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Abstract 

Hurricanes have high winds that can generate strong ocean surface circulation, large surface waves 

and storm surges. In a typical year, several hurricanes form over the Atlantic Ocean and interact 

with the continental shelf making landfall on the east coast of North America. In 2018, Hurricane 

Florence crossed the narrow continental shelf then made landfall in Onslow Bay, North Carolina, 

USA. Onslow Bay is a 160 km curved embayment rimmed by barrier islands and narrow back-

barrier lagoons. Two large-scale investigations of Hurricane Florence are completed by using a 

hydrodynamic model and two different model grids: Delft3D with a structured grid and Delft3D-

Flexible Mesh with an unstructured grid. The large-scale models were used to analyze the waves, 

currents and storm surges generated by a major storm that moved across the continental shelf and 

onto the coastline. This study aims to gain insight into the affects a landfalling hurricane has 

offshore on the continental shelf and nearshore on beaches and in back-barrier lagoons. Model 

results are validated at twelve sites, and the model is used to spatially explore the waves and 

hydrodynamics. The deep and shallow water source terms that control the generation and 

dissipation of the surface wave field are examined over the continental shelf by using the structured 

model, Delft3D. The unstructured model, Delft3D-Flexible Mesh, is used to investigate the 

hydrodynamics of four barrier island systems located throughout Onslow Bay. The results 

conclude that the impacts of a hurricane at landfall vary based on the shape of the coastline and 

the intensity and track of the storm. Overall, this research contributes to a better understanding of 

hurricane wave processes on the continental shelf and the storm surge response of different barriers 

island systems. 
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Chapter 1 

Introduction 

1.1 Background and Motivation 

Hurricanes have high winds that can generate strong ocean surface circulation, high storm surge 

and large waves that lead to significant hazards in coastal areas (e.g., Mulligan et al., 2015). Every 

year, the U.S. East Coast (Figure 1.1a) experiences coastal impacts form hurricanes that form in 

the Atlantic Ocean. For example, the 2019 Atlantic hurricane season featured above-normal 

activity with eighteen named storms, of which nine became hurricanes, and the long-term average 

is twelve named storm events (Pasch et al., 2020).  

Hurricanes that form and propagate over the Atlantic Ocean interact with the continental shelf 

before reaching the coast. The continental shelf is a low-gradient platform (100-200 m depth) that 

transitions to the deep ocean with a steep sea bottom slope (Mouton, 2013). As surface waves in 

the ocean approach this shallow water area, the waves can be substantially transformed, and energy 

is dissipated before reaching the coastline (Pruszak et al., 2008). An example of a storm that 

crossed the continental shelf is Hurricane Bonnie (1998), which made landfall in Onslow Bay near 

Wilmington, North Carolina (NC). Walsh et al. (2002) investigated the directional wave spectrum 

during Hurricane Bonnie, finding that the gradual shoaling distributed the wave energy dissipation 

process across the shelf. It was found that the wavelength and wave height reduced gradually.  

Several hurricanes that form over the Atlantic Ocean make landfall on the U.S. East Coast and 

Gulf Coast. Landfalling hurricanes account for the costliest and most fatal disaster events in the 

U.S. (Klotzbach et al., 2018). In a critical example, Hurricane Katrina (2005) made landfall along 
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the northern coast of the Gulf of Mexico, striking low-lying coastal plains, generating significant 

flooding due to storm surges, causing 1,833 fatalities and $125 billion in damage (Dietrich et al., 

2011). The storm surge exceeded 10 m in some locations and caused substantial coastal erosion 

along the Mississippi and Louisiana coastline. The land loss on the barrier islands resulted in an 

increased vulnerability to the U.S. Gulf Coast and future hurricane storm surges (Fritz et al., 2007).  

A hurricane that makes landfall, such as Hurricane Sandy (2012), can dramatically change the 

environment of a barrier island by creating severe damages such as dune erosion, breaching and 

overwash (Smallegan et al., 2016). Breaching is the formation of a channel across a barrier island. 

Breaching occurs mainly on narrow islands with low frontal dune heights. It can destroy 

infrastructure as the channel is formed (Donnelly et al., 2006; Sallenger Jr, 2000). In two extreme 

cases, two breaches formed on Fire Island, New York, during Hurricane Sandy (van Ormondt et 

al., 2020).  Hurricane Matthew (2018) caused the development of one breach on the Matanzas 

island in Florida (Van der Lugt et al., 2019).  

1.2 Study Site and Importance of Research  

Onslow Bay, located in North Carolina (NC), USA (Figure 1.1b), is a 160 km wide curved 

embayment exposed to waves from the Atlantic Ocean (Frey et al., 2012). Historically, this area 

is prone to hurricanes and has experienced more landfalling hurricanes than any other portion of 

the Atlantic and Gulf of Mexico coastlines. More than ten hurricanes have made landfall in Onslow 

Bay since 1950, and a further 29 made landfall near or passed within 200 km of the shoreline 

(Hippensteel et al., 2013). Onslow Bay is an interesting segment of the coastline since: (1) the 

continental shelf is relatively narrow, and (2) it is rimmed by a chain of barrier islands covering 

more than 150 kilometres of beaches between Cape Lookout and Cape Fear (Figure 1.1b) (Frey et 

al., 2012).  
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Barrier islands are low-lying sandy features that compromise 6.5% of the world's open ocean 

coastlines. They are critical geological features that provide the first line of protection against 

storms; therefore, they are susceptible to severe damage by overwash and breaching (Stutz & 

Pilkey, 2001). The process of overwash is the landward transport of sediment deposits from their 

originating dune. Overwash lowers dune heights and increases vulnerability to damage from 

subsequent storms (Smallegan et al., 2016). An example storm that caused significant overwash 

was  Hurricane Dennis (2005), which over washed the eastern portion of St. George Island, Florida. 

The overwash from the storm surge removed nearly the entire foredune complex (Priestas & 

Fagherazzi, 2010). The effects of overwash during Hurricane Florence (2018) on Bear Island, NC, 

are indicated in Figure 1.2. These photographs show that a large storm event can have major 

impacts on the coastal environments of barrier islands. Therefore, it is crucial to study hurricane 

impacts on barrier island systems because of their essential role in natural coastal protection.  

Future sea-level rise (SLR) and climate change can worsen the impacts of extreme storms on the 

coastal landscape. SLR is substantially increasing every year. For example, Kemp et al. (2017) 

found that sea level rose by ~2.4 m during the past ~3000 years at Cedar Island, NC, and ~3.3 m 

at Roanoke Island, NC. These higher sea levels result in increased inundation and overwash on 

barrier islands, leading to higher rates of erosion and retreat (Passeri et al., 2018). Global climate 

model predictions indicate an increase in the frequency of tropical cyclones by 2-11% by 2100 

(Knutson et al., 2010). The increase in storminess and SLR is expected to cause significant changes 

to coastal environments (Passeri et al., 2020).  

1.3 Thesis Objective and Outline  

The overall objective of this thesis is to analyze hurricane-induced waves, currents, and storm 

surges that interact with the continental shelf and the barrier island systems in Onslow Bay, NC. 
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This research helps understand storm hydrodynamics by utilizing three-dimensional (3D) 

hydrodynamic models (Delft3D and Delft3D-Flexible Mesh) coupled to a spectral wave model  

(SWAN). The models enable the detailed response to hurricanes to be simulated, compared to 

observations, and analyzed to understand the range of conditions in the coastal ocean. In particular, 

the objectives are: 

1. Construct and validate a regional-scale ‘regular-grid’ coupled hydrodynamic and surface 

wave model of the southern coast of NC on the Atlantic Ocean for two storm events: 

Hurricane Florence (2018) and Hurricane Isaias (2020); 

2. Analyze and compare the wave conditions for Hurricane Florence and Hurricane Isaias as 

they followed very different tracks across the narrow continental shelf and made landfall 

in Onslow Bay; 

3. Construct and validate a regional-scale model with a ‘flexible-mesh’ grid that focuses on 

the barrier island systems within Onslow Bay, with a series of high-resolution grids 

covering the inlets and back-barrier islands; 

4. Evaluate the storm-driven hydrodynamics experienced by four different barrier island 

systems during the landfall of Hurricane Florence; 

5. Investigate the influence of the Gulf Stream current has on the circulation in Onslow Bay 

during Hurricane Florence and Hurricane Isaias; 

These objectives are addressed in the following chapters of this thesis. Chapter 2 presents research 

on modelling hurricane-driven surface waves on a narrow continental shelf and exposed coast and 

addresses objectives 1 and 2. Chapter 3 presents research on modelling hurricane impacts on back-

barrier islands and intracoastal waterways and addresses objectives 4 and 5. Objective 5 is 
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addressed in Appendix A. Overall conclusions and recommendations for future work are provided 

in Chapter 4. 

 

Figure 1.1 – Map of the study region showing: a) the U.S. East Coast; and  b) Onslow Bay, 

between Cape Lookout and Cape Fear. Black lines indicate the coastline. 
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Figure 1.2  – Example of the impact of overwash after Hurricane Florence (2018) on the southern 

end of Bear Island, NC. Photos were taken from: a) Google Earth; and b)-c) D. Mallinson and S. 

Culver, professors in the Department of Geological Sciences, East Carolina University Greenville, 

NC.  
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Chapter 2                                                                                                               

Hurricane wind-driven surface waves on a narrow continental shelf and 

exposed coast 

Abstract 

Tropical cyclones, including hurricanes, have high winds that can generate strong ocean surface 

circulation and large surface waves. Numerous hurricanes that form and propagate over the 

Atlantic Ocean interact with the continental shelf. Hurricane Florence (2018) impacted the east 

coast of North America after moving across the narrow continental shelf and made landfall in 

Onslow Bay, North Carolina, USA. In contrast, Hurricane Isaias (2020) generally moved parallel 

to the continental shelf, making landfall in Onslow Bay along a very different track compared to 

Hurricane Florence. These hurricanes provide an opportunity to understand the waves and currents 

generated by large storms that move across the open ocean to the shallower coastal environment 

on the shelf. In this study, the coupled Delft3D-SWAN modelling system is applied to numerically 

simulate the wave and current conditions during Hurricane Florence and Hurricane Isaias. The 

simulations are analyzed to understand the source terms that control the generation and dissipation 

of the surface wave field. The model results for Hurricane Florence indicated that the deep water 

terms (wind input, whitecapping and quadruplet wave interactions) governed wave action balance 

on the shelf and in Onslow Bay (10-100 m depths), with negligible contributions from the shallow 

water dissipation terms such as bottom friction. Hurricane Isaias followed the same trend but with 

lower values corresponding to lower wind speeds and smaller wave heights. In addition, Hurricane 

Florence crossed the shelf and approached the bay from the open ocean with larger waves that 

were not limited by fetch. In contrast, since Hurricane Isaias followed the coast along the shelf, 

the wave conditions were fetch-limited on the west side of the track near the coast and not limited 
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by fetch on the east side on the open shelf. The results of this study underscore how hurricanes 

with different tracks with respect to the orientation of the shelf and coast generate wave fields and 

impact coastal environments in different ways. 

2.1 Introduction  

Tropical cyclones, including hurricanes in the North Atlantic Ocean, can have high winds and 

generate storm surges and large surface waves. These storms can present significant hazards, 

mainly related to flooding and erosion in coastal areas (e.g., Mulligan et al., 2015). In a critical 

example, Hurricane Katrina (2005) made landfall along the northern Gulf Coast, causing 1,833 

fatalities and $125 billion in damage. Waves reached up to 16.5 m in height on the continental 

shelf, and a storm surge of 8.8 m was measured along the Mississippi coastline (Dietrich et al., 

2011). Waves generated by intense storms are complex, especially near landfall when the hurricane 

winds and water depths vary significantly, and the surface waves refract, shoal, and dissipate.  

Hurricanes that make landfall on the east coast of North America interact with the continental 

shelf. The continental shelf, typically less than 200 m deep, is a low-gradient platform that 

transitions to the deep ocean with a sea bottom slope that is relatively steep  (Mouton, 2013). As 

surface waves in the ocean approach this shallow water area, the waves can be substantially 

transformed, and energy is dissipated before reaching the coastline (Pruszak et al., 2008). Previous 

studies have investigated the coastal response to storms interacting with the continental shelf in 

North Carolina, USA (NC). An example of a storm that crossed the continental shelf is Hurricane 

Bonnie (1998), which made landfall in Onslow Bay near Wilmington, NC. Walsh et al. (2002) 

investigated the directional wave spectrum, using the NASA Scanning Radar Altimeter (SRA), 

during Hurricane Bonnie, finding that the gradual shoaling distributed the wave energy dissipation 

process across the shelf so that the wavelength and wave height reduced gradually. Mearns et al. 



9 

 

(1988) used high-resolution sonar data collected from the mid-shelf in outer Onslow Bay before 

and after Hurricane Diana (1984) to investigate the impact on the shelf bed. Wren and Leonard 

(2005) investigated sediments on the continental shelf in Onslow Bay that were resuspended and 

transported during Hurricane Isabel (2003). The continental shelf of NC was also studied by Lentz 

et al. (1999). Lentz et al. (1999) analyzed moored sensor observations that identified three dynamic 

regions, including the surf zone, the inner shelf between the offshore edge of the surf zone and the 

mid-shelf extending offshore of the 13-m isobath. In a study by Ardhuin et al. (2003), extensive 

wave measurements were collected on the NC/VA continental shelf in light-wind conditions. The 

observations and spectral refraction computations revealed that the wide and shallow shelf 

offshore of Chesapeake Bay dissipates up to 93% if the onshore wave energy flux. These large 

energy losses result from a weak dissipation due to bottom friction (1 Wm-2) distributed over a 100 

km wide shelf region. However, the narrow shelf (50 km) at Cape Hatteras causes significantly 

less wave attenuation, and the interaction of surface waves generated by active tropical cyclones 

in regions with a narrow continental shelf has received little attention. 

Hurricanes respond to climate change by changing in intensity, frequency and location in relation 

to different atmosphere and ocean conditions (Emanuel, 1987). Global climate change is expected 

to affect temperature and precipitation patterns, oceanic and atmospheric circulation, rate of rising 

sea level, and the frequency, intensity, timing and distribution of hurricanes and tropical storms 

(Michener et al., 1997). Global climate model predictions indicate an increase in the frequency of 

tropical cyclones by 2-11% by 2100 (Knutson et al., 2010). Increased storminess is expected to 

cause significant changes to the coastal environment (Passeri et al., 2020).  

Numerical modelling is a valuable tool to forecast future and present coastal conditions. Numerical 

models can be used to help understand waves and flows surrounding coastal environments in 
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response to tropical cyclones (Elko et al., 2015). Wave models, coupled with hydrodynamic 

models, predict the combined surface waves and storm surge. For example, Chen and Curcic 

(2016) examined the spatial structure, magnitude and directional spectrum of hurricane-induced 

waves using atmosphere-wave-ocean models and observations during landfall of Hurricane Ike 

(2008) over the Gulf of Mexico and Hurricane Sandy (2012) in the northeastern Atlantic Ocean. 

Mulligan et al. (2008a) investigated wave-driven circulation in a semi-enclosed bay in Atlantic 

Canada during a hurricane’s landfall using the coupled Delft3D-SWAN numerical models. 

Funakoshi et al. (2008) used the simulating waves nearshore (SWAN) numerical model coupled 

with the advanced circulation (ADCIRC) model to investigate the effect of short-wave 

contributions on the overall storm tidewater level of Hurricane Floyd (2011). The hydrodynamic 

model, Delft3D, is coupled to the wave spectral model, SWAN, and has been used to investigate 

the effect of hurricane conditions on surface waves and the hydrodynamic response of an extensive 

system of connected estuaries in NC (Mulligan et al., 2015) and been applied to investigate storm-

induced inlet breaching (Montoya et al., 2018). Delft3D-SWAN has also recently been used to 

investigate hurricane flooding from combined storm surge and precipitation (Rey et al., 2020) and 

to examine the influence of changing wind forecasts on wave and current predictions (Rey and 

Mulligan, 2021).  Wind field models are used to simulate hydrodynamic models. For example, 

Hurricane Sandy was simulated and studied by Bennett and Mulligan (2017). Three different 

spatially-varying surface wind and atmospheric pressure fields were used as hydrodynamic-wave 

model input to investigate the impact of the differences between wind fields on predicting the 

evolution of the sea surface.  

The purpose of this study is to investigate the conditions during major hurricanes that interact with 

the continental shelf, with a focus on the wind-driven waves as Hurricane Florence (2018) and 
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Hurricane Isaias (2020) made landfall in an open ocean bay. Hurricane Florence (2018) was chosen 

due to its intensity and track, which crossed the continental shelf before landfall in an open bay. 

The conditions during Hurricane Isaias (2020) were chosen to investigate because it moved along 

a very different track. Both hurricanes are compared to elucidate the different wind and wave 

responses to the different storm tracks. This is achieved using a coupled hydrodynamic-wave 

modelling system with a series of computational grids covering the continental shelf and coastal 

region, forced using water level boundary conditions and spatially varying hurricane wind fields 

to compute the storm-driven in the bay. Investigating the differences between two hurricanes with 

different tracks can help better understand the range of conditions that large storm events can 

generate in coastal environments.  

2.2 Study Area 

2.2.1 Location  

Hurricane Florence made landfall in Onslow Bay in NC, USA. Specifically, the eye of the storm 

moved over the city of Wilmington. The storm caused substantial flooding due to large storm 

surges and extensive rainfall, that led to $24 billion of damage and five deaths. Onslow Bay is a 

160 km wide curved embayment that is openly exposed to waves from the Atlantic Ocean. It is 

rimmed by a chain of barrier islands covering more than 150 kilometres of beaches between Cape 

Lookout and Cape Fear. The narrow barrier islands are separated by 11 inlets, most of which are 

migrating (Frey et al., 2012). Onslow Bay is an interesting segment of coastline because the 

continental shelf in Onslow Bay is relatively narrow, and Hurricane Florence directly passed over 

this region. Historically, this area is prone to hurricanes and has experienced the landfall of more 

hurricanes than any other portion of the Atlantic and Gulf coastlines. More than ten hurricanes 
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have made landfall in Onslow Bay since 1950, and a further 29 made landfall near or passed within 

200 km of the shoreline (Hippensteel et al., 2013).   
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Figure 2.1 – Location map of the North Carolina coast in the North Atlantic Ocean, indicating the 

best track of Hurricane Florence (yellow line) at 6-hr intervals (yellow circles), with observation 

sites (see Table 2.1 – Observations at 13 sites used in this study.) indicated for winds, waves, water 

levels and currents. The numerical model grids (red boxes) and bathymetry relative to mean sea 

level (colour contours), the 100 m depth contour and the coastline are indicated: a) the full model 

domain; and b) a closer view of the finer grid in Onslow Bay. 

2.2.2 Observations during Hurricane Florence 

Hurricane Florence (2018) was a Category 4 hurricane that made landfall along the southeastern 

coast of NC as a Category 1 storm on the Saffir-Simpson Hurricane Wind Scale. Florence caused 
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severe freshwater flooding due to heavy precipitation and significant storm surges (Stewart and 

Berg, 2019). Measurements from seven National Oceanic and Atmospheric Administration 

(NOAA) wind sensors are listed in Table 2.1 and include Wrightsville Beach Offshore (WBO), 

Beaufort (BF), Cape Lookout (CL), Onslow Bay Outer (OBO), South Hatteras (SH), Masonboro 

Inlet (MI) and Frying Pan Shoals (FPS). The wind and pressure sensors are used to determine the 

atmospheric conditions during the storm. In this study, the observations from five wave buoys in 

the region were obtained to determine offshore wave conditions at South Hatteras (SH), 

Masonboro Inlet (MI), Frying Pan Shoals (FPS), Wilmington Harbour (WH) and Diamond Shoals 

(DS). Water level sensors were deployed by the United States Geological Survey (USGS) before 

the storm, and in the present study, data from three water level sensors were obtained. These were 

located at sites listed in Table 2.1 and shown in Figure 2.1 and include the Intracoastal Waterway 

(IW), Banks Channel (BC) and Bogue Sound (BS). NOAA deployed a water level gauge at 

Wrightsville Beach (WB). 

Key observations at seven sites across the region during Hurricane Florence are shown in Figure 

2.0. For example, Figure 2.0b-c shows significant wave height (Hs) and peak wave period (Tm) 

observations at MI (located within Onslow Bay), DS (located northeast of Onslow Bay) and SH 

(located offshore). Peak values at these observation sites indicate that the wind speed reached 43 

ms-1 on the coast north of the eye at BF, significant wave heights reached 8.5 m at offshore buoys 

SH and MI, and the total water level elevation from combined tide and storm surge rose to 1.7 m 

on the coast at WB. The water level (Figure 2.0d) observations indicate that in general, onshore 

winds on the north side of the storm at Duck (DK) lead to positive storm surge and offshore winds 

south of the storm at Charleston (CH) result in a decrease in the mean water levels the storm surge  
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Figure 2.2 – Time series from selected observation sites (see Figure 2.1) from September 11-18, 

2018; (a) wind speed; (b) significant wave height; (c) mean wave period, and (d) water level. 
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2.3 Numerical Models 

2.3.1 Hydrodynamic and Wave Models 

2.3.1.1 Model Description 

The hydrodynamic model Delft3D (Lesser et al., 2004) predicts flows in coastal areas by solving 

the unsteady shallow water equations derived from the Reynolds averaged Navier-Stokes 

equations for incompressible free-surface flow. The equations include the horizontal momentum 

equations, continuity equation, transport equation and a turbulence closure model. The model can 

simulate currents and water levels driven by wind forcing and water level boundary conditions. 

Delft3D-Flow is coupled with SWAN (Booij et al., 1999), where SWAN is a third-generation, 

phase-averaged wave model that uses the action balance equation to predict the evolution of wave 

action density spectrum in space and time. The action balance equation is given by:  

𝜕𝑁

𝜕𝑡
+

𝜕𝑐𝑥𝑁

𝜕𝑥
+

𝜕𝑐𝑦

𝜕𝑦
+

𝜕𝑐𝜎𝑁

𝜕𝜎
+

𝜕𝑐𝜃𝑁

𝜕𝜃
=

𝑆

𝜎
   (1) 

Where the left side represents the change in wave action density spectrum (𝑁) over time (𝑡) and 

the propagation of the wave action in geographical space (phase speeds, 𝑐𝑥 and 𝑐𝑦 , in 𝑥 and 𝑦 

space, respectively), the shifting of relative frequency (𝜎) due to variations in depths and currents, 

and directional changes (𝜃) caused by refraction (turning rate 𝑐𝜃). Wave action is related to wave 

energy (E) by the intrinsic wave frequency (), where N = E/. On the right side of Equation 1, 𝑆 

represents the total of source terms that include the processes that generate, dissipate or redistribute 

spectral wave energy (Zijlema, 2010), given by: 

𝑆 = 𝑆𝑖𝑛 + 𝑆𝑤𝑐 + 𝑆𝑛𝑙4 + 𝑆𝑏𝑓 + 𝑆𝑏𝑟𝑘 + 𝑆𝑛𝑙3             (2) 
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In Equation 2, 𝑆𝑖𝑛 is the energy generated by wind, 𝑆𝑤𝑐 is the dissipation of wave energy due to 

whitecapping, 𝑆𝑛𝑙4is the nonlinear transfer of wave energy due to quadruplet interactions, 𝑆𝑏𝑓 is 

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

nonlinear transfer of energy due to triad interactions.   

2.3.1.2 Model Domain and Boundary Conditions 

In this study, Delft3D is implemented in a depth-averaged model with two separate orthogonal 

structured curvilinear grids with domain locations shown in Figure 2.1. These model grids are 

linked together using domain decomposition in a spherical coordinate system extending from 

29.0°N to 36.4°N in the N-S direction and -81.2°E to -72.2°E in the E-W direction. The spatial 

resolution of the large grid is approximately 0.9 km in both the x and y directions close to the 

shoreline and has a resolution of Δx ~ 0.9 km, Δy ~ 2.3 km offshore. An hourly time series of 

water level data was input into the northeast and southwest boundaries of the large domain to 

simulate tidal fluctuations and enable accurate calculations of the total water level that influences 

the waves. The water level boundary conditions were taken from observation sites located close to 

the northeast (site DK) and southwest (site CH) model boundaries, listed in Table 2.1 and shown 

in Figure 2.1. The second and higher resolution grid covers Onslow Bay. The coordinate system 

extends from 33.0°N to 35.3°N in the N-S direction and -78.5°E to -75.5°E in the E-W direction, 

with a spatial resolution of 0.3 km. A higher resolution was utilized due to the complex bathymetry 

in this area. The SWAN model was implemented with one large curvilinear grid covering the same 

area as the largest domain with a spatial resolution of 2.3 km. The whole domain covers 873 km 

in the N-S direction and 868 km in the E-W direction.  
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2.3.1.3 Bathymetry 

Bathymetric data from the ETOP1, 1-arc minute (~1.5 km) global relief model (Amante & Eakins, 

2009) and the U.S. Coastal Relief Model of Southeast Atlantic, 3-arc seconds (~0.09 km) was 

input into the Delft3D-FLOW model. The bathymetric resolution adapts well into the model 

domain. The ETOPO1 data is used offshore in the open ocean, where the grid resolution is  Δx ~ 

0.9 km, Δy ~ 2.3 km. The Coastal Relief Model is used in the coastal area where the grid resolution 

is 0.3 km.  

2.3.2 Atmospheric Model Database  

Spatially variable wind and pressure fields for Hurricane Florence were obtained from the Rapid 

Refresh (RAP) numerical atmospheric model. RAP is a model run by the National Centers for 

Environmental Prediction (NCEP), generating hourly weather data on a 13-km grid (Benjamin et 

al., 2016). RAP covers North America and is comprised primarily of the North American 

Mesoscale Forecast System (NAM) and an analysis/assimilation system. In this study, RAP is used 

as the surface wind and atmospheric pressure input into the coupled hydrodynamic and wave 

models to compute wave and current conditions in the North Atlantic Ocean and coastal region of 

Onslow Bay. The wind field, computed at a 13-km resolution, is shown in Figure 2.3 at two 

selected times prior to and at the landfall of Hurricane Florence. The time variation of winds and 

pressure for the model and observations are also presented in Figure 2.3 at Cape Lookout (CL) and 

South Hatteras (SH), wind speeds reached 36 ms-1. The atmospheric pressure (kPa) dropped to a 

minimum of 98 kPa. The simulated wind speed, wind direction, and atmospheric pressure were in 

fair agreement (Table 2.2) with the observations of timing and magnitude at the two meteorological 

stations with an average RMSE = 1.87 ms-1 and 0.14 kPa. The RMSE, bias and scatter index for 
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the atmospheric parameters are given in Table 2.2. Information about RMSE, bias and scatter index 

can be found in Appendix C.  

 

Figure 2.3 – Atmospheric conditions during Hurricane Florence in 2018: surface wind fields from 

the RAP model with wind observation sites (magenta circles), Delft3D model grid boundaries (red 

boxes) for reference and the 100 m depth contour (black line), (a) prior to landfall (September 13 

at 1600 UTC); and (b) at landfall (September 14 at 0600 UTC), where coloured contours represent 

the wind speed, and black vectors indicate wind direction. Time series of (c) wind observations (U 

= resultant magnitude, W = east component, V = north component) at Cape Lookout; (d) RAP 

model predictions at Cape Lookout; (e) observed and modelled atmospheric pressure time series 
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at Cape Lookout; (f–h) observations and predictions for wind components and atmospheric 

pressure at South Hatteras; vertical lines in panels (c–h) indicate the times shown in (a) and (b). 

2.3.3 Numerical Set-Up for Hurricane Florence 

The model was run for a 7-day period from September 11 at 0000 UTC to September 17 at 2300 

UTC, including a spin-up time of 24 hours. Hurricane Florence entered the domain on September 

12 at 2300 UTC and propagated from the model domain’s southeastern boundary. The hurricane 

followed a northwestern track towards Onslow Bay and dissipated overland on September 14 at 

0100 UTC. The model time step is 12 s, and the coupling between Delft3D and SWAN occurs 

every 30 minutes. The time step was chosen to satisfy the Courant number for the model domain. 

Please refer to Appendix B for more information on the Courant number. The model was initialized 

with zero initial conditions: 0 m water levels relative to the vertical datum and 0 ms-1 currents at 

the start of the computation. All grids used a fluid density of 𝜌 = 1025 kgm-3, and a horizontal 

eddy viscosity of 𝐴𝐻 = 1.0 m2s-1 (default). A Chézy bottom friction coefficient of 𝐶𝑧= 65 m1/2s-1 

(default) was applied uniformly across all domains. The wind drag coefficient is defined as a 

function of wind speed, from 𝐶𝐷 = 0.00063 to 0.00723 for wind speeds of 𝑈 = 0 ms-1 to 100 ms-1, 

respectively (default conditions). The default conditions were chosen due to the effective statistical 

analysis results shown in Table 2.4. 

The northeast and southwest water level boundaries are forced by a time series of water levels 

from stations DK and CH and a reflection parameter of 𝛼 = 10,000 s2 to reduce oscillations at the 

boundary. SWAN operates in the 3rd generation model with bottom friction of 𝐶𝐽 = 0.067 m2s-3, 

parameterized using the JONSWAP formulation (Hasselmann et al., 1973). Depth-induced 

breaking in shallow water uses a dissipation coefficient 𝛽 = 1.0 and a breaking parameter 𝛾 = 0.73 

(Battjes and Janssen, 1978). Uniform wave boundary conditions were included along the south, 
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east, and north model boundaries throughout the model run to account for background waves 

entering the ocean. The uniform boundary conditions account for the background waves entering 

from the greater Atlantic Ocean over this time, with 𝐻𝑠 =  2 m,  𝑇𝑝 =  8 s, peak wave direction 𝜃p 

= 100° and directional spreading of 25°. Whitecapping was modelled based on the van der 

Westhuysen et al. (2007) formulation validated by Mulligan et al. (2008b) for tropical storm 

conditions, and all other SWAN parameters are default values. The spectral resolution consists of 

frequencies ranging from 𝑓 = 0.05-1.0 Hz with 24 frequency bins, and the directional resolution is 

10°. 

2.4 Hurricane Florence Results 

2.4.1 Wave Characteristics 

The significant wave height maps for Hurricane Florence are shown in Figure 2.4 at the exact 

times as the winds shown in Figure 2.3. Both follow a similar cyclonic pattern, with the largest 

waves on the east side of the track. The predicted significant wave height (𝐻𝑠), mean wave period 

(𝑇𝑚), and peak direction (𝜃𝑃) are compared to the observed data at the three wave buoys, SH, DS, 

and MI. These buoys were chosen for analysis because they cover a range of locations with respect 

to the hurricane track, as shown in Figure 2.1. Figure 2.5 exemplifies the time series of the 

predicted bulk wave parameters from SWAN compared to wave buoy observations. The time 

series shown in Figure 2.5b indicates good data-model agreement (RMSE = 0.82 m, 0.86 s, 30°; 

Table 2.4) with the peak 𝐻𝑠 = 9.0 m at SH and DS. It is interesting to note that the model results 

at MI are in fair agreement with 𝐻𝑠, 𝑇𝑚, and 𝜃𝑃 showing observations at the eye of the storm 

(RMSE = 0.59 m, 0.79 s, 19°;Figure 2.4)  (Figure 2.5c, f and i). During the peak of the storm, the 

observed mean period at SH and DS increases to 𝑇𝑚 = 8-10 s. The model underpredicts 𝑇𝑚 by 

about 2 s before the storm peak, however, is in close agreement with the data (Table 2.4) at SH 
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and DS at and after the passage of the eye. The RMSE, bias, and scatter index for all bulk wave 

parameters at each site are given in Table 2.4. For more information about the statistical equations 

used, refer to Appendix C. 

The model results for peak wave direction are smoother than the observations but capture the 

overall trends. The wave direction at station DS does not significantly change because the location 

is far away from the hurricane track (Figure 2.5h). However, at MI, located very close to the eye 

of the storm, the direction changes from 0° to 200° as the hurricane passes on September 14 at 

1000 UTC. Maps of the significant wave height and direction are shown before, at and after 

landfall in Figure 2.4. These model results indicate that the significant wave height in the 

northeastern region of Onslow Bay is high (𝐻𝑠 = 10-15 m) compared to the southwestern side of 

the coast (𝐻𝑠 = 2-8 m) due to the counter-clockwise rotation and track of the wind fields.  

The 1-dimensional (1D) wave energy density spectra are presented in Figure 2.6 at selected wave 

buoys for three time steps. Although the model results underpredict the wave energy at a few times 

(e.g., Figure 2.6b), the observations are generally similar to the model results throughout the storm. 

The results indicate the spectral evolution of the wave energy density at South Hatteras (SH), 

Frying Pan Shoals (FP), and Diamond Shoals (DS) predicted using the RAP wind model. Overall, 

wave energy is typically concentrated in the f = 0.05-0.20 Hz frequency band during the storm and 

bi-modal sea and swell peaks are clearly evident at some times (e.g., Figure 2.6d), indicating wave 

generation and dispersion during the rapidly shifting wind field across the shelf. 
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Figure 2.4 – Significant wave height (colour contours) predicted by SWAN for Hurricane 

Florence at (a) September 13 at 1600 UTC; (b) September 14 at 0600 UTC; and (c) September 14 



24 

 

at 2300 UTC. Wave directions (black arrows), the 100 m depth contour (black line), wave 

observation sites (red circles) and the coastline (thin black line) are shown. 

 

Figure 2.5 – Time series of predicted (red lines) significant wave height, mean wave period and 

peak wave direction compared to wave observations (black lines) at three sites (SH, DS, MI) for 

Hurricane Florence. Vertical lines indicate the times shown in Figure 2.4. 
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Figure 2.6 – Observed and simulated wave energy spectra during Hurricane Florence at three 

selected times for three wave observation sites (SH, DS, MI). 

2.4.2 Energy Dissipation and Source Terms 

Hurricane Florence crossed the shelf with extremely high wind speeds with a forward-moving 

velocity that resulted in nearly unlimited fetch, generating huge waves. The wave energy was 

dissipated by deep water whitecapping, also known as steepness-induced wave breaking. It is 

commonly acknowledged that in deep water, a balance exists between three source terms, 

including wind-wave growth, whitecapping dissipation, and nonlinear quadruplet interactions that 

exchange energy between different wave components (van Vledder et al., 2016). The numerical 

simulation of Hurricane Florence allows for the exploration of the energy source terms for the case 

of a hurricane in the open ocean that crosses the continental shelf. A cross-section through 

Hurricane Florence is shown in Figure 2.7, at the time of the largest significant wave heights and 

wave energy dissipation on the shelf.  The timesteps 3-4 hours prior to Figure 2.7 showed a similar 

trend, experiencing lower values, so more timesteps were not analyzed.  
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The total dissipation rate is shown in Figure 2.7a, and the upper right quadrant of the hurricane 

reached 125 Wm-2 with significant wave heights of 15 m (Figure 2.7c) over the continental slope. 

Figure 2.7d shows five of the energy dissipation source terms, including whitecapping (negative), 

wind input, nonlinear quadruplet interactions, bottom friction (negative) and wave breaking 

(negative), also shown in Equation 2 (the nonlinear triad interaction term is not shown since it is 

zero at this scale). The governing source of energy loss is caused by the process of whitecapping 

in deep water. At this time, and along this transect, the energy loss due to whitecapping (125 Wm-

2) exceeds the energy input from wind (85 Wm-2) and spectral energy transfer due to nonlinear 

quadruplet interactions (76 Wm-2). The dramatic change in depth from 3000 m to 100 m across 

the continental slope, shown in Figure 2.7b, does not cause wave energy dissipation due to bottom 

friction (or wave breaking). However, as the waves enter shallower water and approach the shore, 

the dissipation due to bottom friction becomes active and 𝑆𝑏𝑓 reaches 6 Wm-2 at a depth of 16 m 

(5 km away from the coastline) (Figure 2.7d). Dissipation due to wave breaking reaches 55 Wm-2 

when the waves reach the shore (Figure 2.7d). The directional energy spectra are shown at selected 

offshore points (Figure 2.7e-g) and indicate the spatial rotation of the total wave energy field 

through the storm. 
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Figure 2.7 – Wave energy dissipation predicted by SWAN for Hurricane Florence on September 

13, 2018, at 2000 UTC: a) total dissipation map (colour contours) with cross-section and three 

selected output points (black line and black dots), model domain (red line) and 100 m depth 

contour (black line); cross-section of the b) bathymetry; c) significant wave height; and d) wave 

energy source terms;  e)-g) directional spectra at the three output points indicated in (a) and also 

indicated as vertical lines in (b)-(d). 

2.5 Hurricane Isaias Results 

This section investigates the wind and wave conditions during Hurricane Isaias (2020), which 

followed a very different track than Hurricane Florence. Hurricane Isaias travelled along the 

continental shelf parallel to the South Atlantic Basin (SAB) coastline. This storm propagated 

northward parallel to the coast, having wind fields that interacted with land and resulted in fetch-
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limited conditions. Hurricane Isaias approached the coastline and made landfall near Ocean Isle 

Beach, NC, on August 3, 2020, at 2300 UTC as a Category 1 hurricane. The influence of land on 

the  RAP wind field is indicated by the weaker overland winds during Hurricane Isaias Figure 

2.8a-b. Similar to the findings of Hegermiller et al. (2019), the deep water source terms 

(𝑆𝑖𝑛, 𝑆𝑤𝑐 and 𝑆𝑛𝑙4) strongly depend on wave steepness and the shape of the wave spectrum. This 

finding can be applied to Hurricane Isaias and the Delft3D-SWAN model used to simulate the 

wave heights and energy dissipation during Hurricane Isaias. The model was run for a 7-day period 

from July 31 at 0000 UTC to August 6 at 2300 UTC, including a spin-up time of 24 hours. 

Hurricane Isaias entered the domain on August 3 at 1600 UTC and moved across to the 

northeastern boundary. The hurricane followed a northeastern track over Onslow Bay and moved 

back offshore in the northeastern direction and moved out of the domain on August 4 at 1000 UTC. 

The numerical setup was the same as the Hurricane Florence simulation mentioned in Section 3.3.  

The significant wave heights 6 hours prior to landfall (Figure 2.8c) and at landfall (Figure 2.8d) 

reach 7 m and are significantly smaller and fetch-limited on the west side of the track near the 

coast. Hurricane Isaias had a maximum local total wave dissipation rate of 30 Wm-2 in Onslow 

Bay, primarily due to whitecapping and balanced by the wind input and the nonlinear quadruplets 

interaction terms with minimal contribution of bottom friction on the continental shelf. The 

predicted significant wave height, mean wave period, and peak direction for Hurricane Isaias are 

compared to the observed data at the same three wave buoys, SH, DS, and MI (Figure 2.9). The 

waves reached 𝐻𝑠 = 4.8 m at the peak of the storm at the observation site MI where the model 

results are 𝐻𝑠 = 5.1 m (RMSE = 0.3 m, 0.58 s, 17°). Differences between the wave characteristics 

of Hurricane Florence and Hurricane Isaias are discussed in the next section.  
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Figure 2.8 – Hurricane Isaias (2020) at two selected times prior to and at landfall: a)-b) the RAP 

wind field with wind speed (colour), wind direction (vectors), hurricane track (black line) and eye 

location at 6-hr intervals (black circles); c)-d) the significant wave height (colour) and peak wave 

direction (vectors). 
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Figure 2.9 – Time series of predicted (red lines) significant wave height, mean wave period and 

peak wave direction compared to wave observations (black lines) at three sites (SH, DS, MI) for 

Hurricane Isaias.  Vertical lines indicate the times shown in Figure 2.8. 

2.6 Discussion 

Onslow Bay is an oceanographically interesting area because it is exposed to strong storm events, 

and it is located where the continental shelf is relatively narrow. Historically, Onslow Bay has 

been frequently hit by tropical storms and has had a similarly high number of hurricane strikes 

compared to any other portion of the Atlantic and Gulf coastline (Hippensteel et al., 2013). 

Hurricanes that interact with Onslow Bay typically follow tracks along or across the continental 

shelf. For example, Hurricane Bonnie (1998) crossed the continental shelf and made landfall near 

Wilmington, NC (Walsh et al., 2002), with a track that was generally similar to the track of 
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Hurricane Florence. However, Hurricane Florence moved into Onslow Bay from the southeast 

direction, whereas Hurricane Bonnie approached from the southwest direction, and each storm 

interacted with different segments of the shelf. These two storms are examples of hurricanes that 

generate large waves in the open ocean and can have strong coastal impacts due to its minimal 

dissipation across the narrow shelf. 

In contrast, Hurricane Matthew (2016), studied by Hegermiller et al. (2019), and Hurricane Isaias 

(2020) generally moved parallel to the continental shelf and the coastline. Hurricane Matthew and 

Hurricane Isaias affected the bay differently than the hurricanes that crossed the coastline. The two 

cross-shore hurricane tracks can be compared to the two alongshore hurricane tracks in terms of 

winds, significant wave height and wave energy dissipation. Hurricanes from these different 

directions with respect to the orientation of the continental shelf are discussed in this section. 

Comparing the two storms with different tracks relative to the shelf and shoreline, the coastal 

region in Onslow Bay experienced weaker winds and lower wave heights during Hurricane Isaias 

in comparison to Hurricane Florence. The difference in wave conditions is due to the combination 

of wind intensity and the track. During Hurricane Isaias, the wind field moves along the coast, 

interacting with the land and resulting in fetch-limited waves (on the west side of the track). In 

contrast, Hurricane Florence had larger waves that were not fetch-limited. Analyzing Figure 2.5 

and Figure 2.9 demonstrate the difference between both storms. Each figure presents the same 

three observation sites with the same scale Figure 2.5a-c and Figure 2.9a-c show observation site 

SH, an offshore buoy. Since Hurricane Florence approached from the open ocean, wave heights 

rose to 9 m, whereas wave heights, the mean period and direction did not change during Hurricane 

Isaias. Figure 2.5g and Figure 2.9g show the observation site MI, located closest to the shore. Both 

buoys experienced an increase in wave heights, with larger waves seen during Hurricane Florence.  
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However, during both storm events, the wave fields were similar in that dissipation was dominated 

by whitecapping near the shelf. Although bottom friction can be important for wave propagation 

across the shelf (e.g., Lentz et al., 1999) with weak local winds, during intense local winds (seen 

with hurricanes), the shallow water source terms (𝑆𝑏𝑓, 𝑆𝑏𝑟𝑘 and 𝑆𝑛𝑙3) are several orders of 

magnitude smaller than the deep water terms (𝑆𝑖𝑛, 𝑆𝑤𝑐 and 𝑆𝑛𝑙4). Although atmosphere-ocean heat 

fluxes are not investigated in the present study, intense dissipation rates through whitecapping 

during tropical storms are also known to cause ocean surface cooling (Bruneau et al., 2018). This 

transfer of momentum drives vertical mixing and could cause feedback that influences the surface 

waves and circulation. This topic could form future research on ocean responses to hurricanes that 

cross the shelf. 

In order to compare the two storms of different intensity in more detail, we have analyzed the 

relationship between the maximum value of the significant wave height (𝐻𝑠𝑚𝑎𝑥
) with the distance 

from 𝐻𝑠𝑚𝑎𝑥
 to the coastline. The results are shown in Figure 2.10a, indicating that 𝐻𝑠𝑚𝑎𝑥

 follows 

a similar pattern for both storms. As each storm approaches the shelf break at x = 100 km, 𝐻𝑠𝑚𝑎𝑥
 

increases, and on the shelf as the storms approach the coast at x = 0 km, 𝐻𝑠𝑚𝑎𝑥
 decreases. However, 

due to higher wind intensity, Hurricane Florence had much larger waves than Hurricane Isaias.  

For a better comparison of these hurricanes, the dimensionless wave height was computed as a 

function of wind speed. This was accomplished using the JONSWAP wave parameter 𝐻∗ =
𝑔𝐻

𝑈2
  

as defined by Hasselmann et al. (1973), where 𝑔 is acceleration due to gravity,  𝐻 = 𝐻𝑠𝑚𝑎𝑥
 and 𝑈 

is the maximum wind speed. The results, shown in Figure 2.10b, indicate that the maximum wave 

height (on the east side of the track) is approximately the same for both storms and that the waves 

on the continental shelf are not fetch-limited by the coast in this region. It is interesting to note that 
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the dimensionless maximum wave height is nearly constant close to 𝐻∗~ 0.1, suggesting saturation 

of the wave field related to the wind speed in each storm. 

Other studies investigating coastal impacts of large storm events have focussed on storm surges 

and applied high-resolution grids (e.g. Bennett et al., 2018; van Ormondt et al., 2020). Future 

research could be conducted to explore possible impacts of major storms on open curving coasts 

like Onslow Bay, focussing on how nearshore conditions drive circulation, sediment transport, 

geomorphological change, and modification of barrier islands.  

                                      

Figure 2.10– Results at 6-hr time intervals comparing Hurricane Florence (red circles) and 

Hurricane Isaias (blue squares): a) relationship between the maximum significant wave height and 

the distance of this point from the coastline; b) relationship between the dimensionless wave height 

H* and the distance from the coastline. 
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2.7 Summary and Conclusions 

Hurricane Florence (2018) was an intense storm with high winds and large offshore waves in the 

western Atlantic Ocean. The storm crossed the continental shelf and made landfall in a curving 

and exposed bay travelling westward at an angle perpendicular to the coast of North Carolina (NC). 

In contrast, Hurricane Isaias (2020) moved northward close to the Gulf Stream and parallel to the 

continental shelf, crossing this bay before making landfall in NC. The wind and wave fields of 

these storm events are examined in this study to better understand the wave processes as they 

moved over the continental shelf and into the open coastal bay. The hydrodynamic model Delft3D, 

coupled with the spectral wave model SWAN, was used to simulate both events with a series of 

computational grids covering the continental shelf. Boundary conditions from water level data and 

wind fields from the Rapid Refresh (RAP) Atmospheric Modelling System are used to drive the 

Delft3D-SWAN models. The model predictions were compared to wave and circulation 

observations at offshore buoys, and the results were overall in excellent agreement with the 

observed data, revealing details of hurricane wave generation and propagation over the shelf. 

Hurricane Florence impacted the shelf and coast with extremely high wind speeds and large wave 

heights. During the storm, the significant wave heights in the northeastern region of Onslow Bay 

were high (Hs = 10-15 m), with wind speeds reaching up to 43 ms-1. In comparison, Hurricane 

Isaias (2020), which was simulated using the same modelling approach, had winds that reached up 

to 33 ms-1 in Onslow Bay and generated significant wave heights of Hs = 4-7 m. The substantial 

difference in the wave response of the bay is due to the very different wind intensity and track of 

each hurricane with respect to the coast. Hurricane Florence, which actively generated waves with 

high local winds as it moved from the deep ocean to the continental shelf, was also analyzed to 

understand the source terms that control the surface wave field. It was found that the deep water 
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source terms (wind input, whitecapping and quadruplet wave interactions) governed wave action 

balance on the shelf and in Onslow Bay (10-100 m depths), with negligible contributions from the 

shallow water dissipation terms such as bottom friction. Hurricane Isaias followed the same trend 

in terms of dissipation on the continental shelf, but with lower values corresponding to lower wind 

speeds and smaller wave heights. The storms also showed similarities in relation to the maximum 

significant wave height and distance from the coastline, indicating that for storms that follow the 

continental shelf, the wave heights are not fetch-limited on the east side of the track. 
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Table 2.1 – Observations at 13 sites used in this study. 

Location Acronym Latitude Longitude Depth (m) Wind Wave Water Level 

Wrightsville Beach Offshore                   

(NDBC 41037) 
WBO 33.98 -77.36 30.0 x   

Beaufort                                  

(NBDC BFTN7) 
BF 34.72 -76.67 N/A x   

Cape Lookout                           

(NBDC CLKN7) 
CL 34.62 -76.52 N/A x   

Onslow Bay Outer                            

(NBDC 41064) 
OBO 34.21 -76.95 N/A x   

South Hatteras                               

(NDBC 41002) 
SH 31.97 -74.95 3950 x x  

Masonboro Inlet                             

(NBDC 41110) 
MI 34.17 -77.72 17.0 x x  

Frying Pan Shoals                           

(NBDC 41013) 
FP 33.44 -77.76 33.0 x x  

Wilmington Harbor                       

(NBDC 41108) 
WH 33.72 -78.02 12.8  x  

Diamond Shoals                             

(NBDC 41025) 
DS 35.03 -75.36 59.4  x  

Intracoastal Waterway           

(USGS 02093206) 
IW 34.43 -77.55 0.50   x 

Banks Channel                              

(USGS 02093222 ) 
BC 34.22 -77.79 0.50   x 

Bogue Sound                                

(USGS 0209270825) 
BS 34.71 -76.74 1.50   x 

Wrightsville Beach                       

(NOAA 8658163) 
WB 34.21 -77.79 3.0   x 

Duck                                              

(NOAA 8651370) 
DK 36.18 -75.75 6.0   x 

Charleston, Cooper River 

Entrance                                        

(NOAA 8651370) 

CH 32.78 -79.90 1.50   x 
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Table 2.2 - RAP wind field validation statistics during Hurricane Florence. 

 
U (ms-1) W (ms-1) V (ms-1) Pa (kPa) 

 
Cape Lookout (CL) 

RMSE 1.77 1.86 1.89 0.11 

Bias 2.38 -1.80 0.07 -0.07 

SI 0.01 0.02 0.12 0.00 
 

South Hatteras (CL) 

RMSE 1.57 2.22 1.93 0.17 

Bias -0.54 -0.82 -0.67 -0.06 

SI 0.01 0.10 0.04 0.00 

1.84 
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Table 2.3 - Numerical model set-up. 

Parameter Symbol Value 

Delft3D-FLOW   

Fluid density 𝜌 1025 kgm-3 

Horizontal eddy viscosity 𝐴𝐻 1.0 m2s-1 (default) 

Chézy bottom friction 

coefficient 
𝐶𝑧 65 m1/2s-1 (default) 

Reflection parameter 𝛼 10 000 s2 

SWAN   

JONSWAP bottom friction 𝐶𝐽 0.0067 m2s-3 

Dissipation coefficient 𝛽 1.0 

Breaking coefficient 𝛾 0.73 
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Table 2.4 - Wave statistics during Hurricane Florence. 
 

Hs (m) Tm (s) 𝜽𝑷(°) 
 

South Hatteras (SH) 

RMSE  0.72 0.91 58 

Bias  0.30 0.60 1 

SI 0.02 0.01 0.04 
 

Masonboro Inlet (MI) 

RMSE 0.59 0.79 19 

Bias 0.27 0.57 12 

SI 0.01 0.01 0.01 
 

Frying Pan Shoals (FPS) 

RMSE 0.59 0.63 17 

Bias 0.07 0.55 19 

SI 0.02 0.01 0.01 
 

Wilmington Harbour (WH) 

RMSE 0.68 0.75 47 

Bias -0.19 0.79 41 

SI 0.02 0.01 0.02 
 

Diamond Shoals (DS) 

RMSE 0.82 0.86 30 

Bias 0.16 0.61 -5 

SI 0.02 0.01 0.02 
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Chapter 3                                                                                                             

Impacts of a landfall hurricane on an exposed coast with narrow back-barrier 

waterways 

Abstract 

Hurricanes with high winds can generate strong ocean surface circulation, storm surges and large 

surface waves that impact coastal regions. In a typical year, several hurricanes that form over the 

Atlantic Ocean make landfall on the east coast of North America. In 2018, Hurricane Florence 

crossed the narrow continental shelf and made landfall in Onslow Bay, North Carolina, USA, a 

160 km curved embayment rimmed by a chain of barrier islands and narrow back-barrier lagoons. 

This major storm provides an opportunity to understand the impacts hurricanes have on different 

barrier island systems along an exposed coastline. In this study, a hydrodynamic model with a 

flexible mesh grid that is coupled to a surface wave model (Delft3D-FM/SWAN) is applied to 

numerically simulate the water level, current and wave conditions during Hurricane Florence at 

landfall. The hydrodynamics of four different barrier island systems that received different 

hurricane forcing relative to the storm's eye is investigated. Each barrier island system consists of 

back-barriers and inlets of varying widths. The model results indicate that the most significant 

storm surges, currents, and wave heights were experienced where the winds and waves were 

directed toward the coast on the east side of the storm track. This resulted in significant impacts to 

a 6.5 km long undeveloped barrier island, including erosion of the beach/dune system up to 60 m. 

The model results are used to help understand the storm-driven morphological changes at this site, 

finding that the high water levels led to substantial erosion and overwash of the natural beach/dune 

system. 
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3.1 Introduction 

Tropical cyclones, including hurricanes in the North Atlantic Ocean, can have high winds that 

generate large surface waves, storm surges, and rapid currents. These storms can present 

significant hazards, mainly related to flooding and erosion in coastal areas (e.g., Mulligan et al., 

2015). In a critical example, Hurricane Katrina (2005) struck low-lying coastal plains along the 

northern coast of the Gulf of Mexico, and the storm surge caused significant flooding (Dietrich et 

al., 2011). The storm surge exceeded 10 m in some locations and caused significant coastal erosion 

along the Mississippi and Louisiana coastline. The land loss on the barrier islands resulted in an 

increased vulnerability to the U.S. Gulf Coast and future hurricane storm surges (Fritz et al., 2007).  

Recently, in August 2021, Hurricane Ida made landfall as a dangerous Category 4 storm in the 

same region, causing storm surges of 5 m and catastrophic flooding in some areas (Almasy & 

Andone, 2021). 

Hurricanes create strong nearshore currents associated with large waves and high water levels. 

Combining these processes can promote the erosion and export of sand from exposed beaches 

(Miret-Villaseñor et al., 2019). For example, Hurricane Jeanne (2004) made landfall in Florida and 

generated a storm surge of 1.5 m with fast-flowing nearshore currents that rapidly switched 

direction, driving a massive volume of beach/dune erosion and the creation of a longshore bar 

(Dally & Osiecki, 2005).  

Barrier islands are low-lying sandy features that make up 6.5% of the world’s open ocean 

coastlines. They are the first line of protection against storms; therefore, they are susceptible to 

severe damage by overwash and breaching (Stutz & Pilkey, 2001).  For example, Hurricane Irene 

(2011) affected the wave-dominated Outer Banks barrier island system in North Carolina. Waves 

dominated the morphological evolution of Pea Island’s inlet (Montoya et al., 2018), and wind-
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generated surface waves and storm surges are essential contributors to the total water surface 

elevations (Mulligan et al., 2015).  

Numerical models are tools that can be used to understand waves, storm surges and flows 

surrounding coastal environments in response to tropical cyclones (Elko et al., 2014). For example, 

Cyriac et al. (2018) used the Advanced CIRCulation (ADCIRC) model coupled with the wave 

model, SWAN, to examine the sensitivity of storm surge predictions to forecast uncertainties in 

the track and strength of a storm by using the atmospheric conditions of Hurricane Arthur (2014). 

Miret-Villaseñor et al. (2019) used the coupled flow-wave model, Delft3D-FLOW/SWAN, to 

compute hydrodynamic conditions during Hurricane Wilma (2005) and the results showed that the 

hurricane generated alongshore currents which limit the offshore sand transport. Kwon et al. 

(2019) used the Delft3D-Flexible Mesh (FM) model to compare storm surges by using different 

atmospheric forcing models for Typhoon Chaba (2016) that impacted South Korea and Japan. 

Prida Guillén (2020) used Delft3D-FM to accurately model the storm surges produced by 

Hurricane Katrina (2005) along the coast of Mississippi, with a high correlation between observed 

and simulated water levels.  

The purpose of this present study is to investigate the hydrodynamic conditions during the landfall 

of a hurricane on an exposed coastline that consists of narrow barrier islands and back-barrier 

lagoons. Hurricane Florence (2018) is chosen due to its intensity and track, which made landfall 

and impacted a long chain of barrier island systems described in Section 3.2. The coastal responses 

were simulated using spatially varying hurricane wind fields and water level boundary forcing of 

a coupled hydrodynamic-wave modelling system with an unstructured grid described in Sections 

3.3 and 3.4. Results of the impact of a hurricane on barrier island systems are presented in Section 
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3.5, with discussion provided in Section 3.7 on how these events can dramatically change these 

coastal environments. Conclusions are presented in Section 3.7. 

3.2 Study Area 

3.2.1 Location 

Hurricane Florence made landfall in Onslow Bay in North Carolina (NC), USA, directly impacting 

the city of Wilmington. The track of Hurricane Florence bisected Onslow Bay, resulting in 

different hurricane forcing on the east and west sides of the track. Onslow Bay is a 160 km wide 

curved embayment that is openly exposed to waves from the Atlantic Ocean. It is rimmed by 

barrier islands covering more than 150 km of beaches between Cape Lookout and Cape Fear. The 

narrow barrier islands are separated by 11 inlets, most migrating. There are many developed barrier 

islands in this region, including Bogue Bank in northeastern Onslow Bay. Several undeveloped 

barrier islands, such as Bear Island, are primarily located in the central region (Frey et al., 2012). 

Historically, this area is prone to large storms and has experienced more hurricanes than any other 

portion of the Atlantic and Gulf coastlines. More than ten hurricanes have made landfall in Onslow 

Bay since 1950, and a further 29 made landfall near or passed within 200 km of the shoreline 

(Hippensteel et al., 2013).  
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Figure 3.1 – Location map of the North Carolina coast in the North Atlantic Ocean, indicating:  a) 

the best track of Hurricane Florence (yellow line) at 6-hr intervals (yellow circles), with 

observation sites indicated for winds, waves, water levels and velocity currents. The Delf3D-FM 

domain (red box) and bathymetry relative to mean sea level (colour contours), the 100 m depth 

contour and the coastline are indicated; b) a closer view of the bathymetric details and observation 

sites within Onslow Bay, four areas of interest (red boxes) are indicated and correspond to the 

water level observation stations: Wrightsville Beach (WB), Banks Channel (BC), Intracoastal 

Waterway (IW), Emerald Isle (EI) and Bogue Sound (BS). 
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3.2.2 Observations during Hurricane Florence 

Hurricane Florence (2018) was a Category 4 hurricane that made landfall along the southeastern 

coast of NC as a Category 1 storm on the Saffir-Simpson Hurricane Wind Scale. Florence caused 

severe freshwater flooding due to heavy precipitation and significant storm surges (Stewart & 

Berg, 2019). Measurements from seven National Oceanic and Atmospheric Administration 

(NOAA) wind sensors are listed in Table 3.5 and include Wrightsville Beach Offshore (WBO), 

Beaufort (BF), Cape Lookout (CL), Onslow Bay Outer (OBO), South Hatteras (SH), Masonboro 

Inlet (MI) and Frying Pan Shoals (FPS). The observations from five wave buoys in the region were 

obtained to determine wave conditions at South Hatteras (SH), Masonboro Inlet (MI), Frying Pan 

Shoals (FPS), Wilmington Harbour (WH) and Diamond Shoals (DS). The Coastal Ocean Research 

and Monitoring Program (UNCW-CORMP) provided a non-real-time mooring station, OB27M 

(OB), located in Onslow Bay with a depth of 30 m. The submerged mooring station includes an 

upward-looking, Acoustic Doppler Current Profiler (ADCP) that measures horizontal currents in 

25 vertical bins with ~1 m spacing. Water level sensors were deployed by the United States 

Geological Survey (USGS) before the storm and used in this present study; data from four water 

level sensors were obtained. These were located at sites listed in Table 3.5 and shown in Figure 

3.1, and include the Intracoastal Waterway (IW), Banks Channel (BC), Emerald Island (EI) and 

Bogue Sound (BS). NOAA deployed a water level gauge at Wrightsville Beach (WB). 

The tidal predictions and storm surges of the critical water level observation site WB are shown in 

Figure 3.2. An analysis was done using the MATLAB functions in the downloadable package 

T_TIDE (Pawlowicz et al., 2002). T_TIDE is a package of routines that can perform classical 

harmonic analysis with nodal corrections, inference, and a variety of user-specified options. 
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T_TIDE was used in this study to visualize the storm surge experienced at WB during Hurricane 

Florence, using 91 days of data (August 1st to October 31st, 2018). Figure 3.2 shows that WB 

experienced a storm surge of approximately 1 m during the hurricane.  

 

Figure 3.2 – Water level observations at Wrightsville Beach with harmonic analysis of the signal 

over 91 days to predict the tides; with 10 days shown to display the storm event. The residual is 

interpreted to be the storm surge generated by Hurricane Florence and reached a maximum value 

of 1.0 m at this location. 

3.3 Model description 

3.3.1 Delft3D-Flexible Mesh (FM) 

This study has applied the unstructured hydrodynamic model, Delft3D-FM, to simulate 

hydrodynamics and waves on a large scale with high resolution in selected areas. This model can 

combine different shapes of meshes into one computational grid (Deltares, 2016). The modelling 

suite includes the hydrodynamic model Delft3D and its newly developed unstructured engine, D-

Flow Flexible Mesh (D-Flow FM). D-Flow FM solves shallow water equations (Lesser et al., 

2004); (Kernkamp et al., 2011). Delft3D-FM is coupled with SWAN (Booij et al., 1999), where 

SWAN is a third-generation, phase-averaged wave model that uses the action balance equation to 
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predict the evolution of wave action density spectrum in space and time. Further details on the 

governing equations, numerical methods and discretization approaches are provided by Martyr-

Koller et al. (2017) and can be found in Appendix B.  

3.4 Model Set-Up 

3.4.1 Model Domain and Boundary Conditions  

For this study, Delft3D-FM is implemented in depth-averaged mode. The domain uses the 

spherical coordinate system extending from 29.8°N to 36.3°N in the N-S direction and -80.18°E 

to -71.2°E in the E-W direction (Figure 3.1a). The region of interest focuses on Onslow Bay, and 

the domain includes the NC shelf and coastal region. The domain consists of four refined areas 

with higher resolution, as indicated in Figure 3.1b. The refined areas were chosen to resolve the 

bathymetry and features in regions where water level sensors were deployed and also to capture 

details in and around different barrier island configurations.  

The Flexible Mesh grid was constructed using an unstructured grid refinement operation in 

Delft3D called “CellsAndFaces2”. CellsAndFaces2 is an approach to an irregular grid that 

subdivides a grid cell. For this study, CellsAndFaces2 subdivided each quadrilateral in the grid 

into four new quadrilaterals, connected by triangles, with each cell one-fourth of its original area 

(Deltares, 2021). The operation of CellsAndFaces2 was used seven times throughout the whole 

domain to refine the grid from a resolution of 2400 m in the open ocean to 20 m in the nearshore 

areas of interest. Due to the increase in resolution for the D-Flow FM grid, four nested grids were 

applied to the SWAN model with a resolution ranging from 2000 m to 20 m.  

Tidal data was inputted along the northeast boundary, with the boundary conditions taken from 

the harmonic constituents at the NOAA water level gauge at Duck (DK) listed in Table 3.5. The 

northwest and southeast boundaries were kept open for currents to flow in and out of the system. 
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3.4.2 Topo-Bathymetric Data 

Bathymetric data was combined from several different sources and used to construct the 

bathymetric model grid. Data from the ETOP1, a 1-arc minute (~1500 m) Global Relief Model, 

was used for the open ocean (Amante & Eakins, 2009). The U.S. Coastal Relief Model of Southeast 

Atlantic, 3-arc seconds (~90 m), was used for the coastal region of Onslow Bay (NOAA National 

Geophysical Data Center, 1999). Topo-bathymetric data from the 2014 NOAA National Geodetic 

Survey (NGS) Lidar DEM (~1 m) was used to capture the complex topo-bathymetry of the barrier 

islands and interconnected back-barrier waterways (Office for Coastal Management, 2021). 

3.4.3 Atmospheric Model Database 

Spatially variable wind and pressure fields for Hurricane Florence were obtained from the Rapid 

Refresh (RAP) numerical atmospheric model. RAP is a model run by the National Centers for 

Environmental Prediction (NCEP), generating hourly weather data on a grid with 13-km resolution 

(Benjamin et al., 2016). RAP covers North America and comprises the North American Mesoscale 

Forecast System (NAM) and an analysis/assimilation system. This study uses RAP surface wind 

components and atmospheric pressure for input into the coupled hydrodynamic and wave model 

to compute wave and current conditions in Onslow Bay. The wind field is shown in Figure 3.6a at 

the time of the landfall of Hurricane Florence. The RAP wind field model for Hurricane Florence 

at Cape Lookout (CL) and South Hatteras (SH) compared with observations in Chapter 2. The 

simulated wind speed, wind direction, and atmospheric pressure were in general agreement with 

the observations of timing and magnitude at the two meteorological stations with an average 

RMSE = 1.87 ms-1 and 0.14 kPa.  
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3.4.4 Numerical Set-Up 

The model was run for a 7-day period from September 11 at 0000 UTC to September 17 at 2300 

UTC, including a spin-up time of 24 hours. Hurricane Florence entered the domain on September 

12 at 2300 UTC and propagated from the model domain’s southeastern boundary. The hurricane 

followed a northeastern track towards Onslow Bay and dissipated overland on September 14 at 

0100 UTC.  

The model time step is variable and starts with an initial time step of 1 s, based on Courant number 

validation and stability. Please refer to Appendix B for more information about the Courant 

number. The coupling interval between D-Flow FM and SWAN is 60 minutes. A 60 minute 

coupling interval was found to be the most efficient and accurate. The model was initialized with 

zero initial conditions: 0 m water levels relative to the vertical datum and 0 ms-1 currents at the 

start of the computation. The model used a fluid density of 𝜌 = 1025 kgm-3 and a horizontal eddy 

viscosity of 𝐴𝐻 = 0.1 m2s-1 (default). A Manning bottom friction coefficient of 𝑛 = 0.023 m-1/3s 

(default) was applied. The wind drag coefficient is defined as a function of wind speed, from 𝐶𝐷 = 

0.00063 to 0.00723 for wind speeds of 𝑈 = 0 ms-1 to 100 ms-1, respectively (default conditions) 

with an air density of 𝜌 = 1.205 kgm-3
.  

SWAN operates in the 3rd generation model with bottom friction of 𝐶𝐽 = 0.067 m2s-3, parameterized 

using the JONSWAP formulation (Hasselmann et al., 1973). Depth-induced breaking in shallow 

water uses a dissipation coefficient 𝛽 = 1.0 and a breaking parameter 𝛾 = 0.73 (Battjes and Janssen, 

1978). Uniform wave boundary conditions were included along the south, east, and north model 

boundaries throughout the model run to account for background waves entering the ocean. The 

uniform boundary conditions account for the background waves entering from the greater Atlantic 

Ocean over this time, with 𝐻𝑠 =  2 m,  𝑇𝑝 =  8 s, peak wave direction 𝜃p = 100° and directional 
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spreading of 25°, determined from observations at offshore wave buoy SH shown in Figure 1a. 

Whitecapping was modelled based on the van der Westhuysen et al. (2007) saturation-based 

formulation validated by Mulligan et al. (2008b) for tropical storm conditions. All other SWAN 

parameters are default values. The spectral resolution consists of frequencies ranging from 𝑓 = 

0.05-1.00 Hz with 24 frequency bins, and the directional resolution is 10°. The model input 

parameters are summarized in Table 3.6. The default conditions were chosen due to the effective 

statistical analysis results shown in Table 3.7 and Table 3.8.  

3.5 Results 

3.5.1 Model Comparison with Observations 

Water level (η) results during Hurricane Florence were predicted by D-Flow FM and were 

compared to five water level observation sites, WB, BS, BC, IW and EI (Figure 3.3; Table 3.5). 

The time series indicates good data-model agreement (Table 3.7), indicated by error statistics 

computed over a 4-day time period (Figure 3.3). All sites had a cumulative average correlation 

coefficient (R) of 0.90, and a root mean square error (RMSE) of 0.17 m, suggesting a strong and 

positive association between the model results and observed data. The highest storm surge 

occurred at Emerald Isle (EI). The high tide water level increased by 1.35 m (0.54 m to 1.89 m), 

staying above the mean level in the shallow back-barrier lagoon for a duration of approximately 

19 hours.  
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Figure 3.3 – Time series of predicted (red lines) water level heights compared to water level 

observations (blue lines) at five sites (WB, BS, BC, IW, EI). The black horizontal line represents 

the mean water level at 0 m. The vertical line indicates the timestep: September 14th at 0300 UTC, 

shown in Figure 3.8 to Figure 3.10. 
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The predicted significant wave height (𝐻𝑠), mean wave period (𝑇𝑚) and peak direction (𝜃𝑃) are 

compared to the observed data at the three wave buoys, MI, FP, and WH. These buoys were chosen 

for analysis because the sites are located within the coastal area of Onslow Bay (Figure 3.1). 

However, all five wave buoys are statistically validated in Table 3.8. Figure 3.4 exemplifies the 

time series of the predicted bulk wave parameters from SWAN compared to wave buoy 

observations. The time series indicates good data-model agreement. For example, at WH (Figure 

3.4g-i), the RMSE for the wave characteristics are as follows: 𝐻𝑠= 0.34 m, 𝑇𝑚 = 0.71 s and 𝜃𝑃= 

34° (Table 3.8) with the peak 𝐻𝑠  = 4.80 m. It is interesting to note that the model captures the eye 

of the storm at observation site, MI, clearly seen in Figure 3.4a. The wave height increases to 𝐻𝑠= 

3.32 m , dramatically drops to 𝐻𝑠= 1.73 m, then increases to 𝐻𝑠= 4.46 m. Proving that the model 

captures the low pressure experienced at the eye of the storm. The highest waves were shown at 

station FP, with 𝐻𝑠= 4.90 m, 𝑇𝑚 = 7.50 s and a significant direction change from 𝜃𝑃= 4° to 𝜃𝑃= 

349°. FP is located 40 km more offshore than WH, making FP having larger wave characteristics 

than WH.  
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The circulation within Onslow Bay was computed using D-Flow FM in two-dimensional (2D) 

mode. The depth-averaged velocity maps predicted for Hurricane Florence on September 14 at 

0300 UTC are shown in Figure 3.8. The hydrodynamic model results were compared with current 

measurements in Onslow Bay at the observation site (OB) (Figure 3.5), described in Section 3.2.2 

During the storm event, on September 13 – 14, the model predicted the highest velocity of |𝑈| = 

1.23 ms-1, with the strongest current moving in the southward direction (-y-direction) (Observed 

data, |𝑈| = 1.34 ms-1).  The time series suggests reasonable agreement, shown in Table 3.8, 

between the D-Flow FM (depth-averaged model) and observations calculated to depth-averaged. 

 

Figure 3.4 - Time series of predicted (red lines) significant wave height, mean wave period and 

peak wave direction compared to wave observations (black lines) at three sites of interest (MI, FP, 

WH). The vertical line indicates the time on September 14 at 0300 UTC, shown in Figure 3.8 to 

Figure 3.10. 
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The RMSE between the D-Flow FM model and the observation site is 0.13 ms-1. These low errors 

indicate that the D-Flow FM depth-averaged model performs well. Therefore, the 2D 

hydrodynamic model is appropriate for simulating the strong depth-uniform wind-driven 

circulation in Onslow Bay.  

 

Figure 3.5 – Time series of predicted current velocities from Delft3D-FM (depth-averaged model) 

compared to observations (averaged over 35 bins) at station OB: a) current magnitude; b) w-

component; and c) v-component. The vertical line indicates the time on September 14 at 0300 

UTC, shown in Figure 3.8 to Figure 3.10. 
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3.5.2 Spatial Variability of Conditions at Landfall 

Model results from D-Flow FM/SWAN are shown in Figure 3.6 for the significant wave height, 

current velocity, and water levels in Onslow Bay on September 14 at 0300 UTC. This time was 

selected as Hurricane Florence generated the highest waves and water levels on the coast, 

particularly east of the eye near Cape Lookout. At this time, strong winds up to 35 ms-1 Figure 

3.6a) generated significant wave heights that were larger northeast of the eye, reaching up to 10 m 

offshore and 5-6 m in Onslow Bay (Figure 3.6b). Strong currents are generated by the cyclonic 

winds over the continental shelf, reaching up to 2.0 ms-1 (Figure 3.6c), and water levels are high 

(1.5 m) in the nearshore, particularly outside of the back-barrier islands (Figure 3.6d). As the storm 

passes, the water levels increase in the back-barrier lagoons. This time step provides an important 

snapshot of the hydrodynamics in the open bay, and the narrow back-barrier lagoons as a hurricane 

makes landfall.  
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Figure 3.6 – D-Flow FM and SWAN results in the exposed coast, Onslow Bay, for (a) wind speed; 

b) significant wave height; wave observation sites (red circles); c) currents; current observation 

site (black star); and d) water levels; water level observation sites (blue circles) on September 14th 

at 0300 UTC. Coloured contours represent the magnitude, and black vectors indicate direction 

(spacing of vectors is not uniform, related to the spacing of the model grid). Black boxes represent 

the four areas that are analyzed in Figure 3.7 to Figure 3.10. 
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A closer view of the detailed bathymetry of four selected sub-regions is shown in Figure 3.7, and 

in each region is a water level observation site. Results from the depth-averaged velocity predicted 

by D-Flow FM on September 14 at 0300 UTC are shown in Figure 3.8. The strongest currents (≥1 

ms-1) are experienced at the inlets of each barrier island, flowing into the back-barrier lagoons. 

This rapid flow into the back-barrier environment drove high water levels and caused flooding. 

Moderate currents moved along the nearshore, with the strong winds, in a counterclockwise 

motion. The strongest moderate currents (0.5 – 0.9 ms-1) occurred at the nearshore of Bear Island, 

located in the central northern area of Onslow Bay Figure 3.8c). The weakest currents (0.1 – 0.4 

ms-1) occurred at the shoreface of the Banks Channel and Wrightsville Beach (Figure 3.8a), located 

in the southern area of Onslow Bay.  
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Figure 3.7 – A closer view of the water depth (colour contours) and observation sites within 

Onslow Bay, displaying the four areas of interest (Figure 3.1) with different shoreline orientations 

and back-barrier lagoon geometry, and the corresponding water level observation stations (red 

boxes): a) Wrightsville Beach and Banks Channel; b) Intracoastal Waterway; c) Emerald Isle; and 

d) Bogue Sound. 

Predictions of the water levels experienced on September 14 at 0300 UTC at the four different 

barrier island systems are shown in Figure 3.9. Similar to the velocity currents discussed in Section 

3.5.2.1, the highest water levels (1.5 – 2 m) were experienced at the nearshore of Bear Island 

(Figure 3.9c). The back-barrier of Bear Island encountered higher water levels compared to the 

other back-barrier systems. Flooding was most prominent in this area, as shown by comparing the 

water depth in Figure 3.7c to the water level in Figure 3.9c. This is due to the size of the protecting 

barrier islands, inlet width, and the storm's track. The area with the lowest water level change (1 
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m) was at the southern part of Onslow Bay (Figure 3.9a). However, in Figure 3.6d, the whole 

shoreface of Onslow Bay’s coastline experienced a similar water level change of about 1 m to 1.5 

m.  

 

Figure 3.8 – D-Flow FM model results for the depth-averaged velocity on September 14 at 0300 

UTC during Hurricane Florence at four locations across Onslow Bay (Figure 3.1;Table 3.5). a) 

Wrightsville beach and Banks Channel; b) Intracoastal Waterway; c) Emerald Isle; and d) Bogue 

Sound. The current direction (black arrows) and magnitude (colour contours) are shown. Note that 

due to the unstructured grid, the black arrows are not uniformly spaced. 
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Figure 3.9 – D-Flow FM model results for the water level (colour contours) on September 14 at 

0300 UTC during Hurricane Florence at four locations across Onslow Bay (Figure 3.1;Table 3.5). 

a) Wrightsville beach and Banks Channel; b) Intracoastal Waterway; c) Emerald Isle; and d) Bogue 

Sound. 
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Results from SWAN during Hurricane Florence on September 14 at 0300 UTC are shown in Figure 

3.10. Since the highest currents and water levels occurred at the Emerald Isle and Bear Island area, 

the largest significant wave heights also occur in this area. Wave heights reached up to 3 m in the 

nearshore and dissipated to 1 m at the shoreface over 1.5 km (Figure 3.10c). Bogue Sound (Figure 

3.10d; east of Bear Island) received similar wave patterns. However, the transition of 3 m nearshore 

waves to 1 m shoreface waves stretched over a 6 km distance near Cape Lookout (Figure 3.10a, 

Figure 3.10b).  

 

Figure 3.10 – SWAN model results for the significant wave height magnitude (colour contours) 

on September 14 at 0300 UTC during Hurricane Florence at four locations across Onslow Bay 

(Figure 3.1;Table 3.5); a) Wrightsville beach and Banks Channel; b) Intracoastal Waterway; c) 

Emerald Isle; and d) Bogue Sound. 



62 

 

3.6 Discussion 

The coastline of Onslow Bay consists of barrier islands that cover more than 150 km of shoreline 

and is exposed to strong storm events (Frey et al., 2012). Historically, Onslow Bay has been 

frequently hit by tropical storms and has had a similarly high number of hurricane strikes than any 

other portion of the Atlantic and Gulf coastline. For example, more than ten hurricanes have made 

landfall in Onslow Bay, and a further 29 made landfall near or passed within 200 km of the 

shoreline since 1950 (Hippensteel et al., 2013). The track of Hurricane Florence bisected Onslow 

Bay, resulting in different hurricane forcing on the east and west sides of the track, generating 

highly variable storm surge elevations and causing severe flooding on the barrier islands (Stewart 

& Berg, 2019).  

The four barrier island systems analyzed in this study each responded differently to the hurricane 

forcing conditions at the time of landfall with high coastal windspeeds directed along the coastline 

(Figure 3.6a). The winds generated large waves, high storm surges and currents to the east of the 

eye, shown by the model results near Bear Island (Figure 3.7c) and Bogue Channel (Figure 3.7d). 

The conditions were weaker close to and west of the eye, near Banks Channel (Figure 3.7a) and 

Intracoastal Waterway (Figure 3.7b).  

At the time of landfall, the inlet channels of each barrier island system experienced high current 

velocities up to 2.0 ms-1 that flowed into the back-barrier lagoons. The high currents were due to 

the gradient in water levels between the nearshore ocean and the back-barrier channels. As the 

high winds drove the highest storm surge along the northeastern shoreline of Onslow Bay, Bear 

Island and the Bogue Channel had the highest inflows and the inlets surrounding Bear Island 

(Figure 3.8c) are wide and angled to the open ocean, enabling higher currents. As the storm passed, 

the water levels in the ocean and the lagoons reached equilibrium, and the currents in the inlets 
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decreased. It is interesting to note that Bogue Channel (Figure 3.8d; Figure 3.10d) is protected by 

the long split that forms Cape Lookout, which provides shelter and decreases the velocity and the 

wave heights in the nearshore region of the Bogue Channel.  

To put Hurricane Florence into context with other major events, another storm that made landfall 

was Hurricane Ike (2008) in Galveston Bay, Texas (Sebastian et al., 2014). Galveston Bay 

experienced similar trends during Hurricane Ike as Onslow Bay did during Hurricane Florence. 

For example, the highest modelled storm surge during Hurricane Ike occurred east of landfall, 

where the maximum winds were perpendicular to the coast. Results show that the storm surge 

driven by the rotating hurricane winds dominated the water surface elevations in Galveston Bay 

and that increasing the wind speeds by 15% results in approximately 20% higher surge. Similarly, 

Hurricane Florence generated the maximum water levels in the northeastern part of Onslow Bay 

near Cape Lookout (Figure 3.6d), where the wind direction was perpendicular to the shoreline and 

wind speeds were the highest (Figure 3.6a).  

Hurricane Florence caused a significant storm surge at the barrier islands, determined from the 

analysis of the spatially varied D-Flow FM water level results of Bear Island (Figure 3.11). Bear 

Island was chosen to study because the most severe effects were experienced, and morphological 

studies were completed at this site. During low tide, before the storm, the system was at an 

equilibrium state where small islands were visible, and flooding is not prominent (Figure 3.11b).  

During high tide, water is forced into the back-barrier lagoon, causing the small islands to flood, 

the inlet increased in size and water was pushed up along the beach (Figure 3.11c). Figure 3.11b  

and Figure 3.11c is what the barrier island experiences on a typical day. However, during storm 

conditions, at low tide, similar trends during regular high tide are seen; inlet increases in width, 

flooding occurs in the back-barrier and water is pushed up to the shoreline (Figure 3.11d). As the 
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tidal fluctuations continue and high tide is reached during the storm, water levels greater than 2 m 

are experienced in the entire back-barrier lagoon, causing extensive flooding. Water is then forced 

farther up the shoreline, and the inlet increases significantly in width (Figure 3.11d).  

The fast currents associated with the high storm surge in back-barrier lagoons, inlets and along 

shorelines can cause the movement of sand particles, leading to significant morphological changes 

and sediment transport (Miret-Villaseñor et al., 2019). Figure 3.12 displays the morphological 

change observed at Bear Island due to Hurricane Florence. The Bear Inlet changes in size by 

widening, allowing more water to flow into the back-barrier system for subsequent tides or future 

storms (Figure 3.12a-b). The width of the eroded beach varied along the length of the island and 

reached a maximum value of approximately 60 m near the western end. The volume of eroded 

sand on the ocean side of Bear Island was 436,000 m3 (Figure 3.12c), and this sand was likely 

deposited in the inlet and subsequently redistributed by tidal currents into the ebb and flood shoals. 

The morphological observations show similar trends in where the storm surge and large nearshore 

waves heights were experienced on the shoreline that occurred along the western shoreline of Bear 

Island.  
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Figure 3.11 – D-Flow FM model predictions of the water level elevations the western end of Bear 

Island: a) time series at Emerald Isle with grey lines indicate the times of (b) to (e); b) low tide on 

September 11 at 2200 UTC; c) high tide on September 12 at 1600 UTC; d) low tide during the 

storm surge on September 14 at 1100; and e) high tide during the storm surge on September 14 at 

1700 UTC. 
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Figure 3.12 – Morphological change of Bear Island caused by Hurricane Florence: a) Google 

Earth image before the storm on September 11 at 2000 UTC; b) Google Earth image after the 

storm on September 21 at 2000 UTC; and c) erosion of the beach/dune system indicated by the 

pink area along the shoreline (from D. Mallinson, East Carolina University). 

  



67 

 

3.8 Summary and Conclusions 

Hurricane Florence was an intense storm in September 2018 with high winds and large surface 

waves that generated strong ocean circulation and high storm surges. The storm made landfall on 

a curved embayment at an angle perpendicular to the coast of North Carolina (NC) and impacted 

barrier island systems that protect coastal cities and land. The currents, water levels and wave 

heights during Hurricane Florence are numerically investigated in this study to understand better 

the storm impacts on a range of barrier island systems with different morphology. The unstructured 

hydrodynamic model of Delft3D-FM called D-Flow FM is coupled with the spectral wave model 

SWAN to simulate this event with a series of high resolution grids over the back-barrier islands 

and inlets. Boundary conditions from water level data and wind fields from the Rapid Refresh 

(RAP) Atmospheric Modelling System drive the model. The model predictions were compared to 

available wave, current and water level observations at nearshore and offshore sensors, and the 

results were in excellent agreement with the observed data. The results show the detailed response 

of a complex coastal system to hurricane-generated storm surges, currents, and waves in and 

around the barrier islands.  

 Four different barrier island systems along Onslow Bay were examined in detail at the time of the 

landfall of Hurricane Florence. During this time, the storm had its maximum nearshore wind 

speeds that moved in a cyclonic motion, matching the shape of the coastline. The storm impacted 

the northeastern portion of the coast located to the right of the eye of the storm, specifically at Bear 

Island and Cape Lookout. This caused rapid currents up to 2.0 ms-1 in the inlets due to the high 

water levels that reached 1.2 m above a typical high tide in the nearshore. These high water levels 

drove rapid flows through the inlets then caused extreme storm surges and flooding in the back-

barrier lagoons. The high storm surges particularly effected Bear Island, an undeveloped barrier 
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island located in the northern region of Onslow Bay, where significant erosion, sediment transport 

and morphological change occurred. The coastal response at Bear Island was different from other 

beaches that were located in different areas with respect to the eye of the storm. Therefore, the 

local coastal conditions at landfall are highly dependent on the storm track and the morphology of 

the coastline. Further research is recommended to simulate the sediment transport and morphology 

change to quantify better the high rates of beach and dune erosion on barrier islands during the 

landfall of a hurricane. 
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Table 3.5 – Observation sites used in this study. 

Location Acronym Latitude Longitude Depth (m) Wind Wave Current Water Level 

Wrightsville Beach 

Offshore                   

(NDBC 41037) 

WBO 33.98 -77.36 30.0 x    

Beaufort                  

(NBDC BFTN7) 
BF 34.72 -76.67 N/A x    

Cape Lookout         

(NBDC CLKN7) 
CL 34.62 -76.52 N/A x    

Onslow Bay Outer   

(NBDC 41064) 
OBO 34.21 -76.95 N/A x    

South Hatteras       

(NDBC 41002) 
SH 31.97 -74.95 3950 x x   

Masonboro Inlet     

(NBDC 41110) 
MI 34.17 -77.72 17.0 x x   

Frying Pan Shoals   

(NBDC 41013) 
FP 33.44 -77.76 33.0 x x   

Wilmington Harbor 

(NBDC 41108) 
WH 33.72 -78.02 12.8  x   

Diamond Shoals        

(NBDC 41025) 
DS 35.03 -75.36 59.4  x   

Onslow Bay          

(CORMP OB27M) 
OB 33.99 -77.35 30.0   x  

Intracoastal Waterway 

(USGS 02093206) 
IW 34.43 -77.55 0.50    x 

Banks Channel         

(USGS 02093222 ) 
BC 34.22 -77.79 0.50    x 

Bogue Sound            

(USGS 0209270825) 
BS 34.71 -76.74 1.50    x 

Wrightsville Beach 

(NOAA 8658163) 
WB 34.21 -77.79 3.0    x 

Duck                        

(NOAA 8651370) 
DK 36.18 -75.75 6.0    x 

Emerald Isle                                   

(USGS 02092712) 
EI 34.67 -77.07 0.50    x 



70 

 

Table 3.6 – Numerical model set up 

Parameter Symbol Value 

D-Flow Flexible Mesh   

Fluid density 𝜌 1025 kgm-3 

Horizontal eddy viscosity 𝐴𝐻 0.1 m2s-1  (default) 

Horizontal eddy diffusivity  0.1 m2s-1  (default) 

Manning uniform friction coefficient 𝑛 0.023 sm-1/3 (default) 

Reflection parameter 𝛼 10 000 s2 

SWAN   

JONSWAP bottom friction 𝐶𝐽 0.0067 m2s-3 

Dissipation coefficient 𝛽 1.0 

Breaking coefficient 𝛾 0.73 
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Table 3.7 – Water level validation statistics 

 
η (m) 

 
Wrightsville Beach (WB) 

R 0.93 

RMSE (m) 0.23 

Bias (m) -0.01 

SI 0.05 
 

Bogue Sound (BS.) 

R 0.88 

RMSE (m) 0.15 

Bias (m) 0.14 

SI 0.04 
 

Banks Channel (BC) 

R 0.93 

RMSE (m) 0.19 

Bias (m) 0.01 

SI 0.04 
 

Intracoastal Waterway (IW) 

R 0.81 

RMSE (m) 0.17 

Bias (m) 0.13 

SI 0.03 
 

Emerald Isle (EI) 

R 0.93 

RMSE (m) 0.11 

Bias (m) 0.30 

SI 0.02 
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Table 3.8 – Wave height and velocity statistics 

(a) Hs (m) Tm (s) 𝜽𝑷(°) 
 

South Hatteras (SH) 

RMSE  0.65 0.68 78 

Bias  0.62 1.23 4 

SI 0.02 0.01 0.06 
 

Masonboro Inlet (MI) 

RMSE 0.55 0.77 21 

Bias 0.18 0.72 13 

SI 0.02 0.01 0.02 
 

Frying Pan Shoals (FPS) 

RMSE 0.51 0.67 23 

Bias 0.22 0.70 19 

SI 0.01 0.01 0.01 
 

Wilmington Harbour (WH) 

RMSE 0.34 0.71 34 

Bias 0.33 1.00 22 

SI 0.01 0.01 0.02 
 

Diamond Shoals (DS) 

RMSE 0.84 1.39 17 

Bias 0.85 1.44 -20 

SI 0.02 0.02 0.01 

    

(b) |u| (ms-1) 𝒘 (ms-1) 𝒗 (ms-1) 

 Onslow Bay (OB) 

RMSE 0.13 0.21 0.11 

Bias 0.03 0.07 0.07 

SI 0.03 0.15 0.03 
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Chapter 4                                                                                                

Conclusions 

4.1 Summary 

Onslow Bay, located in North Carolina, USA, is a wide curved embayment exposed to waves from 

the Atlantic Ocean. It is an appealing segment of coastline because the continental shelf is 

relatively narrow, a chain of barrier islands borders it, and this area is prone to hurricanes. The 

objective of this thesis was to analyze hurricane-induced waves, currents and storm surges that 

interact with the narrow continental shelf and the barrier island systems of Onslow Bay 

In Chapter 2, a large scale coupled hydrodynamic simulation of Hurricane Florence (2018) and 

Hurricane Isaias (2020) were evaluated against available wind and wave data using Delft3D-

SWAN across Onslow Bay and the Atlantic Ocean. Hurricane Florence and Hurricane Isaias were 

analyzed and compared because the tracks of each storm were very different. However, both 

storms interacted with the narrow continental shelf and made landfall in Onslow Bay. The 

following major conclusions were made from Chapter 2:  

- The output from the rapid refresh (RAP) wind model matched very well with observed 

wind data with an average root mean square error (RMSE) value of 1.87 ms-1. SWAN wave 

height, mean wave period and peak wave direction model results are in close agreement 

with observations with average RMSE values of 0.68 m, 0.78 s, and 34 ° respectively.  

- Wave results indicated that the deep water source terms (wind input, whitecapping and 

quadruplet wave interactions) govern the wave action balance on the narrow shelf due to 

strong hurricane winds that led to instability in waves. Negligible contributions are from 

the shallow water dissipation terms, such as bottom friction.  
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- Results show that Hurricane Florence and Hurricane Isaias are similar concerning 

maximum significant wave height and distance from the coastline, indicating that for 

storms to follow the continental shelf, the wave heights are non-fetch-limited on the east 

side of the track.  

In Chapter 3, a large scale unstructured hydrodynamic simulation of Hurricane Florence (2018) 

was evaluated against the available wave, current, and water level data using Delft3D-Flexible 

Mesh/SWAN across the barrier island systems of Onslow Bay. The model captured high-

resolution bathymetry of the back-barrier lagoons and inlets of four barrier islands located 

throughout the coastline. The storm-driven hydrodynamics experienced by the barrier island 

systems during the landfall of Hurricane Florence was compared and analyzed. The following 

major conclusions were made from Chapter 3:  

- Modelled water level and current data matched very well with observed data with average 

RMSE values of 0.17 m and 0.15 ms-1. Modelled wave data showed similar results as in 

Chapter 2.  

- Results show that larger storm surges, waves heights and currents were to the right of the 

eye, where the winds moved towards the North Carolina coastline. Particularly in the 

nearshore region of Bear Island and the Bogue Sound coastline. These effects led to erosion 

and overwash of the natural beaches and dune systems 

 

4.2 Numerical Model Grids 

In this thesis, the same hydrodynamic model code was used on two different types of grids. In 

Chapter 2, a structured hydrodynamic model grid was used to simulate two storm events. Delft3D-

FLOW uses a grid that applies only quadrilateral cells. The use of structured quadrilateral grid 
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cells gives less flexibility in the model domain. If multiple grid resolutions are needed, the process 

of domain decomposition must be used. Domain decomposition is tedious and challenging to work 

with (e.g., multiple domains, bathymetry data, model output files, high computational power). As 

a result, in Chapter 2, the currents and water level data could not be validated due to the model not 

capturing the higher resolution needed in the narrow back-barrier waterways. However, Deflt3D-

FLOW effectively simulates the hydrodynamics of storm events in the open ocean and should be 

used for larger scales or smaller scales that do not need multiple grids to resolve detailed features.  

In Chapter 3, the unstructured model Flexible Mesh grid version of Delft3D (D-Flow FM) was 

used, and this is recommended for large scale models that require varying resolution. The 

unstructured grid consists of different grid cell shapes (e.g., pentagons, quadrilaterals, triangles) 

that can be used to refine areas of interest in one domain. The unstructured hydrodynamic model 

D-Flow FM was used to simulate the same storm as in the structured grid model in Chapter 2. 

However, the back-barrier lagoons were resolved in much greater detail, leading to successful 

validation of the water levels at five observation sites. In addition, the use of one domain with 

varying resolution saved a substantial amount of setup time and computational power compared 

to a model with multiple connected domains. The Graphical User Interface (GUI) of Delft3D-

Flexible Mesh was also user-friendly and effective in creating grids, boundary conditions and 

captured finer-scale bathymetric details.  

4.3 Recommendations for Future Research 

This thesis has focused on simulating the conditions during Hurricane Florence and also explored 

the impacts of Hurricane Isaias. Future research could be conducted to investigate the possible 

impacts of other major storms on open curving coasts like Onslow Bay, focusing on how storms 

generate waves and storm surge that drive circulation. In particular, a significant next step to 
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extend the results of the present study would be to simulate sediment transport, geomorphological 

change, and modification of barrier island systems. This type of study could be performed using 

the morphology model already included in Deflt3D but would require detailed field observations 

of sediments (e.g., grain size distributions; suspended sediment concentrations) and morphology 

change (e.g., from topographic and bathymetry surveys before and after events). The observations 

will be used for model validation and understanding the complex response of coastal systems to 

large storms. 
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Appendix A 

Hurricane wind-driven circulation on the continental shelf 

A.1 The Gulf Stream Current 

Hurricanes can interact with geophysical flows such as the Gulf Stream current in the North 

Atlantic Basin. This interaction affects the prediction of open-ocean and coastal hazards during 

storms. For example, Hegermiller et al. (2019) simulated Hurricane Matthew (2016) with the 

coupled ocean-atmosphere-wave-sediment transport (COAWST) modelling system and 

discovered that the Gulf Stream modifies the direction and magnitude of the storm-driven currents. 

Therefore, wave-current interactions over the Gulf Stream can have important implications on the 

water levels, incident waves, and morphodynamic response of the coast.  

A.2 Observations  

The Coastal Ocean Research and Monitoring Program (UNCW-CORMP) provided a non-real-

time mooring station, OB27M (OB), located in Onslow Bay with a depth of 30 m. The submerged 

mooring station includes an upward-looking, Acoustic Doppler Current Profiler (ADCP) that 

measures horizontal currents in 25 vertical bins with ~1 m spacing.  This sensor was operating 

during Hurricane Florence (2018), and observations were collected at the site indicated in Figure 

A.1. 

A.3 Numerical Models of Circulation in Onslow Bay  

A.3.1 Navy Coastal Ocean Model  

The US Fleet Numerical Meteorology and Oceanography Center (FNMOC) operates regional 

ocean prediction systems based on the Navy Coastal Ocean Model (NCOM). The regional NCOM 

model contains a dataset of physical properties of the ocean covering the US East Coast, which 
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produces a 4-day forecast at 3-hour time steps, updated at 0000 UTC (Coordinated Universal 

Time) daily. NCOM interpolates the output onto a regular grid with 1/30 degrees (~3 km) 

resolution in the horizontal and 40 levels in the vertical dimension (Barron et al., 2006). Smith et 

al. (2013) used NCOM coupled with SWAN to study Hurricane Ivan, suggesting that the passing 

of ocean current information from NCOM to SWAN further improved the prediction of waves in 

a tropical cyclone. The model outputs include NetCDF files containing eastward and northward 

current components.  

The NCOM results are used to investigate the large-scale interaction between Hurricane Florence 

(2018), the Gulf Stream current and the circulation in Onslow Bay. The NCOM model is shown 

in Figure A.1 for times corresponding to near, at, and after the hurricane's landfall. These results 

show that Hurricane Florence intensifies the surface currents near the Gulf Stream current (Figure 

A.1a-b) and creates coastal circulation in Onslow Bay (Figure A.1c-d). The simulated vertical 

profiles of horizontal current components generally agree with the observations of the timing and 

magnitude at the monitoring site in Onslow Bay (OB), as shown in Figure A.2. The hurricane 

generates a strong southward current (1.5 m/s) in the -y-direction that is vertically uniform over 

the 25 m depth at the site. These results indicate that a 2D (depth-averaged) hydrodynamic model 

is appropriate for simulating the strong depth-uniform wind-driven circulation in Onslow Bay. 

A.3.2 Delft3D  

The circulation within Onslow Bay was computed using Delft3D in two-dimensional (2D) mode. 

The depth-averaged velocity maps predicted for Hurricane Florence before, at and after landfall 

are presented in Figure A.3. The increase in current velocity when the hurricane approaches the 

bay (Figure A.3b) develops into a cyclonic gyre on the shelf (Figure A.3c) that rapidly decays as 

the hurricane passes (Figure A.3d).  
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To investigate the influence of large-scale and vertical ocean processes, we compared the results 

of the present 2D-mode Delft3D model with 3D regional ocean predictions from the Navy Coastal 

Ocean Model (NCOM). This model has a 3 km horizontal resolution, 40 vertical levels (Barron et 

al., 2006). The results agree with the NCOM predictions (Figure A.1) inside Onslow Bay, 

indicating that the local hurricane winds predominantly drive the circulation.  

The hydrodynamic model results were also compared with current measurements in Onslow Bay 

at the observation site (OB). During the storm event, on September 13-14 (Figure A.4), both 

models predicted |𝑢| = 0.9 ms-1, with the strongest current moving in the southward direction (-

y-direction). The time series suggest reasonable agreement, shown in Table A.1, between the 

Delft3D (depth-averaged) and NCOM (40 vertical layers) models. The RMSE between Delft3D 

and the observation site is 0.10 ms-1. The RMSE between the NCOM model and the observation 

site is 0.10 ms-1. These low errors indicate that the Delft3D depth-averaged model performs as 

well as the 3D NCOM model. Therefore, the 2D (depth-averaged) hydrodynamic model is 

appropriate for simulating the strong depth-uniform wind-driven circulation in Onslow Bay.  The 

model is also applied to Hurricane Isaias to simulate the wind-driven circulation, shown in Figure 

A.5. 

A.4 Conclusions 

Overall, the wind-driven currents were significantly stronger than the 0.1-0.3 ms-1 tidal currents 

before and after Hurricane Florence. However, at the peak of the storm, both models 

underpredicted the current magnitude of 1.4 ms-1 by 0.5 ms-1.  This difference could be attributed 

to the relatively coarse resolution (13 km) of the RAP wind field compared to the scale of the bay 

(160 km), and future studies could consider higher resolution wind models or atmospheric 

downscaling. It is important to note that the timing of the wind-induced circulation in the bay was 
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in phase with observations. The depth-averaged regional model was in close agreement with the 

large-scale depth-resolving model, indicating accurate computations of flow on the shelf.  
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Table A.1 – Current statistics 

Observations vs. D3D (every 30 mins) 
 

R RMSE (ms-1) Bias (m) SI 

|𝒖| 0.84 0.10 0.09 0.02 

𝒘 [x-comp] 0.47 0.17 -0.01 0.21 

𝒗 [y-comp] 0.84 0.11 -0.01 0.04 

Observations vs. NCOM (every 3 hours) 
 

R RMSE (ms-1) Bias (m) SI 

|𝒖| 0.85 0.10 0.11 0.05 

𝒘 [x-comp] 0.64 0.10 0.02 0.26 

𝒗 [y-comp] 0.87 0.10 -0.05 0.10 
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Figure A.1 – Surface current velocity predicted by NCOM in 12-h intervals during Hurricane 

Florence: (a) September 13, 2018, at 1200 UTC (b) September 14, at 0000 UTC (c) September 14, 

at 1200 UTC and (d) September 15, at 0000 UTC. Current direction (black arrows), current 

magnitude (colour contours), Delft3D model grid boundaries (red boxes) for reference, hurricane 

track (black line) and the Onslow Bay (OB) observation site (magenta star) and 100 m depth 

contour (black line) are shown. 
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Figure A.2 – Vertical profiles of horizontal current components during Hurricane Florence at 

station OB: (a) observed u; (b) observed v; (c) NCOM model results for u; and (d) NCOM model 

results for v. 
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Figure A.3 – Delft3D model results for depth-averaged velocity during Hurricane Florence in 

Onslow Bay at selected times in 12-hr increments: (a) September 13 at 1200 UTC; (b) September 

14 at 0000 UTC; (c) September 14 at 1200 UTC; and d) September 15 at 0000 UTC. The current 

direction (black arrows), magnitude (colour contours), fine grid boundary (red box) and 

observation site OB (red star) are shown. 
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Figure A.4 – Time series of predicted current velocities from NCOM (averaged over 40 vertical 

layers) and Delft3D (depth-averaged model) compared to observations (averaged over 35 bins) at 

station OB: (a) current magnitude; (b) w-component; and (c) v-component. Vertical lines indicate 

the times shown in Figure A.3. 
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Figure A.5 – Hurricane Isaias (2020) at two selected times: a) prior to landfall at 0000 UTC on 

Aug. 4, 2020; and b) at landfall at 0600 UTC on Aug. 4, 2020. The depth-averaged velocity 

magnitude (colour) and direction (vectors) in Onslow Bay are shown, with the red box indicating 

the fine model grid boundary. 
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Appendix B                                                                                                             

Governing Equations for Delft3D-FM/SWAN 

The governing equations are the three-dimensional incompressible Navier-Stokes’s equations. The 

continuity equation is:  

𝜕𝜌

𝜕𝑡
|(

𝜕

𝜕𝑥
,

𝜕

𝜕𝑦
)

𝑡

∙ (𝜌𝒖)|
𝜕𝜌𝑢𝑧

𝜕𝑧
= 0                                   (1) 

Where 𝜌 is the density, 𝑧 is the vertical direction, 𝒖 = (𝑢𝑥𝑢𝑦)
𝑡
 is the velocity vector with 

components 𝑢𝑥 and 𝑢𝑦. If the density is assumed to only depend on transported quantities (such as 

salinity and temperature), the continuity equation can be simplified to:  

|(
𝜕

𝜕𝑥
,

𝜕

𝜕𝑦
)

𝑡

∙ 𝒖|
𝜕𝜌𝑢𝑧

𝜕𝑧
= 0                                             (2) 

Delft3D-FM is coupled with SWAN (Booij et al., 1999), where SWAN is a third-generation, 

phase-averaged wave model that uses the action balance equation to predict the evolution of wave 

action density spectrum (𝑁) in space and time. The action balance equation is given by:  

𝜕𝑁

𝜕𝑡
+

𝜕𝑐𝑥𝑁

𝜕𝑥
+

𝜕𝑐𝑦

𝜕𝑦
+

𝜕𝑐𝜎𝑁

𝜕𝜎
+

𝜕𝑐𝜃𝑁

𝜕𝜃
=

𝑆

𝜎
               (3) 

Where the left side represents the change in wave action (𝑁) over time (𝑡) and the propagation of 

the wave action in geographical space (phase speeds, 𝑐𝑥 and 𝑐𝑦 , in 𝑥 and 𝑦 space, respectively), 

the shifting of relative frequency (𝜎) due to variations in depths and currents, and directional 

changes (𝜃) caused by refraction (turning rate 𝑐𝜃). 
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Generally, the time step can be chosen based on accuracy arguments only, in most cases stability 

is not an issue. The accuracy is, among several other parameters, such as the reproduction of the 

important spatial length scales by the numerical grid, dependent on the Courant-Friedrichs-Lewy 

number (CFL) (Deltares, 2016), defined by: 

𝐶𝐹𝐿 =
∆𝑡√𝑔ℎ

{∆𝑥,∆𝑦}
                  (4) 

Where ∆t is the time step (in seconds), g is the acceleration of gravity, h is the (total) water depth, 

and {∆x, ∆y} is a characteristic value (in many cases the minimal value) of the grid spacing in 

either direction. Generally, the Courant number should not exceed a value of ten, but for problems 

with rather small variations in both space and time the Courant number can be taken substantially 

larger.  
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Appendix C                                                                                                             

Statistical Analysis Equations  

The Root Mean Square Error (RMSE) is the standard deviation of the residuals (prediction 

errors). Residuals are a measure of how far data points are from the regression line. RMSE is a 

measure of how spread out these residuals are. In other words, it describes how concentrated the 

data is around the line of best fit. The bias of an estimator is the expected value of the estimator 

less that the value being estimated. The Scatter Index (SI) is calculated by divided the RMSE 

with the mean of the observations at each grid point.  

Given by the following equations (Mulligan et al., 2011): 

𝑅𝑀𝑆𝐸 = [
1

𝑛
∑ (𝑥𝑖 − 𝑦𝑖)2

𝑖 ]

1

2
          (1) 

𝐵𝑖𝑎𝑠 =
1

𝑛
∑ (𝑥𝑖 − 𝑦𝑖)𝑖                     (2) 

𝑆𝐼 =
𝑅𝑀𝑆𝐸

[
1

𝑛
∑ 𝑥𝑖 ∑ 𝑦𝑖𝑖𝑖  ]

                         (3) 

Where 𝑛 is the number of data points, 𝑥𝑖 are the actual observation and 𝑦𝑖 are the model 

predictions.   

 


