
ABSTRACT

NASRALLAH, RUSSELL LEE. Forecasting Storm Impacts on a Coastal Highway Using Remote Sensing
and Numerical Modeling. (Under the direction of Elizabeth Sciaudone.)

Coastal regions face significant hazards from extreme storms such as hurricanes and nor’easters.

These storms can damage houses, roadways, and pose a serious threat to human life. Evacuation

of impacted regions before and after a storm is often hindered if traditional ground based routes

are impacted by the storm. Beaches and dunes may provide some protection to the hinterlands

during extreme events, though the resiliency of these dunes can vary significantly spatially. Correct

and reliable assessment of the resiliency of these protective features and the subsequent likelihood

of roadway impacts before storms is incredibly valuable to residents and emergency managers.

Herein, inclusion of morphodynamic modeling in highway vulnerability determination is tested via a

forecast model which leverages the numerical model XBeach in tandem with various hydrodynamic

models and large GIS (global information systems) data sets (30 rasters between 2012-2019) for

inputs. This forecast model accurately predicts areas of Highway NC 12, a major egress route for

Hatteras Island, North Carolina, that are vulnerable to overwash and breaching. Preliminary results

of the model when tested in a hindcast mode resulted in a good Mean Square Error Skill Score

(>0.2) and an reasonable F-measure (>0.70). Forecast testing revealed limitations in the initial

methodology which was then improved upon using a modified interpolation technique for profile

creation and GIS time-series analysis which resulted in 4 unique rasters: core, average, envelope,

and linear regression slope. The linear regression slope surface was derived from the full time-series

data set (2012-2019) and used to identify long-term trends in the data set. The core, average, and

envelope rasters provided information regarding the minimum, average, and maximum elevations

observed during a 2017-2019 time-span. The core, average, and envelope rasters were used to drive

the model along with the forecast storm information to provide a range of results. The outcome of

this novel method indicated that the core was the best match for the observed overwash patterns

(F-measure 0.79) during the forecast of Hurricane Dorian.
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CHAPTER

1

INTRODUCTION

Low-lying, coastal communities face a number of challenges posed by the highly dynamic environ-

ments in which they are located. Extreme storms like hurricanes are one such threat that must be

addressed. The high waves, winds, and �ooding caused by these events can destroy infrastructure

and threaten the lives of those living or visiting these locations. Damage to critical infrastructure

such as roadway evacuation routes is of particular importance as it can jeopardize the ability of

emergency responders to access affected areas, as well as the general population's capacity to self-

evacuate. Early-warning systems which can forecast potential damage to roadways are a vital tool for

disaster prevention and damage mitigation in these communities and they hinge on fast, functional,

and accurate models of beach and dune erosion.

The East Coast of the United States experiences severe hurricane seasons, and there is some

indication that storm intensity or number is increasing over time due to climate change [IPCC,

2014; Knutson et al., 2019]. Notable hurricanes such as Hugo (1989), Floyd (1999), Sandy (2012), and

Florence (2018) caused signi�cant damage and loss of life. The National Oceanic and Atmospheric

Administration (NOAA) has tracked the cost of weather and climate disasters since 1980. Hurricanes

account for approximately 60% of the total damage costs between 2012 and 2019 with each event

averaging roughly 42 billion dollars in damage [Smith & Katz, 2013]. Even more tragic than the

damage to infrastructure and homes is the loss of life caused by these events. Between the same

time interval there were 3,501 deaths caused by hurricanes, approximately 80% of all deaths caused

by extreme weather and climate disasters. Currently, emergency managers use a combination of
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insights gained from historical, empirical, and modeling information to make informed decisions

about where to evacuate and what areas could bene�t from pre-storm defensive structures (i.e.

bolstering dunes, sandbags, nourishment). These efforts can drastically reduce or eliminate damage

to critical infrastructure (i.e. roadways) and, subsequently, loss of human life. Any improvement to

these systems for assessing and predicting the vulnerability of critical coastal infrastructure would

serve to save lives as well as reduce costs of infrastructure damage incurred by future storms.

1.1 Coastal Change Models

Physical are some of the �rst methods by which the processes of storm-induced beach and dune

erosion were rigorously studied and estimated. These wave �ume models were instrumental in

developing a fundamental understanding of how beaches and dunes are impacted by different

severity of storms. The information gained from these studies was then used to create analytical

equations and formulations which can assist a designer in making estimates of coastal change due

to storm erosion. These types of models allow scientists and engineers to control the variables of an

experiment but are limited by their laboratory setting and the large amount of effort that goes into

setting up, running, and analyzing data from the model. Scale relationships must also be developed

in order to apply the small-scale models to natural environments. Generally, equations are �t to

observed results and these are subsequently used to inform management decisions.

Empirical and geometric models have also been developed in part from observations of in situ

dune and beach systems. While similar in some ways to physical models, empirical and geometric

models differ in their use of the natural environment as the laboratory, thus incorporating all

processes, both known and unknown, which drive beach and dune evolution at the ocean / land

interface. From these observations empirical models are developed. These models use huge amounts

of data taken in a speci�c environment or type of setting (i.e. sandy beaches, cohesive sediments,

cobble beaches), and �t trends to these data. The equations derived from �tting these trends may

provide insight into the prevailing behaviors in the region or can give an indication of the resiliency

of the coastal region. Coastal researchers often have access to much larger observational data sets

of beach and dune response to forcing than physical model tests.

By combining insights from physical, geometric, and empirical models into a mathematical

framework for solving the coupled equations, scientists, engineers, and mathematicians are able to

create numerical models which simulate the dominant physical processes during erosion events

along the coastlines. Numerical models are a valuable tool in predict �ooding and overwash response

along the coast and assessing the resiliency of pre-storm coastal environments given speci�ed forc-

ing. They are also widely used to test the resiliency and defensive capacity of mitigation alternatives

such as beach nourishment or dune construction. Given the relative complexity of these models,

it is important that they be tuned and then assessed for accuracy in the environment they will
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be applied before being used for research. In addition to the need for calibration and validation,

numerical models also require accurate inputs of land surfaces and storm forcing to produce reliable

predictions. These challenges will be addressed in later chapters.

1.2 Study Area

The location of this study is Pea Island, North Carolina. Pea Island is a 20km stretch of land which

makes up a small part of a greater 320km long string of low-lying, narrow, barrier islands known as

the Outer Banks (�g. 1.1).

Barrier islands are unique coastal landforms in that they provide valuable protection to the

inner coasts via wave and storm surge attenuation, while also being very vulnerable to sea-level

rise and high-frequency storm events. Over long enough time periods, under the in�uence of rising

sea-levels, the barrier islands natural response is to 'roll over' or transgress landward as the dunes

are overwashed, sediment is deposited landwards, and the beach is eroded. Alternatively, with

lowering sea-level or decreased storm frequency, barrier islands have been documented to regress,

or move offshore [Masselink & Hughes, 2003]. The process of a barrier island moving landward or

seaward occurs on geologic time scales, however, the slow progress of these events can have serious

implications on the towns and cities which have developed on these highly dynamic regions. Pea

Island, NC is largely uninhabited due to its classi�cation as a National Wildlife Refuge and National

Seashore (PINWR), however, Highway NC12, the only terrestrial evacuation route off the island, runs

through the wildlife refuge and connects the towns of Rodanthe, Avon, Buxton, and Hatteras to the

mainland. These towns have a year-round population of approximately 2,800 according to the 2010

census, thought this does not account for tourism. The National Hurricane Service designates the

Atlantic Hurricane Season as spanning from June 1 st to November 30 th . The visitation to the Cape

Hatteras National Seashore during these months in 2018 was 1,769,466 people. It is clear from the

substantial number of permanent residents and visitors to the island that having a safe and reliable

evacuation route is of paramount importance. The mean wave height and period for this region,

according to the Oregon Inlet monitoring buoy (Station 44095), were 1.3m and 8s, respectively, for

2019. Hurricanes, while the predominant threat in the region, are not the only extreme weather that

can cause impacts to the island and Highway NC12. This region also experiences intense winter

storms known as nor'easters or extratropical cyclones, which are also responsible for �ooding,

erosion, and threats to infrastructure and lives.

The PINWR is also the location of the Coastal Monitoring Program (CMP) which was established

in 2010 in order to inform long-term planning for the future of the transportation corridor [Overton,

2013]. The monitoring program established 647 transects which run orthogonal to an offshore

baseline that approximately parallels the shoreline. The transects are spaced 150ft apart and used

as reference locations at which metrics like dune height, island width, and distances from the
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Figure 1.1 Study Site: Pea Island, North Carolina, part of the North Carolina Outer Banks barrier islands.
Also included are the locations of the Duck, NC water level gauge and the Oregon Inlet (OI) Buoy.
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edge of pavement are monitored each year. Since the aim of this research is to monitor vulnerable

locations of the dune system and roadway, it seemed reasonable to use the same transects for our

1-dimensional pro�les. Our projects, however, only includes transects 171-578, which fall between

the Oregon Inlet and the north edge of Rodanthe, NC (Fig. 1.2).

1.2.1 Coastal Highways

Infrastructure damage during extreme storms (hurricanes and nor'easters) is a costly and frequent

occurrence in coastal communities and can range from nuisance to life threatening. While damage to

housing and commercial properties is devastating to the residents of these communities, damage to

roadways can effectively maroon inhabitants, visitors, and emergency personnel in these locations

[Helsel & Burke, 2019; NOAA, 2004; WRAL, 2012]. Prior research has assessed the increased hazard

and design challenges faced by coastal highways and bridges in a variety of locations and timescales

and make it clear that coastal infrastructure is highly vulnerable to storms [Anarde et al., 2018; Carr,

2016; Douglass et al., 2014].

Due to its location along the Outer Banks, Highway NC 12 is subject to intense hurricane seasons

and powerful winter storms [Carr, 2016]. The roadway frequently becomes blocked by sand and

water overwashed from the dunes. In more extreme cases, the roadway is damaged or completely

removed during storm overwash or breaching. A large amount of research has taken place in this

region in order to assess highway vulnerabilities. The North Carolina Department of Transportation

(NCDOT) sponsored research to determine at-risk sections of Highway NC 12 along Hatteras and

Ocracoke Islands in both 1991 and later in 2016 [Feasibility Study: NC 12 Ocracoke Island Hot Spot

2016]. A study conducted by Krynock et al. [2005] focused on Ocracoke Island in 2003 found that the

location was typical of North Carolina's barrier island system and was vulnerable to even a 2-year

storm. A long term study of Pea Island speci�cally was started after the installation of terminal groin

at Oregon Inlet in 1989 [Overton, 2013]. The groin was intended to prevent undermining of the

southern abutment of the Herbert C. Bonner Bridge by trapping sediment into a groin pocket. A

monitoring program was established to determine whether this sediment trapping would affect the

downdrift shoreline south of the groin. In 2010, the program was expanded to also inform long-term

planning for the NC12 transportation corridor [Overton & Sciaudone, 2017]. This expanded analysis,

known as the Coastal Monitoring Program (CMP), uses three vulnerability criteria to determine

areas exhibiting speci�c vulnerability criteria along the PINWR. All of these studies primarily use

historical data to project trends into the future.
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Figure 1.2 Transects developed for CMP and used for the development of the highway impact model.
Only transects 171-578 were utilized, which span an area between Oregon Inlet and north Rodanthe, NC.
Transects are orthogonal to an offshore baseline, approximately parallel to the the coastline and spaced
150ft apart.
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1.3 Aims

This study seeks to create a forecast model of highway impacts for NC12 along Pea Island, North

Carolina to determine whether the inclusion of numerical modeling techniques and morphody-

namic modeling can improve prediction of vulnerability before storms. The morphodynamic and

hydrodynamic numerical model, XBeach, was used to develop a predictive model of beach and

dune erosion given forecast storm conditions. XBeach performs well on sandy, dissipative beaches,

and has been used in previous studies to reliably hindcast post-storm beach morphology, predict

breaching and inlet formation on barrier islands, as well as forecasting storm hazards [De Vet, 2014;

Harley et al., 2016; McCall et al., 2010; Passeri et al., 2018; Roelvink et al., 2009; Vousdoukas et al.,

2012a,b].

Chapter 2 will detail previous efforts to understand coastal erosion and vulnerability through a

variety of frameworks and previous attempts to set up early-warning forecast models using XBeach.

Chapter 3 covers the methods used for prepping the XBeach model, forecasting, results quanti�-

cation, and time-series analysis techniques. Chapter 4 discusses the performance of the model

with different storms and, in the case of Hurricane Dorian, different DEMs. To conclude, Chapter 5

summarizes the �ndings and importance of this study. Limitations are identi�ed as well as possible

future work that could be used to improve the highway impact forecast model.
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CHAPTER

2

BACKGROUND

Coastlines are geography in constant �ux. Effects from both natural (wave, tides, winds) and man-

made (development, maintenance, nourishment) forces cause these changes. Coastal development

has increased rapidly in recent decades, which in turns increases the urgency of understanding the

dynamics of coastal regions. The natural forces that affect coastlines have been a source of interest

and research to the scienti�c and engineering communities for centuries, however only within the

last hundred years have we seen the development of physical models, empirical relationships, and

numerical models to help explain the changes we can observe on the coast. Some early studies

started �rst by looking at bar formation and then moved onto a more full scale observation of beach

pro�le evolution [Meyer, 1936]. Empirical, physical, and geometric models were the standard for

the large part of the the 20 th century as they provide accurate methods for for modeling erosion,

estimating storm impacts, and post-storm pro�les without numerically solving for the complex

physical processes [Dean, 1977; Edelman, 1968; Judge et al., 2003; Munk, 1949; Sallenger Jr., 2000].

As the development of electronic computers accelerated, so did the use of numerical models which

solve the equations describing the complex physics involved in beach hydrodynamics and morpho-

dynamics [Johnson et al., 2012; Larson & Kraus, 1989; Roelvink et al., 2009; Westhuysen et al., 2013].

The continued development of these physical, empirical, and numerical models, in conjunction

with the massive amount of data available from aerial surveying and satellites, has allowed for

leaps in the accuracy and reliability of these models. Once the physics are reasonably understood

and models are developed to simulate the processes, an opportunity for forecasting storms and
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predicting their impacts arises.

2.1 Dune Erosion

To understand how roadways may become vulnerable during storms, the issue of dune erosion must

�rst be tackled. The action of waves, winds, tides, and currents can cause dunes along coastal areas to

erode or accrete to different degrees depending on their intensity and duration [Dean, 1991; Erikson

et al., 2007; Meyer, 1936; Morton & Sallenger Jr., 2003]. During a storm these effects are ampli�ed by

the high winds and storm surge [Hallermeier & Rhodes, 1988 ]. These events can have a drastic effect

on the coastline and cause signi�cant damage to the areas further inland, endangering the residents

of these areas[Barnes, 2013; McCallum et al., 2013]. Coastal dunes, naturally occurring or man-made,

serve as defense structures from waves and �ooding [Van De Graaff, 1977; Williams, 2018]. Due to

this protective capacity, it is critical to understand how dunes will withstand varying conditions.

Scientists and engineers have spent decades developing models which help them understand,

simulate, and predict the beach and dune response over a variety of timescales and storm intensities

[Roelvink et al., 2009; Van De Graaff, 1977; Vellinga, 1982].

2.1.1 Physical Processes

The physical process of dune erosion consists of two primary mechanisms: dune notching, and

dune slumping (avalanching) [Erikson et al., 2007]. During a storm, surge raises the still water level

to a height which allows waves to attack the dune face. This wave attack creates a notch or scarp

which eventually leads to mass failure of the dune. This sediment is then moved to the beach and

eventually offshore by the seaward undertow beneath the breaking waves. Alternatively, during dune

overwashing and inundation, the sediment transport regime changes from offshore to onshore and

overwash deposits are created landward of the dune [Masselink & Hughes, 2003]. These processes

can be further modi�ed by along-shore variability, land cover, and beach slope, among other factors

[Figlus et al., 2012; Karanci et al., 2014; McCall et al., 2010; Passeri et al., 2018; Stockdon et al., 2006].

Analytical and numerical models depend on an accurate understanding and representation of

these and other key physical processes that are involved in beach and dune erosion. Observational

development of theory can be further re�ned by using physical models to isolate speci�c processes

for further study.

2.1.2 Physical and Geometric Models

The problem of dune erosion during storms has been a focus of researchers in the Netherlands

for decades [Edelman, 1968; Van De Graaff, 1977; Vellinga, 1982]. The low-lying geography of this

country was a strong incentive for research into coastal defense. Physical models (i.e. wave �umes)
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were some of the �rst methods by which the physics and theory of dune erosion were developed.

Early research was focused on the creation of geometric formulas based on physical models and

observations (a large portion of which was conducted at the Delft Hydraulics Laboratory) [Van

De Graaff, 1977; Vellinga, 1982].

Edelman [1968] created a simpli�ed mass balance equation which included sediment transport

during storm conditions, given an average signi�cant wave height and storm surge on a speci�ed

beach slope. They concluded that a new dune toe would be established at a "level, which lies a little

bit lower than the highest level reached by the sea." This method utilized geometric relationships

to determine post-storm characteristics. Another early method used by Van De Graaff [1977] for

predicting the behavior of dunes during storm events was to use scaled down physical models to

determine prediction equations. This approach was chosen based on the urgent need for engineering

standards and the short amount of time needed to develop such standards when compared to the

effort required to develop a rigorous, process based model at the time.

Vellinga [1982] also employed the use of small and prototype scale physical models in an investi-

gation of the processes of coastal erosion which further improved the empirical formulations of dune

erosion prediction along the Dutch coast. The models are assessed via analysis of 1-dimensional

pre and post-storm beach pro�les due to the relative simplicity and reasonable accuracy of such

predictions. This decision limits the researcher's ability to account for along-shore variability, which

can induce errors. Time-varying signals such as water levels and wave heights were ignored due to

the inability to scale them down in time reliably. One result of these experiments was a rudimentary

computational model which could be used to gauge dune resilience to storm-induced erosion. This

result was then implemented by Van De Graaff [1986] to develop a probabilistic dune design model.

Parallel studies were completed outside of the Netherlands looking at similar issues of dune

erosion via physical modeling and / or geometric relationships [Bruun, 1962; Dean, 1977; Hughes,

1983]. The Bruun Rule a is commonly used equation which estimates shoreline retreat due to sea-

level rise. Dean [1977] developed a simple equation for determing equilibrium offshore beach slope

given sediment grain sizes. Hughes [1983] developed scaling relationships for physical 'movable-bed'

models.

All of these studies contributed to an understanding of how beaches and dunes respond to

varying conditions along the coastline and gave academics and coastal professionals valuable tools

for predicting coastline change. Physical models, however, are limited in their scope and geometric

models are a simpli�cation of the system. Neither utilize detailed inputs from incoming storms to

simulate the physics at the coastline and subsequent impacts.
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2.1.3 Empirical Models

Empirical models are developed from a large number of observations of natural systems. In the

context of dune resiliency, these models determine vulnerability from pre-storm characteristics

using the major forcing mechanisms like wave height, period, and water level of the storm in question

and observations of past effects from similar events. There are many examples of methods that have

been used to determine dune vulnerability via empirical methods. A commonly used method was

developed by Hallermeier & Rhodes [1988] for use by the U.S. National Flood Insurance Program

(NFIP). They distinguish 4 categories of dune effectiveness:

1. A reliable barrier to �ood effects from the sea;

2. a nearly complete barrier, with some overtopping;

3. a partial barrier, with some wave transmission; or

4. an ineffective barrier, as relatively deep water and high waves reach past the initial dune site.

Hallermeier & Rhodes [1988] use two metrics, dune retreat and dune removal, to ascertain into which

of the above categories speci�c dune systems can be placed. As with many of the early empirical

models, dune volume above the still water �ood level (SWFL) was a key parameter which determined

dune effectiveness. By analyzing 38 cross-shore pro�les primarily along the U.S. Gulf and Atlantic

coast, they discovered that, for a 100 year recurrence interval storm, a dune volume of 50m 2 � 15m 2

seaward of the dune crest and above the SWFL must be present to resist complete erosion. This is

the sort of general design criterion that is typical of empirical models.

Sallenger Jr. [2000] developed a storm impact scale which uses beach geometry and storm

conditions to determine 1 of 4 storm regimes and their associated impacts for a given location and

storm. These storm regimes will be referenced in this manuscript and are as follows:

1. Swash - Runup is con�ned to the beach, foreshore eroded, no net transport;

2. Collision - Runup collides with foredune base, net offshore transport;

3. Overwash - Runup exceeds dunes highest elevation, net transport onshore; or

4. Inundation - Base swash motion exceeds highest dune elevation, thus the entire beach / foredune

is submerged, massive net transport onshore.

These regimes give a clear and concise way to interpret model results and communicate potential

impacts.

The North Carolina coast has been the site of extensive research regarding inlet development,

sediment transport, and dune and highway resilience. Judge et al. [2003] used cross-shore surveys
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and digital elevation models (DEMs) to develop an additional parameter, erosion resistance, which

can determine the vulnerability of dunes during speci�ed return period storm events. The research

was conducted before and after Hurricane Fran at Topsail Island, NC. A series of 110 cross-shore tran-

sects were analyzed to determine cross-sectional area and vertical dune position which were then

used to develop the new vulnerability parameter. This approach, like other empirical approaches, is

useful because it results in a simple equation which can be used broadly by researchers and stake-

holders to ascertain valuable and accurate information regarding dune resilience. These methods

however, do not employ any complex physical simulation or detailed storm forcing and instead rely

on more general characterizations of vulnerability.

2.1.4 Numerical Models of Dune Erosion

Numerical models differ from physical, geometric, and empirical models in that they incorporate

the methods from all 3 into a computational framework for simulating the process being examined.

These numerical frameworks allow for large numbers of complex computations to be performed

very quickly and accurately in order to simulate the process of wave energy transformation and

coastal erosion. Without the aid of computers, this level of complexity and volume of equations

would be insurmountable to calculate by hand. Numerical models can cover a range of areas and

time periods, varied storms, and virtually in�nite shoreline con�gurations. While there have been a

large number of numerical models developed for cross-shore erosion [Schoonees & Theron, 1995],

the following sections will highlight three commonly used ones, the Storm-Induced BEAch CHange

model (SBeach) [Larson & Kraus, 1989], Cross-SHORE numerical model (CShore) [Johnson et al.,

2012], and eXtreme Beach model (XBeach) [Roelvink et al., 2009]. Each serves a unique purpose in

the ocean and coastal modeling communities.

SBEACH is a numerical model developed for the United States Army Corps of Engineers (USACE)

by Larson & Kraus [1989] to address the lack of a reliable numerical model of cross-shore dune erosion

for engineering purposes. The model resolves the complex physics within the coastal environment

by predicting changes on a relatively large spatial scale (meters) and temporal scale (hours). It was

developed using extensive large-scale laboratory models to isolate the important physical processes

involved during dune erosion. In addition to these studies, �eld data were applied to develop

empirical relationships directly where applicable. Previous process-based studies were leveraged

for the development of the analytical portions of the model. One of the primary assumptions of the

model is that beach erosion is driven by the breaking of short-period waves (3-20s). The authors

acknowledge the likely importance of long-period infragravity waves, but conclude that the lack of

good data makes it unreasonable to include their effects. SBEACH stands as an early example of a

successful numerical model of beach and dune erosion.

CSHORE is, in some ways, the 21st century redesign of SBEACH. The model still focuses on
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estimation of beach and dune erosion, however, the current iteration incorporates many of the

improvements in hydrodynamic and sediment transport modeling developed over the intervening

time. It was developed for use by the USACE by Johnson et al. [2012]. A particular focus was re�ning

how sediment transport equations are implemented in the model. Johnson et al. [2012] incorporated

simple sediment transport formulations that still captured the basic dynamics of the nearshore

while also being applicable on various scales. CSHORE is used by engineers for predicting coastal

erosion and designing defensive structures. The shallow water equations used for CSHORE are time-

averaged, as opposed to phase-resolving, to save computation time without sacri�cing accuracy in

the long term. The hydrodynamic formulations of the CSHORE model also assumes along-shore

uniformity (1D), time-averaged continuity, and depth-averaged velocities.

XBeach is a nearshore morphodynamic and hydrodynamic coastal model developed by Roelvink

et al. [2009]. XBeach solves coupled hydrodynamic and morphodynamic equations in both the cross-

and long-shore directions (2-dimensional). XBeach differs from similar models by solving surf and

swash-zone processes on the timescale of wave groups. This improvement drives infragravity wave

motions which are dominant once the surf zone is saturated [Ruessink et al., 1998]. It has the ability

to be run in both 1D and 2D over a wide range of spatial (meters / kilometers) and temporal scales

(minutes / days). XBeach also has the capacity to run in both time-averaged (surf beat) or phase-

resolving (non-hydrostatic) modes. Some physical processes included are wave breaking, slope

avalanching, wave energy transformation, and sediment transport. These processes are integral to

the model's ability to predict pro�le change due to storm surge and wave forcing. Incorporating these

processes into the model enable it to accurately predict coastal impacts in a variety of locations and

scenarios. XBeach also allows for user parameter modi�cation and input of spatially variable bed

friction and sediment sizes for further customization of the model's sediment transport equations.

Certain highly sensitive parameters have been determined to aid the user when calibrating the

model and can be found in the documentation. They are as follows:

1. gamma - Breaker parameter in Baldock or Roelvink formulation

2. facAs - Calibration factor time averaged �ows due to wave asymmetry

3. fw - Bed friction factor

4. beta - Breaker slope coef�cient in roller model

5. alpha - Wave dissipation coef�cient in Roelvink formulation

6. wetslp - Critical avalanching slope under water (dz / dx and dz / dy)

7. facSk - Calibration factor time averaged �ows due to wave skewness

8. gammax - Maximum ratio wave height to water depth
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9. cf - Friction coef�cient �ow

Every parameter may not be changed during tuning. For more details, refer to the XBeach documen-

tation. For the current study, XBeach was chosen as the base hydrodynamic and morphodynamic

model, due to its state of the art representation of coastal erosion.

2.2 Forcing

As a storm passes the coast it produces a time varying signal of wave characteristics and water levels.

These signals are referred to as forcings and are used as inputs into numerical models (such as

XBeach) in order to simulate the storm in question. The accuracy of these forcings can impact the

�nal results of a model simulation signi�cantly, so it is important to ensure that accurate inputs are

used. Many different options are available for information regarding storms that have already passed

(hindcast) and storms that are approaching the shoreline (forecast). One option is to use buoys

and water level gauge measurements, however these are only valuable after a storm has passed

and a complete record is available. Numerical models can be run in both hindcast and forecast

frameworks. Hindcasts tend to have better accuracy as they use veri�ed atmospheric inputs to

force the models, however forecast information is valuable since it allows prediction of impacts well

before the storm. In situ measurement devices such as buoys and water level gauges can provide

veri�cation of model results.

2.2.1 ADCIRC+SWAN

The ADvanced CIRCulation model (ADCIRC) and Simulating WAves Nearshore model (SWAN)

are coupled numerical models that can provide forcing data in forecast or hindcast mode. AD-

CIRC+SWAN models water surface elevation change processes such as tides, storm surge, wave

setup, and wind-driven waves. The ADCIRC model was originally created in order to accurately

model global tides, without consideration of waves or storm surge [Luettich et al., 1992 ]. Dietrich

et al. [2011] successfully coupled ADCIRC with SWAN, providing the model with the capability to

predict storm surge, wave setup, wave characteristics, and other valuable variables throughout its

domain. ADCIRC +SWAN can model a large geographic domain, extending from the deep ocean up

to the nearshore environment. ADCIRC +SWAN is commonly used to forecast �ooding and storm

surge along the coastlines of the United States during hurricanes [Sebastian et al., 2014]. It can

provide a user with forcing at speci�ed time intervals and high-resolution spatial intervals ( 50m).

ADCIRC+SWAN's outputs can be used as forcing inputs into XBeach, allowing for model calibration

and validation with hindcast data. Henceforth, ADCIRC +SWAN will simply be referred to as ADCIRC.
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2.2.2 Wavewatch III

Wavewatch III is a numerical model developed by Tolman [2009] for the National Centers for Envi-

ronmental Prediction (NCEP), itself a subsidiary of the National Weather Service (NWS). Wavewatch

III solves the linear wave equations using time- and depth-averaged current and wave velocities.

It is similar to ADCIRC in a number of ways (it predicts waves over ocean basin scale domains). A

primary difference between the two models is that Wavewatch III currently operates on a structured

grid, as opposed to ADCIRC which uses an unstructured mesh. Additionally, Wavewatch III only

solves for wave characteristics offshore, not water levels along the coastline.

2.2.3 Instrumentation

In situ instrumentation allows for measurements of waves, winds, water levels, and a myriad of

other useful data to be collected at points across the globe. These measurements are often collected

using water-level gauges and Waverider buoys operated by NOAA.

Tides and Currents is a website is operated by NOAA which provides predicted and real time

water levels at discrete locations along the coast of the United States. All information is catalogued

and publicly available via portals on the website. Data may be downloaded in a variety of formats

and datums with time intervals ranging from 6 minutes to 1 month. Modern stations utilize an

acoustic measurement tool which sends an audio signal down a 6-in diameter tube which is re�ected

back by the surface of the water. The time it takes for the signal to travel is used to calculate water

levels [NOAA, 2013]. This information is used as a forcing input into XBeach along with waves which

are discussed below.

The National Buoy Data Center (NBDC) has a large network of buoys across multiple ocean

basins which collect point source data over time. From the NBDC Website:

Moored buoys are the weather sentinels of the sea. They are deployed in the coastal

and offshore waters from the western Atlantic to the Paci�c Ocean around Hawaii, and

from the Bering Sea to the South Paci�c. NDBC's moored buoys measure and transmit

barometric pressure; wind direction, speed, and gust; air and sea temperature; and wave

energy spectra from which signi�cant wave height, dominant wave period, and average

wave period are derived. Even the direction of wave propagation is measured on many

moored buoys.

Datawell Waverider buoys are a signi�cant portion of active buoys. Data can be downloaded from

these buoys and used as a source of wave heights, directions, and periods for model boundary

conditions. While not every buoy measures every single quantity mentioned above, most of them

capture the quantities needed by a morphodynamic numerical model like XBeach, namely, wave

height, direction, and period.

15



Figure 2.1 Example of how numerical models can be nested or cascade one into another until the desired
output is achieved. In this example we stop once we reach the Coastal Morphologic Model.

2.3 Forecasting

Hydrodynamic and morphodynamic models can operate as forecasting tools when supplied with

high-quality atmospheric forecasts as inputs [Cox & Cardone, 2002; Fleming et al., 2008; Vousdoukas

et al., 2012b]. These models typically feed, one into another, utilizing a nested approach (2.1).

Predictions may also be resolved as solely hydrodynamic forecast in the case of the USGS Total

Water Level and Coastal Change Forecast Viewer, or may incorporate morphodynamic effects of

beach and dune erosion as well, in the case of the highway impact forecast model developed in this

study.

The forecasting in this study was enabled by atmospheric models which feed their results into

an ocean wave model (Wavewatch III), which subsequently provides boundary conditions for

forecasting with a nearshore model (Nearshore Wave Prediction System) which are in turn used as

boundary conditions for the morphodynamic model. This cascade of numerical models allows for
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forecasting of storm impacts at the shoreline.

2.3.1 Nearshore Wave Prediction System

The Nearshore Wave Prediction System (NWPS) was developed by the National Centers for Environ-

mental Prediction (NCEP) and created using inputs from forecast wind and wave �elds provided by

AWIPS (Advanced Weather Interactive Processing System) and Wavewatch III, respectively [West-

huysen et al., 2013]. The NWPS propagates these boundary conditions closer to the coast, predicting

wave and water levels in the nearshore environment. The NWPS covers all of the United States

including its territories of Guam and Puerto Rico at a variety of resolutions (30m, 10m, and 4m).

These data are provided at 12 hour intervals during background conditions and 6 or 3 hour intervals

during a storm. Forecasts predict conditions at the coast 5 days out from the forecast date. The

ease of collection and integration of these data into XBeach makes it an ideal source for hazard

prediction [Vousdoukas et al., 2012b].

One example of forecasting with the NWPS is the USGS Coastal Hazards: Total Water Level

and Coastal Change Forecast Viewer which estimates runup using local dune geometry, wave

characteristics, and water levels [Stockdon et al., 2006]. This prediction is in turn used to estimate

the probability of 3 different types of coastal change during the forecast storm conditions [Sallenger

Jr., 2000]. This tool, however, does not account for bed level changes during the storm and instead

uses variation in lidar data to predict a range of possible runup and overwash scenarios. Over

the course of a storm, however, dune crest heights may be lowered due to collisional offshore or

overwash transport. Assuming a static surface may therefore give unreliable prediction of coastal

storm impacts.

2.3.2 Forecasting With XBeach

Forecasting with XBeach requires input topography and forcing, as well as a model calibrated for the

study area. The latter step involves manipulating parameters within the XBeach model which can

affect model outcomes. The XBeach development team tested all parameters within XBeach using

normative conditions for a Dutch coast and a default dune pro�le. A range of applicable values for

each parameter was tested and dune volume change was used as the metric for how much change

each parameter induced. The majority of parameters were designated as "zero-in�uence", which

is to say that they had little to no impact on the default modeled pro�le, Parameters of in�uence

described by the XBeach development team can be seen in Table 2.1.

Other researchers have implemented XBeach to test its potential to predict morphodynamic

change within a coastal hazards forecasting model. While the methods vary between the studies,

the aims are similar; to create a system which takes as input, waves and water levels forecast for a

given storm, and predicts vulnerable locations along the coast in real time.
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Table 2.1 Parameters determined by the XBeach development team to have a large in�uence on modeled
pro�le for the default model.

Xbeach Parameter Description
gamma Breaker parameter in Baldock or Roelvink formulation
facAs Calibration factor time averaged �ows due to wave asymmetry

fw Bed friction factor
beta Breaker slope coef�cient in roller model

alpha Wave dissipation coef�cient in Roelvink formulation
wetslp Critical avalanching slope under water (dz / dx and dz / dy)
facSk Calibration factor time averaged �ows due to wave skewness

gammax Maximum ratio wave height to water depth
cf Friction coef�cient �ow

Vousdoukas et al. [2012b] proposed a forecasting model using XBeach and Wavewatch III +SWAN.

After extensive calibration and sensitivity testing of XBeach, they ran the model using storm sce-

narios to simulate different possible forecast impacts. A sensitivity analysis determined the most

important XBeach calibration parameters ( facSk, facAs, form, turb, and wci ) (Table 2.2). Frequent

post-storm pro�le measurements were used to determine the cumulative skill score for each of

the approximately 10,000 test runs. The tuned model was then run with different return period

storms (5, 25, and 50 years) to determine areas of possible vulnerability. It was then coupled to the

operational WAVEWATCH-III and SWAN nested-models in order to run with up-to-date forecasts of

waves and water levels in the nearshore. While the model required extensive calibration, the results

were reliable predictions of storm-induced coastal erosion which could in turn be used to develop

an early warning system. This study, however, does not describe real-time forecasting efforts and is

mostly concerned with predicting coastal impacts given scenario storms.

Harley et al. [2016] developed and tested the Emilia-Romagna Early-Warning System (EREWS) to

forecast impacts on a coastal region in Italy. The system was tested on a large storm that occurred on

October 31, 2012 in northern Italy. This storm caused extensive �ooding and erosion and therefore

was an ideal candidate for testing of an early warning system. The authors showed that the XBeach

model performed reasonably with forecast storm conditions and default parameters. The addition

of extensive region-speci�c calibration of XBeach and measured offshore wave characteristics and

water levels signi�cantly improved the model's predictive capacity. The parameters modi�ed in

XBeach for calibration were smax, gamma, gammax, eps, wetslp, facSk, facAs(Table 2.2). A series of

what-if scenarios were then tested to see how a system of arti�cial dunes could have protected the

coast.

In their work the authors encountered issues with the availability of appropriate pre-storm
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Table 2.2 Additional parameters used in the calibration of XBeach model by other researchers. Parenthesis
indicate default XBeach values. *Bed friction coef�cient was based on land cover.

Xbeach Parameter Description Value

Vousdoukas et al., 2012
form Calibration factor time averaged �ows due to wave asymmetry 2(1)
turb Bed friction factor 1(2)

facua
Calibration factor time averaged �ows due to wave skewness
and asymmetry

0.3(0.1)

wetslp Critical avalanching slope under water (dz / dx and dz / dy) 0.4(0.3)
wci Turns on wave-current interaction 1(0)
lws Breaker slope coef�cient in roller model 1(1)

gw�ow Turn on groundwater �ow 1(0)
nspr Switch to enable long wave direction forced into centres of short wave bins 0(0)

morfac
Timestep used to describe time series of wave energy and long wave �ux
at offshore boundary (not affected by morfac)

10(0)

Harley et al., 2013
smax Maximum shields parameter for equilibrium sediment concentration 0.8(-1)
eps Threshold depth between wet / dry points 0.1(0.005)

gamma Breaker parameter in baldock or roelvink formulation 0.42(0.55)

facua
Calibration factor time averaged �ows due to wave skewness
and asymmetry

0.15(0.1)

DEMs, although one site (Lido di Classe, Harley et al. [2016]) had extensive pro�le surveys completed

every 2 months. This site was used for validation of the forecasting model and had more accurate

results than the other regions without more up-to-date elevation data. This research ran with both

forecast and hindcast storms, but did not have frequently updated topography for the early warning

prediction system. Beach width and building distance from shoreline are the metrics used to trigger

the early-warning system in this study.

The previous research for coupling XBeach with nested hydrodynamic forecast models presented

here have shown promise as early-warning systems. Some commonalities between the two studies

presented are that the input topography can have a signi�cant effect on the results of the model.

Inaccuracies in hydrodynamic inputs were also seen to propagate through the model and cause

signi�cant errors in predictions. Site speci�c calibration was necessary, with variables like facSk,

facAsbeing used as calibration parameters.

2.4 Objectives

In the following chapters, work will be made towards testing the feasibility of creating an accurate and

reliable highway hazard forecast model using a combination of numerical modeling and geospatial
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techniques. This model will incorporate accurate wave and water level predictions, high-resolution

DEM products, and morphodynamics. This model will employ the 1D XBeach model to predict

change for beach pro�les that extend from the offshore, over dunes and to the other side of highway

NC 12. Initially, the XBeach model will be calibrated to produce reasonable results for a known pre-

and post-storm topography. These tuned parameters will be used for 2 other storms in order to

ensure the model was not over constrained for a speci�c storm and validate the parameters.

Once calibrated and validated, the model will then be used in a live forecasting simulation to

predict overwash and inundation of highway NC 12 for forecast storm conditions. Good results will

indicate preliminary success of the model, whereas poor results might implicate poor tuning or

inputs (DEMs or forcings). The cause of the inaccuracies will be identi�ed as an out of date input

DEM (collected 5 months earlier than the storm) and inaccurate offshore interpolation method

which did not replicate a natural beach slope. The former issue will be solved through application of

GIS techniques which create composite DEMs spanning a range of probable elevations for various

time intervals (2-year, 7-year full, 7-year spring, and 7-year summer). The latter will be addressed

via a modi�ed interpolation method which will use linear regression and equilibrium beach slope

as the interpolation method.

The overarching goal of this study is to determine whether including morphological modeling

via the XBeach model will improve highway vulnerability assessment and forecasting before large

storms. This will be accomplished by completing the following objectives:

1. Tune the XBeach model for use on study area using the following work�ow:

(a) calibrate model with Hurricane Sandy.

(b) validate the calibrated parameters with Hurricane Isabel and Nor'easter Riley.

(c) developing a confusion matrix and computing precision, recall, and F-measure for all

runs.

2. Test model with live forecasting inputs during Dorian

(a) use April 2019 CMP DEM as input surface to test Hurricane Dorian forecasting

3. Address inaccuracies in the Dorian forecast, which requires:

(a) performing a test run with August 2019 DEM

(b) modifying interpolation method with linear regression +equilibrium slopes.

i. test run with August 2019 and modi�ed slope.

(c) Create time-series core, average, and envelope DEMs.

i. comparing model run results from the time-series, April 2019, and August 2019

DEMs.
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ii. determine the best time span for time-series analysis from linear regression product.

(d) developing a confusion matrix and computing precision, recall, and F-measure for all

forecast runs.

Numerical models often require calibration to perform well in a given setting. The �rst objective

is to complete this tuning with XBeach for Pea Island, North Carolina. The model's performance

will be assessed using mean square error skill score (MSESS) and binary overwash statistics. The

second objective is to test the tuned model for predictive performance during a live forecast storm

event (Hurricane Dorian). Certain locations along the study area are known to be vulnerable and

it is expected that overwash will be modeled in these locations. It is hypothesized that the model

will accurately capture the extent of vulnerable dune locations given reasonably recent topographic

data. Results of the model will be assessed after the storm with post-storm orthoimagery and f-

measure statistics. The third objective is to address any inaccuracies in the model prediction by

improvement of the offshore interpolation method as well as implementation of a novel method of

surface creation through GIS time-series analysis. These improved methods will then be assessed

with binary overwash statistics for comparison to the original forecasting attempt.
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CHAPTER

3

METHODOLOGY

This chapter describes methods used in the development, testing, and improvement of a high-

way impact forecast model. Pro�les were created for input into the XBeach model using a simple

interpolation between sub-aerial and sub-aqueous DEMs. Land classes, based on near-infrared

photography, were also assigned to the nodes along these pro�les. XBeach, the underlying nu-

merical framework, was tuned to ensure it could perform well in the study area for a hindcast of

Hurricane Sandy. The calibrated model was then checked to ensure it was not over-constrained

for a single storm by validating it with Hurricane Isabel and Nor'easter Riley. A live forecasting test

with Hurricane Dorian was carried out in August / September of 2019. The results of each run were

assessed with a combination of skill score (where appropriate post-storm DEMs were available)

and comparison of binary overwash / no overwash (positive / negative) classes between observation

and model results (Table 3.1).

Challenges with the prediction for Hurricane Dorian necessitated improvements to the input

surfaces. As an alternative to using the most current DEM, often months out of date, a GIS time-series

analysis method was applied using GRASS GIS to create core (minimum), average, and envelope

(maximum) surfaces over a given time period. These surfaces were modeled with forcing from

Hurricane Dorian to provide a range of results in place of the single DEM that was available at time

of the storm.
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3.1 Data Sources

Data for the development of the highway impact model were sourced from a variety of repositories

depending on what source proved to be the most accurate and contiguous record of the land surface

(both sub-aerial and sub-aqueous), waves, and water levels in the region for the storm of interest.

For the calibration and validation portion of this study, it was important to have a reliable record

of hydrodynamics in the area, as well as an accurate pre- and post-storm topographic Lidar or

DEM data where the time gap between the DEMs bracketed the storm of interest closely. Buoys

and water level gauges were used as both hydrodynamic inputs when no hindcast model data were

available, and as veri�cation of modeled hydrodynamic inputs. Comparison of measured data at

a location near the study area with hydrodynamic model results from the same location helped

ensure that the hydrodynamic model was giving accurate results in the area (Fig. 3.2). Once veri�ed,

the hydrodynamic model results can then be used as input to force the XBeach model. Table 3.1

highlights what data sources were used for which storms.

3.1.1 CMP Photos and Digital Elevation Models

The Coastal Monitoring Program [Overton, 2013] provided a large and reliable data for this project.

The NCDOT collects ground-controlled aerial imagery 4 times a year over the study area. These aerial

images are then processed to create orthoimagery and 2.5 foot resolution, photogrammetry-derived

DEMs. The spring �ight (typically around April) for each year also provides a near-infrared imagery

for land class and vegetation identi�cation.

3.1.2 Floodplain Mapping Program

The Floodplain Mapping Program (FMP) DEM was created for the Federal Emergency Management

Agency (FEMA) to serve as the input surface for computing still water levels along the North Carolina

coast [Blanton et al., 2008 ]. Many sources of elevation data were collected and aligned to an identical

coordinate system and interpolated to create a composite DEM with a horizontal resolution of 1 / 3

arc-seconds (1̃0m). The original dataset contains topographic and bathymetric data, however the

bathymetric data is only component that is used for this project. A comparison showing the relative

differences between a current topographic DEM and the FMP at one location can be seen in Figure

3.1. This comparisons makes clear the difference in topography and location of the beach and dune

toe. The FMP provides the most accurate offshore data available, and the CMP provides the most

accurate topographic data. An interpolation method was devised to connect the two to create a

continuous pro�le for input into XBeach.
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Figure 3.1 A comparison between the August 2019 NCDOT CMP DEM and the 2007 FMP DEM demon-
strates inaccuracies of the FMP DEM over the topography and lack of coverage offshore by the NCDOT
CMP DEM.

3.1.3 EAARL Digital Elevation Models

NASA's Experimental Advanced Airborne Research Lidar (EAARL) is a Light Detection and Ranging

(Lidar) platform that uses blue-green wavelength light to detect the distance to an object [Bonisteel

et al., 2009]. The EAARL data leveraged for this project were from pre- and post-storm Hurricane

Isabel. The data were 1 point per 3m density with a 0.15 / 2.00 meter vertical / horizontal resolution.

These data were post-processed using a method similar to Mitasova et al. [2009] in order to correct

elevations based on highway benchmarks.

3.1.4 NOAA Digital Coast Lidar and Imagery

Digital Coast [NOAA, 2020] is an online repository for coastal data. When the NCDOT topography

was not temporally aligned with the storm of interest or not available, Digital Coast provided an

alternative source of data. The primary use in this project was for post-storm imagery and Lidar

surveys after Hurricane Sandy. The Lidar data had a vertical resolution of � 12.5cm (RMSEz) or better

and a horizontal resolution of no greater than 1m ground sample distance with an error of � 0.194m

at the 95% con�dence interval.
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3.1.5 ADCIRC Hindcasts

Best track, hindcast data were created by the ADCIRC storm surge and wave guidance system

[CERA, 2020]. These hindcasts were used as model forcing for Hurricane Sandy and Hurricane Isabel

calibration and validation runs. Additionally, nowcasts from ADCIRC for Hurricane Dorian were

used to verify inputs gathered from the Nearshore Wave Prediction System. When several different

wind model runs were available, the one that most closely mirrored wave heights measured at the

Oregon Inlet Buoy were chosen.

3.1.6 NWPS Forecast

For the forecasting portion of this project, the Nearshore Wave Prediction System's (NWPS) 5-day

forecast was to force the model [Westhuysen et al., 2013]. Data were collected at 3-hour intervals as

the Hurricane Dorian approached the eastern coast of the United States. The data used in the �nal

forecast for Hurricane Dorian was the last available forecast that contained the entire duration of

the storm (later forecasts did not include the early portions of the storm) and was modeled at 6:00

am on September 4 th .

3.1.7 Buoy and Water Level Data

ADCIRC and NWPS outputs were veri�ed via buoy and water level gauge data near the area of

interest (PINWR). Two instruments, in particular, were heavily used:

1. Station 44095 - Oregon Inlet, NC (192) Waverider Buoy

2. Duck, NC - Station ID: 8651370 - Water Level Gauge

The Oregon Inlet (OI) buoy is 3 km east of Pea Island offshore, which is approximately the distance

chosen as the offshore boundary for the XBeach model. This was chosen to ensure that buoy data

were accurate as boundary conditions for the model. While wave characteristics were pulled from

a buoy directly offshore of the study area, water level were more challenging. The only available

ocean side water level gauge is 65 km from the study site and thus will not perfectly replicate the

magnitude or time of arrival for water levels �uctuations. As such, these measurements were only

used for a rough comparison of numerical model outputs. A comparison of each derived output

can be seen in Figure 3.2. Nor'easter Riley did not have any forecast model results available, so buoy

and water level gauge data from the instruments mentioned above were used to force the model.

3.2 Geospatial Data Processing

Once the requisite DEMs are collected, they must then be processed for running in 1D XBeach.

The model requires a pro�le extending from some distance offshore, over the beach and dune area
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Figure 3.2 Comparison of buoy measurements from Station 44095 - Oregon Inlet, NC (192) (OI) to numeri-
cal predictions at the same approximate location derived from ADCIRC North Atlantic Mesoscale (NAM)
run and WWIII hindcasts for Hurricane Sandy.

Table 3.1 Each storm utilized a unique set of forcing data and DEM based on what was available and what
was most accurate. Hindcast ADCIRC runs were provided by the Renaissance Computing Institute at UNC
(RENCI). The Coastal Monitoring Program, NOAA Digital Coast, and the Experimental Advanced Airborne
Research Lidar (EAARL) platform provided DEMs. Wave and water levels from the Oregon Inlet waverider
buoy (Station 44095) and Duck, NC water level gauge (Station 8651370) were collected respectively. For
the live forecast run, wave and water level data was collected from the Nearshore Wave Prediction System
(NWPS) at intervals of 3 hours with the forecast closest to the beginning of the storm being used for the
most accuracy.

Storm
Pre-storm
sub-aerial

Post-storm
sub-aerial

Pre-storm
sub-aqueous

Waves Surge

Sandy NCDOT(2012) NOAA(2012) FMP(2007) ADCIRC ADCIRC
Isabel EARRL(2003) EARRL(2003) FMP(2007) ADCIRC ADCIRC

Riley NCDOT(2018) Image Only FMP(2007) OI Buoy
Duck, NC
WL Gauge

Dorian
April / August

NCDOT(2019) Image Only FMP(2007) NWPS NWPS

Dorian
2-year

NCDOT
(2017-2019)

Image Only FMP(2007) NWPS NWPS
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Figure 3.3 A cross-shore pro�le is shown along with the grid spacing for nodes indicated. The grid spacing
starts at 25 m offshore and transitions to 2m onshore, with a small zone of varying spacing between.

of interest. This pro�le is interpolated onto a linear distribution of points along each prede�ned

transect in the study area (Fig. 3.3). These points or nodes are where XBeach performs its computa-

tions. The closer the spacing the higher detail that can be modeled but the slower the model will

run. These points went from a coarse spacing (25 m) offshore to a �ne spacing (2 m) onshore, with a

short transition zone in between so as not to shock the model with an abrupt resolution change.

This spacing was chosen to allow maximum resolution in the area of interest (over the breaker zone,

beach, and dunes) while retaining coarse resolution offshore to increase computational ef�ciency.

The elevation that corresponds to each individual point along the transect are then assigned to that

point, leaving two columns: one for the FMP elevations, and one for the NCDOT elevations. Later,

these two columns of data are interpolated at the shoreline to create one continuous pro�le with the

NCDOT DEM replacing all sub-aerial portions of the pro�le, and the FMP covering the bathymetry

(Figure 3.4).

A land class was also assigned to each individual point along the transect which described the

point as either a) sand, b) vegetation or c) pavement (Appx. B). The sediment properties such as

D50 and D90 of each of these land classes were altered to mimic the erodability of these surfaces

following methods presented in Kurum [2013]. This change was made in order to simulate some

of the effects of vegetation and infrastructure in resisting the over-estimation of erosion in certain

areas. These land classes were derived from raster maps created by Velasquez-Montoya et al. [2018]
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for their work in habitat change mapping.

An interpolation between the chosen topographic and bathymetric DEMs was required in order

to create a reasonable and contiguous pro�le between the topographic (NCDOT, NOAA, EAARL)

and subaqueous (FMP) data sets due to the difference in time causing a discontinuity in shoreline

position. The topographic DEM is the highest quality in terms of resolution and collection date, so it

is preserved over the island and replaces the FMP topography. A method was devised to interpolate

between these two DEMs In order to create a single, continuous 1-dimensional pro�le. Initially, a

linear interpolation was conducted between the ocean-side 1m contour of the topographic surface

out to a point on the FMP surface 60 meters offshore.

However, this original linear interpolation method caused some inaccuracies with smaller storms

due to creating a too-shallow slope and subsequently a wider beach at some pro�le locations. This

too-shallow slope affects runup calculation, dune toe distance, beach erosion, and beach width

all of which reduce the quality of forecasting. Additionally, the offshore slope can affect the runup

caused by waves which directly affects dune erosion [Stockdon et al., 2006]. The problems with the

slope interpolation create under-estimations of overwash and inundation. To address this issue a

new method was developed which accounts for any beach slope not present in the DEM (DEM >0m

NAVD) via a linear regression slope, while the remaining sub-aqueous section of the interpolation

(DEM<0m NAVD) is created using an empirically derived equilibrium pro�le method for offshore

interpolation [Dean, 1991; Dean, 1977; USACE, 2002]. This method is refered to as Linear +ES in this

manuscript. Equation 3.1 shows how the offshore equilibrium pro�le is calculated:

h = Ay2=3 (3.1)

where A is the coef�cient related to the D50 sediment size, h is the depth and y is the cross-shore

distance from the mean sea level (msl) contour.

This slope is intersected with the FMP bathymetry at the distance offshore where the two

methods are closest. The equation used was derived from the Coastal Engineering Manual and an

appropriate value for A was chosen based on D50 sediment sizes from the 2018 Coastal Monitoring

Program summary sediment data in the lower swash zone. If the sub-aerial DEM does not extend to

the 0m contour the slope was extended to this point using a linear regression slope of the 4 nearest

points on the topographic DEM and then projecting that out to the 0m contour. The result of this

methods is a contiguous pro�le which combines the two DEMs with a realistic beach slope (Figure

3.4).

For calibration, the NCDOT and NOAA Digital Coast Lidar derived DEM data were used as

pre- and post-storm surfaces (Table 3.1). The NOAA Lidar data, however, had to be �ltered and

reclassi�ed before being interpolated into a DEM. The data over the open ocean and estuarine

portions of the island were removed from the Lidar data set along with outliers. Additionally, the
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Figure 3.4 Example of offshore interpolation methods for connecting the Floodplain Mapping Program
DEM (gray, dotted line) to the input topographic DEM (blue, dotted line) at Transect 275. A comparison
between the simple linear projection (LP) (green, dashed), linear regression (LR) slope (gold, solid), and
Equilibrium (Eq.) slope (orange, solid) can be seen in the zoomed window. The outlines in green and cyan
are the resultant full interpolated pro�le using the LP or combined LR +ES method, respectively.
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default categorization algorithm had erroneously classi�ed some dunes as buildings due to the

steep side slope and thus screened them out from bare earth classi�cation. After addressing this

issue (by adding the improperly removed data back to the bare earth classi�cation) the Lidar data

were processed using the regularized spline with tension (RST) module within the GIS software

suite Geographic Resources Analysis Support System (GRASS). The resulting raster product was

then used as a post-storm validation surface against which all model runs were compared.

For validation, Hurricane Isabel (2003) was chosen due to the size and impact of the storm, as

well as the NASA/ USGS EAARL platform having captured pre- and post-storm data less than one

day before landfall, and four days post-hurricane. This means that, aside from human in�uences,

the change in morphology between the two DEMs was characterized primarily by the storm. As

an additional test, Nor'easter Riley (2018) was also chosen to test the model's ability to simulate

impacts of large extratropical cyclones.

Hurricane Dorian (2019) was chosen due to the convenience of it being a large hurricane im-

pacting the North Carolina coast soon after the highway impact forecasting model was �nished with

validation. The only pre-storm topographic data available at time of the hurricane was from April,

2019. This was the surface initially used, but others such as August, 2019, and time-series DEMs

were also tested.

3.2.1 Time-series DEMs and Rasters

For forecasting, a new set of DEMs was developed in order to characterize a range of possible

highway impact for a given storm. Given the upwards of 2-month time lag between aerial surveys

and data processing to produce DEMs, we are still often working with DEMs which are months out

of date. A comparison between the August 2019 DEM and April 2019 DEM can be seen in Figure 3.5

which highlights these elevation differences.

After updated data were obtained from NCDOT, the Hurricane Dorian forecast was re-run using

an updated August 2019 DEM. However, given that most current land surface will never be available

for forecasting, an alternate method utilizing a space-time data set of all DEM surfaces and time-

series analysis in GRASS GIS to create a resultant time-series DEM was used to resolve the issue

[Mitasova et al., 2010]. Using this data set a hypothetical minimum, average, and maximum elevation

surfaces (core, average, and envelope, respectively) which were used as inputs into the XBeach

model in lieu of an appropriately current DEM.

3.2.1.1 Core, Average, and Envelope DEMs

Time-series DEM analysis obtains the elevation at each pixel in the computation region for each date

in the time series and stores this data in a matrix the size of the computation region containing n-

layers, where n is the number of DEMs in the collection. The core, average, and envelope time-series
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Figure 3.5 Subtraction of April 2019 and August 2019 DEM (April minus August). Positive values (warm
colors) indicate a higher elevation for April 2019, while negative values (cool colors) indicate a lower DEM
in August. The dunes at the Canal Zone and Visitor center are both signi�cantly higher in April, and the
beach is also wider. The black line in the second column indicates a cut through the dunes at this location.
This is visualized in the third column.
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methods were used to develop a set of DEMs which establish a range of likely topographic elevation

inputs for the forecast model. These methods were implemented with the GRASS GIS R.Series

module. As an example, the lowest (core) value of the elevation for each pixel across the entire

n-layer matrix are stored for each cell over the DEMs extents and then used to creates an output

surface for the entire computation region. These time-series DEMs are then used as 3 alternative

surface elevation models for the forecasting system. The range of surfaces gives an indication of the

how storms would affect the coast when dunes are most vulnerable, of average resilience, and in

their most resilient state, which are core, average, and envelope, respectively. These 3 DEM methods

are described in more detail below:

• Core - The minimum value at each individual pixel over the entire time-series data set. This

DEM describes the lowest elevation seen across the entire time-series.

• Envelope - The maximum value at each individual pixel over the entire time-series data set.

This DEM describes the highest elevation seen across the entire time-series.

• Average - The average elevation computed at each pixel using the entire time-series data set.

Once the time-series analysis method was chosen, and the time range for input DEMs needed

to be decided upon. To determine what length of time-series data would best represent a forecast

conditions for a model run, 5 different time-series lengths were used to develop the core, average,

and envelope DEMs:

• 7-Year

– 7 year (2012-2019, 30 DEMs)

– Summer (2012-2019, 7 DEMs)

– Spring (2012-2019, 7 DEMs)

• 2 year (2017-2019, 7 DEMs)

The DEMs used for the various time-series analyses were compiled from the NCDOT Pea Island

Coastal Monitoring Program and can be seen in Table 3.2. They span from February, 2012 to August

2019 for a total of 30 DEMs.

Several time ranges were tested to determine if a 7 year (full, or seasonal), or 2 year (full) time

span would provide a range of DEM surfaces that best captures the current con�guration of the

dunes and beach at the time of the storm. A core, average, and envelope surface was constructed

for each of these time spans and tested with the Hurricane Dorian forecasting for comparison with

observed results.
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Table 3.2 North Carolina Department of Transportation (NCDOT) DEMs collected from February 2012 to
August 2019. The 2-year time-series is taken from summer 2017 to summer 2019

Number DEM Date Season Number DEM Date Season
1 2/ 15/ 2012 Winter 17 3/ 3/ 2016 Winter
2 4/ 13/ 2012 Spring 18 4/ 10/ 2016 Spring
3 8/ 27/ 2012 Summer 19 8/ 22/ 2016 Summer
4 10/ 11/ 2012 Fall 20 10/ 16/ 2016 Fall
5 2/ 18/ 2013 Winter 21 2/ 10/ 2017 Winter
6 4/ 13/ 2013 Spring 22 4/ 13/ 2017 Spring
7 8/ 5/ 2013 Summer 23 9/ 8/ 2017 Summer
8 10/ 20/ 2013 Fall 24 10/ 18/ 2017 Fall
9 2/ 16/ 2014 Winter 25 2/ 9/ 2018 Winter
10 4/ 2/ 2014 Spring 26 4/ 18/ 2018 Spring
11 8/ 14/ 2014 Summer 27 8/ 17/ 2018 Summer
12 10/ 9/ 2014 Fall 28 11/ 7/ 2018 Fall
13 2/ 4/ 2015 Winter 29 2/ 5/ 2019 Winter
14 4/ 12/ 2015 Spring 30 4/ 10/ 2019 Spring
15 8/ 20/ 2015 Summer 31 8/ 29/ 2019 Summer
16 10/ 7/ 2015 Fall
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3.2.1.2 Range and Linear Regression

Linear regression is a statistical method which projects trends given a �nite number of data points.

For instance, if elevation data are collected at the same point for 10 years, linear regression �ts a

linear trend to these 10 data points which minimizes error between all measured points and the

line �t to them. The error between the points and the line is described by the correlation coef�cient

or R2 metric. This technique is a powerful tool for predicting trends when supplied with adequate

samples.

The NCDOT CMP dataset was employed to predict elevation trends over the entirety of Pea

Island in order to support a decision regarding ideal time-series interval for the core, average, and

envelope calculations (See Chapter 4). The linear regression method required equal interval spacing

of input DEMs. Since collection dates have different intervening times over the 7 year period (Table

3.2), null rasters were created to �ll the months between standard collection dates. The null rasters

were then linearly interpolated to represent the change between collection dates. For instances, fore

the collection dates of 4 / 13/ 2012 & 8/ 27/ 2012 we needed to create 3 null rasters and interpolate

DEM values from the bracketing dates for May 15, 2012, June 15, 2012, and July 15, 2012. For this we

used a Grass GIS tool called R.Series.LWRor linear-weighted regression. These DEMs were linearly

interpolated based on their date to represent a surface which transitions between the April DEM and

the August DEM. The resulting DEMs were used to acquire a linear regression across the study area

which elucidates spatial trends over the past 7 years. For this we used the GRASS module, R.Series.

Along with linear regression slope, the R2 value for all pixels was also calculated. These values

allow for us to selectively display only areas with suf�cient con�dence ( R2 > 0.3). Pixels with R2 less

than this threshold are considered to have a low con�dence and are masked out of the �nal �gure

(Fig. 4.1).

3.3 Storm Selection

Storms selected for development and application of the model had to meet 3 speci�c requirements

due to the objectives set out in this study as well as the limitations of the XBeach model. First,

the storm needed to have signi�cant impact in the study area. The intention of the forecasting

model is not to predict nuisance �ooding or other low-intensity events which may close the roads

temporarily, but rather, to predict dune overwash and breaching from powerful storms and the

subsequent extreme water levels and waves. Some hurricanes that impacted the North Carolina

coast were characterized more as �ooding events than storm surge events (Hurricane Matthew,

Hurricane Florence). These would not be good candidates for the proposed forecast model. Second,

the storm needed to be an ocean side event. Third, we wanted to chose a diverse set of storm events

in order to test the capability of the calibrated model to fairly predict overwash and breaching. All
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relevant data for storms can be seen in Table 3.3.

3.3.1 Hurricane Sandy

Hurricane Sandy was selected as an ideal candidate for tuning the XBeach model due to the heavy

damage caused by ocean side wave attack and overwash. In addition to the ideal approach and

impact, Sandy also occurred soon after a DEM of the study area was collected by NCDOT on

10/ 11/ 2012 thereby allowing for an accurate pre-storm surface. This surface was used to test the

model's capability of predicting a range of dune and highway impacts such as beach erosion, dune

erosion, and damage to Highway NC12. The 2012 U.S. Lidar data were collected between November

5th -29th , 2012 and were used to create the post-storm comparison DEM. Sandy occurred between

October 22nd , 2012 (formed) - November 2 nd , 2012 (dissipated). The storm developed in the western

Caribbean Sea. From here it quickly grew in intensity and size, peaking as a Category 3 over Cuba. It

was downgraded to a category 2 as it traveled up the east coast of the United States before taking a

sharp west turn and making landfall along the Northeast [Blake et al., 2013].

Waves and water levels along the NC Coast were elevated from 10 / 26/ 2012 to 10/ 31/ 2012. These

prolonged extreme conditions likely contributed to the extensive damage along the Outer Banks.

According to the Oregon Inlet waverider buoy and Duck, NC water level gauge, the maximum

wave height and water level were 7.9m and 1.37m and occurred at 10 / 28/ 12 22:20, and 10/ 28/ 2012

12:00 (EST), respectively. Peak water levels and wave heights occurred close to the same time thus

increasing dune impacts. These conditions led to extensive damage to Highway NC12, and overwash

across much of PINWR. Final waves characteristics and water levels for input into the model were

taken form a best-track ADCIRC hindcast run using the North American Mesoscale (NAM) wind

model.

3.3.2 Hurricane Isabel

Hurricane Isabel was selected due to it also being an ocean-side event with signi�cant overwash

along the study area. The EAARL platform was used to measure pre- and post-storm elevations

during Hurricane Isabel in 2003. Pre-storm and post storm �ights took place on the 18th and 21st of

September 2003. The hurricane occurred between September 6 th , 2003 (formed) - September 20 th ,

2003 (dissipated). The storm developed in the East Atlantic and peaked in intensity as a category 5

in the mid-ocean. It proceeded west until it made landfall in North Carolina as a category 2, causing

signi�cant damage to the coastline [Beven & Cobb, 2004].

Max wave heights were not available in the study area, as the Oregon Inlet Waverider buoy had

not yet been installed therefore values for waves characteristics and water levels derived from a

best-track hindcast ADCIRC run were unable to be veri�ed with in situ measurements. Max wave

heights and water levels from the ADCIRC run were 7.13m and 1.61m, and occurred at 9 / 18/ 03
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19:00 and 9/ 18/ 03 15:00 (EST), respectively. NOAA reported maximum wave heights and water

levels along the NC Outer Banks as 6 to 8 feet (1.8-2.4m), with "battering waves" of 15 to 25 feet

(4.6-6m) [united_states_hurricane_2004 ]. Storm conditions lasted from 9 / 15/ 03 to 9/ 19/ 03. The

storm damaged vast swaths of the Outer Banks, creating a new breach through Hatteras Island

which destroyed a section of Highway NC12.

3.3.3 Nor'easter Riley

Nor'easter Riley was chosen as a second validation storm to test the model's ability to accurately

predict overwash on the highway using an extratropical cyclone as opposed to a hurricane. These

storm systems typically form in north and are called "bomb cyclones". This storm caused elevated

water levels and waves along the North Carolina coast which resulted in signi�cant overwash to

PINWR. Highway Impact Forecasting for these extratropical storms is important as they can also

cause extensive damage to the roadway. Nor'easter Riley occurred between March 2 nd , 2018 (formed)

- March 9 th , 2018 (dissipated). This storm was chose due to it being an extratropical cyclone, coming

from the north and thus characterizing a different wave climate than a hurricane. Riley developed

over the Midwest of the United States and then traveled northeast over the ocean before proceeding

south along the East Coast. This storm was compounded by a preceding nor'easter which formed in

the Mid-Atlantic on March 1 st.

Waves and water levels were elevated between 3/ 2/ 2018 and 3/ 6/ 2018. Buoy data from the

Oregon Inlet waverider and water level gauge data from Duck, NC for Riley showed maximums

of 7.09m wave heights and 1.4m water levels that occurred at 3 / 4/ 18 4:18 and 3/ 4/ 18 14:00 (EST),

respectively. Nor'easter Riley was 1 of 4 nor'easters that formed in the month of March 2018, however

it was the only extratropical cyclone of the 4 that caused extensive damage.

3.3.4 Hurricane Dorian

Hurricane Dorian presented an excellent opportunity to test the forecasting systems as it formed

soon after completion of calibration and validation of the forecasting model. The storm made landfall

near Hatteras Island, North Carolina and caused moderate overwash to the study area. The storm

occurred between August 24, 2019 (formed) - September 10, 2019 (dissipated). Dorian developed in

the Central Atlantic before traveling west, then north. While it is known for its catastrophic impact

to the Bahamas, where it peaked as a category 5 hurricane, it subsequently traveled up the east

coast of the United States where it impacted North Carolina.

Waves and water levels were signi�cantly elevated between 9 / 6/ 2019 and 9/ 8/ 2019. Buoy data

from the Oregon Inlet waverider and water level gauge data from Duck, NC for Dorian showed

maximums of 5.94m wave heights and 1.33m water levels that occurred concurrently at 9 / 6/ 19

20:00 (EST). Final wave characteristics and water levels were taken from the NWPS forecast which
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Table 3.3 Data regarding storms chosen for calibration, validation, and forecast testing of the highway
impact forecast model.

Storm
Storm Arrival
at Study Area

Storm Departure
from Study Area

Max WVHT (m)
Max WL
(m, NAVD88)

Model Run
Time (hr)

Sandy 10/ 26/ 2012 10/ 31/ 2012
7.9,

10/ 28, 22:20
1.37,

10/ 28, 12:00
84

Irene 9/ 15/ 2003 9/ 19/ 2003
7.13,

9/ 18, 19:00
1.61,

9/ 18, 15:00
123

Riley 3/ 2/ 2018 3/ 6/ 2018
7.09,

3/ 4, 4:18
1.4,

3/ 4, 14:00
123

Dorian 9/ 5/ 2019 9/ 8/ 2019
5.94,

9/ 6, 20:00
1.33,

9/ 6, 20:00
96

was run at 9 / 04/ 2019 6:00 am.

3.4 XBeach Numerical Model

XBeach is a morphodynamic and hydrodynamic model which is ideal for running over the time

frame of a single storm and on the spatial scale of kilometers. It predicts sediment transport induced

by waves and currents during extreme events along the coast. XBeach serves as an ideal base model

for including morphodynamics into a highway vulnerability assessment as it can run quickly in 1D

transects which are the standard already set for other venerability criteria in the study area. The

model also can run in 'surfbeat' where, according to the user manual, “the short wave variations

on the wave group scale (short wave envelope) and the long waves associated with them are re-

solved” [Roelvink et al., 2009]. This choice allows for reduced computation requirements while still

including the signi�cant long and short wave impacts to sediment transport.

3.4.1 XBeach Calibration & Validation

Numerical models must be calibrated and validated for speci�c geographic locations to give the

best results. XBeach requires extensive tuning for use at locations dissimilar to the Dutch coastlines

where it was developed. As mentioned previously, the XBeach development team, as well as other

researchers have utilized parameter tuning to calibrate the XBeach model for their speci�c site and

conditions. These studies provided a base for the tuning of the highway impact forecasting model.

The goal of this calibration and sensitivity analysis was to use the most limited set of calibrated

parameters to achieve accurate post-storm predictions for Hurricane Sandy, Hurricane Isabel, and

Nor'east Riley. Previous studies provide some guidance on possible useful tuning parameters. The

wave asymmetry and skewness parameter, facua, proved to be a powerful tool in adjusting the
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post-storm beach pro�les to create similar dune toe and dune face impacts. This parameter was

most useful for locations that did not see extensive overwash. Ranges of values were tested between

0.1-0.4 and the best result for this study location was determined to be a value of 0.3 (Table 3.4).

This value created a similar post-storm pro�le for a large majority of the more stable locations that

did not experience inundation during the storms. Additional parameters which helped tune the

post-storm pro�le shape were wetslp, eps, and rfb. Wetslp and epsare responsible for the avalanching

mechanism within XBeach which dictates the critical slope value at which a wet node will slump

and adjust to a lower slope. Sensitivity analysis was conducted for the wetslp parameter over a range

of values between 0.1-0.4, not including the default of 1.0 which was initially used (Table 3.4). The

epsparameter was not assessed for sensitivity and was simply used to extend the distance over

which the wetslp parameter was effective. Rfb controls the breaker model within XBeach and is

responsible for adjusting offshore pro�le shape. It is a binary parameter and thus sensitivity was

not tested. Turning on rfb smooths offshore slope and slightly increases collisional regime dune

erosion, but has little effect on inundation regime post-storm pro�le shape.

With the model tuned to accurately replicate the post-storm pro�le of the more stable parts of

the island, efforts then turned to reduce over-erosion during the inundation regime. The parameters

chosen for this task were bedfriccoef, smax,and dilantacy . The bed friction coef�cient has effects on

all sediment transport within the model, but the most signi�cant changes are seen at pro�les in the

inundation regime. Increasing the bed friction coef�cient decreases overall erosion in the model. A

range between default (0.01) and 50 was selected for the sensitivity analysis. Using this parameter

we were able to select a value of 35 which reduced the overestimation of inundated pro�les without

negatively effecting the stable pro�les (Table 3.4). Some pro�les still exhibited extreme erosion

due to low dunes and narrow buffer between the road in the highway (Transects 570-578, Mirlo

Beach). These were addressed by using the smax parameter which provides an upper limit to the

equilibrium sediment concentration; therefore, pro�les are not eroded signi�cantly below sea level

and better match post-storm pro�les. Dilatancy is the property of dense-packed granular material

in which the volume increases while subjected to shear deformation. Its use in XBeach is to attempt

to control excessive erosion without the use of smax. A small change was noted when this parameter

was turned on, but smax was still required.

Finally, to make the model more realistic, vegetated dunes and paved areas were replicated

along the pro�le by assigning each node a land class. Land classes were used to modify sediment

sizes, and a parameter called sedcalwas changes erodibility (Appx. B). This process is referenced

above and did not undergo sensitivity testing. It was incorporated into the pro�les and values for

different land classes were taken from Kurum [2013]. If the effects of the storms are well reproduced

by the tuned model, then it can be taken as evidence that the model can perform well in a variety of

conditions. Results were assessed using 2 metrics, one quantitative (mean square error skill score),

the other qualitative (binary overwash evaluation).
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Table 3.4 Calibration parameters used in the development of the highway impact forecast model. The
range of values tested is presented, with defaults in parenthesis. Decimals indicate that the value is a range,
whereas an integer indicates a category (1 / 0).

Xbeach Parameter Range Tested Value chosen Comments
rfb 0/ 1 1(0) Increases beach and dune erosion in collisional regime

bedfriccoeff 0.1-40 35(0.1) Higher bed friction coef�cients increase erosion
facua 0.2-0.4 0.3(0.1) Increases cause less offshore sediment transport
smax -1/ 1.0 1.0(-1) Reduces erosion during the inundation regime

dilantacy 0/ 1 1(0)
Small effect on outcome, reduce erosion during
inundation regime

morfac 7-10 10.0(0)
Minor effect on outcome pro�le, primarily to
decrease model run time

wetslp 0.1-0.2 0.2(1.0) Higher values reduce offshore sediment transport
eps 0.005-0.01 0.01(0.005) Higher values increased beach and dune erosion

3.4.2 Mean Square Error Skill Score

The qualitative method, called Mean Square Error Skill Score (MSESS), compares model predictions

with post-storm pro�les and the no-change pre-storm slope(Eq. 3.2).

M SE SS= 1�
M SE(Y,X )

M SE(B,X )
= 1 �

< (Y � X )2 >

< (B � X )2 >
(3.2)

where Y is the forecast, X is the observation, and B is the baseline forecast (assumption that

nothing happens in this case).

This method requires an accurate post-storm DEM to provide meaningful comparisons. MSESS

is a commonly used statistical analysis procedure used when assessing the predictive strength (or

skill) of a model. The "skill" is a non-dimensional value which measures the accuracy of a model's

ability to predict an measured outcome given a baseline prediction [Sutherland et al., 2004]. In the

present case, the baseline prediction is known as the zero change reference model and refers to a

case where the input bathymetry is the prediction by which the model output is judged [Bosboom

et al., 2014]. MSESS has been used extensively in other experiments with XBeach and is the standard

by which the XBeach model's predictive capacity is determined [Nederhoff et al., 2015; Roelvink

et al., 2009]. There have been some concerns raised about the applicability of MSESS as a method

for ranking model performance, but these are focused on long term simulations where the intra-

simulation complexity can be drastically different between model runs [Bosboom et al., 2014]. Given

that this project is looking at changes on the single storms, it is assumed that MSESS remains a useful

measure of model skill. Additionally, the aim of this project is to estimate highway impacts, therefore

the post storm pro�le's accuracy is the most important result, not necessarily intermediate processes.

Table 3.5 shows a ranking system for categorizing model success based on MSESS [Sutherland et al.,

2004]. The area of interest for skill determination is the topographic dune pro�le from the ocean

39



Table 3.5 Classi�cation for determining the predictive power of the model using MSESS [Sutherland et al.,
2004].

MSESS
Excellent 1.0 - 0.5
Good 0.5 - 0.2
Reasonable/ fair 0.2 - 0.1
Poor 0.1 - 0.0
Bad <0.0

side extending past Highway NC 12. It is important to note that changes to the post-storm DEM not

caused by the processing being modeled can cause this metric to assign a low skill to the model

prediction. It is up to the user to attempt to obtain the best post-storm pro�les and account for

alterations to the pro�le not caused by the modeled processes. An additional assessment of the

model was made using qualitative observations of overwash as seen in the pre- and post-storm

orthoimagery, and comparing these to the overwash predicted by the model. This option allows

for comparisons between the modeled and observed results to be made even when an accurate

post-storm DEM is unavailable.

3.4.3 Confusion Matrix, Recall, and F-measure

The goal of the forecast model is to predict overwash on the road during storm conditions, as such,

a separate binary overwash metric for determining positive prediction of overwash was developed

for all runs. A visual inspection of pre- and post-storm aerial photography was used to determine

which transects exhibited overwash (positive class). A transect was considered to be overwashed if

the dunes along the transect were compromised and there was sand or water on the road. A transect

was not considered to be overwashed (negative class) if the defensive dunes were still in place, even

if �ooding from adjacent areas may have deposited sand and water on the road. This decision was

made to mirror the way the forecast model predicted overwash as a change in elevation at the road

(indicating removal of pavement or deposition of sand). It cannot propagate �ow in 2-dimensions,

so these cases were considered to be negative classes.

In order to quantify the quality of the model's binary prediction a confusion matrix for the 2

classes was made and precision, recall, and F-measure were computed (Table 3.6, Equations 3.3,

3.4, 3.5).

These statistics are particularly useful for imbalanced class problems where the class of interest

is the minority class [He & Ma, 2013]. If a standard accuracy statistic is computed (#c o r r e c t
t o t a l ) then the

majority class can overwhelm the metric and make a model which performs poorly on the minority

class still have a high accuracy. In the case of overwash for Pea Island, NC, there are a signi�cant

number (350 + of 407 transects) of stable dunes with wide buffers in front of the road. These typically
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Table 3.6 The confusion matrix compares instances of the class (overwash) and predictions of that class.
Where no class is predicted (Negative Class) this indicates that no overwash was observed.

Overwash Indicator Positive Prediction (PP) Negative Prediction (NP)
Positive Class (PC) True Positive (TP) False Negative (FN)

Negative Class (NC) False Positive (FP) True Negative (TN)

do not overwash in storm conditions. Including these in thee accuracy calculation would give a

false impression that the model is performing well.

The precision (eq. 3.3) quanti�es the number of correct positive predictions. Maximizing this

statistic when tuning a model would minimize false-positives.

P r e c i s i on =
T P

(T P + F P)
(3.3)

The recall (eq. 3.4) quanti�es the correct positive predictions out of all positive predictions that

can be made. Maximizing this statistic when tuning the model minimize false-negatives.

Re c a l l =
T P

(T P + F N )
(3.4)

The F-measure (eq. 3.5) is an equal weighted combination of precision and recall. It provides a

single number which tells information about both the precision and recall.

F � me a s ur e =
2 � P r e c i s i on � Re c a l l

(Re c a l l + P r e c i s i on)
(3.5)

A value of 1 indicates perfect precision (or recall, f-measure). A value of zero indicates no correct

predictions of the minority class.
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CHAPTER

4

RESULTS AND DISCUSSION

The calibration of XBeach required numerous changes to the default XBeach model and the effec-

tiveness of these changes was determined with MSESS. A separate, qualitative, binary assessment

was used to visually determine how well the model predicted overwash / no overwash on the highway.

Recall, Precision, and F-measure were the statistical methods used to quantify the binary predictor's

accuracy when compared to observed overwash patterns in aerial photography. The calibrated

model was then validated using a hurricane and nor'easter.

Hurricane Dorian (2019) presented an excellent opportunity for a live test of the forecasting

system. Several forecast predictions were collected from the NWPS and each was subsequently

used to force the model (Tab. 3.1). The full 7 year DEM collection from NCDOT was used to identify

long-term dune erosion and recession via time-series analysis of linear regression trends. This

information aided in choosing the 2 year time interval to be used in the core / average/ envelope

DEM development. Topographic DEMs used as input and tested with Hurricane Dorian included

April 2019, August 2019, and the 2 year time series analysis core, average, and envelope DEMs.

4.1 Geospatial Time Series Analysis Results

The linear regression topographic change values resulting from the full time-series data range from

-0.7ft / month to 0.5ft / month. Spatial linear regression indicates areas of accretion (positive values)

and erosion (negative values) (Figure 4.1). Areas of interest are the Groin Pocket (transects 171-180),
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which displays both positive and negative linear regression topographic trends, as well as the Pea

Island Visitor Center (transects 307-309), and Mirlo Beach (transects 570-578) due to the frequency

with which they experience highway overwash.

Transects 171-190 in the north of the study area are shown zoomed in for Figure 4.2, where char-

acteristic trends for the whole study area can be seen better. This area seems to have predominantly

positive or stable trends, with some areas exhibiting loss, most notably the �ll pit (where NCDOT

stores sand), and the dune toe, which seems to be transgressing landward. Accretion trends in

time-series linear regression are often located in areas with signi�cant vegetation or adjacent to the

road. The latter may be an arti�cial trend. Under natural conditions, the transgressing dunes would

slowly move further and further landward as overwash pushed dunes towards the hinterlands; the

island would thereby 'roll over' [Masselink & Hughes, 2003]. The study area is, however, managed

by the NCDOT to keep the road clear and the protective dunes built up. This is the cause of the

positive trend along the highway margins. The accretion of vegetated areas is assumed to be caused

by trapping of windblown (aeolian) sand and resistance to erosion due to stabilizing effects of

the vegetation's roots (Fig. 4.2). These spatial trends seem to indicate that the dune toe is moving

landward over time while the section of the dunes that is not managed is also eroding.

The consistent pattern of dune erosion indicates that choosing a long interval for the time-series

core, average, and envelope DEMs may give an unreasonable representation of the current state

of the dunes, given the large rate of change happening spatially as indicated by the 7 year linear

regression. Additionally, the longer, 7 year (full and seasonal) time-series DEMs were tested to

determine whether they would provide a range of DEM surfaces that best captures the current

con�guration of the dunes and beach at the time of the storm. A core / average/ envelope surface

was constructed for each of these time spans and tested with the Hurricane Dorian forecasting for

comparison with observed results. These DEMs did a poor job forecasting storm overwash, thereby

reinforcing what the linear regression results indicated. A 2 year time span from the most recent

DEMs was chosen as the most accurate representation of possible dune elevations.

4.2 XBeach Calibration Results

For Hurricane Sandy, MSESS was computed for 408 transects along the study area (transect 171 - 578).

Of these pro�les, 73% achieved a 'good' or better skill score. Upon closer inspection of individual

transects, however, it became clear that some areas were assigned very poor skill scores due to

excessive erosion during the inundation regime or errors caused by �ow issues in 1D mode. An

additional challenge for this location is the speed with which the NCDOT responds to overwash

events on the highway. It is not uncommon to see earth-moving equipment in the orthoimagery

taken immediately after storms indicating that post-storm conditions have already been modi�ed.

Dunes are rebuilt, sometimes a matter of hours after a storm has passed. Since these man-made
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Figure 4.1 Linear regression slope calculated from 7 years (31 collected, 60 interpolated) of DEMs. The
slope indicated the elevation change trend over time for those pixels. Negative (erosion) is indicated by
red/ yellow color. Positive (accretion) is indicated by blue / green colors. Regions of interest are A) Groin
Pocket, B) Canal Zone, C) Visitor Center, and D) Mirlo Beach.

44



Figure 4.2 A close up of the north PINWR linear regression with opacity decreased to 50% show some of
the observable trends in elevation change. The area marked "Fill Pit" is a location where NCDOT removes
sand, thus causing negative linear regression topographic trend. Alternatively, vegetation located along
the ridge may have a sand trapping effect, building the dunes and causing a positive linear regression
topographic trend.
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Table 4.1 The confusion matrix for Hurricane Sandy where 'Positive' indicates overwash (either predicted
or class), and 'Negative' indicates no overwash.

Sandy
Overwash Indicator Positive Prediction (PP) Negative Prediction (NP)
Positive Class (PC) 63 8

Negative Class (NC) 20 317

effects cannot be accounted for by the model, they result in a poor skill score (the model results

show a lowered dune elevation, while the post-storm shows the rebuilt dune). Table 4.1 shows the

�nal calibration results of the qualitative overwash assessment organized into a confusion matrix.

Overall, predictions were favorable throughout the island, with a vast majority of pro�le be-

havior during the storm being accurately predicted by the model. The extent of large areas of high

vulnerability was predicted well by the model, with overwashed pro�les being grouped in areas of

observed high impact. Areas in otherwise stable regions where overwash was observed in the photo

were also modeled to have been overwashed. These results gave us con�dence that the calibrated

model was performing well.

In the areas where overwash was incorrectly predicted (either false negative or false positive)

there tend to be some typical causes. Edges of overwash zones often are not eroded in the model

but are in the orthoimagery which results in a false-negative (FN). The 1D nature of the model

explains this, as it has no way to laterally erode dunes, whereas, in reality, this would be expected

to occur. Additionally, there are some areas that the model perceives as having a very robust dune

that upon inspection of the orthoimagery is revealed to be a solitary hummock of highly vegetated

lands surrounded by much lower topography. The 1D model cannot account for �ow around these

features.

The false positives (FP) tend to fall in regions where overwash is occurring, however, at these

speci�c transects, the dunes were not overtopped. The underlying cause of this resilience is dif�cult

to determine, but it can be intuited from their nearness to other overwashed areas, that these dunes

are in a more vulnerable region, even if they were not overwashed in this particular incident (Figure

4.4).

Table 4.1 shows the qualitative overwash confusion matrix. Precision, Recall, and F-measure

were then computed from the confusion matrix for Hurricane Sandy in Table 4.3.

4.3 XBeach Validation Results

The calibrated model was then applied for Hurricane Isabel and Nor'easter Riley. The same tech-

niques used for Hurricane Sandy were used to evaluate Hurricane Isabel, however, no skill score

could be calculated for Nor'easter Riley due to a lack of appropriate post-storm topography. Both
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Figure 4.3 Example from Hurricane Sandy of A) smaller vulnerable locations (transect 356 and 359) along
otherwise resilient dunes whose behavior was predicted by the model and B) an area of PINWR which
showed a perfect prediction of overwash. The pattern of overwash, retained, and overwash can be seen in
the post-storm imagery.
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Figure 4.4 An example of limitations of the tuned 1D XBeach model. A) A high and narrow hummock of
land looks like a steep and resilient dune to the 1D model. In reality, the �ow would simply go around this
obstruction, overwashing the lower dunes behind as seen in post-storm imagery in the top right. B) Pre-
storm imagery shows that this area has low-lying and vulnerable dunes. Post-storm imagery shows that
the predicted overwash occurred further south, though the entire area could be considered vulnerable.
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Figure 4.5 Example of excellent prediction of overwash and no overwash for Hurricane Isabel.

storms were analyzed using the qualitative assessment of overwash impacting the road via post-

storm imagery.

The model performed slightly better for Hurricane Isabel than for Sandy in terms of skill score,

with 75% of transects performing above the 0.2 'good' threshold for MSESS (Table 4.3). This validates

that the parameters chosen during tuning with Hurricane Sandy were not speci�c to one storm.

Many locations in the study area were predicted remarkably well by the model (Figure 4.5).

The Experimental Advanced Airborne Research Lidar (EAARL) pre- and post-storm Lidar re-

quired signi�cantly more modi�cation to produce reasonable DEM outputs, thus incurring some

additional error. [Mitasova et al., 2009, 2010]. Also, the areas unaffected by the waves, such as the

backshore and vegetated areas, still exhibit signi�cant deviation from the pre-storm elevations,

thereby reducing the skill score. It is important to know, in regards to the skill score, that the goal of

the forecast model is primarily to accurately predict overwash on the highway and not to accurately

estimate the depth of erosion or the post-storm pro�le shape.
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Table 4.2 The confusion matrices for Hurricane Isabel and Nor'easter Riley validation runs where Positive
indicates overwash, and Negative indicates no overwash.

Isabel
Overwash Indicator Positive Prediction (PP) Negative Prediction (NP)
Positive Class (PC) 85 7

Negative Class (NC) 40 276
Riley

Positive Class (PC) 75 50
Negative Class (NC) 11 273

Table 4.3 The MSESS, Precision, Recall, and F-measure for Hurricane Sandy, Hurricane Isabel, and
Nor'easter Riley validation runs.

Calibration and Validation
Storms MSESS>0.2 Precision Recall F-measure
Sandy 73% 0.76 0.89 0.82
Isabel 75% 0.66 0.82 0.73
Riley n/ a 0.82 0.66 0.73

The binary overwash indicator for Hurricane Isabel was collected into a confusion matrix (Table

4.2). Statistics were calculated from this confusion matrix and indicated that the model had good

predictive ability (Precision =0.66, Recall=0.82, F-measure=0.73 ), with only slightly more over-

prediction than Sandy (Table 4.3). Certain locations where over-prediction occurred were at low

dunes with large buffers between road and ocean. This buffer was wide enough to slow the �ow of

the overwash that was observed and stop it from impacting the road, whereas the model propagated

this overwash all the way inland and over the road (Figure 4.6).

Nor'easter Riley had no post-storm DEM with which to assess the skill of the model, however,

a binary visual assessment was performed as with the prior two storms. The available post-storm

imagery for Nor'easter Riley is more challenging to assess for overwash due to the collection date

being several weeks after the storm (March 28th). This intervening time allows for previously distinct

overwash patterns to become blurred by weather and human activities. Even with these limitations,

the reliability of the prediction was still reasonable (Precision = 0.87, Recall= 0.60, F-measure=

0.71)(Table 4.3).

4.4 Forecast Results

The confusion matrix and statistical results of the model for all runs can be seen in Table 4.4, and

Table 4.5, respectively.

Forecasts for Dorian were available from the NWPS every 6 hours, starting at midnight. The
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