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Abstract 

Coupled hydrodynamic and wave models were used to simulate water levels, currents, waves and 

salinity transport in the Albemarle-Pamlico Estuarine System (APES), a large shallow back-barrier basin 

in eastern North Carolina, over a one-month long period. Simulations were run for four different 

bathymetric grids pertaining to distinct time slices during the evolution of the APES corresponding to the 

present day, and 500, 1000, and 4000 calibrated years before present to determine responses to long-term 

changes in geomorphology.  

The present day simulation was used to evaluate a spatially varying wind field developed from 

the North American Regional Reanalysis (NARR) dataset in comparison to spatially uniform winds from 

observations at different sites across the region. Simulations using winds observed offshore result in 

statistically better hydrodynamic simulations of water levels (R=0.88) in the estuaries than the NARR 

dataset (R=0.48). The removal of a long shoal from present day bathymetry resulted in a decrease in 

water level setup by 3% at the estuarine shoreline, a decrease in current magnitude up to 40% and an 

increase in significant wave height up to 25%, indicating the importance of this shallow feature as a major 

control on the present day hydrodynamic response of Pamlico Sound. 

Paleobathymetric grids for three time slices over the late Holocene were developed from 

sediment core and seismic observations described by Zaremba (2014). Model results were compared to 

assess the impacts of: 1) varying degrees of barrier island segmentation; 2) long-term changes in basin 

geomorphology; and 3) sea-level rise on the hydrodynamic response in Pamlico Sound. All three of these 

influenced the hydrodynamics (e.g., up to 3 times higher tidal range and current velocity) when compared 

to present day observations and model results.  Salinity in the present day simulation was validated using 

observations, and salinity distributions predicted for each time slice were compared to salinity ranges 

from foraminiferal assemblages at sediment cores. The results indicate that salinity in Pamlico Sound is 

strongly influenced by wind and wave-driven mixing and transport, the hydraulic connectivity between 

Albemarle and Pamlico Sounds, and the quantity and size of tidal inlets through the barrier island system.  
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Preface 

 This thesis is organized as a series of stand-alone manuscripts, resulting in some overlap in the 

material presented in each chapter. The following text briefly explains the differences between the 

chapters. 

In Chapter 2 a coupled hydrodynamic and wave model is used to simulate water levels, currents, 

and waves in the Albemarle-Pamlico Estuarine System (APES) for the present day bathymetry and barrier 

island configuration. The evaluation of a spatially varying wind field as a means of accurate model 

forcing, the importance of resonance in a sub-estuary of the APES, and the effects of Bluff Shoal on the 

hydrodynamic response of Pamlico Sound are investigated.  

In Chapter 3 the same model is applied, with the addition of five topography following vertical 

layers, and discharges from major rivers into the system to simulate stratification and vertical mixing that 

are important for simulating estuarine circulation and the transport of salinity. This model is used to 

simulate water levels, currents, waves, and salinity distributions in Pamlico Sound for 4 distinct time 

slices during its geomorphic evolution over the late Holocene.  
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Chapter 1  

Introduction 

1.1 Background 

 There is a vital need to understand the response of coastal systems to climate change and its 

associated sea-level rise. Barrier islands make up an estimated 15,000 km of the world’s ocean coastlines 

(Stutz, 2002), and with the accompanying estuaries and lagoons, are some of the first systems to indicate 

the potential negative impacts of climate change (Penland and Ramsey, 1990; Beets and van der Spek, 

2000). Barrier islands are narrow coastal landforms generally parallel to the mainland coast, separating 

the ocean from the semi-protected back-barrier lagoons or estuaries. Barrier islands typically occur along 

coasts that are exposed to considerable wave energy and microtidal (< 2 m tidal range) to mesotidal (2-4 

m tidal range) environments. There are several, often contradicting, theories that have been developed to 

describe the morphological development of  barrier islands, such as offshore bar theory (Leont’yev and 

Nikiforov, 1965), spit accretion theory (Hoyt, 1967; Shepard, 1963), and submergence theory (Hoyt, 

1967). Schwartz (1971) suggested the concept of multiple causality, in which any combination of these 

three theories, or a single theory itself, could explain the formation of barrier islands. Regardless of the 

initial formation process, waves and currents (e.g., driven by waves, tides and winds) cause continual 

evolution of barrier island systems particularly through longshore sediment transport, overwash, and 

opening, closing, and migration of inlets. Today, in a period of accelerating sea-level rise and changing 

climate, it is clearly important to understand coastal systems to ensure the economic and environmental 

quality of coastal regions in the future. 

 Eastern North Carolina is characterized by a large system of interconnected estuaries called the 

Albemarle-Pamlico Estuarine System (APES) (Figure 1.1) and is bordered to the east by the Outer Banks, 

which are punctuated by several tidal inlets. The Outer Banks, a 260 km chain of barrier islands along the 

U.S. Mid-Atlantic coast in North Carolina, produces approximately $2 billion per year of revenue to the 

state economy. The back-barrier estuaries also provide low energy habitat that support coastal and 
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offshore fisheries. The APES  is likely to experience greatly accelerated rates of geomorphic change over 

the next few decades to centuries due to the low lying nature of the Outer Banks barrier islands and the 

back-barrier coastal mainland, such as barrier breakthrough and increased erosion rates in response to sea-

level rise and climate change (Fitzgerald et al., 2008; Anderson et al. 2013). Barrier breakthrough has 

occurred on multiple occasions in the last few decades as a result of storm forcing. In 2003, Hatteras 

Island (south of Cape Hatteras, Figure 1.1) was breached during the landfall of Hurricane Isabel, with 

ocean storm surges of 2.0 to 2.5 meters (Wamsley and Hathaway, 2004). Several breaches also occurred 

in 2011 when Hurricane Irene passed directly over the APES (Mulligan et al., 2014). The potential for 

major changes to the estuarine system in the future justifies the need for a focused investigation into the 

major natural changes that have already occurred in past, as determined from the geologic record (e.g., 

Mallinson et al, 2010; Peek et al., 2014) and could therefore could occur in the future with major negative 

impacts on society. 

Numerical models have been used in research efforts, across multiple fields of interest, to 

understanding physical processes in the APES. Haase et al. (2012) used the ADCIRC (Advanced 

CIRCulation) model to investigate connectivity paths between populations of the Eastern Oyster within 

Pamlico Sound. The POM (Princeton Ocean Model) has been used to investigate storm surge and 

inundation (Peng et al. 2004), as well as wind and density driven circulation (Xie and Pietrafesa, 2014) 

within the APES. Mulligan et al. (2014) used a coupled flow (Delft3D) and a wave model (SWAN; 

Simulating Waves Nearshore) to examine storm surge and surface waves across the APES in response to 

hurricane forcing. Brown et al. (2014) used the Delft3D flow model to investigate the transport of 

freshwater and dissolved organic carbon in the Neuse River Estuary, a brackish sub-estuary of the APES. 
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Figure 1.1. Bathymetry of the Albemarle-Pamlico Estuarine System. 

1.2  Importance of Research 

Several modeling efforts in the APES have focused on characterizing the circulation patterns and 

resulting storm surge during periods of storm forcing over days to week long periods (Peng et al., 2004; 

Haase et al. 2012; Xie and Pietrafesa, 2014; Mulligan et al., 2014). With increased risk from continuous 

and potentially accelerating sea-level rise, the Outer Banks and the Albemarle-Pamlico Estuarine System 

are at risk of major geomorphic changes that could drastically affect the hydrodynamics, sediment 

transport, and water properties within the back-barrier environment. There is a need to investigate the 

possible future responses of the APES to sea-level rise and climate change, in order to assess future risk 

Albemarle Sound 

Neuse River 

Estuary Cape Hatteras 

Atlantic Ocean 

Bluff 
Shoal 
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and implications of coastal hazards. To understand the estuarine dynamics in the APES under future sea-

level rise scenarios, we should first investigate the geomorphic and hydrodynamic changes that have 

already occurred for sea-level rise in the past. Large scale erosion and collapse of the Outer Banks has 

occurred in the geologic past, indicated by sediment cores containing foraminiferal assemblages 

suggestive of an open marine environment and sediment grain sizes corresponding to stronger currents 

and greater tidal influence in the APES (Culver et al., 2007, Mallinson et al., 2010, Grand Pre et al., 2011, 

Peek et al., 2013).  Using paleo-bathymetric reconstructions developed from core samples, 

micropaleontological proxies, and seismic observations, this thesis presents the effect of multi-century 

scale long variations of major environmental drivers  in coastal evolution (sea-level rise and large scale 

geomorphic change) and the resulting hydrodynamic system response. This work focuses mainly on 

Pamlico Sound, though Albemarle Sound and smaller estuaries are also included in the analysis. Through 

this research, an understanding of the hydrodynamic response of the APES in response to major 

geomorphological reorganizations as a result of past changes in climate and associated sea-level rise will 

be improved. Knowledge gained from this investigation could also be applied to other barrier island and 

estuarine systems worldwide in response to global climate change and sea-level rise. 

1.3 Thesis Objectives and Outline 

The main objectives of this thesis are to:  

(1) Construct and validate a coupled hydrodynamic and surface wave model of the present day APES 

using measurements from across the system, and use the results to further understand waves and flows in 

the sounds and sub-estuaries in response to wind and tidal forcing; 

(2) Investigate the performance of spatially varying wind fields in comparison to spatially uniform wind 

forcing in a hydrodynamic model; 

(3) Evaluate the effects of a major geomorphic feature (Bluff Shoal) on the hydrodynamic response of 

Pamlico Sound; 
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(4) Assess the changes in hydrodynamic response of the APES over the late Holocene at four distinct time 

slices including the present day, 500, 1000, and 4000 calibrated years before present (cal yr BP), to long-

term geomorphic changes, sea-level rise and varying degrees of barrier island segmentation along the 

Outer Banks;  

(5) Investigate the effects of barrier segmentation and sea-level rise on the salinity transport between the 

ocean and back-barrier environment of the APES. 

 

These objectives are addressed in the following two chapters of this thesis. Chapter 2 covers the setup and 

validation of a numerical hydrodynamic model called Delft3D (Lesser et al., 2004) coupled to a spectral 

surface wave model called SWAN (Booij et al., 1999) using different wind forcing conditions for a 1-

month long period (September 2008) to assess the hydrodynamic response of the estuarine system. 

Chapter 2 also discusses the presence of tidal resonance within the Tar-Pamlico River Estuary, as well as 

the influence of Bluff Shoal on the hydrodynamics in Pamlico Sound by replacing the shoal bathymetry 

with deeper idealized bathymetry. Chapter 3 presents the hydrodynamic modeling results for four 

different bathymetric cases corresponding to distinct and important times during the geomorphic 

evolution of the APES over the Holocene, as defined by the geologic data during periods with different 

mean sea-levels and varying degrees of barrier island segmentation. Conclusions and recommendations 

for future work are provided in Chapter 4. 
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Chapter 2 

Wind and Tidally-Driven Hydrodynamics of a Large and Shallow Back-

Barrier Estuarine System 

Abstract 

A coupled flow and wave model was used to simulate water levels, currents, and waves in the 

Albemarle-Pamlico Estuarine System, a large shallow back-barrier basin in eastern North Carolina. 

Simulations were conducted over a one-month long period (September, 2008), which included several 

episodic storm events of differing time scales, magnitudes, and directions. Three forcing scenarios were 

used to investigate the performance of a spatially varying wind field developed from the North American 

Regional Reanalysis (NARR) dataset in comparison to spatially uniform forcing from wind observations 

at different sites across the region. It was hypothesized that spatial variability in the wind field would lead 

to better model performance; however, model results indicate that this is not the case and winds observed 

offshore result in statistically better hydrodynamic simulations of water levels (R=0.88) in the estuaries 

than the NARR dataset (R=0.48) after comparison with observations. Observations and model results 

demonstrate that storm surges can be amplified in long and narrow sub-estuaries, when wind and/or tidal 

forcing are applied at the natural frequency of the water body, causing resonance. The hydrodynamic 

response of Bluff Shoal, a major geomorphic feature within Pamlico Sound was assessed by removing it 

from present day bathymetry, replacing it with an idealized depth of 6 meters. The removal of the shoal 

decreased water level setup by 3% at the shoreline, while current magnitudes decreased by up to 40% and 

significant wave heights increased up to 25%, indicating the importance of Bluff Shoal as a major control 

on the hydrodynamic response of Pamlico Sound. The results form the foundation for research into the 

hydrodynamic response to system-wide geomorphic changes that occurred over the past 4000 years, 

developed from detailed geophysical and stratigraphic observations. 
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2.1 Introduction 

Eastern North Carolina is characterized by a large system of interconnected estuaries, the 

Albemarle-Pamlico Estuarine System (APES), and is bordered to the east by 260 km of barrier islands 

commonly known as the Outer Banks, which are punctuated by several tidal inlets. Wind forcing is the 

primary control on the hydrodynamics of the sounds, except near inlets where tides play a strong role 

(Luettich et al., 2000). The sounds are characterized by a mean water depth of 5 m and muddy to sandy 

sediments (Wells and Kim, 1989). The number and width of tidal inlets has a large effect on salinity 

levels, circulation, and bathymetry of the back-barrier system (Mallinson et al., 2008).  

The barrier islands bordering the APES are a vital natural infrastructure, providing a first defense 

for the back barrier mainland from damaging ocean waves and storm surges. Composed of mostly detrital 

sediments (loose sediment grains that have been worn away from rock), the barrier islands of the Outer 

Banks are a highly dynamic system whose shape and size are influenced by incident wave energy, 

longshore currents and sediment supply, and are also affected by tides, especially near tidal inlets. Inlets 

are created during the initial formation of barrier islands or opened by erosion during extreme natural 

forcing events such as hurricanes (Pierce, 1970). Barriers also provide a low-energy back-barrier 

environment consisting of lagoons, estuaries, and marshes. The low-lying nature of the Outer Banks and 

the mainland coastal plain (mean elevation less than 4 meters above mean sea level) makes the region 

extremely susceptible to the impacts of strong storms including hurricanes. Along with maintaining the 

low energy APES, the islands serve as a popular location for human activity, making island maintenance 

and stability a political and economic priority (Riggs et al., 2011).  

Present-day sea-level rise, in combination with projected increasing tropical cyclone frequency 

(Smith, 1999; BERNSTEIN ET AL., 2007) pose a significant risk to barrier breaching and formation of 

new inlets as a result of increased wave attack due to storms and higher than present day mean sea levels. 

Recent storm events have demonstrated that significant barrier overwash and overtopping can cause 

extensive damage to island infrastructure and the formation of new inlets (Mulligan et al., 2014). Relative 

sea-level rise for northeastern NC had been estimated to be +3.4 to +4.3 mm y-1 (Zervas, 2004; Kemp et 
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al., 2009). Under the persistent threat of global warming and melting of the Greenland and Antarctic Ice 

Sheets, predicted global sea-level rise could reach heights of +0.2 m (under constant current Greenhouse 

Gas emission levels) to +2.0 m (maximum accelerated Greenhouse Gas emission levels) above present 

day mean values by the year 2100 (BERNSTEIN ET AL., 2007; Rahmstorf, 2007; Overpeck et al., 2006; 

Pfeffer et al., 2008) with more probable accelerated sea-level rise at about +0.8 m by 2100 (Pfeffer et al., 

2008). With increased risk from continuous and potentially accelerating sea-level rise, the Outer Banks 

and the Albemarle-Pamlico Estuarine System are at risk of major geomorphic changes that could 

drastically affect the hydrodynamics, sediment transport, and water properties within the back-barrier 

environment. Large scale collapse of the Outer Banks barrier islands has occurred in the geologic past, 

indicated by sediment cores containing foraminiferal assemblages indicative of an open marine 

environment and grain size corresponding to stronger currents and greater tidal influence in the APES 

(Culver et al., 2007, Mallinson et al., 2010, Grand Pre et al., 2011, Peek et al., 2013). 

Numerical modeling has been used in numerous research efforts, across multiple fields of 

interest, to simulate the dynamics of the APES. Past modeling efforts have used the ADCIRC (Advanced 

CIRCulation) model (e.g., Haase et al., 2012), the Princeton Ocean Model (POM) (e.g., Peng et al., 2004; 

Xie and Pietrafesa, 2014), and Delft3D (e.g., Mulligan et al. 2014). Spatially uniform wind fields have 

been used in numerical modeling efforts of the APES (Xie et al., 1999; Luettich et al., 2002; Haase et al., 

2012) and are often the norm for micro-scale (i.e., single beach) to meso-scale (i.e., lakes, estuaries, bays, 

and river mouths) coastal modeling investigations, such as Elias et al. (2012). Spatially varying wind 

fields have been previously used to investigate the APES during periods of hurricane forcing (e.g., 

Mulligan et al., 2014; Brown et al., 2014) on short timescales of typically several days. Spatially varying 

wind fields have not been used in modeling efforts of the APES to examine its response on a time scale 

on the order of one-month. Spatial variability in the wind field and its effect on circulation has been 

shown to be important in lakes (Podsetchine and Schernewski, 1999), due to wind sheltering effects of 

surrounding shorelines and vegetation, and can drastically change modeled circulation patterns. The 

APES system varies from an ocean environment to the populated barrier islands with dunes, to back-
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barrier marshes and enclosed estuaries bordered by the coastal flats to the west. Geographic variability, 

combined with the significant size of the APES, questions the suitability of using uniform wind fields for 

hydrodynamic modeling, especially in cases where wind observations are made at a significant distance 

from hydrodynamic observations. 

This chapter presents the results of coupled numerical hydrodynamic and wave models under 

various wind and tidal forcing conditions in the APES. The Delft3D numerical model (Lesser et al., 2004) 

is used to simulate circulation and the SWAN (Simulating Waves Nearshore) model (Booij et al., 1999) 

to simulate wave processes. Model results are compared to observations at many locations across the 

system over a one-month period (September, 2008) for validation, consisting of several episodic storm 

events of differing time scales and directions. Three scenarios with different wind forcing are used to 

investigate the performance of a spatially varying wind field in comparison to spatially uniform forcing 

methods for modeling the APES (Section 2.3). Results for all three models are presented in Section 2.4. 

The role of accurate model forcing, the presence of tidal resonance in APES, and the hydrodynamic 

response to idealized changes in morphology are discussed in 2.5. Conclusions are presented in Section 

2.6.  
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2.2 Observations 

Observations of winds, water levels, currents, and waves were collected at various locations throughout 

the APES, shown in Figure 2.1, and used to force and validate the coupled hydrodynamic and wave 

models. 

 

Figure 2.1. Location of hydrodynamic observations (white circles) at P0, P1, P2, Oregon Inlet (OI), Currituck Sound 
(CS), Albemarle Sound (AS), and Beaufort (BF). Wind observations (X’s) are indicated at the Field Research 
Facility Ocean (FO), Diamond Shoals (DS) and Cherry Point (CP). The curved dashed line indicates cross section 
A-A’ across Bluff Shoal in Pamlico Sound shown in Figure 2.13. 
 

2.2.1 Wind Observations 

Three wind forcing scenarios were developed from observations for this study. The first scenario 

used hourly wind speed and direction as observed at the US Army Corps of Engineers Field Research 

Facility on the ocean side (FO) (Figure 2.2a) applied uniformly over the model grid for the month of 

September, 2008. Winds observations at FO were sampled at 2 Hz and provided wind direction and speed 
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at a temporal resolution of 10 minutes. The second scenario used hourly observations of wind speed and 

direction as observed at Diamond Shoals (DS) (NDBC Buoy # 41025) (Figure 2.2b) applied uniformly 

over the model domain for the month of September 2008. Both the FO and DS winds were interpolated to 

hourly averaged winds for consistency. Hourly wind observations were also obtained from the Marine 

Corps Air Station at Cherry Point (CP), model results using winds from CP are not presented due to poor 

model performance. 

 

Figure 2.2. a) Wind forcing conditions as observed at a) FO; b) DS; c) CP, for September, 2008. The thick black line 
indicates wind speed and thin grey stick vectors indicate the wind direction, defined as “blowing to” the x-axis. The 
vertical dashed lines indicate the times shown in Figure 2.3.  
 

The third scenario used a spatially varying wind field developed from the North American Regional 

Reanalysis (NARR). NARR, developed by the National Centers for Environmental Prediction (NCEP),  is 
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a long-term, dynamically consistent, high-resolution, high frequency atmospheric and land surface 

hydrology dataset with a domain that covers the entirety of North America at  a horizontal resolution of 

32 km (Mesinger et al., 2006). NARR covers a 25-year period from 1979-2003 and has continued in near-

real time as the Regional Climate Data Assimilation System (R-CDAS) operating at a temporal resolution 

of 3 hours. In this study the abbreviation NARR will be used to describe both the products of NARR and 

R-CDAS from 1979 to present. Present-day operations of NARR feature a sequence of analysis-forecast 

steps in which the analysis from a previous time step is used as a first guess for the next time step and 

supplemented by inputs from the three-dimensional variational data assimilation (3DVAR)  (Mesinger et 

al., 2006). The NARR dataset features 425 hydrological and atmospheric variables collected across 45 

vertical layers. For this study the U (oriented along lines of latitude) and V (oriented along lines of 

longitude) wind velocity components and atmospheric pressure (P) at an elevation of 10 m are used to 

create a spatially varying wind field across the APES. Wind velocity and pressure fields were obtained for 

a rectangular sub-domain of the NARR dataset covering eastern North Carolina, at a temporal resolution 

of 3 hours. Two time steps of the NARR wind field are shown in Figure 2.3 for Yearday 249.625 and 

250.375 (Yearday indicates the day in 2008, where January 1 equals Yearday 1), illustrating complex 

spatial structure in wind fields over the APES with strongest winds typically over the ocean and eastern 

part of Pamlico Sound near Cape Hatteras. 
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Figure 2.3. NARR spatially varying wind field over the APES a) Yearday 249.625; b) Yearday 250.375, 2008 (times 
indicated on Figure 2.2). Red vectors indicate wind direction with coloured contours indicating wind speed. The 
black line shows the coastline of NC.  
 

To investigate the suitability of NARR spatially varying wind fields over the APES, correlation 

analyses were conducted to compare with spatially uniform wind fields developed from wind 

observations from a single location. Wind records were obtained from three locations shown in Figure 2.1 

including the US Army Corps of Engineers Field Research Facility (USACE FRF) (FO), National Data 

Buoy Center Station at Diamond Shoals (DS), and the Marine Corps Air Station at Cherry Point (CP) and 

used to perform a correlation analysis between station observations and their corresponding NARR 

outputs. The stations were selected such that NARR outputs were analyzed in different parts of the model 

domain, to identify spatial variation in wind speed and direction over the APES. Wind observations at 

FO, DS, and CP along with their corresponding NARR wind outputs (U and V-component), taken from 

the NARR grid cell in which the observation stations reside, are shown in Figure 2.4.  
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Figure 2.4. Observed U- (black line) and V-component (grey line) wind velocities at a) FO; b) DS; c) CP along with 
corresponding NARR outputs for U- (black dots) and V-component (grey x’s) wind velocities at each station. 
 

NARR wind outputs were found to have reasonable agreement with observed winds (U and V) with an 

average correlation coefficient of 0.88 over 30 days. A summary of NARR’s performance, using 

correlation coefficient analysis, of creating a representative wind field over the APES is shown in Table 1. 

Overall, NARR had the highest overall correlation coefficients with observations at all stations (FRF, DS, 

CP) compared to the lower correlation coefficients when individual stations were compared to one 

another. 
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Table 1. Cross-correlation coefficients indicating the variability between winds at different stations (FO, DS, and 
CP) and NARR wind field outputs. 

 FO DS CP 
 U V U V U V 

FO 1 1 0.74 0.87 0.64 0.88 
DS 0.74 0.87 1 1 0.73 0.84 
CP 0.64 0.88 0.73 0.84 1 1 

NARR 0.90 0.93 0.83 0.92 0.78 0.91 
 

The ability of NARR to more accurately represent the wind field at three observation locations (FRF, DS, 

CP), located in three different regions of NC suggests that a spatially varying wind field should provide 

the most accurate forcing for a hydrodynamic model in comparison to spatially uniform wind forcing 

obtained from a single observation station. 

2.2.2 Hydrodynamic Observations 

Hourly water level and current velocity measurements in September, 2008, were made using Nortek 

Acoustic Doppler Velocimeters (ADV) at P1 (3.4 m mean water depth), P2 (5.0 m mean water depth), 

and AS (5.3 m mean water depth) stations (Figure 2.1). The ADV’s burst sampled for 4 minutes every 

hour at a rate of 8 Hz. Hourly water levels were also obtained from a National Data Buoy Center station 

at Oregon Inlet Marina (OI) (NDBC Buoy # ORIN7) and at a USACE FRF pressure gauge in Currituck 

Sound (CS), shown in Figure 2.1. Hourly water level observations were also obtained from USGS station 

02084472 (P0) at Washington, NC, National Data Buoy Center station BFTN7 at Beaufort, NC and at 

National Data Buoy Center station DUKN7 at Duck Pier, NC (Figure 2.1).  
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Figure 2.5. Observations in September 2008 for: a) wind speed (red line) and direction (grey tick vectors) at DS, 
where wind direction is defined as “blowing to” the x-axis. Dashed black vertical lines indicate the periods of Storm 
A and Storm B; b) water level boundary conditions at FO and BF; c) water levels at P0, P1, P2; d) water levels at 
OI, CS, AS; d) current magnitude at P1, P2, AS.  



17 

 

The APES experienced two major storm surge events in September, 2008 (hereafter referred to as 

Storm A and Storm B), defined as prolonged periods in which the wind speed at 10 m above the surface 

(U10) exceeded 10 ms-1 (Figure 2.5a). Storm A had a rapid increase in wind speed on Yearday 248 from 

relatively calm conditions with winds from the southeast that shifted to the southwest from Yearday 248 

to 252 with a peak of 18 ms-1on yearday 251. The rapid development of Storm A caused fluctuations in 

water levels due to wind-driven storm surges in Albemarle and Pamlico Sound towards the northwest. 

After Yearday 250 (Figure 2.3b) the winds rapidly shifted to the southwest and decreased in strength 

(Figure 2.5b). This sudden change in wind speed and direction resulted in a rapid change in water levels 

and a fast flows causing a peak in the current magnitudes observed at P1 and P2 (Figure 2.5c). Water 

levels at stations in narrow sub-estuaries (P0, P1 and CS; Figure 2.1) exhibited the highest storm surge.  

Storm B was a long duration event that gradually developed in wind speed from 10 ms-1 to 18 ms-

1 over a nine day period (yearday 261 -269) with a wind direction that was fairly consistent from the north 

to northeast. Although Storm B developed over a much longer time period in comparison to Storm A, 

maximum values for water level setup were not drastically larger (<10 cm difference) than those 

experienced in Storm A at P1 as the maximum wind speed of both events were similar (18 ms-1). Water 

levels at P2 were considerably higher during Storm B (30 cm) than Storm A, indicating that Pamlico 

Sound requires a longer duration storm to generate water level set up in comparison to narrow sub-

estuaries such as the Tar-Pamlico River-Estuary (TPRE). Maximum current magnitudes at P1, P2, and AS 

were considerably lower during Storm B due to the slow development of the storm in comparison to 

Storm A. 

A consistently amplified water level response throughout the study period at P0 in comparison to 

P1 and P2 suggests that the TPRE is being forced at its resonant frequency. The natural resonant period of 

a tidal estuary with a single node at the estuary mouth is given by: 

𝑻𝒏 = 𝟒𝟒
(𝟐𝒏+𝟏)�𝒈𝒈   

          2.1 
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Where L is the estuary length, g is the gravitational constant (9.81 ms-2), H is the estuary depth, and n = 0 

for the first mode of oscillation (Rabinovich, 2009).  For L = 65 km and H = 3.5 m, the natural resonant 

period of the TPRE is 12.33 hours, nearly equal to the 12.42 hr period of the M2 tidal constituent. 

Applying a low-pass Butterworth filter with a cutoff frequency (Tc) corresponding to 12.5 hrs to the 

observations demonstrates tidal resonance, with the resulting signal showing the response in water levels 

due to meteorological forcing and the residual signal corresponding to the primary tidal constituent 

(Figure 2.6).  

 

Figure 2.6. a) Comparison of total water level observation; b) meteorological band response; c) and tidal band 
response at P0, P1, and P2. Meteorological and tidal band signals were separated from the total observation using a 
low pass Butterworth filter with a cutoff of Tc = 12.5 hr. 
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In addition to tidal resonance in the TPRE, the duration of Storm A (~24 hr duration over 10 ms-1) 

occurred at the resonant frequency (increasing wind speed for 12 hours followed by decreasing wind 

speed for 12 hours) amplifying the water level response at P0. The resonant amplification of TPRE water 

levels does not occur during Storm B due to the long duration (245 hr over 10 ms-1) of the event. 

Hourly wave observations were made at AS (Figure 2.1) using a Nortek Vector Acoustic Doppler 

Velocimeter (ADV) mounted 1.0 m above the sea bed, in a mean water depth of 6.3 meters. Due to 

attenuation of high frequency waves with depth, wave period observations are reliable when the peak 

wave period Tp > 2.8 s.  

2.3 Model 

Delft3D is an open-source 2D/3D numerical modeling system consisting several integrated 

models that simulate hydrodynamics, transport of water-borne constituents (e.g. heat and salinity), short 

wave generation and propagation, sediment transport and morphological changes, and water quality. 

Delft3D has been used in a variety of coastal modeling efforts with considerable success when compared 

to observations in different shallow coastal environments such as embayments (Mulligan, 2008b), river 

deltas (Hu et al., 2009), and river mouths (Elias et al., 2012).  

2.3.1 Hydrodynamics 

The Delft3D model solves the nonlinear shallow-water equations derived from the Reynolds 

averaged Navier Stokes equation for incompressible free surface flow (Lesser et al., 2004). Delft3D can 

be run in two-dimensional (2D, depth-averaged) mode, and three-dimensional (3D) mode, where 

topography-following layers define the vertical dimension. This study uses the 2D model, where 

horizontal momentum in the x and y directions are defined as: 

𝝏𝝏
𝝏𝝏

+ 𝝏𝝏𝝏
𝝏𝝏

+ 𝒗 𝝏𝒗
𝝏𝝏
− 𝒇𝒗 =  − 𝟏

𝝆𝒐
𝑷𝝏 + 𝑭𝝏 + 𝑴𝝏      

 2.2 
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𝝏𝒗
𝝏𝝏

+ 𝝏 𝝏𝒗
𝝏𝝏

+ 𝒗 𝝏𝒗
𝝏𝝏

+ 𝒇𝝏 =  − 𝟏
𝝆𝒐
𝑷𝝏 + 𝑭𝝏 + 𝑴𝝏      

 2.3 

where u and v are the Generalized Lagrangian Mean (GLM) velocity components (ms-1), t is time, f is the 

Coriolis parameter, ρo is the reference density for water, and Mx and My  are external sources or sinks of 

momentum including wave radiation stress gradients, momentum from river discharge, wind stress, and 

bottom friction. Pressure terms, Px and Py are determined using the Boussinesq approximation: 

𝟏
𝝆𝒐
𝑷𝝏 = 𝒈𝝏𝝏

𝝏𝝏
  ;    𝟏

𝝆𝒐
𝑷𝝏 = 𝒈𝝏𝝏

𝝏𝝏
        2.4  

Where η is water surface elevation above the reference datum (m), and g is acceleration due to gravity 

(ms-2). Horizontal Reynolds Stresses, Fx and Fy, related to horizontal mixing are defined as: 

𝑭𝝏 = 𝝂𝒈 �
𝝏𝟐𝝏
𝝏𝝏𝟐

+ 𝝏𝟐𝝏
𝝏𝝏𝟐

� ;  𝑭𝝏 = 𝝂𝒈 �
𝝏𝟐𝒗
𝝏𝝏𝟐

+ 𝝏𝟐𝒗
𝝏𝝏𝟐

�      2.5 

where νH is the horizontal eddy viscosity. In the depth-averaged case, the continuity equation is: 

𝝏𝝏
𝝏𝝏

+ 𝝏[𝒉𝝏�]
𝝏𝝏

+ 𝝏[𝒉𝒗�]
𝝏𝝏

= 𝑺 = 𝟎         2.6 

in which 𝑢�  and �̅� are the Depth-averaged GLM velocity components (ms-1), h is the water depth (m) and S 

represents the contributions per unit area due to inflow or outflow of water, which is zero in the present 

case. A detailed description of these equations and implementation in Delft3D is provided by Lesser et al. 

(2004). 

2.3.2 Waves 

Wind-generated waves are simulated by the spectral surface wave model SWAN, which accounts for 

processes of whitecapping dissipation, quadruplet wave-wave interactions, triad wave-wave interactions, 

wind wave generation, bottom friction and depth-induced wave breaking (Booij et al., 1999). Using the 

action balance equation (Eq. 2.7), SWAN describes the evolution of the wave field by computing the 

evolution of random waves, accounting for refraction over spatially varying bathymetry and current 

fields:  
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𝝏
𝝏𝝏
𝑵 + 𝝏

𝝏𝝏
𝒄𝝏𝑵 + 𝝏

𝝏𝝏
𝒄𝝏𝑵 + 𝝏

𝝏𝝏
𝒄𝝏𝑵+ 𝝏

𝝏𝝏
𝒄𝝏𝑵 = 𝑺𝝏𝒐𝝏

𝝏
      2.7 

where t is time (s), N is wave action density spectrum (N = E/ω, where E is the variance density and ω the 

intrinsic radian frequency), cx and cy are spatial velocities along the respective x and y components (ms-1), 

cθ and cω are rates of change of group velocity which describe directional (θ) rate of turning and 

frequency (ω) shifting due to changes in the current field and water depth. Stot represents the energy 

density source terms pertaining to local changes to the wave spectrum and is defined as 

𝑺𝝏𝒐𝝏 = 𝑺𝒊𝒏 + 𝑺𝒘𝒄 + 𝑺𝒏𝒏𝟒 + 𝑺𝒃𝒐𝝏 + 𝑺𝒃𝒃𝒃 + 𝑺𝒏𝒏𝒏      2.8 

where Sin is the transfer of wind energy to waves, Swc is the dissipation of wave energy due to 

whitecapping, Snl4 is the nonlinear transfer of wave energy due to quadruplet interaction, Sbot is the 

dissipation due to bottom friction, Sbrk is dissipation due to wave breaking and Snl3 represents nonlinear 

triad interaction. The Delft3D flow model and the SWAN wave model communicate every 60 minutes 

during the simulation and therefore account for the effects of wave-current interactions. 

2.3.3 Model Setup 

The model was implemented on a spherical grid with an open boundary along the continental 

shelf, with higher resolution in the narrow sub-estuaries of the APES and lower resolution in the Atlantic 

Ocean (Figure 8). The average dimensions of the flow model grid were approximately 300 m, with the 

wave model grid having half the resolution (600 m) for computational efficiency. Both model domains 

covered an area of 220 km in the east-west direction and 295 km in the north-south direction.  
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Figure 2.7. a) Numerical model grid of APES for hydrodynamic simulations, the open boundary location is indicated 
by the blue line; b) Detailed zoom of numerical model grid (red box in Figure 8a) over the TPRE mouth to Pamlico 
Sound. 

The model was run over a 30 day period for the month of September 2008 (yearday 245 – 275), 

with computations performed at a time step of 30 seconds. September 2008 was selected for the 

simulation period since it contained several strong wind events from different directions, and observations 

were available at several sites across the region during this time.  All model simulations were run using a 

desktop workstation with an IntelR Core™ i7-2600k CPU @ 3.40GHz and 16.0 GB RAM, running on a 

64-bit Windows 7 operating system. 

The model was forced using wind over the APES and water levels at the open boundary located 

along the continental shelf (Figure 2.7). The open boundary condition was developed from water level 

observations at BF and FO (Figure 2.1 and Figure 2.5) by linearly interpolating along the open boundary 

to develop a spatially varying boundary condition.  Three modeling scenarios were developed using the 

same water level boundary conditions but with different wind forcing, described in Table 2. 

  

a) b) 
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Table 2. Model runs and wind forcing conditions. 

Model Name Wind Forcing Conditions 

Model A Spatially uniform wind field, developed from 
observations at FO 

Model B Spatially uniform wind field, developed from 
observations at DS 

Model C Spatially varying NARR wind field 

  
Model runs were started at an initial water level of zero meters (mean water level), and fluid density was 

set to 1020 kg/m3 to reflect the brackish nature of the water within the APES. A Chezy coefficient of 65 

was applied uniformly across the model to specify the bottom roughness, after sensitivity tests using a 

range of cz= 46 to cz= 92 showing no significant change in the simulated water levels. A horizontal eddy 

viscosity of 1 m2s-1 was used in all model runs.  

In SWAN, depth induced breaking in shallow water was defined using the bore-based model of 

Battjes and Janssen (1978), with the rate of dissipation coefficient (α) set to 1.0 and the breaker parameter 

(γ) set to 0.73. Bottom stresses due to wave forces were defined using Fresdøe, (1984). Triad wave-wave 

interactions are simulated using the Lumped Triad Approximation method of Eldeberky and Battjes 

(1996), with a proportionality coefficient (αEB) equal to 0.1 and the ratio of the maximum frequency 

relative to the mean frequency (β) equal to 2.2. Bottom friction was parameterized using the semi-

empirical formulae from the JONSWAP experiments (Hasselmann et al., 1973), using a bottom friction 

coefficient (cb) equal to 0.067 m2s-3, appropriate for fully developed wave conditions in shallow water 

(Bouws and Komen, 1983). Whitecapping was modeled based on the formulation described by Van Der 

Westhuysen et al. (2007) and validated by Mulligan et al. (2008a).  

  



24 

 

2.4 Results 

The hydrodynamic response of the APES from wind and tidal forcing over a one-month 

simulation period including two distinct storm events was investigated. The influence of spatially uniform 

and spatially varying wind fields was compared, and model performance was evaluated based on statistics 

including root-mean square error (RMSE) and correlation coefficients for water levels, currents, and 

significant wave heights.  

2.4.1 Water Levels 

Water level results for the three model runs are presented and compared to observed water levels 

at five stations (P1, P2, OI, CS, and AS) in Figure 2.7. It was hypothesized that a spatially varying wind 

field (developed from NARR) would improve model performance in comparison to model runs using 

spatially uniform winds, however this was not the case. The spatially varying winds (Model C) performed 

especially poor during periods of storm forcing (U10> 10 m/s), suggesting that although NARR provides 

improved spatial resolution of the wind field, it poorly represents the true wind stress experienced over 

open water areas of the large Pamlico and Albemarle Sounds. NARR forcing resulted in particularly poor 

model performance at CS and AS (Figure 2.7d-e respectively).  
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Figure 2.8. Observed and Modeled water levels at a) P1; b) P2; c) OI; d) CS; and e) AS, using three different wind 
forcing methods: Model A uses FO winds, Model B uses DS winds, and Model C uses NARR winds (Table 2). 
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Comparing the two models that used spatially uniform wind forcing, Model B (DS winds) 

exhibited the best agreement with data at the 5 stations with an average correlation of 0.88 and an average 

root-mean-square error of 0.09 m. Generally, water levels were best simulated at sites in Pamlico Sound 

(P1, P2, OI), with poorer model performance in Albemarle and Currituck Sounds (AS and CS), as 

indicated in Table 3. Using wind forcing closer to Currituck and Albemarle Sounds (Model A) did not 

result in improvements in model performance within the sounds, suggesting that the larger volume of 

water within Pamlico Sound is most important in governing the water level response within the APES. It 

is therefore critical to ensure that the wind stress over Pamlico Sound is correct in order to accurately 

model water levels within the APES.  

Table 3. Correlation coefficients and root-mean-square errors for modeled versus observed water levels at 6 
locations throughout the APES. 

 P0 P1 P2 OI CS AS 
R RMSE R RMSE R RMSE R RMSE R RMSE R RMSE 

Model A 0.75 0.14 0.84 0.11 0.87 0.09 0.87 0.08 0.89 0.13 0.48 0.14 

Model B 0.84 0.10 0.87 0.08 0.92 0.06 0.90 0.08 0.93 0.10 0.80 0.09 

Model C 0.71 0.14 0.81 0.10 0.84 0.09 0.60 0.13 0.18 0.28 -0.25 0.21 

 

Good agreement at OI (Figure 2.7c), a tidally dominated location due to its proximity to the tidal 

inlet, indicates that the tidal forcing has been properly simulated using the boundary condition (Table 2) at 

the continental shelf. The effects of tidal resonance, as discussed in Section 2.2.2 are also best simulated 

by Model B with the tidal signal diminishing from the head of the TPRE at P0 to the mouth at P2 (Figure 

2.7a-c).  
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2.4.2 Currents 

The low energy nature of the back barrier estuarine system, in which tidal currents are weak 

(except near inlets) and wind stresses dominate forcing (Roelofs and Bumpus, 1953; Luettich et al, 2000), 

makes accurately modeling the low current velocities a challenge, with current magnitudes in the APES 

often less than 0.1 ms-1 during periods of light winds (U10<10 m/s). Although the current magnitude is 

often reasonably simulated during weak wind forcing, the direction is poorly resolved. This poor 

performance is attributed to the relatively coarse grid for current magnitudes of this scale. To limit model 

run time over the large domain, model runs using finer grid resolutions were not pursued but could be 

employed in future modeling efforts, especially to resolve details in narrow sub-estuaries like the TPRE.  

The hydrodynamic response of Storm A (Yearday 249 to 252, Figure 2.8) is characterized by 

large fluctuations in water level and flow velocity when compared to mean values over the month. Water 

level and flow response to Storm A is of greater magnitude within Pamlico Sound (e.g., P1 and P2) with a 

weaker response at AS. Water level response is slower during Storm B (Yearday 266 to 272, Figure 2.9) 

due to the gradual increase in wind velocity (Figure 2.5a) and this slow change in water levels results in 

smaller flows with fewer fluctuations in comparison to Storm A. 
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Figure 2.9. Observed and modeled water levels (η) and current components (u, v) at: P1, P2, and AS for Storm A. 
The dashed lines in a) indicate the times shown in Figure 2.10. 
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Figure 2.10. Observed and modeled water levels (η) and current components (u, v) at: P1, P2, and AS for Storm B.  
 

The water level response is generally well represented by model runs using spatially uniform wind 

forcing from FRF and DS, and the spatially varying NARR forcing resulted in the poorest agreement with 

data (Figure 2.8, Figure 2.9). Even during storms, observed current magnitudes are often less than 0.1 ms-

1 with peak flows reaching approximately 0.3 ms-1. Model results indicate that the storm surge-generated 

inflow flooded into the TPRE primarily along the channel margins (Figure 2.10a), with outflow focused 

along the center of the channel (Figure 2.10c).  
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All model runs had poor accuracy in predicting the observed flow directions, especially at P1 and P2, 

where model results deviated considerably from observations over the short duration of Storm A. 

Although the model did not always simulate exact current speed and direction for the low flow velocities 

within the APES, good agreement with observed water levels suggests that the large-scale hydrodynamics 

are well predicted when representative model forcing is used (e.g. Model B), shown in Figure 2.7. 

 

Figure 2.11. a) Simulated currents in the TPRE, yearday 250.375; b) Simulated water levels over the APES, yearday 
250.500. The black box indicates the location of Figure 2.10a; c) Simulated currents in the TPRE, yearday 250.750; 
d) Simulated water levels over the APES, yearday 251.000. The black box indicates the location of Figure 2.10c. 
  



31 

 

2.4.3 Waves 

Simulated significant wave heights (Hs) and peak period (Tp) are compared to observations at AS 

shown in Figure 2.11. Model B and C performed the poorest (R= 0.73, 0.76 respectively), attributed to the 

significant distance between forcing at DS (Model B) and observations at AS and the inaccurate forcing 

of NARR (Model C) over Albemarle Sound. Model A had the best agreement with observations 

(R=0.82), capturing all major fluctuations in wave parameters at AS. The best agreement is achieved 

between observations and Model A, likely due to wind forcing from FO which is spatially closest to 

Albemarle Sound. Model A was able to accurately capture the maximum significant wave heights 

experienced at AS during storm forcing events, with RMSE less than 0.04 m for Hs up to 1.2 m (Storm A) 

and RMSE 0.16 m for Hs up to 1.3 m (Storm B). 

Models A and B provide similar performance for predicting Tp in comparison to observations with 

RMSE of 0.57 s and 0.61 s respectively. Tp is especially well predicted during Storm B (yearday 261 – 

269) by both models, likely due to the long storm duration resulting in Tp > 3s. On average, both models 

A and B under-predicted Tp by approximately 11% and model C under-predicted Tp by 50%. 

 

Figure 2.12. Wave observations and model results in Albemarle Sound (AS) for: a) significant wave height (Hs), and 
b) peak wave period (Tp), for Tp > 2.8 s. 

Greg Clunies
Line



32 

 

Although Storm A and B had similar maximum wind speeds (18 ms-1), the different directions (SW-SE 

for Storm A, N-NE for Storm B) as well as the different storm duration (1.5 days for Storm A, 10 days for 

Storm B) resulted in different responses in significant wave height and current velocities at the peak of 

each storm, shown in Figure 2.12. 

 
Figure 2.13. a) Modeled significant wave height (Hs) for peak conditions of Storms A; b) Modeled significant wave 
height (Hs) for peak conditions of Storm B; c) Modeled current velocities for peak conditions of Storms A; d) 
Modeled current velocities for peak conditions of Storms B. 
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The longer storm duration of Storm B results in a fully developed wind-generated wave field within 

Pamlico Sound (Figure 2.12b). The effects of Bluff Shoal on the wave field are indicated by reduction in 

wave height as depth-limited breaking occurs over the shoal. The rapid storm surge occurring in Storm A 

results in current velocities over Bluff Shoal of 0.45 ms-1, in comparison to the gradual storm surge 

response in Storm B, resulting in flow velocities of. 0.2 ms-1 over the shoal. 

2.4.4 The influence of Bluff Shoal on the hydrodynamics of Pamlico Sound 

After validating the modeling system at several locations across the APES for a wide range of 

conditions, the model is applied to investigate the importance of a long and shallow morphologic feature 

on the hydrodynamics. Bluff Shoal, a north-south oriented cross-estuarine shoal, divides Pamlico Sound 

into two distinct basins (Wells and Kim, 1989). Formed during a period of Pleistocene deposition within 

the embayments from the preceding Pliocene epoch, Bluff Shoal was an inter-stream divide between the 

paleo Neuse/Tar Valley and the paleo Pamlico Creek Valley (Mallinson et al., 2010). To assess the effects 

of this geomorphic feature on the present day shallow estuarine system, it was removed from the 

bathymetric grid, and the depth over the shoal was changed to an idealized depth of 6 m to match the 

average depth of central Pamlico Sound. After removal of the shoal, the model was run using the same 

forcing as in Model B and compared to results from Model B. A comparison of modeled water level, 

current magnitude, and wave height during the peak of Storm A (yearday 250.625) are shown in Figure 

2.13. 
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Figure 2.14. Model results along cross section A-A’ at yearday 250.625; a) bathymetry b) water level; c) current 
magnitude; d) significant wave height. Figure 2.1 indicates the location of cross section A-A’.  

The removal of Bluff Shoal indicates the influence of the large geomorphic feature on the present day 

hydrodynamics within Pamlico Sound. Currently, the shoal acts as a partial barrier to storm surge within 

Pamlico Sound, creating a double set-up effect with a local relative storm surge over the shallowest 

region on the order of 0.05 m as shown in Figure 2.13b. After removal of Bluff Shoal, water level set-up 

does not occur over it and the water level response is continuous across the basin with a higher maximum 

storm surge of approximately 0.03 m (14% increase) at the northern shoreline of Pamlico Sound. Under 
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more extreme hurricane forcing conditions (e.g. |Uw| = 20 to 40 ms-1) an even greater water level set-up is 

expected to occur. The presence of Bluff Shoal results in higher current velocities compared to when it is 

removed. Modeled current magnitudes were reduced by almost 0.2 ms-1 (40% reduction) from a 

maximum of approximately 0.5 ms-1 with the removal of Bluff Shoal (Figure 2.14c, d), highlighting the 

importance of this feature in controlling the overall hydrodynamic response of the APES. Significant 

wave heights increased by 25% after removal of the shoal compared to the present day morphology where 

depth-induced breaking over the shoal restricts wave growth in central Pamlico Sound (Figure 2.14a, b). 

Considering the future risk of erosion of the barrier islands and geomorphic reworking of the back-barrier 

environment due to increased exposure to waves and currents from increasing storm frequency/intensity 

and rising sea level, it is important to understand the influence of major geomorphic features in the 

present day APES to better understand the possible hydrodynamic responses. 
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Figure 2.15. Modeled results during conditions that correspond to Storm A: a) significant wave height for present-
day bathymetry; b) significant wave height when Bluff Shoal is removed; c) current velocity vectors (black) and 
magnitude contours (black) for present day bathymetry; and d) currents when Bluff Shoal is removed. 
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2.5 Discussion  

2.5.1 Resolution of wind forcing 

Modeling the hydrodynamics of medium-scale coastal or estuarine systems such as the APES 

introduces a problem regarding the selection of the most appropriate wind forcing. A choice must be 

made based on a trade-off between: 1) the higher horizontal resolution of a spatial varying wind field 

developed from a global/regional climate model or observation-based reanalysis products such as NARR; 

and 2) the higher temporal resolution (10 minutes to 1 hour) of local meteorological observations. Any 

errors or unresolved areas from climate models or reanalyzes in representing the stress the wind field 

exerts on the water surface directly affects the hydrodynamic model’s ability to simulate currents and 

water levels. Therefore, it is important that when selecting wind forcing for hydrodynamic models of 

large estuaries or lagoons that the magnitude and direction over the water surface is representative of the 

actual stress experienced by the water surface, rather than spatially resolved. It is recommended that more 

representative winds with higher temporal resolution developed from observations at coastal or open-

water sites in the model domain (e.g. observations from DS) be used to simulate the hydrodynamics and 

waves in the APES. 

2.5.2 Tidal resonance  

Previous studies have determined that tides have minimal effect on the hydrodynamics of the APES 

with wind stresses dominating forcing, except near tidal inlets (Roelofs and Bumpus, 1953; Luettich et al, 

2000). Although weak tides are present in water level observations at P2, tidal signals with periods 

corresponding to the M2 tidal constituent are observed at P0 after applying a low-pass Butterworth filter 

with a cutoff period, Tc, of 12.5 hrs. These tidal signals are the result of tidal resonance of the TPRE, 

which has a natural resonant period of 12.33 hours, closely matching the 12.42 hr period of the M2 tidal 

constituent. Tidal signals are amplified from almost no signal at the mouth of the TPRE (P2) to a 

strongest signal at the head of the estuary (P0), as predicted for tidal resonance in a long and narrow open-

ended harbour (Rabinovich, 2009). The observations and model results both demonstrate that tides have a 
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measurable effect on the hydrodynamic response within the APES even at great distances from inlets, 

when tidal resonance occurs.  

2.5.3 Changes in hydrodynamic response due to morphologic changes 

Bluff Shoal is a shallow morphologic feature that presently separates Pamlico Sound into two smaller 

sub-basins, moderates the wave height, and creates a region of high current velocities as water flows over 

the shoal in response to storm surges driven by wind forcing. By removing it from the present day 

bathymetry and reducing it to a nominal depth of 6 meters, the influence of the shoal on the 

hydrodynamic response of Pamlico Sound was investigated. Reducing the depth of the shoal resulted in 

increased storm surge at the mainland shoreline within the APES. Analogous to removing the shoal, an 

increase in water depth due to sea-level rise in the future could also result in increased storm surge and 

inundation along the mainland coastline and along the back-barrier side of the Outer Banks. A rise in sea 

level within the APES would also decrease the influence of Bluff Shoal on moderating the wave climate 

in Pamlico Sound. The combination of increased storm surge and inundation paired with increased wave 

energy within the sound also suggests the possibility for increased erosion along the back-barrier and 

mainland shorelines. Increasing current velocities in Pamlico Sound as a result sea-level rise also have 

potential to affect marine organisms, affecting connectivity paths between isolated populations and 

overall population dynamics within the estuary (Haase et al., 2012). 

2.6 Conclusions 

A coupled numerical flow (Delft3D) and wave model (SWAN) was used with different wind forcing 

conditions for a 1-month long forcing period (September 2008) to assess the hydrodynamic response of 

the Albemarle-Pamlico Estuarine System (APES). The forcing period consisted of two major storm 

events with different wind directions and storm durations, but with the same maximum wind velocities of 

approximately 18 ms-1. To investigate model performance, the North-American Regional Reanalysis 

(NARR) 32 km resolution spatially varying wind field was evaluated for model forcing and compared the 

results to spatially uniform wind fields developed from observations at two locations including the US 
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Army Corps of Engineers Field Research Facility (FO) and the National Data Buoy Center station at 

Diamond Shoals (DS). It was hypothesized that spatial variability in the wind field would lead to better 

model performance; however, model results indicate that this is not the case and the stronger winds 

observed offshore at DS result in statistically better hydrodynamic simulations of the estuaries after 

comparison with observations. Simulated water levels were in best agreement with data when spatially 

uniform wind forcing from DS was used, with an average correlation coefficient of 0.88 and an average 

root-mean-square error of 0.09 m across all observation stations.  

As a result of the enclosed nature of the APES, substantial water level setup occurs within the 

back barrier environment during storm events due to wind stress over the water surface.  Storm surges can 

be further amplified when wind and/or tidal forcing are resonant with the natural frequency of the sub-

estuary, such as in the Tar-Pamlico Sub-Estuary (TPRE). The tidal resonance in the TPRE indicates the 

importance of far-field effects of tides within the APES where tidal inlets are relatively small and far 

away. The ability to accurately represent the water levels over a month long time period indicates that the 

model is capable of accurately predicting the time-varying large scale hydrodynamics within the APES.  

The hydrodynamic response of Bluff Shoal, a major geomorphic feature within Pamlico Sound, 

was assessed by removing it from present day bathymetry and reducing it to a nominal depth of 6 m. The 

removal of the shoal increased water level setup by 14% at the shoreline, while current magnitudes 

decreased by up to 40% and significant wave heights increased up to 25%. These idealized results 

indicate the importance of Bluff Shoal as a major control on the hydrodynamic response of Pamlico 

Sound. Given future sea-level rise scenarios, the results suggest that increasing the water depth over the 

shoal will lead to higher storm surges and wave heights in Pamlico Sound with the possibility of 

increased inundation and erosion of the back-barrier mainland. 

In the next Chapter the hydrodynamic responses to system-wide geomorphic changes during the 

evolution of the APES are investigated. The numerical modeling system is used to simulate several times 

slices throughout the geomorphic evolution of the APES over the last 4000 years (the late Holocene 

Epoch) with different amounts of barrier island segmentation, sea-level rise, and changes to estuary 
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bathymetry developed from detailed geophysical, stratigraphic, and micropaleontological observations 

and interpretations. In combination with sediment core and seismic survey observations, numerical 

modeling is used to reconstruct the morphological evolution of Albemarle-Pamlico Estuarine System over 

the Holocene to estimate the hydrodynamic response to major historical geomorphic changes to the basin 

and surrounding barrier islands. This investigation into the hydrodynamic response of the APES for 

different geomorphic scenarios will aid in understanding the possible responses to future scenarios. Future 

morphological scenarios could include barrier island breakthrough in response to continued and 

potentially accelerating sea-level rise in combination with increasing tropical cyclone frequency. 
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Chapter 3 

Estuarine Responses to Long-Term Changes in Geomorphology 

Abstract 

A numerical model was used to simulate water levels, currents, waves, and salinity distributions in 

Pamlico Sound, a large and shallow back-barrier basin in eastern North Carolina, for four distinct time 

slices during its geomorphic evolution over the late Holocene. Present-day bathymetry was obtained from 

a high resolution digital elevation model of Pamlico Sound, and paleobathymetric model grids were 

created for 500, 1000 and 4000 calibrated years before present (cal yr BP) using age-depth relationships 

developed from sediment core and time-constrained seismic grid observations. Hydrodynamic model 

results for a 1-month simulation at each time slice were compared to assess the impacts of: 1) varying 

degrees of barrier island segmentation; 2) long-term changes in basin geomorphology; and 3) sea-level 

rise on the hydrodynamic response in Pamlico Sound. Appropriate adjustments for these three factors 

have a considerable effect on modeled water levels, waves, and the salinity distribution in Pamlico Sound 

when compared to present day observations and model results. The results indicate that the time-averaged 

tidal ranges are twice as high (0.20 m) in paleobathymetric simulations in comparison with present day 

water level elevations, and maximum current velocities are over 3 times higher in regions close to paleo-

inlets. Model results suggest that either sea-level rise or changes in barrier segmentation can be the 

predominant control on the long-term evolution of the wave climate in Pamlico Sound, depending on the 

wind direction. The transport of salinity is validated using salinity observations for the present day run, 

and results for the paleobathymetric runs are compared to observations developed from foraminiferal 

assemblages at sediment cores in Pamlico Sound. Differences between the simulated salinity distributions 

and core observations were generally in the best agreement (<5 psu) for the present day case and 4000 cal 

yr BP case, with lesser agreement for the 500 and 1000 cal yr BP time slices, suggesting that inlet 

configurations and paleobathymetry for these time periods are not exactly known. Model results for each 
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time slice suggest that the long-term evolution of the salinity distribution in Pamlico Sound is strongly 

influenced by mixing due to winds and waves, the hydraulic connectivity between Albemarle and 

Pamlico Sounds, and the quantity and size of tidal inlets through the barrier island system.  
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3.1 Introduction 

Climate change has significant implications for the marine ecosystems that serve as a foundation 

for the economic and social systems which are built upon them (Harley et al., 2006). Low-lying coastal 

zones (< 10 km from coastline), in which 10% of the world’s population resides, are at risk from climate 

change and its associated sea-level rise (McGranahan et al., 2007). Rising sea level can lead to the 

inundation, erosion and migration of natural coastal landforms and affect the salinity distributions in 

coastal deltas, bays, and estuarine systems (Scavia et al., 2002). Understanding the impacts of climate 

change and accompanying SLR on these delicate systems is critical to the management of rapidly 

developing coastal communities. 

The low lying Outer Banks barrier island chain, which enclose the Albemarle and Pamlico Sounds 

in North Carolina, USA, are susceptible to barrier overwash and erosion due to potentially accelerating 

sea-level rise (Bernstein et al., 2007), in combination with projected increasing tropical cyclone frequency 

arising from climate change (Smith, 1999; Mann et al., 2009). The hydrodynamic response of the large 

back-barrier Albemarle-Pamlico Estuarine System (APES) to barrier island erosion and widespread 

collapse is unknown, but understanding future conditions in such scenarios is important for long-term 

coastal management (Mallinson et al., 2008). It is impossible to make reasonable estimates to changes in 

the hydrodynamic response of the APES to climate change without knowing the changes to the 

bathymetry and barrier islands. It has been previously shown that significant changes to the barrier island 

chain have occurred in the past, based on geophysical and sediment core observations (Culver et al. 2007; 

Mallinson et el., 2010, 2011; Grand Pre et al., 2011) and detailed geologic data in Pamlico Sound 

(Zaremba, 2014) which forms the foundation for this study.  In this study paleo-bathymetric maps with 

varying barrier island/inlet configurations are used to develop an understanding of the hydrodynamic 

responses in Pamlico Sound to periods of widespread collapse that have occurred in the geologic past.  

Geophysical, stratigraphic, and micropaleontological research has been recently done to describe 

the Holocene geologic evolution of the APES (e.g. Wells and Kim, 1989; Culver et al., 2006, 2007; 
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Mallinson et al., 2010; Grand Pre et al., 2011; Peek et al., 2013). Early morphological changes began with 

the flooding of the late Pleistocene-early Holocene river drainages of the Tar, Pamlico, and Neuse rivers 

due to rapidly rising relative sea level (ca. 5mm/yr) (Horton et al., 2009) at ca. 9000 calibrated years 

before present (cal yr BP) and the system was separated from the Atlantic Ocean by the Hatteras Flats 

Inter-stream Divide (HFID) (Grand Pre et al., 2011). Paleo drainage channels and fluvial valleys form the 

base for the modern coastal setting of the APES (Riggs et al., 1992; Mallinson et al., 2010). Flooding of 

the HFID occurred until ca. 5000-4000 cal yr BP as sea level continued to rise, forming a broad estuary 

protected by low-lying barrier islands as indicated by extensive fine grained estuarine sediments found in 

core samples (Zaremba, 2014). Observed reductions in grain size from medium sands to silt and clay, 

accompanied by high-brackish foraminiferal assemblages (Culver et al., 2007), indicate an extremely 

low-energy estuarine environment suggesting extensive barrier island protection of the APES with few 

inlets during the period from 4000 – 4350 cal yr BP (Grand Pre et al., 2011). Sudden coarsening of 

sediments to muddy sands with foraminiferal assemblages typically found on the inner to mid-continental 

shelf occurs in core data at ca. 4000 cal yr BP, indicating significant segmentation of the barrier islands 

and salinity levels typical of the inner shelf and a higher wave and current energy environment called 

Pamlico Bay (Culver et al., 2007, Grand Pre et al., 2011). By ca. 3700 cal yr BP, high brackish estuarine 

foraminiferal assemblages were found in core data and eventually low-brackish estuarine assemblages are 

observed progressively up-core in conjunction with a reduction in grain size, representative of the gradual 

restoration of the barrier islands and a lower energy back-barrier environment by ca. 2500 cal yr BP 

(Culver et al., 2007, Grand Pre et al., 2011). By ca. 1100 cal yr BP, the low-energy and low salinity 

estuarine mud surface was covered by higher energy burrowed muddy fine to medium sand in addition to 

the presence of normal marine salinity shelf benthic and planktonic foraminifera species (Culver et al., 

2007; Grand Pre et al., 2011), suggesting widespread segmentation of the barrier island system also at this 

time.  Destruction of the barrier islands coincides with a peak in Atlantic hurricane activity during the 

Medieval Climate Anomaly (MCA) ca. 1100 to 900 cal yr BP (Mann et al. 2009) and increased rate of 

sea-level rise (Gonzalez and Tornqvist, 2009, Kemp et al., 2011). Increased hurricane frequency and 
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intensity during the MCA could have resulted in a temporary breakthrough of the southern Outer Banks 

barrier islands allowing the oceanic waters to penetrate the previous back-barrier estuarine environment 

of Pamlico Sound (Grand Pre et al., 2011). As a result of the transition from the late MCA to the Little Ice 

Age (centered on ~500 cal yr BP) signs of barrier islands rebuilding are present, inferred from 

foraminiferal assemblages indicative of a high-brackish estuarine environment in observed core data by 

Culver et al. (2007) and Grand Pre et al. (2011). By 500 – 400 cal yr BP, Ocracoke Island had reformed 

but there were still many more inlets (up to 20) than exist today (Mallinson et al., 2011). Over the past 

500 years, estuarine deposits have continued to accumulate up to a thickness of 2m (Peek et al., 2013) 

coinciding with lower relative sea level rise from ca. 500 to 100 cal yr BP (Kemp et al., 2009), allowing 

for the re-establishment of the barrier islands and the resulting low-energy back-barrier estuary of the 

present day.  

Numerical models have been used previously to aid in understanding changes to hydrodynamics 

over evolving bathymetry at various locations on the time scale of hundreds to thousands of years. 

Bouchette et al. (2010) used the SYMPHONIE three-dimensional (3D) numerical model to simulate the 

hydrodynamics of ancient Lake Mega-Chad in North Central Africa during the Holocene epoch. Using 

the model results, Bouchette inferred sediment drift trends which were then compared to sedimentary 

architectures to assess the influence of inherited bathymetry on currents and nearshore sediment budgets, 

as well as the prevailing wind forcing during the climatic peak of the Holocene. To assess the impacts of 

sea-level rise on storm surge flooding over a shorter time scale, Bilskie et al. (2014) used the Advanced 

Circulation (ADCIRC) model coupled to the Simulating Waves nearshore (SWAN) model at three 

modern day time slices (1960, 2005, 2050) with corresponding alterations to bathymetry, land use and 

land cover of the coast to demonstrate the nonlinearity of coastal flooding prompted by sea-level rise and 

hurricane-driven storm surge. Elias et al. (2006) described the qualitative sediment transport patterns of 

Texel Inlet and its ebb-tidal delta (The Netherlands) using the Delft3D model (Lesser et al., 2004) in 

response to extensive coastal defense work along the channel inlet and within the back-barrier 

environment over the last 400 years, highlighting the interdependency between barrier island tidal inlets 
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and the back-barrier bathymetry and configuration. Moran et al. (2014) used Delft3D to investigate the 

geologic evolution of Currituck Sound, NC (a small sub-estuary of the APES) at four time intervals, 

spanning 4000 cal yr BP to the present day, using bathymetry developed from geologic observations.  

Interpretations and hydrodynamic model results presented by Moran (2014) suggest that the influence of 

tidal currents in Currituck Sound were constrained to the immediate surroundings of the inlets. The 

results also show some agreement between modelled current velocities and sediment grain size, indicating 

average energy conditions for deposition in the estuary.  

The present day salinity distributions throughout the APES have been described through 

observations and modeling efforts (Wells and Kim, 1989; Jia and Li, 2012, Brown et al., 2014). Wells and 

Kim (1989) synthesized historical observations and prescribed climatological mean surface salinity maps 

for the APES during both spring (April) and fall (October) seasons. Jia and Li (2012) used the Regional 

Ocean Modeling System (ROMS) to determine circulation dynamics and salt balance within the APES, 

finding that salinity is controlled by the relative strength of inputs of freshwater from the Roanoke, 

Chowan, Tar/Pamlico and Neuse rivers in comparison to the saltwater inflows occurring at inlets as a 

result of tidal pumping. Brown et al. (2014) used the Delft3D numerical model to simulate dissolved 

organic carbon transport in the Neuse River Estuary (NRE), a sub-estuary of the APES, demonstrating the 

importance of stratification in the NRE and indicating a well-mixed water column at the estuary mouth in 

Pamlico Sound. 

This chapter presents the results of coupled numerical hydrodynamic and wave models over 4 

different sets of bathymetry corresponding to 4 distinct times during the geomorphic evolution of Pamlico 

Sound over the Holocene. The Delft3D numerical model is applied to simulate circulation and salinity 

and SWAN to model surface wave processes over a one-month long period with wind and tidal forcing. 

Model results are compared to hydrodynamic, geologic, and foraminiferal observations at numerous 

locations across the system for validation. Results for all four time slices are presented in Section 3.4. The 

effects of sea-level rise, geomorphic change and barrier collapse on the hydrodynamics, surface waves, 



47 

 

and salinity distribution of Pamlico Sound are discussed in Section 3.5 and conclusions are presented in 

Section 3.6.  

3.2 Observations 

Present-day observations of wind, water levels, currents, river discharge, salinity and sediment 

characteristics were collected at various locations throughout Pamlico Sound (Figure 3.1a), with wind and 

water level observations used to force and validate the hydrodynamic model. Current magnitudes and 

salinity measurements were used to evaluate the hindcasting capabilities of geophysical, stratigraphic, and 

micropaleontological observations and interpretations at producing accurate paleobathymetric maps for 

the APES at 4 time slices over the last 4000 years. Detailed descriptions of the geological observations 

are presented in detail in Zaremba (2014).  

 

Figure 3.1. a) Bathymetry of APES showing location of hydrodynamic observations at FO, BF, P2 and wind 
observations at DS; b) bathymetry of Pamlico Sound, selected sediment core observation locations are indicated by 
white squares. 
 

The model runs were forced with hourly observations of wind speed and direction as observed at 

Diamond Shoals (DS) (NDBC Buoy # 41025) (Figure 3.2a) during September 2008, applied uniformly in 

space over the model domain for a 1-month long duration at hourly intervals. 
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Figure 3.2. Observations during September 2008: a) wind speed and direction at DS; b) water level at FO and BF 
(Figure 3.1); c) river discharge at the head of the NRE and TPRE. 

Hourly water level and current velocity measurements (Figure 3.2b) in September 2008 were made 

using a Nortek Acoustic Doppler Velocimeter at P2 (5.0 m mean water depth), which burst sampled for 4 

minutes out of every hour at a rate of 8 Hz. Hourly water levels were also obtained from the National 

Data Buoy Center station DUKN7 (FO) at Duck and from BFTN7 (BF) at Beaufort (locations shown in 

Figure 3.1a). 

River discharges gauged at a temporal resolution of 15 minutes were obtained from the Neuse River 

Estuary (NRE) at USGS station 02091814 near Fort Barnwell and from the Tar-Pamlico River-Estuary 

(TPRE) at USGS station 0204472 near Washington (Figure 3.2c). Data for the flow rates of the Roanoke 
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and Chowan rivers were unavailable for September 2008, and therefore the discharges in these rivers 

were scaled according to the TPRE river flows based on the average annual discharges of the TPRE 

presented in Wells and Kim (1989). 

Salinity observations in September, 2008, were obtained from three sources. The University of North 

Carolina modeling and monitoring (MODMON) project collects observations throughout the water 

column at locations throughout the NRE (Figure 3.3), measured on September 29. The North Carolina 

Department of Environment and Natural Resources Pamlico River Water Quality Monitoring project 

(PAMRIV) measures surface and near-bottom salinity in the TPRE (Figure 3.3) and observations were 

also available for September 29. The University of North Carolina Ferry Monitoring (FerryMon) project, 

which measures surface water quality on North Carolina Department of Transportation ferries crossing 

Pamlico Sound were also obtained. These observations were available daily in September, for the route 

between Cedar Island and Ocracoke Island shown in Figure 3.3. 

 
Figure 3.3. Location of salinity observations in September 2008, as part of the FerryMon (black dashed line), 
MODMON (blue circles), and PAMRIV (red circles) projects. 
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3.3 Numerical Model 

Delft3D is a 2D/3D numerical modeling system consisting of several integrated models that 

simulate hydrodynamics, transport of water-borne constituents (e.g. heat and salinity), short wave 

generation and propagation (by coupling with SWAN), sediment transport and morphological changes, 

and water quality. Delft3D has been used to simulate coastal hydrodynamics with considerable success 

when compared to observations in different shallow coastal environments such as embayments (Mulligan, 

2008b), river deltas (Hu et al., 2009), and river mouths (Elias et al., 2012). Delft3D can be run in two 

dimensional (2D, depth-averaged) mode, and three-dimensional (3D) mode, where topography-following 

layers define the vertical coordinate. In this chapter, a 3D model with 5 vertical layers, each with a 

thickness of 20 percent of the water depth at any given location, is used which allows for stratification 

and vertical mixing that are important for simulating salinity. A detailed description of the system of 

equations that govern depth-averaged flows is provided in Chapter 2, and complete descriptions of the 

equations that govern 3D flows are provided by Lesser et al. (2004).  

3.3.1 Model Setup 

The model was simulated on a spherical grid with an open boundary along the continental shelf, 

with higher resolution in the narrow sub-estuaries of the APES and lower resolution in the Atlantic 

Ocean. The average dimensions of the flow model grid were approximately 300 m, with the wave model 

grid having a resolution of 600 m. Both model domains covered an area of 220 km in the east-west 

direction and 295 km in the north-south direction. The present day bathymetric grid was built using a high 

resolution digital elevation model of Pamlico Sound, obtained from NOAA and the USGS (Cross et al., 

2005), at a resolution of 30 m. Model simulations were run over a 30 day period for the month of 

September 2008 (Yearday 245 – 275; Yearday indicates the day in 2008 where January 1 equals Yearday 

1), with computations performed at a time step of 30 seconds.  

All model runs were forced using a spatially uniform wind field, water levels at the open 

boundary, and freshwater river discharges for the Neuse, Tar-Pamlico, Chowan, and Roanoke Rivers 
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(Figure 3.2c). The spatially uniform wind field, with a temporal resolution of 1 hour, was developed from 

observations made at Diamond Shoals (DS) (NDBC Buoy # 41025) (Figure 3.2a).  The open boundary 

condition was developed from water level observations at BF and FO (Figure 3.1 and Figure 3.2b) by 

linearly interpolating along the open boundary to develop a spatially varying boundary condition. To 

avoid disturbances that occur at the start of the computation steps, the dimensionless reflection parameter, 

α, was set to 10000.  

All simulations started at an initial water level of zero meters (mean water level), and fluid 

density was set to 1020 kg/m3 to reflect the brackish nature of the water within the APES. A sensitivity 

analysis was performed to assess the effects of varying the bottom drag coefficient (cD) on water level 

response of the model. The sensitivity analysis included two runs (results not shown) in which cD was 

increased and decreased by a factor of 2 from the default value of 0.0023 with no appreciable change in 

modeled water levels in Pamlico and Albemarle Sounds. 

In SWAN, depth induced breaking in shallow water was defined using the bore-based model of 

Battjes and Janssen (1978), with the rate of dissipation coefficient (α) set to 1.0 and the breaker parameter 

(γ) set to 0.73. Bottom stresses due to wave forces were defined using the Fresdøe formula (Fresdøe, 

1984). Triad wave-wave interactions are simulated using the Lumped Triad Approximation method of 

Eldeberky and Battjes (1996), with a proportionality coefficient (αEB) equal to 0.1 and the ratio of the 

maximum frequency relative to the mean frequency (β) equal to 2.2. Bottom friction was parameterized 

using the semi-empirical formulae from the JONSWAP experiments (Hasselmann et al., 1973), using a 

bottom friction coefficient (cb) equal to 0.067 m2s-3, appropriate for fully developed wave conditions in 

shallow water (Bouws and Komen, 1983). Whitecapping was modeled based on the formulation 

described by Van Der Westhuysen et al. (2007) and validated by Mulligan et al. (2008a).  

3.3.2 Paleobathymetric Grids 

The numerical hydrodynamic and wave models are applied to four different sets of bathymetry 

corresponding to distinct time intervals (present day, 500, 1000, and 4000 cal yr BP) during the 
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geomorphic evolution of the APES over the Holocene. Paleobathymetric grids were created using age-

depth relationships developed from cores in Pamlico Sound in combination with the time-constrained 

seismic grid data (Figure 3.4). Relative sea-level curves developed from nearby peat and foraminifera 

assemblages (e.g., Horton et al., 2009; Kemp et al., 2009) were used as a reference for water depth at the 

time of formation of significant stratigraphic horizons. Sea level rise corrections for the 500, 1000, and 

4000 cal yr BP bathymetric grids were -0.75 meters, -1.30 meters and -4.00 meters respectively in 

comparison to the present day sea level. 

 

Figure 3.4. Constrained seismic grid data (black lines) and core data (white circles) collected in Pamlico Sound and 
surrounding area. 
 

 In the present, Pamlico Sound has three inlets named Ocracoke Inlet, Hatteras Inlet, and Oregon Inlet 

(Figure 3.5a). In addition to changes made to the geomorphology of Pamlico Sound, the grids were 

modified to account for paleo-inlets at each time slice (Figure 3.5b-d) (Mallinson et al., 2011). 
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Figure 3.5. Pamlico Sound bathymetry at four different time slices: a) Present-day; b) 500 cal yr BP; c) 1000 cal yr 
BP; d) 4000 cal yr BP. Inlet locations are indicated by red boxes. 

3.3.3 Salinity 

Simulating the transport of salinity requires the initial salinity conditions to be specified throughout 

the model domain. Initial salinity values in Pamlico and Albemarle Sounds were developed for the model 

using typical fall salinity values described by Wells and Kim (1989). To further constrain the initial 

conditions for salinity, the model was run for a one month calibration period to assess the adequacy of the 

salinity values presented by Wells and Kim (1989) by comparing them to salinity observations from the 

MODMON, PAMRIV, and FerryMON projects. It was found that although the spatial patterns in salinity 

prescribed by Wells and Kim were generally in good agreement with the September 2008 data, the values 
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were offset from observations by ca. 9 practical salinity units (psu). To account for this offset, the salinity 

in the APES was increased by 9 psu from the distribution presented by Wells and Kim (1989). Ocean 

salinity outside the Outer Banks and along the offshore boundary was set to a value of 30 psu. Initial 

salinity conditions were depth uniform throughout the model domain. 

 

Figure 3.6. Depth averaged initial salinity conditions for Albemarle and Pamlico Sounds, developed and modified 
from Wells and Kim (1989). 
 

Advection-diffusion of constituents such as salinity, are simulated using the transport equation: 
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where c is the mass sediment concentration (kgm-3) and S represents constituent source and sink terms per 

unit area. To solve equation 3.1, the horizontal and vertical viscosity (νH and νV) as well as the horizontal 

and vertical diffusivity (DH and DV) are defined through the use of a turbulence closure model, or set to a 

uniform value in the case of 2D simulations. In the present study, the k-ε 3D turbulence closure model 

with DH= 0.1 m2s-1 and DV =1.0×10-5 m2s-1. 
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3.4 Results 

The wind and tidally driven hydrodynamic response of the APES over a one-month simulation 

period was investigated for four distinct geomorphic configurations of the APES over the Holocene. The 

influence of sea-level rise and varying degrees of barrier island segmentation on the hydrodynamic 

response of the APES are also evaluated through the comparison of model results (water levels, currents, 

waves, and salinity) at each time slice.    

3.4.1 Hydrodynamics 

Model results for water levels and current velocities for the last 5 days of September are presented 

(Figure 3.7, Figure 3.8) at four locations (P2, C1, C2, C3) in Pamlico Sound for morphological conditions 

corresponding to the present day, 500, 1000, and 4000 cal yr BP time slices. Observed water levels at P2 

are also shown in Figure 3.7, illustrating strong agreement with the present day model (R = 0.92, RMSE = 

0.06 m) and providing confidence in the ability to accurately predict hydrodynamics in the APES, as 

demonstrated in detail in Chapter 2. The opening of inlets along the Outer Banks in the paleobathymetric 

model runs have a significant effect on the simulated water levels and current velocities in Pamlico 

Sound, as shown at P2, C1, C2, and C3 (Figure 3.7, Figure 3.8). The water levels also indicate higher 

tidal signals in Pamlico Sound, in comparison to the present day model (ca. average tidal range of 0.10 

m), as there are a greater number of inlets in the paleobathymetric runs (Figure 3.5) and tides are able to 

propagate further into the back-barrier environment. The tidal signal is strongest at the observation sites 

(P2, C1, C2, C3) in the 4000 cal yr BP model (ca. average tidal range of 0.30 m), with the 1000 cal yr BP 

model next strongest (ca. average tidal range of 0.20 m), then the 500 cal yr BP model (ca. average tidal 

range of 0.15 m), with the present day model the weakest (ca. average tidal range of 0.10 m). Similar to 

the water level results, current velocity predictions also indicate a distinct tidal signal as tides are able to 

better penetrate into the APES, with the 4000 cal yr BP model indicating the strongest tidally induced 

currents at several sites. Maximum modeled current velocities in the 4000 cal yr BP model are strongest 
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at C2, reaching approximately 0.78 ms-1, three times higher than current velocities in the present day 

model at C2.  

The flows during maximum flood-tidal currents with light winds (Uw < 5 ms-1) on September 30th 

(yearday 274) for all 4 time-slices are shown in Figure 3.10. The greater number of inlets (e.g. 500 cal yr 

BP model, Figure 3.9a) and wider inlets (e.g. 1000 cal yr BP model, Figure 3.9c) result in higher current 

velocities in Pamlico Sound, with a noticeable increase in velocity in central Pamlico Sound (e.g. 1000 

cal yr BP) and the mouths of the TPRE and NRE. The flow during maximum ebb-tidal currents and 

strong winds (18ms-1 SW) on September 24th (yearday 268) is shown in Figure 3.11. The opening of 

inlets in the paleobathymetric models results in increased current velocities in Pamlico Sound, even at 

considerable distances from the inlets as water is able to exit the system through the paleo-inlets, since 

they are either larger in width (e.g., 21.5 km wide at 1000 cal yr BP) or there is a greater number of 

smaller inlets (e.g., 9 inlets at 500 cal yr BP), and is not restricted to the three inlets in the present day 

scenario (Figure 3.5a). Sea-level rise of 4.0 meters over the last 4000 years (Horton et al., 2009; Kemp et 

al., 2009) increases the depth over Bluff Shoal and causes a lower flow speed over it. In the 4000 and 

1000 cal yr BP cases, with sea levels lower by 4.0 and 1.3 meters respectively, a deviation in flow 

direction occurs at Bluff Shoal during the ebb tide. Bluff Shoal impedes the flow of water driven by 

winds and tides, and water from Pamlico Sound is able to exit the back-barrier environment through the 

closest paleo-inlets near the present day site of Ocracoke Island. 
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Figure 3.7. Time series of observed (P2) and simulated water level, depth averaged velocity magnitude and salinity 
at sites P2 and C1. 
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Figure 3.8. Time series of simulated water level, depth averaged velocity magnitude and salinity at sediment core 
sites C2 and C3. 
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Figure 3.9. Simulated velocities during maximum flood tidal current conditions on September 30, 1300 hrs (Yearday 
274) for 4 different paleobathymetric time slices with different degrees of barrier segmentation and corresponding 
sea-level adjustments: a) present day; b) 500 cal yr BP; c) 1000 cal yr BP; d) 4000 cal yr BP. 
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Figure 3.10. Simulated velocities during maximum ebb tidal current conditions  on September 24, 1700 hrs 
(Yearday 268) for 4 different paleobathymetric time slices with different degrees of barrier segmentation and 
corresponding sea-level adjustments: a) present day; b) 500 cal yr BP; c) 1000 cal yr BP; d) 4000 cal yr BP.  
 

3.4.2 Waves 

Significant wave heights for the present day, 500 cal yr BP, 1000 cal yr BP, and 4000 cal yr BP 

time-slices for wind speeds of 18 ms-1 blowing from the north (Figure 3.11) and south (Figure 3.12) 

directions indicate differences in wave energy. For winds from the north, the present day time-slice has 

the largest significant wave heights, exceeding 1.5 meters in a significant portion of Pamlico Sound. The 

smaller number of narrower inlets in the present day case results in negligible transmission of wave 
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energy out of the APES. The wider and deeper inlets in the paleobathymetric model runs, which are better 

connected to Pamlico Sound allow for greater wave energy to be transmitted through the inlets and over 

ebb tide deltas into the ocean.  

 

 

Figure 3.11. Simulated significant wave height on September 25, 0000 hrs (Yearday 269) for 4 different 
paleobathymetric time slices with different degrees of barrier segmentation and corresponding bathymetry: a) 
present day; b) 500 cal yr BP; c) 1000 cal yr BP; d) 4000 cal yr BP. The wind speed at this time is 18ms-1 from the 
north. 
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For winds from the south, the 4000 cal yr BP model has the largest significant wave heights, with 

waves approaching 1.5 meters in Pamlico Sound near the mouths of the NRE and TPRE (Figure 3.5d). 

The deeper inlets in the 4000 cal yr BP run allow wave energy from the ocean to be transmitted into the 

sound through two inlets. Similarly, the transmission of wave energy from the ocean into Pamlico Sound 

also occurs in the 1000 cal yr BP run through an inlet west of Cape Hatteras, increasing the wave height 

in eastern Pamlico Sound. Wave energy is also transmitted through the very wide inlet (width of 21.5 km 

at the location of present day Ocracoke Island in the 1000 cal yr BP time slice), into central Pamlico 

Sound but is reduced by depth-limited breaking over shallower depth in comparison to the inlet near Cape 

Hatteras (Figure 3.5c). Additional wave energy from the ocean through these two inlets during south 

winds results in significant wave heights of 1.4 m in the northern region of the western basin of Pamlico 

Sound. The smaller inlets in the present day case and the relatively shallow inlets in the 500 cal yr BP 

time slice limit wave energy in Pamlico Sound to wave heights that are generally less than 1.25 (Figure 

3.12a, b). 
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Figure 3.12. Simulated significant wave height on September 6, 1200 hrs (Yearday250) for 4 different 
paleobathymetric time slices with different degrees of barrier segmentation and corresponding bathymetry: a) 
present day; b) 500 cal yr BP; c) 1000 cal yr BP; d) 4000 cal yr BP. The wind speed at this time is 18ms-1 from the 
south. 

3.4.3 Salinity 

To assess the effect of sea-level rise and barrier segmentation on the salinity distribution in the APES 

and water exchange between the ocean and the back-barrier environment, the model was first validated 

for present day salinity conditions. Modeled salinity was compared to observations in three regions of the 

APES: the NRE, the TPRE, and Pamlico Sound along a ferry route between Ocracoke Island and Cedar 

Island. The present day model accurately simulated the general trends of salinity distributions within the 
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NRE and TPRE (Figure 3.13a, b). In agreement with observations, the lowest simulated salinity values 

occur at the heads of the sub-estuaries near the freshwater sources from the Neuse and Tar Rivers, with 

the estuaries becoming more saline eastward toward Pamlico Sound. Stratification is stronger in the NRE 

than in the TPRE, shown by both the observed and predicted surface and near bed-level salinity values 

(Figure 3.13c, d). In the NRE the simulated surface salinity has a spatially averaged root mean square 

error (RMSE) of 2.4 psu when compared to observations, and simulated salinities near the bottom have a 

RMSE of 6.3 psu. In the TPRE the simulated surface salinity has a RMSE of 2.2 psu, and salinity near the 

bottom has a RMSE of 4.1 psu. Observations and model results indicate that the water column is well-

mixed in Pamlico Sound indicated by the near identical isohaline contours at the NRE and TPRE estuary 

mouths in Figure 3.13c, and d. 

The model results for surface salinity were in good agreement with measurements across the 

southeastern part of Pamlico Sound from Ocracoke Island to Cedar Island by FerryMon, capturing the 

exchange of high salinity ocean water and brackish estuarine water through Ocracoke Inlet. The variation 

in the simulated surface salinity distribution and the observations on three different days before, during 

and after a long duration wind event (Uw > 10 m/s) from yearday 260–270 is shown in Figure 3.14. The 

model predicts the variability in salinity distribution across the inlet with differences from observations 

that are typically less than 2 psu, indicating that the model is an appropriate tool to investigate salinity for 

the geomorphic time-slices of the APES. 
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Figure 3.13. Salinity observations and model results in the NRE and TPRE on September 29, 2008: a) near-surface 
model results (coloured contours) and observations (coloured circles); b) near-bottom model results (coloured 
contours) and observations (coloured circles); c) NRE along-channel near-surface and near-bottom salinity; d) TPRE 
along-channel near-surface and near-bottom salinity.  
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Figure 3.14. Comparison of modeled surface salinity (coloured contours) to FerryMon surface salinity observations 
(coloured circles) over time on: a) September 15, 2008 at 1100hrs (Yearday 259.46); b) September 22, 2008 at 
1100hrs (Yearday 266.46); c) September 29, 2008 at 1100hrs (Yearday 273.46). 
 

 The present day time-slice is validated by high agreement with observations of hydrodynamics 

(Chapter 2) and salinity (Figures 3.13, Figure 3.14), and is applied to the three paleo time-slices to 
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determine the salinity distribution over a 1-month simulation period with realistic winds and tides. Model 

results at the end of the simulations shown in Figure 3.15 indicate that the lowest salinity (26-28 psu) in 

central Pamlico Sound occurs in the  present day time-slice (Figure 3.15a), due to the fewest and smallest 

inlets. 

Results for the 500 and 1000 cal yr BP time-slices indicate higher salinity (28-30 psu) in central 

Pamlico Sound, the strong influence of the very shallow Bluff Shoal in dividing Pamlico Sound into two 

basins, and slightly lower salinity in eastern Pamlico Sound with a plume of brackish water that indicates 

eastward transport towards the paleo-inlets open along Hatteras Island (Figure 3.15b, c). Results for the 

4000 cal yr BP time-slice indicate the highest salinity (28-30 psu) in Pamlico Sound with much higher 

salinity of 26-30 psu in western Pamlico Sound compared to the present day case with 22-26 psu. The 

southern inlet at this time also allows greater transport of estuarine water of the APES into the ocean 

environment.  

 Salinity ranges developed from observed foraminiferal assemblages in sediment cores (C1, C2, 

C3, C4, C5, C6; locations shown in Figure 3.1b) are superimposed on the salinity distributions in Figure 

3.15. Present-day bed sediments with ranges of 20-25 to 25-30 psu are in good agreement with the model 

surface salinity values of 26-28 psu  at core sites (Figure 3.15a). Model results for the 500 cal yr BP time-

slice are not in agreement with the sediment core observations of 20-25 psu, with predicted salinity 

typically 4 psu higher except at C1 (location shown in Figure 3.1b). The 1000 cal yr BP run had poor 

agreement with observed sediment salinity ranges, especially in the western region of Pamlico Sound 

with differences of 5 psu at C1 and C2. The simulated salinity was in better agreement with observations 

for the 1000 cal yr BP time slice in central Pamlico Sound with differences of 1–3 psu from the 

foraminiferal-based observations. The 4000 cal yr BP time-slice had the best agreement with observed 

salinity ranges, with the highest salinity (30 psu) water mass in central Pamlico Sound (Figure 3.15d) at 

C2 and C3 (Figure 3.1). 
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Figure 3.15. Simulated surface salinity for September 29th, 1100hrs (Yearday 273.458) for paleobathymetric time-
slices with different degrees of barrier island segmentation: a) present day; b) 500 cal yr BP; c) 1000 cal yr BP; d) 
cal yr BP. Salinity ranges determined from foraminiferal assemblages at sediment cores are shown by the white 
triangles (20-25 psu), squares (25-30 psu), and circles (30+ psu). 
  

 20 – 25 psu 

 25 – 30 psu 

 30+ psu 
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3.5 Discussion 

3.5.1 Hydrodynamic response to long-term changes in geomorphology and sea-level rise 

Sea-level rise in combination with long-term geomorphic changes to the bathymetry of Pamlico 

Sound and the location, size and number of inlets along the Outer Banks has a significant effect on 

hydrodynamics in the APES. Model simulations for the three paleobathymetric time-slices indicate that 

more inlets or wider inlets results in higher currents even at large distances from the inlets. Although the 

1000 cal yr BP time-slice has the largest inlet (21.5 km at the location of present day Ocracoke Island), 

the highest water levels and currents in central Pamlico Sound occur in the  4000 cal yr BP simulation as 

a result of the deeper inlets during this time-slice. This has significant implications on the sediment 

distribution and dynamics within the APES as circulation patterns and current strength drive sediment 

transport in the back-barrier system. In the event of major barrier segmentation in the future as a result of 

storms and sea-level rise, a major reworking of the present day sediment distribution and changes to 

sediment transport dynamics within Pamlico Sound is expected. 

3.5.2 Influence of sea-level rise and barrier segmentation on waves   

Sea-level rise and barrier island segmentation have changed the wave climate within the APES 

over the last 4000 years. In the present day, waves from the ocean environment are unable to propagate 

into the back-barrier system due to the relatively small and shallow inlets (Figure 3.11a). The results in 

Figure 3.11 and Figure 3.12 indicate that for different wind directions, either sea-level rise or barrier 

segmentation (in combination with the correct geomorphic changes due to long-term sediment transport 

and deposition) can be the predominant control on the wave climate inside the APES. The results suggest 

that sea-level rise is the predominant control on the long-term average wave climate during winds from 

the north with the largest significant wave heights occurring in Pamlico Sound in the present day time-

slice (Figure 3.11a), which has the largest and deepest basin (Figure 3.2a). During winds from the south, 

the degree of barrier island segmentation and long-term geomorphic changes become the major control on 

the wave climate. When compared to the present day, the 4000 and 1000 cal yr BP cases have smaller 
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basins in central Pamlico Sound and a shallower depth over Bluff Shoal, which cause depth-limited 

breaking. The results in Figure 3.12 suggest that the inlets in the 1000 and 4000 cal yr BP time-slices 

compared to smaller inlets in the present day time-slice, have more influence on the wave climate 

compared to the increase in  sea-level over the last 4000 years for winds from the south. The 4000 cal yr 

BP results are an example of the possible synergistic effects of barrier segmentation and long-term 

geomorphic changes to bathymetry on significant wave heights within Pamlico Sound. The two main 

inlets along Portsmouth and Ocracoke Islands are not only larger in width when compared to the present 

day Ocracoke Inlet but also deeper as a result of the inherited bathymetry from late Pleistocene-early 

Holocene river drainages  of the Tar, Pamlico, And Neuse rivers (Mallinson et al., 2010; Grand Pre et al., 

2011). These deeper inlets reduce the amount of depth limited breaking that occurs as waves propagate 

from the ocean and travel through the inlet into the back-barrier estuary, resulting in higher significant 

wave heights in Pamlico Sound (Figure 3.12d). 

3.5.3 Controls on salinity distributions 

It is noted that the model results represent short-duration realizations of the hydrodynamics and 

water transport at each paleo time-slice. They are not directly comparable with the 100-1000 year changes 

inferred from the depositional record preserved in the sediment cores, but are useful for interpreting the 

response of the estuary to the different geomorphological conditions. The simulated surface salinity 

distributions suggest that water properties in Pamlico Sound are controlled by: 1) mixing due to winds 

and waves; 2) the degree of connectivity (i.e., flow-through area) between the higher salinity Pamlico 

Sound and lower salinity Albemarle Sound; 3) the number and size of inlets and the strength of the 

currents that influence flows in Pamlico Sound.  

Albemarle Sound is connected to Pamlico Sound via the shallow Roanoke and Croatan Sounds 

(separated by Roanoke Island) with Albemarle Sound having considerably lower salinity water than 

Pamlico Sound (Roelofs and Bumpus, 1953; Wells and Kim, 1989). Apart from the net seaward flow that 

occurs as a result of the discharge from river inputs, wind is the governing force that controls the salinity 
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distribution in Pamlico Sound. During periods of winds from the north, for example the Uw > 10 ms-1 

event from yearday 261 to 269 (Figure 3.2), water from Albemarle Sound is transported into the northern 

part of Pamlico Sound as indicated by plume of lower salinity water in Figure 3.15. Changes in monthly, 

seasonal, decadal or long timescale winds as a result of climate change could drastically affect the 

transport of water between Albemarle and Pamlico Sound and influence the salinity distribution.  

Sea-level rise over the last 4000 years has increased the connectivity between Albemarle and 

Pamlico Sounds, increasing transport of water between them. The effects of reduced connectivity between 

the sounds at lower sea levels relative to the present day are illustrated in Figure 3.15 b-d, where 

freshwater plumes from Albemarle Sound that occur along the northern shoreline of Pamlico Sound are 

smaller compared to the present day. There is no discernible low salinity plume from Albemarle Sound in 

Pamlico Sound in the 4000 cal yr BP simulation due to the lower sea level that results in a complete 

disconnection between the sounds. The results suggest that rising sea-levels in the future could further 

increase the connectivity between Albemarle and Pamlico Sounds and result in a system wide shift in the 

salinity distribution with possible impacts on habitat and organisms that reside within the delicate back-

barrier environment.  

In all time-slices, a net seaward transport of water from Pamlico Sound into the Atlantic Ocean 

through the inlets occurs as a result of flows from the major rivers. Changes in the size, number, and 

location of inlets along the Outer Banks create alternative flow paths for water through the estuary, 

leading to higher flushing rates and shorter residence times relative to the present day. During flushing, 

plumes of lower salinity water that are typically confined to the northern region of Pamlico Sound in the 

present day case (Figure 3.15a) are able to exit the back-barrier environment via paleo-inlets located 

along Hatteras Island (e.g., in the 500 and 1000 cal yr BP time-slices, Figure 3.15c, d). With the 

possibility of potentially accelerating sea-level rise (BERNSTEIN ET AL., 2007), in combination with 

projected increasing tropical cyclone frequency , the Outer Banks barrier islands at an increased risk for 

overwash and erosion, with the possibility for barrier segmentation to occur. The paleobathymetric model 
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results (Figure 3.15) indicate that the opening of new inlets, changes to inlet size, or changes to inlet 

location have a significant influence on the salinity distribution in the APES. 

3.6 Conclusions 

A coupled numerical flow (Delft3D) and wave model (SWAN) was used with four different 

bathymetric grids, corresponding to four distinct times during the geomorphic evolution of the Albemarle-

Pamlico Estuarine System (APES), to assess the hydrodynamic, surface wave, and salinity response of 

Pamlico Sound to long-term changes in geomorphology, barrier segmentation and sea level rise over a 1-

month long simulation period. Paleobathymetric model grids at three time intervals (500, 1000, and 4000 

cal yrs BP) were created using age-depth relationships developed from sediment core observations by 

Zaremba (2014) in combination with time-constrained seismic grid data. The model runs used wind and 

tidal forcing developed from observations in September, 2008, which consisted of two major storm events 

with different wind directions and durations, but with the same maximum wind velocities of 

approximately 18 ms-1. The transport of salinity was simulated using five topography following vertical 

layers to define the vertical grid, initial salinity conditions were developed from typical fall conditions 

(Wells and Kim, 1989) and calibrated with observations in the Neuse River Estuary, the Tar-Pamlico 

River Estuary, and across Pamlico Sound near Ocracoke Inlet. Model results at each time period were 

compared to assess the impacts of varying degrees of barrier island segmentation, long-term changes in 

geomorphology and sea-level rise on hydrodynamic, surface wave, and salinity distribution response in 

Pamlico Sound.  

The opening of inlets along the Outer Banks in the paleobathymetric models runs had a significant 

effect on the water levels and current velocities at core sites in Pamlico Sound. Increasing the number of 

inlets and the size of the inlets in the paleobathymetric simulations resulted in increased tidal ranges in 

Pamlico Sound. Tidal signals were strongest in the 4000 cal yr BP run, with current magnitudes up to 3 

times higher (0.78 ms-1) in the 4000 cal yr BP time-slice in comparison to present day maximum currents 

of 0.25 ms-1. Higher current velocities in Pamlico Sound occurred due to a greater number of inlets and 
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due to wider inlets, and fast currents were not limited to the areas adjacent to the inlets. Current velocities 

increased throughout Pamlico Sound in all three paleobathymetric simulations during both flood and ebb 

tides suggesting a higher transport rate in the sound and exchange rate between the sound and the ocean. 

Adjustments for sea-level rise, barrier segmentation and long-term geomorphic change also have an 

effect on the wave climate in Pamlico Sound. Model results suggest that either sea-level rise or barrier 

segmentation can be the dominant control on the wave climate in Pamlico Sound, depending on the wind 

direction. Mean water level change due to sea-level rise is the predominant control on the long-term 

evolution of the wave climate when winds are from the north as the waves are fetch and depth limited for 

winds from this direction. Barrier segmentation and long-term bathymetry changes are the dominant 

controls on the wave climate when winds are from the south due to penetration of wave energy from the 

Atlantic Ocean that is regulated by inlet size, depth, and abundance. Overall the model results indicate 

that a reduction in the inlets and sea-level rise of. 4.0 meters over the last 4000 years has increased 

significant wave heights for winds from the north and decreased significant wave heights for winds from 

the south.  

 The present day model was calibrated to allow for the consideration of salinity distributions and 

validated against salinity observations made in the Neuse River Estuary (NRE), Tar-Pamlico River 

Estuary (TPRE), and in Pamlico Sound across Ocracoke Inlet. Model results for the present-day case 

illustrate the ability to simulate the general present day salinity trends along the NRE and TPRE and the 

nearly fully mixed water column in Pamlico Sound. The simulated salinity distributions were compared to 

salinity ranges for each time-slice developed from observed foraminiferal assemblages in sediment cores 

with varying degrees of agreement between observations and model results, and differences typically of 

1–5 psu. Although model salinity distributions do not exactly agree with observations, comparisons 

between each time-slice suggests that transport and mixing due to winds and waves, hydraulic 

connectivity between Albemarle and Pamlico Sounds, and the number and size of  inlets are three major 

factors influencing the salinity distribution in Pamlico Sound. The model results are not directly 

comparable with the 100-1000 year changes inferred from the depositional record preserved in the 
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sediment cores since they are short-duration realizations of the hydrodynamics at each paleo time-slice. 

Nevertheless, the modeling approach is useful for interpreting the response of the estuary to the different 

geomorphological conditions over a long time scale. 

Future research should explore the effects of long-term geomorphic changes in combination with 

sea-level rise and corresponding barrier segmentation on sediment transport and distribution of bed 

sediments in Pamlico Sound. Using a similar numerical modeling approach to that applied in this thesis 

with the addition of sediment transport and morphological updating equations, time periods throughout 

the geomorphic evolution of Pamlico Sound could be simulated to assess changes to the sediment 

distribution and transport patterns over the late Holocene. Investigating the sedimentary response of 

Pamlico Sound for different geomorphic scenarios will aid in understanding the possible responses to 

future scenarios. Morphological scenarios that could potentially occur in the future could include 

situations with even greater barrier segmentation than have occurred in the past, in response to continued 

and potentially accelerating sea-level rise in combination with increasing tropical cyclone frequency. 
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Chapter 4 

Conclusions 

 The hydrodynamics of the Albemarle-Pamlico Estuarine System (APES) were simulated in 

response to wind and tidal forcing for the present day bathymetry, and for three paleo-bathymetric cases 

with different barrier island and inlet configurations. The coupled hydrodynamic and wave model was 

validated for the present day estuarine system using measurements from September, 2008, and the results 

were used to further understand the hydrodynamics of the system and investigate the performance of a 

spatially varying wind field in comparison to spatially uniform wind forcing. After validation, the model 

was used to evaluate the effects of Bluff Shoal, a major geomorphic feature, on the hydrodynamics and 

waves in Pamlico Sound. The model was used to investigate the effects of varying degrees of barrier 

segmentation and sea-level rise on hydrodynamics in the APES for distinct and important geomorphic 

time slices during the Holocene Epoch. The influence of geomorphic evolution on salinity exchange 

between the ocean and back-barrier environment was also investigated.  The following points summarize 

the major findings: 

 

• The model performance was statistically best when using a spatially uniform wind field in 

comparison to a spatially varying wind field developed from the North-American Regional 

Reanalysis. Simulated water levels using the spatially uniform wind forcing from an offshore 

buoy (Diamond Shoals) were in good agreement with observations (R=0.88) at six locations 

throughout the APES. Modeled current magnitudes were of the correct order of magnitude but the 

300 m horizontal resolution made resolving the weak flow (often < 0.1 ms-1) and changes in flow 

direction difficult. Significant wave heights were in good agreement with observations made in 

Albemarle Sound (R=0.82) with root mean square errors of less than 0.6s for peak wave period.  
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• Due to the enclosed nature of the APES, water level setup of up to 0.8 m occurs as a result of the 

wind stress for maximum hourly-averaged wind speeds of 18ms-1. Storm surges can be amplified 

within the sub-estuaries when wind and/or tidal forcing are resonant with the natural frequency of 

the sub-estuary. This is the case in the TPRE, with good agreement between observations and 

model results at three observation sites (P0, P1, and P2). The ability of the model to represent the 

water levels over a 1-month long time period and to reproduce the tidal resonance in the TPRE 

demonstrates that the model is capable of predicting the time-varying large-scale hydrodynamics 

of the APES. 

• The removal of Bluff Shoal and reduction of depth to 6 meters in central Pamlico Sound resulted 

in a 14% increase in water level setup at the shoreline, a reduction in current magnitudes of 40% 

across the shoal, and an increase in significant wave height of 25%. The results from this 

idealized model indicate the role of Bluff Shoal as a major control on the hydrodynamics in 

Pamlico Sound. The results suggest that increasing the water depth over the shoal as a result of 

future sea-level rise will lead to higher storm surges and wave heights in Pamlico Sound with the 

possibility of increased inundation and erosion of the back-barrier mainland. 

• The model is able to represent the large-scale distribution of salinity within the APES. The 

present day model using 5 vertical layers was found to capture the general trends of salinity 

distributions within the NRE and TPRE, with surface salinities being more accurately predicted 

(RMSE = 2.3 psu) than bed-level salinity (RMSE = 5.2 psu). Modeled salinities were in better 

agreement with observations more towards the sub-estuary mouths in both the NRE and TPRE. 

Both observations and model results suggest a well-mixed water column within Pamlico Sound 

with near equal salinity at the surface and bed level in the mouth of both the NRE and TPRE. The 

ability of the model to simulate the changes in salinity in Pamlico Sound across Ocracoke Inlet, 

with differences from observations less than 2 psu, suggests that it can be used to accurately 

predict salinity for historical geomorphic configurations of the APES. 
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• The opening of inlets in the Outer Banks in the paleobathymetric models runs had a significant 

effect on the modeled water levels, current velocities and waves in Pamlico Sound. Increasing the 

number of inlets and the size of the inlets in the paleobathymetric simulations resulted in 

increased tidal ranges in Pamlico Sound. Modeled current velocities increased by 3 times to a 

maximum  of 0.78 ms-1 in the 4000 cal yr BP in comparison to present day maximum current 

velocities of 0.25 ms-1 in central Pamlico Sound (at C2). Increases in modeled current velocities 

as a result of increased inlet number and size were not confined to areas adjacent to the inlets, 

with elevations in modeled current velocities throughout Pamlico Sound in all paleobathymetric 

simulations during both flood and ebb tides. Model results suggest that either sea-level rise or 

barrier segmentation can be the predominant control on the long-term evolution of the wave 

climate in Pamlico Sound, depending on the direction of wind stress on the system. 

• The model run using present day bathymetry was able to simulate the general trends of salinity 

distributions within the NRE and TPRE and was in strong agreement with surface salinity 

observations across Pamlico Sound near Ocracoke Inlet. When compared to sediment core 

observations, modeled salinity distribution were in best agreement with prescribed salinity ranges 

for the present day and 4000 cal yr BP simulations (errors <5 psu). Larger errors between 

modeled and observed salinities from sediment cores for the 500 and 1000 cal yr BP time slices 

suggest that inlet configurations and paleobathymetries are not completely correct for these time 

slices. Differences between model results for each time slice suggest that the long-term evolution 

of the salinity distribution in Pamlico Sound is strongly influenced by mixing due to winds and 

waves, the hydraulic connectivity between Albemarle and Pamlico Sounds, and the quantity and 

size of tidal inlets through the barrier island system. 

 

Future research should consider sediment transport, and would enable the impact of major geomorphic 

changes on sediment transport processes in the Albemarle-Pamlico Estuarine System. Alterations to the 
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present day bathymetry, along with the varying degrees of barrier island segmentation for each 

paleobathymetric scenario are likely to have a measurable effect on erosion, transport and deposition of 

sediment within the system and the surrounding barrier islands. Results from modeling the sediment 

transport processes within the APES could also be used to help evaluate any errors in the interpretation of 

paleobathymetries based on geologic data, with errors possibly indicated where significant transport 

occurs in the model suggesting an unstable configuration. Implementing additional vertical layers within 

the model grid could also help improve the model’s ability to accurately represent the stratification of 

fresh water from river inputs and the brackish water in the NRE and TPRE sub-estuaries. This modeling 

framework could also be used to help understand water and sediment exchange between the back barrier 

and the continental shelf through the inlets for present day and past conditions. Impacts of future sea-level 

rise and possible future storm-driven barrier breakthrough scenarios could also be investigated.  
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