them 

were schematized according to their hydraulic characteristics and the options available in Delft3D. 

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 constant loss coefficient 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 pile (Zevenbergen et al. 2012). The loss coefficient is dependent on the 

blocking of the flow by the bridge piers (Farraday and Charlton 1983) and 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 

obstacles that prohibit flow exchange between adjacent cells. Figure 3.9c shows the element edges 

in which the schematizations were applied. 

Based on the sediment size distribution of Oregon Inlet published by Dolan et al. (2003); Wells 

and Kim (1989); Moffatt and Nichol (1990), four grain diameters are assumed to be spatially 

distributed in the study area (125, 180, 350 and 400 μm)  forming 10 m thick mixed layers leading 

to the d50 distribution shown in Figure 3.9b. The coarsest sediments are located in the dry portion 

of the islands, the southern shoals of the ebb delta and the outer bar. The finest sediment are located 

in the sound with grain diameter of 125 μm. In the ocean side, grain diameter is 180 μm past 10 m 

depth. The d50 in the inlet gorge and flood delta was set up to 350 μm, while the Bodie Island spit 

and its surrounding region was assigned  60% of 125 μm, 30% of 350 μm and 10% of 180 μm, 

leading to a d50 near to 200 μm. The sediment fractions with d50= 180 and 125 μm have a specific 

density equal to 2650 kg/m3. To account for 10% of heavy mineral content in the inlet gorge 

reported by Dolan and Stewart (2006), the two other sediment fractions have a specific density 

equal to 2880 kg/m3. 
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Figure 3.9.Computational domain. a. Delft3D morphology and wave grids; b. bathymetry and spatial distribution of 

d50; c. 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 reduce the number of boundary conditions by selecting 

a set of representative conditions (Roelvink and Reniers 2012). Schematized tide and wave 

boundary conditions enable morphological simulations to run in reasonable computational time 

while computing similar bed level changes as a “brute force” simulation, in which all the original 

conditions are used to force the model. Although input schematization has proven to be effective 

in medium- to long-term simulations, it should be noted that the implementation 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 north) are defined as 

Neumann boundaries with zero water level gradient, and the open-ocean boundary is forced with 

a spatially constant morphological tide (Latteux 1995). The amplitude and phase of the five 

principal tidal constituents for the study area (M2, N2, K1, S2, O1) were extracted from the 

Western North Atlantic ADCIRC Tidal Database (Westerink et al. 1993) and used to determine 

the morphological tide as defined by Roelvink and Reniers (2012).  This methodology relates the 

simulated sediment transport and bottom changes over half a spring-neap cycle with those obtained 

from sub cycles of 24 hours and 50 minutes. The correlation and slope between the tide-averaged 

transport for each sub cycle and that for half spring-neap cycle indicate how closely the sub cycle 

represents the pattern computed in half spring-neap cycle. The best correlation obtained in this 

study and the resulting morphological tide are presented in Figure 3.10. 

Wave boundary conditions are imposed along the open-ocean 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 by Brown and Davies (2009) and the Energy Flux Method 

described in detail by Benedet et 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 change-point detection (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 height record 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 schematized waves 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 swell is considered 

as a wave boundary condition.  
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Figure 3.10. Morphological tide. Left: water level variation over half neap-spring tidal cycle offshore of Oregon 

Inlet. Right: Best correlation for bathymetric change from a single tide vs. bathymetric change obtained from half 

the neap-spring 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 morphodynamics of Oregon Inlet. Evaluation of the model performance 

to reproduce water levels and waves was completed for two separate fortnight periods and is 

explained in detail by Velasquez-Montoya and Overton (2017). Calibration of morphological 

parameters was completed when using schematized boundary conditions (i.e. morphological tide 

and schematized waves shown in Figure 3.11) for a four-month period (10/14/2014 - 02/10/2015). 

This time frame was selected because hydrographic surveys covering the main channel of the inlet 

were available and no dredging took place between hydrographic surveys. The latter allows 

calibration of the model for natural conditions. A total of 35 wave conditions (thick red lines in 

Figure 3.11) 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 time-series (black line in Figure 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 four-month period resulted in a 92% reduction in computational time relative 

to the “brute force” simulation.  
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Figure 3.11. 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 presented in Table 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 change. The statistics were computed following the 

definitions by Sutherland et al. (2004). Still, as suggested by Bosboom et al. (2014), qualitative 

observation and expert judgement was required 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 top-left panel in Figure 3.12 shows the initial bathymetry of Oregon Inlet for October 14, 

2014. The top-right 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 the perfect fit 

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 determination (R2) of 0.92, a MAE 

of 0.72 m, a RMSE of 0.95 m and the qualitative comparison of model results vs. observations 

indicate that modeled depths are reasonably similar to the observations. 
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Table 3.2. Model parameters. 

Parameter  Value 

Time step (s) 30 

Roughness (Chezy coefficient) 65 

Horizontal eddy viscosity (m2/s) 1 

Horizontal eddy diffusivity (m2/s) 0.1 

Morphological scale factor 2 

Minimum depth for sediment calculation (m) 0.1 

Van Rijn’s reference height factor 1 

Threshold sediment thickness (m) 0.05 

Estimated ripple height factor 2 

Factor for erosion of adjacent dry cells 0.8 

Current-related reference concentration factor 0.25 

Current-related transport vector magnitude factor 1 

Wave-related suspended transport factor 0.15 

Wave-related bed-load transport factor 0.15 

 

 
Figure 3.12. Observed bathymetry for October 2014 (top-left) and February 2015 (bottom-left), modeled bathymetry 

February 2015 (bottom-right) and scatter plot of modeled vs. observed depth at the end of the simulation. 
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Comparison of bed level changes that depict erosional and depositional trends was also completed. 

Figure 3.13 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 data points, 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 inlet. Both values of BSS are categorized as “Good” 

according to the classification proposed by Sutherland et al. (2004). Overall, 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 main channel 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 

a dash line in the bottom-left panel of Figure 3.13). The latter can be attributed to the sensitivity 

of the model to the initial bathymetry of the subaqueous spit and ebb delta. 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 panel of Figure 3.13, requiring merging of 

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

 
Figure 3.13. Observed (left) and modeled (right) bed level changes for the complete extent of measurements (top) 

and the center of the inlet (bottom). 

 

An additional quantitative validation of the model under natural forcings-only was not possible 

because of dredging taking place between hydrographic surveys. However, a qualitative evaluation 
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of erosional and depositional trends was completed for a 44-day period (04/20/2015 - 06/02/2015). 

This validation run was forced with 25 wave conditions (Figure 3.14A) selected using the 

schematization approach previously explained. Observed (left) and modeled (right) bed level 

changes are presented in Figure 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 a result of dredging not being included in the model and sedimentation 

occurring at the navigation channel. Similar to the calibration results, the model did not capture 

sedimentation in a subset of the submerged spit delineated within the dashed-line in Figure 3.14B. 

This misrepresentation of bed level changes is related to the unknown initial nearshore bathymetry 

around the spit.  Although a perfect match was not expected between 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) marked in Figure 3.14B. It should be noted 

that relatively small bathymetric changes (< 1 m), such as those that occurred during the validation 

period, are harder to reproduce by numerical models. However, the model still captures most of 

the evolutional changes that occurred in this short period.  

 
Figure 3.14. Wave conditions for the validation simulation. B: Observed (left) and modeled (right) bed level 

changes after 44 days. 
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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 schematized boundary 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. These results 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 medium-term morphological simulation was completed to complement 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 natural forcing only (without dredging). The wave conditions were schematized 

from the data at the closest node to Oregon Inlet Waverider (see Figure 3.1) from the wave hindcast 

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 (2009). This method resulted in larger waves for the winter months and smaller 

waves for the summer months, capturing the seasonality of the annual wave climate. The averaging 

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 characteristics (Table 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 average number 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 

approaching from the north-northeast in the winter and the east-southeast in the summer. The peak 

periods are higher than 10 s for storms and lower for non-storm conditions.  The final schematized 

wave climate for a year is shown in Figure 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 shown in Figure 

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 inlet-side of the terminal groin as a result of the longshore 

current reversal in the shadow region of the ebb delta. The main channel 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.   

Table 3.3. Storm data from the FRF. 

Month Max Hs 

(m) 

Averaged 

Max Hs (m) 

Averaged 

duration (hours) 

Averaged number of storms (Number 

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 3.4 2.57 29.78 0.3 (0) 

7 3.6 2.80 11.60 0.2 (0) 

8 7.1 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 sediment transport 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 northeast. 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 (Figure 3.6). 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 of a marginal 

flood channel surrounding the northern spit and smoothing of the ebb delta.   

 
Figure 3.15. Annual reduced Hs, Tp, and Direction. 

 

 
Figure 3.16. Model initial (left) and resulting bathymetry after one (center) and two years (right) of morphological 

change. White arrows indicate the direction of the main sediment transport pathways from simulations 
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3.6.5 Effects of tides and waves on the morphology of Oregon Inlet 

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 one year. 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 in Table 3.3. Figure 3.17 depicts the bed level changes caused by tides and 

waves with differing Hs. Figure 3.17 a shows the extent 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 by tidal 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 tides (Figure 3.17b 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 erosion in the front and south of the ebb delta (Figure 3.17c). 

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

Model results indicate that the net sediment transport rate into the inlet (from ocean to sound) is 

approximately 205,000 m3/yr. The simulation forced with only tides allows computing the relative 

contribution of tides and waves to this transport rate. Tidal currents generate 55% 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 298,000 m3/yr computed by Inman and Dolan (1989) based 

on a continuity model of shoreline change. The intrinsic differences in methodologies, as well as, 

the morphological state of Oregon Inlet and its vicinity in 1989 (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 of the sediment volume lost every year from the beach system into the flood delta. 
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Figure 3.17. Simulated bed level changes (blue: erosion and red: accretion) after one year of a) Only tides, b) Tides 

and averaged maximum Hs (base simulation), and c) Tides, and maximum Hs. The dashed lines indicate the initial 

edges of the main channel of the inlet. 

 

3.7 Discussion and conclusions  

Observational data and numerical modeling allowed enhancing the understanding of the 

morphology of Oregon Inlet.  Analysis of the response of the inlet to natural processes and 

dredging of the navigation channel was completed by means of sub-aerial features evolution and 

bathymetric changes. A morphological model based on Delft3D was calibrated and used to assess 

morphological evolution trends of the inlet. Medium-term 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 transport rate 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 2015. Combination of 2- and 3-D geospatial metrics of the main features of the inlet led 

to identification of decadal evolutional trends and shorter-term response to dredging. In the studied 

period, Oregon Inlet rotated to the north as an adjustment to the convergent longshore 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 inlet to spit accretion and dredging follows a two-step 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, giving enough space 

for the main channel to move north.  

A quantitative calibration and qualitative validation of a morphological model using schematized 

boundary conditions was completed. Modeled scenarios indicate that after two years with no 

dredging, sediments will 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 the inlet-side of 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 conditions, number 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 Reynolds-averaged equations, sediment transport model, morphological scale factor, 

etc., as specified in Deltares, 2014a). Wind effects are not included in the model (i.e. wind-driven 

currents, wave generation by wind), neither Aeolian transport nor other subaerial processes that 

could have important effects on the morphology of the wet-dry interface of the system. Despite 

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 contribution 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 short- (months) to medium- (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 dredging for two years. Netherveless, a no-dredging 

scenario for several years could result in hydraulic stability problems that depend on additional 
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variables. Longer-term prediction becomes complex and uncertain due to unknown factors that 

could have important consequences 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 when 

implementing modeling tools for long-term prediction of tidal inlets. 
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4.1 Abstract 

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. 
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4.2 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 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, 1999), overwash during storms (Bond et 

al., 2013), and by wave-induced 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 irregularly 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 conditions, 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 channel’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 explain wave and tidal effects on the circulation, water levels, and morphology 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. 

4.3 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 (Figure 4.1). 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 highest in 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 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 2 m from October to April (winter) 

(Inman and Dolan, 1989). Wave records at 17 m 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 5 m 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. 

4.3.1 Pea Island Breach  

On August 27, 2011, Hurricane Irene made landfall in North Carolina and moved north through 

the Albemarle-Pamlico Sound (Figure 4.1) 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 300 m between the ocean and the sound.  
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Figure 4.1. 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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A hydrographic survey completed five days after the opening of Pea Island Breach reported its 

maximum depth to be 3.5 m on the sound-side (Geodynamics, 2011). The 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 trident-shaped 

channels north and south of the main breach within the right of way (Figure 4.1d) and installed a 

temporary metal bridge over the main channel to restore the transportation 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). 

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 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 (Figure 4.1c). 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 hurricane season as result 

of sound-side storm surges cutting through low elevation portions of the barrier island (Clinch et 
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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. 

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 sub-aerial elevation data in NAVD 

88 were provided 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 floodplain mapping 

project  (Blanton et al., 2008).This elevation data consists of a 10 m (1/3 arc-second) Digital 

Elevation Model (DEM) generated 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 18 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 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 Figure 4.1 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 breach and sub-serial 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 
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(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 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 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 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 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 GRASS GIS (Neteler and 

Mitasova, 2008) from the elevation data 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 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 

volumetric 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 0 m 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. 



   

61 

 

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 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).  Because one of our aims is to explore the spatio-temporal effects of tides, waves, and 

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 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 

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 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 fluctuations 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). 
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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 implemented in Delft3D using the TR2004 model 

explained in detail by van Rijn (2007a, 2007b).The total sediment transport accounts for the bed 

and suspended 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 (2014a and b) 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 (Figure 4.2). The model uses domain decomposition, a 

technique in which a computational domain is subdivided in smaller domains that communicate 

with one another through internal boundaries (Deltares, 2014a). The computational domain has 

been discretized in three curvilinear grids with increased resolution near to the coastline and the 

breach, in Figure 4.2 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 4 

m, respectively. As suggested by Roelvink and Reniers (2012), the wave grid has a larger spatial 

extent than the hydrodynamic grid (Figure 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 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, amplitudes, and phases obtained from the Western 
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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 tide-only spin-up 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 to never exceed a 

Courant number of 10. The Chezy coefficient for bottom roughness is 65 m0.5/s and the horizontal 

eddy viscosity is 1 m2/s. The sensitivity of the model to variations in these parameters was tested, 

their final values 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, respectively (Figure 4.1). These stations are located within the 

middle grid domain (Figure 4.2) 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 
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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.   

 
Figure 4.2. 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. 

 

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 4.1).  
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Table 4.1. 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 

 

4.4.3.2 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. 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 hydrodynamics of the breach and its 

vicinity was possible through comparison 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 4.2 shows the amplitude and phase of the principal tidal constituents 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=1 m, Tp=8 s and Dir= 135° (from the southeast). In contrast, the 

winter was represented with Hs= 3 m, Tp=12 s and Dir=45° (from the northeast). Two tropical 

storm scenarios were created based on wind, wave climate and storm surge generated by Hurricane 

Sandy in 2012; the first of these simulations was forced with both waves and storm surge from the 

ocean side and Neumann boundary conditions in the sound (lateral boundaries), while the second 

one had the sound-side surge in the lateral boundaries. Both scenarios were forced with winds 
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observed at Oregon Inlet Marina. Measured time series of boundary conditions used to simulate 

the storm in both cases are shown in Figure 4.3. 

Table 4.2. 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 

 

 
Figure 4.3. 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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4.5 Analysis from observations 

4.5.1 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 Figure 4.4. Temporal changes in the inlet configuration as measured 

by those parameters, allowed identification of three main phases of the inlet’s life cycle:  

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 (Figure 4.4a). During this active period the channel curved 75 m southward at 

an average rate of 13 m per month; similarly, the flood delta experienced its maximum increase in size 

extending up to 700 m from the inlet channel into the sound and reaching a planimetric area of 

3.62 x 105 m2 (36.2 ha). The growth of this feature is evidence of a strong flood current transporting 

sediments to the sound, where they deposit and are lost to the beach system. Figure 4.5 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 exhibited southward rotation of up to 82 degrees, the maximum angle change 

occurred between October and December of 2011 as a response of northerly littoral drift shaping the 

bulges at both sides of the inlet. The channel minimum width slightly decreased reaching 33 m 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 continuity of the 

NC12 highway. By March 2012, NCDOT placed sand and rock armour stones in the southern 

abutment of the bridge to protect it from scouring. 

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 approximately 4.17 x 105 m2 (blue lines in Figure 4.5). The ebb channel in the 

ocean side slowly moved 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 (Figure 4.4b), suggest 
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a reversal of the north to south littoral drift.  The minimum width of the inlet fluctuated from 54 to 29 

m, 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. 

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 (Figure 4.4c) and the growth of the two main branches of deposits forming 

the flood delta (green lines in Figure 4.5). Regardless of the inlet channel widening after this hurricane 

(see increase in channel minimum width at the end of October 2012 in Figure 4.4), the evidence of 

landward sediment transport suggest that the inlet became shallower, setting up the environment for a 

progressive closure. During this stage, closure occurred from bottom infilling rather than lateral 

infilling by bank sedimentation, which was the dominant 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 January 2013, period 

in which it went from 73 m to 22 m. 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 orthophotos. 

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 after the following winter. Note that the 

first winter was relatively calm compared to the more energetic winter of 2012-2013 (wave roses in 

Figure 4.4). The FRF defines storm events as those with maximum wave height greater than 2 m with 

sustained duration greater than 8 hours. The winter of 2011-2012 (phase 1) had 10 of these storms with 

mean Hs of 2.87 m and average duration of 23.4 hours 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 3.59 m, mean duration of 

51.8 hours and mean wave energy density of 16.2 kJ/m2, about 1.5 times more than the preceding 

winter. 
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Figure 4.4. 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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Figure 4.5. Planimetric evolution of the flood delta of Pea Island Breach. The background orthophoto was taken 

on June 15, 2013. 

 

4.5.2 Volumetric changes in the subaerial vicinity  

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). Figure 4.6 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 

Figure 4.6), the subaerial beach experienced an overall recovery in volume of 3.48 x 104 m3 from 

October 2013 to April 2014. On July 4 2014, Hurricane Arthur hit the OBX and generated a 

maximum ocean side surge of 0.6 m at the FRF, this storm stopped the increasing 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 location visible in the August 2014 

orthophoto supports this idea. 
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Figure 4.6. Time series of significant wave height, wave direction and volume of the subaerial beach near Pea 

Island Breach (Modified from Velasquez et al., 2015). 

 

After Hurricane Arthur, the breach location began to recover again with small volume decreases 

after energetic wave conditions that caused temporary loss of volume in the subaerial beach. These 

higher than usual waves coming from the northeast (cool colors in Figure 4.6 prevailing from 

October 2014 to April 2015) are generated by extratropical 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 x 105 m3 in August 2015, this value represents 92% of the pre-breaching 

volume (displayed at the beginning of the time series in Figure 4.6). 

The pre-breaching and the most recent (October 2015) DEMs were compared separately to identify 

areas of volume recovery. Figure 4.7b 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 elevations were higher before breaching than they were in October 2015. 

Overall, this portion of the island has lost elevation near the beach and 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 1.5 m, which is high 
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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. 

 
Figure 4.7. 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. 

 

Per cell statistical analysis of the DEMs indicate that the most significant 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 (Figure 4.7a). The former changes are attributed to the lowering of 

the dune field by overwash caused by Hurricane Sandy in October 2012. Maximum elevation loss 

of nearly 6 m 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 3 m 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 remained constant. 



   

73 

 

4.6 Results from modeling experiments 

4.6.1 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 resulting bathymetry is analyzed at the end of the 

fortnight period. Figure 4.8 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 (Figure 

4.8a) funnels water into the inlet’s gorge where it reaches a maximum velocity of 3 m/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 (Figure 4.8d) 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 

(Figure 4.8g).  

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 approaching 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 (Figure 4.8b). On the other hand, the same wave conditions during low tide 

significantly modify the circulation pattern near the ebb shoal (Figure 4.8e). 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 mouth is predominantly towards the south. Under these conditions, the inlet deepens less than 
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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. 

 
Figure 4.8. 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. 

 

Winter-like waves resulted in a strong north to south longshore current of up to 1.5 m/s that 

dominates the hydrodynamics and morphology in the ocean side of Pea Island Breach (Figure 4.8c 

and f and Figure 4.9 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 (Figure 4.8f) the ebb jet flows towards the south and merges with the 

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 
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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 eroded from the ebb delta. 

The left and center panels of Figure 4.9 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 1 m-high waves shift south the flood current coming from the ocean at high tide 

(Figure 4.9a). The ray-like features in Figure 4.9c indicate the directionality changes of the ebb 

current due to the presence of southerly waves. The effects that northeasterly 3 m-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 (Figure 

4.9b). Nevertheless, 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 1 m/s) for the tides-only scenario 

(predominant blue in Figure 4.9d). 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 Figure 4.9d depict the location of 

the ebb current in the tides-only scenario flowing towards the northeast, with the presence of waves 

this jet rotates south and loses momentum. 
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Figure 4.9. 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. 

 

The right column in Figure 4.9 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 relatively calm conditions they rotate 

the ebb jet. Waves are also responsible for the formation of eddies near the ebb delta.   
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4.6.2 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 Figure 4.9a) 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 3 m-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. 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 Figure 4.10a, b, and c). 

At the ebb delta, winter-like waves reduce the water level range by 0.09 m compared to the tides-

only tidal signal; this range reduction consist of higher troughs during each tidal cycle in the 

fortnight period  (Figure 4.10a). 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 0.12 m above the only-tide mean reference level (Figure 4.10b), in the sound 

this value is 0.10 m (Figure 4.10c). It should be noted that 3 m 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. 
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Figure 4.10. 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. 

 

4.6.3 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 4.4.3.2, water levels, winds and waves 

measured during Hurricane Sandy were used 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 
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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 necessarily match the exact conditions before Hurricane 

Sandy.   

Figure 4.11 shows the differences in tidal signal west of the breach (location C in Figure 4.9a) 

caused by the inclusion of sound-side surge in the model. The simulation forced by ocean surge 

only (dashed line in Figure 4.11) resulted in a gradually increasing surge from October 28 until 

noon of October 29, a 1.2 m peak that lasted 2 hours 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 am, it took 8 hours for a 0.8 m increase in water 

levels to take place.  Under these forcings, the simulated surge has a dual peak with a duration of 

18 hours and a maximum elevation of 1.07 m. Similar to the arrival of the surge, its decay generates 

a steep drop in water levels.  

Figure 4.12 displays the spatial distribution of the effects of the sound-side surge in flow velocities 

at the peak flood (October 29 9 am) and ebb (October 30 4 am) during the storm. Including sound-

side surge in the simulations generates high water level gradients between the ocean and the sound 

(bottom panel in Figure 4.3), phenomenon that causes higher velocities through the inlet. The top 

panel in Figure 4.12 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 Figure 4.12 top). Figure 4.12 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. 
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Figure 4.11. Time series of simulated water levels for Hurricane Sandy including and excluding sound-side surge. 

Data for this figure correspond to model outputs at location C in Figure 4.9a. 

 

The modeled morphologies of the inlet excluding and including the sound-side surge are presented 

in the top and central panels of Figure 4.13, respectively. For both cases, the main channel 

developed branches that inundated and moved sediments landward from the center of the island; 

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 (Figure 

4.13 center). For both scenarios, the estuarine channel perpendicular to the inlet was filled with 

sediments, which was an actual consequence of Hurricane Sandy. Nevertheless, the estuarine 

channel infilling 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 differences 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.      
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Figure 4.12. 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 am). Bottom: Peak ebb during 

the storm (October 30 4 am).  Warm colors indicate areas where including the sound-side surge in the simulation 

enhances the currents, cool colors indicate the opposite. 
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The bottom panel of Figure 4.13 shows predicted depth-averaged velocities in Pea Island Breach 

during the peak flood of the storm (October 29 at 9 am) 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 Figure 4.13). The velocities in 

the inlet channel reach 3.5 m/s and the flow widens when approaching the entrance to the sound 

inundating the channel’s banks. Analysis of the flow velocities for the duration of the storm 

 
Figure 4.13. 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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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 rotation 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 am on October 29, 2012. 

4.7 Discussion  

Observations helped to identify three phases of inlet evolution closely 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 (Figure 4.14). 

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 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 (Figure 4.14a). Summer conditions slow inlet curvature and prompt lateral 

infilling by spit formation at both sides of the channel (Figure 4.14b), the southern bulge of the 

inlet grows extending the length of the ebb channel. A stormy winter brings waves that oppose the 

ebb channel direction, waves break in the ebb delta and move sediment onshore prompting ebb 

delta attachment and inlet closure (Figure 4.14c). This phenomenon known as the bulldozer effect 

was introduced 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. 

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 
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regional scale, the evolution of Pea Island Breach exemplifies the behavior of a small ephemeral 

inlet in the northern OBX. A similar evolution dominated 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 influenced 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-existing 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 demonstrate 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 dynamics 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 measurements (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 
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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). 

  

 
Figure 4.14. 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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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 implementation of numerical acceleration techniques that properly represent the 

medium-term morphology in reasonable computational times.  

4.8 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 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 temporal 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.  
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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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 CHAPTER 5: RESPONSE OF OREGON INLET TO PEA ISLAND 

BREACHING 

Abstract accepted, paper will be published as: Velasquez Montoya, Liliana, Sciaudone, 

Elizabeth J., Overton, Margery F. (2018). Response of Oregon Inlet to Pea Island breaching. 

Proceedings of the 36th International Conference on Coastal Engineering, Baltimore, MD, USA. 

5.1 Introduction 

The persistence of tidal inlets is fundamental for navigation, circulation of back barrier lagoons, 

water quality, fisheries, and flushing of wind-driven storm surges. Major barrier island systems in 

the world comprise multiple tidal inlets separated according to wave climate, tidal energy and 

basin surface area (Hayes and FitzGerald 2013; Roos et al. 2013; Stutz and Pilkey 2011). The 

stability of multiple tidal inlet systems was initially studied by van de Kreeke (1990) under the 

assumption of spatially constant water elevation. This study concluded that in a two-inlet system 

there is not a set of equilibrium flow areas, meaning that one or both inlets will close. Friedrichs 

et al. (1993) tested the stability of a multi-inlet system in Massachusetts after a new inlet had 

opened, with results indicating that the flow through the new inlet reduces the surface gradient 

along the pre-existing inlets, which also reduces the velocity through the channels and causes 

instability.  

Other studies indicate that multiple tidal inlet systems can persist over time. Van de Kreeke et al. 

(2008) state that the assumption of uniformly fluctuating water levels used in previous studies was 

restrictive and demonstrated the importance of topographic highs on the stability analysis of 

multiple inlet systems. Salles et al. (2005) argue that multiple tidal inlets can exhibit stable 

configurations and concluded that there is a strong hydrodynamic interaction between inlets. 

Pacheco et al. (2010) studied interconnected inlets and found that they can transfer portions of the 

tidal prism between them, while maintaining independent behavior for the majority of the spring 

tidal cycle. More recently, Farinha-Fabiao et al. (2016) used a three-dimensional model and found 

that morphological changes in one inlet can have repercussions on tidal asymmetry in a different 
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inlet. Still, further case studies are required to investigate how newly formed and transitory inlets 

could alter the dynamics of neighboring pre-existing stable inlets. 

Studies of multi-inlet systems such as the aforementioned are particularly relevant for the Outer 

Banks of North Carolina, a barrier island system with five major semi-permanent inlets where 

island breaching is a recurrent phenomenon caused by combined action of sea level rise, storm 

surges, and vulnerable locations in the islands. Historically, the Outer Banks have experienced 

opening and closure of up to 30 inlets in the last 400 years (Fisher 1962) and the region between 

Oregon Inlet and Cape Hatteras has 62% of paleo-inlet geometries (Mallinson et al. 2010). The 

most recent opening of an inlet in the northern Outer Banks occurred in 2011 in Pea Island, 10 km 

south of Oregon Inlet (Figure 5.1). The new inlet evolved naturally and shoaled within two years 

of its opening (Velasquez et al. 2015). This event created the opportunity to study the effects of 

ephemeral inlets on semi-permanent inlets, a phenomenon that has remained relatively unexplored 

for real case scenarios.  

This study aims to assess the effects of the breaching of Pea Island on the hydrodynamics of the 

back-barrier sound and Oregon Inlet, the only semi-permanent inlet in the northern Outer Banks. 

Changes in flow velocities, water levels, and the tidal prism of Oregon Inlet caused by a new inlet 

are computed by means of numerical modeling experiments. The two-dimensional depth-averaged 

(2DH) hydrodynamic model used in this study is based on Delft3D and was previously validated 

for water levels and waves (Velasquez Montoya and Overton 2017). Analyses of Oregon Inlet are 

completed combined with (1) the actual breach that occurred in 2011, (2) idealized inlets at the 

same location of the breach with different geometries, and (3) other idealized inlet scenario at a 

vulnerable location on the island (red star in Figure 5.1c). Results presented here include the spatio-

temporal variation of the hydrodynamics of Oregon Inlet and the back barrier bay due to the 

presence of a new inlet. Understanding the potential of ephemeral inlets to alter the hydrodynamics 

of their systems is essential for navigation, strategic management, successful post-storm recovery 

efforts, and infrastructure design on barrier islands.  
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5.2 Study area 

 

Oregon Inlet is located at the north end of Pea Island in the Outer Banks of North Carolina (Figure 

5.1). The inlet, which has remained over 600 m wide, connects the Albemarle-Pamlico Sound with 

the Atlantic Ocean through a main channel that reaches depths of up to 16 m. Oregon Inlet has 

been open for over 170 years; before 1991 it used to be a migrating inlet until its south shoulder 

was stabilized with a terminal groin. The tidal prism of Oregon Inlet has been reported to be 113 

x 106 m3 (Jarrett 1976). Measurements from Nichols and Pietrafesa (1997) indicate that the total 

volumetric flux of the inlet ranges from 120 x 106 to 500 x 106 m3 depending on inflow and outflow 

events. Given the persistence of the inlet and its natural geometric adjustments over time, it is 

believed that it has reached a stable equilibrium (Joyner et al. 1998). 

Between Oregon Inlet to the north and Hatteras Island to the south is the Pea Island National 

Wildlife Refuge. This 20.9 km-long barrier island is reserved as a habitat for migratory birds and 

endangered species and to provide opportunities for public enjoyment of wildlife. Historical 

records indicate that Pea Island has had three inlets known as New Inlet, Loggerhead, and 

Chickinacommock (Fisher 1962). Pea Island remains undeveloped with the exception of the NC 

12 highway that runs along the island. This highway constitutes the only road connecting the Outer 

Banks - including the towns on Hatteras Island - with mainland North Carolina. The road and the 

right-of-way are managed by the North Carolina Department of Transportation (NCDOT), while 

the rest of the land in Pea Island is managed by the U.S. Fish and Wildlife Service.  

In August 2011 Pea Island was breached at two locations by a 1.9 m sound-side surge caused by 

Hurricane Irene. Both breaches occurred at narrow and low-lying portions of the island, where the 

dune field was degraded and paved surfaces funneled the water from the sound to the ocean 

(Kurum et al. 2012). One breach occurred in the south end of the refuge and was artificially closed 

within days of its opening. The second breach was located in the middle of Pea Island 10 km south 

of Oregon Inlet. This inlet, known as Pea Island Breach, was allowed to evolve naturally. Pea 

Island Breach was as deep as 3.5 m and had minimum and maximum widths on the order of 30 

and 70 m, respectively. Pea Island Breach remained open for 2 years and its natural closure has 
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been attributed to sediment infilling caused by seasonal storms (Safak et al. 2016; Velasquez-

Montoya et al. 2018). 

 

The Outer Banks of North Carolina have a semidiurnal and micro-tidal regime with a range of 1 

m in the open coast and 0.30 m in the sound. The region has a seasonal wave climate with calm 

wave conditions from the south between May and August (summer), with significant wave heights 

(Hs) < 0.77 m at 17 m depth. Storms with Hs > 2 m are common between September and April 

(winter). Energetic wave conditions are generated by nor’easters and approach the study area from 

the northeast.  Moreover, the region is prone to be hit by hurricanes between June and November. 

These extreme events can generate Hs above 6 m and storm surges from both the ocean and sound 

sides. 

 
Figure 5.1. a) Location of study area, b) Model domains relative to the Outer Banks of North Carolina, c) Grid 

detail near Oregon Inlet and Pea island d) Bathymetry of Oregon Inlet, e) Bathymetry of Pea Island Breach. 
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5.3 Numerical model 

A 2DH model was built for Oregon Inlet and Pea Island Breach based on the Delft3D modeling 

platform (Lesser et al. 2004). Delft3D solves the Navier-Stokes equations for an incompressible 

fluid under the shallow water, Boussinesq, and hydrostatic pressure assumptions. The partial 

differential equations are solved in a discretized space using  a finite difference scheme. Time 

integration is completed using the Alternating Direction Implicit method (Leendertse 1967). The 

hydrodynamic model is coupled online with the third generation phase-averaged wave model 

Simulating WAves Nearshore (SWAN) (Booij et al. 1999). Communication between Delft3D and 

SWAN occurs every 20 minutes; this online coupling between models allows accounting for the 

effects of waves on currents and vice versa.  

Domain decomposition as defined in Deltares (2014a) was used to divide the computational 

domain into smaller subdomains that communicate with each other through shared internal 

boundaries. This approach allows coupling subdomains with enhanced resolution in areas of 

interest. It uses P-threading, resulting in more efficient computational times than a single-grid 

approach. To discretize the study area, a set of curvilinear grids was designed with increased 

resolution nearshore and within the inlets (Figure 5.1b-e). The black line in Figure 5.1b indicates 

the limits of the SWAN grid extending 15 km offshore and 75 km alongshore with 18,213 

elements. Blue lines in Figure 5.1b depict the spatial extent of the three hydrodynamic grids 

containing (1) the vicinity of Pea Island, (2) Oregon Inlet, and (3) Pea Island Breach, each one 

with 12,764, 34,056 and 46,080 elements, respectively. Element sizes reach 5 m in Pea Island 

Breach, 15 m in Oregon Inlet, 100 m alongshore, and 415 m offshore. To ensure stability in all 

grids, the computational time step was set to 12 s. 

The elevation of each node in the grids was assigned from interpolation of a composite of multiple 

topographic and bathymetric datasets with varying spatial and temporal resolution. Subaerial 

elevations were obtained from the 2014 NOAA NGS Topo-bathy Lidar and from digital elevation 

models (DEMs) of Pea Island generated by the NCDOT based on photogrammetry techniques. 

The bathymetry of Oregon Inlet was interpolated from the October 2014 U.S. Army Corps of 

Engineers survey of the inlet. The bathymetry of Pea Island Breach corresponds to a 2011 post-

hurricane Irene survey by Geodynamics (2011). The ebb delta and nearshore bathymetry of the 
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breach were interpolated from the resulting morphology modeled by Kurum (2013), who simulated 

the island breaching event using eXtreme Beach behavior model (XBeach) (Roelvink et al. 2009). 

The depth of the sound and the rest of the model domain was interpolated from the Flood Mapping 

Project DEM (Blanton et al. 2008).  

Water levels are passed into the lateral and open ocean boundaries of the Delft3D model from tide-

only simulations from the continental-scale ADvanced CIRCulation (ADCIRC) model (Luettich 

et al. 1992). Coupling of ADCIRC and Delft3D models happens offline (i.e. ADCIRC runs first 

and apart from Delft3D) at the locations shown in red dots in Figure 5.1b. Wave boundary 

conditions are obtained from the Oregon Inlet Waverider gauge shown as a red triangle in Figure 

5.1b. For simplicity, Hs, direction, and peak period (Tp) are assumed to be spatially constant along 

the open ocean boundary of the SWAN model. Delft3D simulations begin with uniform water 

levels followed by a 15-day tide-only spin-up period. Then, waves are forced in the simulations 

and the online coupling of Delft3D and SWAN begins.  

Calibration and validation of the hydrodynamic model was completed by comparing simulated 

water levels and waves with observations at nearby gauges. The calibration consisted of varying 

the bed roughness coefficient and the horizontal eddy viscosity until the best match between 

simulations and observations was attained. Details of the model evaluation can be found in 

Velasquez-Montoya and Overton (2017) and are not repeated here. The final values of the 

parameters defined through the calibration processes are Chezy coefficient=65 and horizontal eddy 

viscosity=1 m2/s. 

5.4 Numerical simulations of dual-inlet scenarios  

The hydrodynamic effects of a new inlet across Pea Island are assessed through simulations under 

summer (calm), winter (energetic), and storm conditions. An initial set of simulations were 

completed with Oregon Inlet only and are used as the base simulations for comparison with 

different sets of simulations including a new inlet across Pea Island. The second set of simulations 

include both Oregon Inlet and the breach with its original geometry (Figure 5.2 scenario A).  
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The third and fourth sets of simulations include Oregon Inlet along with new inlets at the location 

of the breach, but each with a larger cross-sectional area than the original breach (Figure 5.2 

scenarios B and C). These scenarios intend to illustrate the consequences of a larger inlet located 

in a known breach-prone region, where larger inlets have existed in the past (Birkemeier et al. 

1984). The idealized inlets in scenarios B and C have trapezoidal shapes with maximum depths of 

3 m and widths ranging from 200 m to 400 m. Typical cross-sectional profiles of the breach for 

scenarios A, B, and C are shown in the right column in Figure 5.2, such profiles correspond to 

cross-sectional areas of 100 m2, 650 m2, and 1314 m2 (below the zero elevation contour), 

respectively.  

An additional set of simulations include Oregon Inlet and an artificial inlet l.5 km to the south (red 

star in Figure 5.1c). This idealized new inlet is located in an area known as the “Canal Zone”, 

which has been reported vulnerable to storms in previous studies (Overton and Fisher 2004; 

Sciaudone et al. 2016). The vulnerability of this region has been explained by the transitory nature 

of its dunes that continuously lose height due to aeolian sediment transport and overwash. 

Furthermore, an estuarine channel extending 350 m into the island (Figure 5.2 left, panel D) 

increases the chances of directing storm surge toward this specific spot, which is only 360 m wide. 

The idealized inlet has a trapezoidal shape with a cross-sectional area of 920 m2, an intermediate 

area compared to the breaches in scenarios B and C. 
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Figure 5.3 shows the wave boundary conditions representing summer, winter, and a hurricane. The 

latter is based on the waves measured at Oregon Inlet Waverider during Hurricane Arthur (July 

2014). Comparisons between the base simulation (Oregon Inlet only) and the dual inlet scenarios 

are performed for the three climatic conditions by subtracting flow velocities at each node in the 

model domain. The regions where changes in velocities exceed 0.05 m/s are considered influenced 

 
Figure 5.2. Pea Island Breach scenarios. Left: location of breaches and control points, center: bathymetry of 

breaching scenarios, right: inlet profiles at transects 1-1’ defined in the center panels. Elevations relative to 

NAVD88. 
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by the breach and are delineated. This method allows identifying the spatial extent where a breach 

modifies the hydrodynamics of the system. Altough the simulation period is one month for the 

summer and winter simulations and five days for the hurricane, the results of the simulations are 

spatially compared during ebb and flood phases of the spring tide, when higher velocities are 

expected to occur. The hurricane scenario is analyzed at the peak of the storm.  

 

Changes in the water levels at Oregon Inlet and in the sound near the location of the new inlets 

(red dots named OI, B1, and B2 in left panel of Figure 5.2) are reviewed for the full length of the 

simulation. The tidal prism of Oregon Inlet and its changes due to the presence of new inlets across 

Pea Island are computed from simulated instantaneous discharge (Q) across the center of the inlet. 

As computed in the model, the instantaneous discharges retain additional volumetric contributions 

from the sound and the ocean. Thus, the tidal prism computed in this study represents the total 

volumetric flux across the inlet. Here the tidal prism (P) is computed as  𝑃 = ∫ 𝑄(𝑡)𝑑𝑡
𝑇𝐸
0

, where 

TE is the ebb period, which is approximately 6 hours for Oregon Inlet. 

5.5 Results 

5.5.1 Spatiotemporal changes in flow velocities caused by new inlets 

Areas where the new inlets cause changes in the currents larger than 0.05 m/s under summer, 

winter and hurricane conditions are shown in Figure 5.4. In scenario A when Oregon Inlet and the 

original breach are simulated, the effects of the new inlet are localized in its vicinity extending 5 

 
Figure 5.3. Wave boundary conditions for summer, winter and Hurricane Arthur. 
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km into the sound during hurricane conditions and about 4 km under summer conditions (top left 

panel in Figure 5.4).  Results from this scenario indicate that the original breach that opened during 

Hurricane Irene did not have any effects on the flow velocities at Oregon Inlet. However, it did 

modify the local water velocities in the sound and the ocean within a 5 km radius.  

Idealized inlets with larger cross-sectional areas than the original breach (scenarios B and C in 

Figure 5.4) display an increase in the spatial extent where they modify the hydrodynamics of the 

system. Compared to the original breach scenario (A), scenarios B and C have areas of influence 

nearly 9, 5 and 3 times larger during summer, winter and hurricane conditions, respectively. 

Results from scenarios C and B are similar, but the new inlet in scenario C has a larger extent of 

influence than that in scenario B because the cross-sectional area of the former is about two times 

larger than the latter. Despite the increase in the area of influence for scenarios B and C, results 

indicate that changes in the circulation at Oregon Inlet were minimum and localized at both sides 

of the main channel of the inlet. 

The bottom right panel in Figure 5.4 shows a very different behavior than previous scenarios. With 

an idealized inlet only 1.5 km away from Oregon Inlet, the latter experiences severe changes in 

velocities that extend from the main channel into the ebb and flood deltas, indicating a strong 

interaction between the two inlets. In scenario D, the spatial extent of the effects of the new inlet 

during winter exceed that of the hurricane conditions. Such behavior can be explained by the 

directionality of the waves and greater difference in velocities at the two inlets during the hurricane 

compared to smaller differences distributed in a larger area during the winter. In scenario D, flow 

velocities at Oregon Inlet are reduced by approximately 0.1 m/s, 0.2 m/s and 0.25 m/s for summer, 

winter and hurricane conditions due to the new inlet.  
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Figure 5.4. Spatial extent of the hydrodynamic effects of a new inlet in Pea Island. 
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The spatial extent where new inlets modify flow velocities in the sound and ocean shows a strong 

dependence on the wave boundary conditions. For all the scenarios, the areas that experienced 

significant changes in velocities are larger for hurricane and winter conditions than for summer 

conditions.  Overall, new inlets tend to modify the currents in the sound on larger spatial scales 

than on the ocean side. Scenario D was the only test case that proved interaction between inlets; 

results suggest that the proximity of the idealized inlet to Oregon Inlet is the main factor generating 

this dual-inlet interaction. 

5.5.2 Effects of new inlets on the water levels at Oregon Inlet and the back barrier 

Comparison of modeled water levels from the base simulation (Oregon Inlet only) and scenarios 

A, B, C, and D were completed at station OI located in the main channel of Oregon Inlet. Scenarios 

A, B and C did not generate changes in water levels at this monitoring station. Scenario D caused 

minor changes in the range of water levels (Figure 5.5). Under summer (winter) conditions, the 

range of water levels increased by 0.02 m (0.03 m) at OI. For the hurricane conditions, the increase 

in the peak water level was less than 0.02 m. The small changes in water level ranges that occurred 

in scenario D are a consequence of local changes in the hydrodynamics due to the proximity of 

both inlets.  

Scenario D generates changes in velocities at Oregon Inlet that exceed those in the base simulation 

by 30%, being significantly higher difference than changes in water levels, which do not exceed a 

3% diference. On the other hand, the scenarios with an inlet at the location of the original breach 

(A, B, and C) did not significantly modify the hydrodynamics at Oregon Inlet; instead, the effects 

of the new inlets are restricted to areas within their vicinity. This statement is true for both currents 

and water levels. 

The effects of new inlets on the water levels in the back barrier were assessed by comparing the 

results of the base simulation with those from scenarios A, B, and C at station B1 (left panel Figure 

5.6). Water levels from the base simulation and scenario A did not significantly differ at this 

specific location. For the summer, winter, and hurricane conditions tested, discrepancies in water 

levels between these two simulations were always below 0.01 m.  
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Changes in water levels with respect to the base simulation begin to be noticeable in scenarios B 

and C. As expected, water level ranges increased with the size of the new inlet, with the bigger 

changes occurring in scenario C (green line in Figure 5.6) under winter conditions. Differences in 

water levels of up to 0.2 m between scenario C and the base simulation indicate a strong effect of 

the larger new inlet on the back barrier of Pea Island. Under hurricane conditions, the peak storm 

surge in the back barrier was 0.05 m higher in the base simulation than in scenario C. A lower 

sound-side storm surge in scenario C is a consequence of having a new inlet draining the surge 

flowing from the sound to the ocean.   

 
Figure 5.5.  Comparison of water levels from the base simulation and scenario D at station OI. 
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The right column of Figure 5.6 shows the water levels of the base simulation in black and those of 

scenario D in red at station B2. Under summer, winter, and hurricane conditions, the range of water 

levels at B2 was 0.1 m larger with the presence of the new inlet than with Oregon Inlet only. The 

increase in water level range at this location results from the additional volume of water entering 

the sound through the new inlet and passing across this location at each tidal cycle. 

5.5.3 Effects of new inlets on the discharge and tidal prism of Oregon Inlet 

According to the base simulation, the average tidal prism computed as the total volumetric flux of 

Oregon Inlet is 200 x 106 m3, with a minimum of 86 x 106 m3 and a maximum of 220 x 106 m3. 

These values fall within the volumetric fluxes reported by Nichols and Pietrafesa (1997). The tidal 

 
Figure 5.6.  Comparison of water levels from the base simulation and scenarios A, B and C at station B1 and 

scenario D at station B2. 
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prism across the original breach in scenario A is 4 x 106 m3, which represents only 2% of the tidal 

prism of Oregon Inlet. As suggested from this and previous results, the relatively small size and 

prism of the breach and its distance to Oregon inlet prevented any significant interaction between 

the breach and the larger semi-permanent inlet.  

The prisms of the breaches in scenarios B and C are 24 x 106 m3 and 30 x 106 m3, respectively, 

reaching up to 15% of the prism of Oregon Inlet. Despite the increase in the volumetric capacity 

of the idealized inlets in these two scenarios, they did not significantly alter the discharge or the 

prism of Oregon Inlet. This result strengthens the findings from previous sections regarding the 

localized effect of the new breaches that did not reach the area of influence of Oregon Inlet.  

Similar to scenario C, the average prism of the idealized inlet in scenario D is 32 x 106 m3. 

However, this time the prism of Oregon Inlet is reduced 8 x 106 m3 (4 %) by the presence of the 

idealized inlet. The analysis indicates that the only breach that effectively modifies the dynamics 

of Oregon Inlet is the one in scenario D, suggesting that inlet spacing could be a dominant factor 

for dual-inlet interactions. Figure 5.7 shows the temporal variations in instantaneous discharge of 

Oregon Inlet for the base simulation (black lines) and scenario D (red lines) for summer, winter 

and hurricane conditions. Comparison with other scenarios is not presented because they don’t 

modify the discharge across Oregon Inlet. Overall, under calm conditions, the instantaneous 

discharge of Oregon Inlet remains within 5,000 m3/s. High energy events like winter storms and 

hurricanes increase the discharge across the inlet by up to 10,000 m3/s. 
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5.6 Discussion and conclusions 

Numerical modeling experiments allowed assessment of the effects that a new inlet in Pea Island 

could have on the hydrodynamics of the sound and Oregon Inlet. Changes in flow velocities, water 

levels, and the tidal prism of Oregon Inlet caused by four different inlets were quantified. It was 

found that the original Pea Island Breach that opened in 2011 did not modify the dynamics of 

Oregon Inlet. Instead, its effects were restricted to a 5 km radius that extended mostly into the 

sound. The relative small size of the breach and its distance from Oregon Inlet are the two main 

factors that prevented dual-inlet interaction. The large flow-conveyance capacity of Oregon Inlet 

makes it the dominant inlet in the northern Outer Banks. 

 
Figure 5.7.  Comparison of instantaneous discharge from the base simulation and scenario D at a cross-section in 

the center of Oregon Inlet. 
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Three additional scenarios with idealized inlets were used to identify the spatial extent over which 

new and larger inlets could modify the dynamics of Oregon Inlet and the sound. Increasing the 

size of the inlets at the original location of the breach enlarged their areas of influence in the sound, 

but their effects in Oregon Inlet were still negligible. Scenario D, with a new inlet located only 1.5 

km south of Oregon Inlet was the only one that caused changes in the velocities, water levels, and 

tidal prism of Oregon Inlet. The cross-sectional area of the idealized inlet in this last scenario was 

within the areas of the channels in scenario B and C, but the inlet spacing was reduced 85 %. This 

finding suggest that inlet spacing plays a major role in multiple inlet stability theory and it is 

consistent with the work of Roos et al. (2013). Additional breaching scenarios with intermediate 

inlet spacing were not considered in this study because it is unlikely that a new inlet will develop 

at wider and higher sections of Pea Island in the short-term.  

The combined action of sea level rise and storms makes Pea Island vulnerable to breaching events 

in the future. This study presented an overview of how past and potential future breaching 

scenarios could alter the hydrodynamics of Oregon Inlet and the surroundings of the barrier island. 

Future work should address morphological modeling of dual-inlet systems, testing the 

morphological response of Oregon Inlet to breaching scenarios that could include larger/deeper 

breaches and a sensitivity analysis to inlet spacing. Such morphological simulations should be 

targeted towards a direct assessment of stability of dual-inlet systems. 
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 CHAPTER 6: CONCLUDING REMARKS 

Geospatial analysis of observations and numerical modeling were used to expand the 

understanding of the medium-term (years) morphology of semi-permanent and ephemeral inlets 

in the northern Outer Banks of North Carolina. The findings presented in this dissertation address 

the diverse temporal (i.e. days to years) and spatial (i.e. few meters to kilometers) scales of the 

processes driving the morphology of tidal inlets. The morphological model built as part of this 

dissertation was successfully calibrated and validated against water levels, waves, and bathymetric 

changes. In combination with observations, the model was used to identify seasonal and medium-

term evolutional trends at Oregon Inlet and Pea Island Breach. Particular attention was given to 

the effects of wave and storm seasonality, and the continuous action of tides, as the main drivers 

of bathymetric change in both inlets. 

Overall, Oregon Inlet is the dominant, stable tidal inlet in the northern Outer Banks. High velocities 

in the main channel (> 1.5 m/s) and convergent longshore currents transport sediments from the 

ocean side into the flood delta at an approximate rate of 205,000 m3/yr; tides accounting for about 

55% of this transport and waves for the remaining 45%. This proportion suggests that tides and 

waves play almost equal roles in the morphology of Oregon Inlet. However, tidal effects are 

focused in the main channel, while wave action moves sediments in the ebb delta and the outer 

portion of the spit. Under the present conditions of Oregon Inlet, cyclical bathymetric changes 

occur due to the growth of the Bodie Island Spit, the proximity of the main channel to the terminal 

groin, and dredging activities. Annual to decadal changes in the morphology of the inlet are 

influenced by the previously mentioned cycle and are reflected in the rotation of the main channel, 

formation of shoals in the flood delta, and smoothing of the ebb delta.  

The lifecycle of Pea Island Breach had three evolutional phases dependent on seasonal wave 

conditions. Hurricane Sandy was identified as the trigger event for inlet closure. After the 

hurricane, seasonal storms filled the inlet with sediments via onshore sediment transport that 

prompted ebb delta attachment. In spite of the damage that Pea Island Breach caused to its 

surrounding infrastructure when it first opened, modeling experiments indicate that the 

hydrodynamic effects of Pea Island Breach did not extend all the way to Oregon Inlet. Instead, 
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simulations indicate that the new inlet had an influence radius of 5 km. Additional breaching 

scenarios of Pea Island were tested, including idealized inlets with larger geometries than the 

original breach and a different vulnerable location in the island. Comparison of the spatial extent 

and magnitude of changes in flow velocities and water levels led to conclude that inlet spacing is 

a driving factor in dual-inlet interaction.  

This research is not without limitations. Observations have intrinsic constrains related to their 

accuracy and their spatiotemporal extent. To overcome spatial and temporal restrictions of 

observations, this research uses a process-based model with high temporal and spatial resolution. 

However, additional simplifications and assumptions have to be made when using a process-based 

model in such a complex environment. The main modeling simplifications in this study are: (i) 

using a 2DH model that neglects salinity and temperature gradients that could gain importance 

under the calm conditions of the summer months; (ii) The bathymetry of the model is a composite 

of multiple sources of information, providing a generalized representation of the bottom, rather 

than an instantaneous one. This is also the case for sediment size distribution. (iii) Assuming 

“typical” seasonal forcings with limited variability (i.e. a single or few wave conditions for 

summer or winter); (iv) Using a morphological tide and annual wave climate schematization, 

which reduces physical processes and could lead to additional inaccuracies. Moreover, 

schematized waves are based on past records neglecting potential effects of climate change related 

to storm intensity and frequency.  

Although the aforementioned modeling simplifications may seem restrictive, they provide the 

means to study the morphodynamics of Oregon Inlet and Pea Island Breach at a reasonable 

computational cost, while still accounting for the main physical processes that drive the evolution 

of these two inlets. For example, the decision to use a 2DH model was based on the Albemarle-

Pamlico Sound being a well-mixed estuary. Moreover, a comprehensive search for reliable 

bathymetric data sources was completed to attain the most realistic representation of the inlet 

possible, including data merging through interpolation in GRASS GIS. Finally, different from 

hindcast simulations forced with detailed boundary conditions, predictive simulations require 

simplifications and assumptions due to the uncertainty of future atmospheric and oceanographic 

conditions.   
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In its current state, the model built in this study could be used to expand the results of this 

dissertation or to explore different coastal processes. Continuation of the work presented here 

could include detailed sensitivity analysis to Pea Island breaching, testing a broad range of 

breaching geometries and inlet spacing. Additional exploration should include morphological 

simulations for dual-inlet scenarios, even under simplified sediment size distribution and boundary 

conditions. Other model applications that could inform management decisions in the study area 

include investigation of nearshore dynamics in the northern portion of Pea Island and dredged 

sediment placement practices on the island.  

Moving forward, the numerical model could be improved to have a more accurate representation 

of the sediment size distribution and its bathymetry. These changes would only be possible through 

field campaigns designed to collect spatially distributed bottom sediment samples and elevation 

data at the submerged and emerged portions of the spit, the main channel, ebb and flood deltas, 

and up and down drift nearshore areas. Morphological research of Oregon Inlet benefits from the 

periodic monitoring of the navigation channel by the U.S. Army Corps of Engineers. However, 

increasing the spatial extent of their hydrographic surveys to include the totality of the main 

channel and the ebb delta would provide critical information to determine evolutional patterns of 

the ebb delta and natural bypassing rates; processes that directly affect navigation along tidal inlets. 

Similarly, increasing the spatial extent of the aerial photography by NCDOT to include the flood 

delta of Oregon Inlet, would provide multi-temporal data to study flood channel avulsion and 

shoals’ migration; phenomena that will directly affect the structural stability of the new Herbert C. 

Bonner Bridge.  
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Appendix A: Delft3D master definition file 

Ident  = #Delft3D-FLOW 3.56.29165# 

Commnt =                   

Filcco = #Grid_007_hydro_external_4.grd# 

Anglat =  3.5000000e+001 

Grdang =  0.0000000e+000 

Filgrd = #Grid_007_hydro_external_4.enc# 

MNKmax = 129 188 1 

Thick  =  1.0000000e+002 

Commnt =                   

Fildep = #Grid_007_hydro_external4_depth2.dep# 

Commnt =                   

Commnt = no. dry points: 0 

Commnt = no. thin dams: 0 

Commnt =                   

Itdate = #2014-01-01# 

Tunit  = #M# 

Tstart =  0.0000000e+000 

Tstop  =  1.5060000e+004 

Dt     = 0.5 

Tzone  = 0 

Commnt =                   

Sub1   = #    # 

Sub2   = # CW# 

Namc1  = #Sediment400         # 

Namc2  = #Sediment350         # 

Namc3  = #Sediment180         # 

Namc4  = #Sediment125         # 

Commnt =                   

Wnsvwp = #N# 

Wndint = #Y# 

Commnt =                   

Zeta0  =  0.0000000e+000 

C01    =  0.0000000e+000 

C02    =  0.0000000e+000 

C03    =  0.0000000e+000 

C04    =  0.0000000e+000 

Commnt =                   

Commnt =  no. open boundaries: 5 
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Filbnd = #117_external_boundary.bnd# 

FilbcT = #117_external_boundary.bct# 

FilbcC = #167_transportBC.bcc# 

Rettis =  0.0000000e+000 

          0.0000000e+000 

          0.0000000e+000 

          0.0000000e+000 

          0.0000000e+000 

Rettib =  0.0000000e+000 

          0.0000000e+000 

          0.0000000e+000 

          0.0000000e+000 

          0.0000000e+000 

Commnt =                   

Ag     =  9.8100000e+000 

Rhow   =  1.0250000e+003 

Tempw  =  1.5000000e+001 

Salw   =  3.1000000e+001 

Rouwav = #FR84# 

Wstres =  1.5000000e-003  0.0000000e+000  1.5000000e-003  1.0000000e+002  1.5000000e-003  

1.0000000e+002 

Rhoa   =  1.0000000e+000 

Betac  =  5.0000000e-001 

Equili = #N# 

Ktemp  = 0 

Fclou  =  0.0000000e+000 

Sarea  =  0.0000000e+000 

Temint = #Y# 

Commnt =                   

Roumet = #C# 

Ccofu  =  6.5000000e+001 

Ccofv  =  6.5000000e+001 

Xlo    =  0.0000000e+000 

Vicouv =  1.0000000e+000 

Dicouv =  1.0000000e-001 

Htur2d = #N# 

Irov   = 0 

Filsed = #178_External.sed# 

Filmor = #231.mor# 

Commnt =                   

Iter   =      2 
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Dryflp = #YES# 

Dpsopt = #MAX# 

Dpuopt = #MOR# 

Dryflc =  1.0000000e-001 

Dco    = -9.9900000e+002 

Tlfsmo =  6.0000000e+001 

ThetQH =  0.0000000e+000 

Forfuv = #Y# 

Forfww = #N# 

Sigcor = #N# 

Trasol = #Cyclic-method# 

Momsol = #Cyclic# 

Commnt =                   

Commnt = no. discharges: 0 

Commnt = no. observation points: 9 

Filsta = #002_External.obs# 

Commnt =                 no. drogues: 0 

Commnt =                   

Commnt =                   

Commnt =                 no. cross sections: 2 

Filcrs = #002_External.crs# 

Commnt =                   

SMhydr = #YYYYY#      

SMderv = #YYYYYY#     

SMproc = #YYYYYYYYYY# 

PMhydr = #YYYYYY#     

PMderv = #YYY#        

PMproc = #YYYYYYYYYY# 

SHhydr = #YYYY#       

SHderv = #YYYYY#      

SHproc = #YYYYYYYYYY# 

SHflux = #YYYY#       

PHhydr = #YYYYYY#     

PHderv = #YYY#        

PHproc = #YYYYYYYYYY# 

PHflux = #YYYY#       

Flmap  =  0.0000000e+000 60  1.5060000e+004 

Flhis  =  0.0000000e+000 60  1.5060000e+004 

Flpp   =  2.9400000e+003 30  1.5060000e+004 

Flrst  = 7200 

Commnt =                   
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Online = #N# 

WaveOL = #Y# 

TraFrm = #TR2004.tra# 

Commnt =                   
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Appendix B: Delft3D sediment definition file 

[SedimentFileInformation] 

   FileCreatedBy = Delft3D FLOW-GUI, Version: 3.56.29165          

   FileCreationDate = Tue Apr 18 2017, 12:03:58          

   FileVersion = 02.00                         

[SedimentOverall] 

   Cref =  1.6000000e+003 [kg/m3]   

   IopSus= 0  If Iopsus = 1: susp.  

[Sediment] 

   Name = #Sediment400#          

   SedTyp = sand                           

   RhoSol = 2.8800000e+003       

   SedDia =  4.0000000e-004        

   CDryB =  1.7280000e+003       

   IniSedThick= #SedSize_400um.sdb#   

 FacDSS  =  1.0000000e+000       

[Sediment] 

   Name = #Sediment350#                  

   SedTyp= sand     

   RhoSol=  2.8800000e+003       

   SedDia=  3.5000000e-004          

   CDryB =  1.7280000e+003       

   IniSedThick = #SedSize_350um.sdb#   

   FacDSS=  1.0000000e+000       

[Sediment] 

   Name  = #Sediment180#       

   SedTyp= sand     

   RhoSol=  2.6500000e+003       

   SedDia=  1.8000000e-004       

   CDryB =  1.6000000e+003       

   IniSedThick = #SedSize_180um.sdb#  [m]       

   FacDSS=  1.0000000e+000       

[Sediment] 

   Name  = #Sediment125#       

   SedTyp= sand     

   RhoSol=  2.6500000e+003       

   SedDia=  1.2500000e-004       

   CDryB =  1.6000000e+003       

   IniSedThick = #SedSize_125um.sdb#  [m]       

   FacDSS=  1.0000000e+000       
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Appendix C: Delft3D morphology file 

[MorphologyFileInformation] 

   FileCreatedBy    = Delft3D FLOW-GUI, Version: 3.56.29165          

   FileCreationDate = Tue Aug 08 2017, 11:10:07          

   FileVersion      = 02.00     

[Morphology] 

   EpsPar = false 

   IopKCW = 1 

   RDC    = 0.01 

   RDW    = 0.02 

   MorFac =  2.0000000e+000 

   MorStt =  2.9400000e+003 

   Thresh =  5.0000001e-002 

   MorUpd = true 

   EqmBc  = true 

   DensIn = false 

   AksFac =  1.0000000e+000 

   RWave  =  2.0000000e+000 

   AlfaBs =  1.0000000e+000 

   AlfaBn =  1.5000000e+000 

   Sus    =  2.5000000e-001 

   Bed    =  1.0000000e+000 

   SusW   =  1.5000000e-001 

   BedW   =  1.5000000e-001 

   SedThr =  1.0000000e-001 

   ThetSD =  8.0000000e-001 

   HMaxTH =  1.5000000e+000 

   FWFac  =  1.0000000e+000 


