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CHAPTER 1
INTRODUCTION

According to NOAA’s US Billion-dollar Weather and Climate Disasters report, the aggregated
economic loss due to storm surge and wave damage in US coastal areas reached approximately 700
billion dollars during major storm events between 1980 and 2017 (https://www.ncdc.noaa.gov/billions/).
The risk of storm-related damage, especially coastal flooding, will increase with sea level rise and
intensification of storminess due to climate change (Nicholls, 2002; Kirshen et al., 2008; Emanuel, 2013;
Roberts et al., 2017). Beach erosion and coastline retreat are issues related to storm events that also pose a
great threat to coastal communities.

The Gulf of Maine, a large gulf of the Atlantic Ocean on the east coast of the U.S., is frequently
swept by nor’easters: intense, extratropical storms that generate large waves, elevated water level, and
coastal flooding due to a long wind fetch from the northeast off the Atlantic (Davis and Dolan, 1993). In
the past 30 years, more than 20 notable nor’easters swept through the Gulf of Maine and caused extensive
infrastructural damage, beach erosion, and sometimes loss of life (Chen et al., 2013). As a notable
example, the April 2007 nor’easter generated large waves and a pronounced storm surge along the
western periphery of the Gulf of Maine. The combination of high astronomical tides, storm surge and
large waves resulted in significant coastal flooding and severe erosion along the vulnerable sandy
coastline from southern Maine through Cape Cod, Massachusetts, U.S. Advanced coastal planning and
risk management are needed to facilitate coastal adaptation and resilience to the projected sea level rise,
increased storm frequency and intensity in the future (Kirshen et al., 2008; National Research Council,
2009).

Coastal flooding may occur under three scenarios: (1) the water level exceeds the crest elevation
of natural barriers or coastal defenses, (2) waves rush up the shore and overtop the crest of natural barriers
or coastal defenses, and (3) water flows through breaches in natural barriers or coastal defenses. In the
Gulf of Maine, many types of coastal defenses (e.g., seawalls, revetments, groins and jetties) exist along
the coast to protect buildings and infrastructure from storms and to prevent damage due to flooding and
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erosion. Wave overtopping of seawalls occurs frequently during the storm season and seawall breaches
resulting in major flooding of coastal communities has been reported during severe storms (MADCR,
2009; MACZM, 2013). The literature on coastal flooding due to wave overtopping at coastal defenses
such as seawalls in the Gulf of Maine is limited (Zou et al., 2013). It is critical to develop predictive
methods to quantify water level and waves during storms to assess the capacity of seawalls to protect
communities against wave overtopping during future storms, and to provide guidance for the adaptation
of coastal structures to reduce loss of life and property.

Storm-related sand transport and beach erosion are also problematic along the sandy coastline
from southern Maine to Massachusetts in the Gulf of Maine. Large waves and strong currents are
generated during storms, which alter the pattern of hydrodynamics and sediment transport both on
continental shelves and in coastal bays and inlets (Warner et al., 2008; Warner et al., 2010; Mulligan et
al., 2008, 2010; Orescanin et al., 2014; Wargula et al., 2014; Chen et al., 2015; Li et al., 2015; Li et al.,
2017). Understanding the patterns of erosion and deposition during severe storms is thus important for
coastal resources management and adaptation. However, due to the complex interactions between waves,
currents and bathymetry, coastal hydrodynamics and sediment transport can present high variability both
in space and time. Different storm conditions may add to the complexity because the magnitude and
pattern of the waves and currents depend on storm characteristics (Young, 1988, 2006; Rego and Li,
2009, 2010; Holthuijsen, 2010; Li et al., 2017). The dominant processes driving both hydrodynamics and
sand transport need to be clarified along with the impacts of different storm characteristics on coastal
hydrodynamics and sand transport.

Coastal flooding, sand transport and beach erosion in the Gulf of Maine can be addressed based
on the investigation of coastal hydrodynamics during storm events. The importance of investigating
coastal hydrodynamics in the Gulf of Maine can be illustrated by demonstrating the ways that interactions
between physical factors at different spatial and temporal scales influence: (1) the accurate prediction of
locally elevated water levels and the battering waves that cause coastal flooding; (2) sediment transport in
the littoral zone; (3) the delivery of nutrition and flushing of wastes at aquaculture facilities; and (4) the
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design and robustness of coastal structures. However, the reliable prediction of storm surge, waves and
their interaction in the Gulf of Maine remains a major challenge due to the complex bathymetry and
topography, and large tidal range in this region. Prior to this work, there was a lack of comprehensive
study of tide-surge and wave interaction throughout the Gulf of Maine.

The goal of this work was to develop an integrated atmosphere-ocean-coast model that links
processes ranging from open ocean to surf zone scales and to apply it to the Gulf of Maine to (1) more
accurately model the hydrodynamics of the region by including the interaction between tide-surge and
waves; (2) model coastal flooding due to wave overtopping the seawall in Scituate, Massachusetts during
a notable nor’easter storm and investigate the impact of sea level rise under similar storm conditions; (3)
link the hydrodynamic model to sand transport and determine the response of sand transport to different
storm characteristics.

The detailed objectives were as follows:

(1) To develop an integrated atmosphere-ocean-coast model that accurately predicts coastal
hydrodynamics, flooding and sand transport for the planning and design of coastal
adaptation strategies and structures.

(2) To incorporate tide-surge and wave interaction in shallow water areas of the Gulf of
Maine, where the impact of currents, waves and surges are closely linked;

(3) To produce a better understanding of the coupling between tide-surge and waves during
extratropical storms such as the April 2007 nor’easter in the Gulf of Maine.

(4) To accurately predict coastal flooding due to wave overtopping at a beach-seawall
system.

(5) To investigate the impact of sea level rise on flooding behind seawalls due to wave
overtopping for the planning and design of coastal defenses.

(6) To compare the hydrodynamic responses to storms with different tracks, intensities and

durations in a coastal bay in the Gulf of Maine;



(7) To identify the contributions of waves, wave-induced current and wind-driven current to
storm-induced sand transport;

(8) To investigate the spatial and temporal variations of storm-induced sand transport flux in
a coastal bay in the Gulf of Maine.

The following chapters of the dissertation are focused on answering the questions raised above.
Chapter 2 describes the application of the state-of-the-art two-way coupled SWAN+ADCIRC model on
an unstructured grid covering the Gulf of Maine to simulate the hydrodynamic response in the Gulf of
Maine during the April 2007 nor’easter. Chapter 3 investigates the tide-surge and wave interaction in
shallow water areas in the Gulf of Maine, including in Saco Bay and over Georges Bank. Chapter 4
couples the hydrodynamic model with a surf zone model and a wave overtopping model to predict coastal
flooding due to wave overtopping, and the impact of sea level rise at the seawall in Scituate,
Massachusetts, to inform planning and design of coastal defenses. Chapter 5 investigates differences in
the hydrodynamic responses to storms with different tracks, intensities and durations in Saco Bay and
identifies the contributions of different forcing terms on storm-induced sand transport. The hydrodynamic
model is also linked with a sand transport model to investigate spatial and temporal variations of sand
transport flux in Saco Bay under storm conditions. Chapter 6 brings together the conclusions and includes

a discussion of potential work to further improve the current study.



CHAPTER 2
APPLICATION OF SWAN+ADCIRC TO TIDE-SURGE AND WAVE SIMULATION IN THE
GULF OF MAINE DURING THE APRIL 2007 NOR’EASTER
2.1 Background

Coastal flooding along the southern coast surrounding the Gulf of Maine is mainly caused by the
combination of elevated water levels and waves during nor’easters. Nor’easters, so named for the
direction from which their winds blow over land, are the cyclonic storms battering the northeastern coast
of the United States from October through April (Davis and Dolan, 1993). In the past 30 years, more than
20 notable nor’easters swept through the Gulf of Maine and caused extensive infrastructural damage,
beach erosion, and sometimes loss of lives (Chen et al., 2013).

The predictions of storm surges, waves, and coastal flooding in the area remains a challenging
issue, which can be addressed from two aspects. First, the nonlinear interaction between tides, storm
surges, and waves needs to be resolved with the presence of complex bathymetry and configuration of the
coastline. Waves and currents interact with each other through the following physical mechanisms: (1)
surface shear stress: the surface drag coefficient is modified with the presence of surface waves (Warner
et al., 2008); (2) bottom stress: waves enhance turbulent mixing, and, therefore, modify the bottom stress
experienced by currents (Grant and Madsen, 1979; Zou, 2004); and (3) radiation stress, which represents
the excessive momentum flux within the circulation due to the presence of waves (Longuet-Higgins and
Stewart, 1964; Zou et al., 2006 ). It is well understood that waves contribute to the total water level by
wave set-up through radiation stress (Longuet-Higgins and Stewart, 1962), while wave transformation
and propagation are affected by the water depth and currents. Other interaction processes between waves
and currents, including the surface wind stress and bottom friction, require further exploration. The other
aspect is the role of wave action in contributing to coastal damage. Large battering waves can cause
significant damage by means of wave run-up and overtopping/splash-over despite water levels below the

flood stage.



Numerical studies of hydrodynamic processes in the Gulf of Maine during extratropical storm
events fall into three categories: (1) wave models (Sucsy et al., 1993; Panchang et al., 2008), (2) tide-
surge models (Bernier and Thompson, 2007), and (3) coupled circulation and wave models (Beardsley et
al., 2013; Chen et al., 2013). Only recently, fully-coupled circulation and wave models have been used to
assess the contribution of wave-current interaction to coastal flooding (Beardsley et al., 2013; Chen et al.,
2013). While Beardsley et al. (2013) and Chen et al. (2013) mainly focused on model skill assessment,
the contribution of waves to circulation and surface elevation was not examined in detail.

In this study, a state-of-the-art fully-coupled model, the Simulating WAves Nearshore (SWAN)
model with an unstructured grid and the ADvanced CIRCulation (ADCIRC) model, was used to
investigate tide-surges and waves in the Gulf of Maine during the April 2007 Nor’easter. The chapter is
organized as follows: Section 2.2 briefly introduces the Gulf of Maine. In Section 2.3, the April 2007
Nor’easter is described. A brief introduction of the numerical models, the ADCIRC and SWAN models,
is presented in Section 2.4. The following two sections describe model setup, results, and discussion.
Finally, conclusions are provided.

2.2 Gulf of Maine

The Gulf of Maine (Figure 2.1) is a mid-latitude marginal sea located on the North American
continental shelf. It is bounded by the New England coastlines of the United States and Atlantic Canada.
The seaward flank of the Gulf of Maine is the Georges Bank, a shallow submarine bank that separates the
Gulf of Maine from the Northwest Atlantic Ocean, with a minimum water depth of less than 20 m. The
geometry of the Gulf of Maine is characterized by several deep basins and shallow submarine banks. It

also has the world’s largest tidal range in the Bay of Fundy, the northern part of the Gulf of Maine.
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Figure 2.1. Map of Gulf of Maine and its adjacent shelf/slope region.
2.3 April 2007 nor’easter

The April 2007 Nor’easter severely impacted the northeastern United States from April 15 to 18,
2007. The surface low pressure system that triggered the development of the nor’easter originated in the
southwestern United States. It intensified into a major storm as rapid cyclogenesis occurred well off the
Mid-Atlantic Seaboard. A vigorous upper level low briefly retrograded the storm on a dangerous path
toward the coastline, eventually allowing the system to become quasi-stationary near New York City on
Monday morning, April 16. The lowest central barometric pressure recorded was 968 hPa, with its
intensity similar to a moderate category Il hurricane. The storm produced intense winds in the Gulf of
Maine, with its peak wind gust above 70 m/s (Marrone, 2008).

The storm generated a pronounced storm surge and large waves acting along the western
periphery of the Gulf of Maine. The recorded storm tide corresponded to a 10-year return period event in
Portland, Maine. The storm tide peaked at Fort Point, New Hampshire, with a return period exceeding 50
years. The highest waves recorded by nearshore buoys were approximately 9 m (Marrone, 2008; Douglas
and Fairbank, 2010). The combination of high astronomical tides, storm surges, and large battering waves
resulted in significant coastal flooding and severe erosion along the vulnerable sandy coastline from

southern Maine through Cape Cod, Massachusetts.



2.4 Methods
2.4.1 Advanced circulation model

The ADCIRC model, developed by Luettich et al. (1992) and Westerink et al. (1994), was used to
simulate the response of water levels and currents to the April 2007 Nor’easter in the Gulf of Maine. The
two-dimensional (2D) depth-integrated version, often referred to as ADCIRC-2DDI, was used in this
study. It basically solves generalized wave continuity equations on an unstructured triangular mesh with a
continuous Galerkin finite-element method. By using an unstructured triangular mesh, the model can
resolve complex geometry and bathymetry. The governing equations in spherical coordinates are as

follows:
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where t is time; A and ¢ are longitude and latitude, respectively; ¢ is the free surface elevation
relative to the geoid; U and V are depth-integrated velocity components in west-east and south-north
directions, respectively; H = { + h is the total water depth and h is the bathymetric water depth relative
to the geoid; f = 2Qsind¢ is the Coriolis parameter and Q represents the angular speed of the earth; p; is

the atmospheric pressure at the free surface; n is the Newtonian equilibrium tide potential; a is the

effective earth elasticity factor; p, 70 is the reference density of water; R is the radius of the earth; g is

gravitational acceleration; s, and tsy are the surface wind stresses in the longitudinal and latitudinal

direction, which is computed by a standard quadratic air-sea drag law, and the air-sea drag coefficient is



defined by Garratt’s drag formula (Garratt, 1977); t, is the bottom friction term; and v, is the depth-
averaged horizontal eddy viscosity coefficient. The bottom friction term <, is defined as
7, =C,(U?+V?)"?/H (Equation 2.4)
where Cy is the bottom friction coefficient.
2.4.2 Simulating waves nearshore model
A third-generation spectrum wave model, the SWAN model (Booij et al., 1999; Ris et al., 1999),
was used for wave simulation in this study. The SWAN model solves the wave action balance equation
and obtains wave parameters by integrating a 2D wave energy spectrum in the frequency and direction
domain. Its governing equation in spherical coordinates is as follows:

oN oc,N , ,0c,cos¢N oc N oc,N S .
E+ 61/1 +cos™ ¢ ¢a¢¢ + a‘; + 669 :f (Equation 2.5)

where o is the relative radian or circular frequency; 0 is the wave propagation direction; c; and
cg denotes the speed of wave energy propagation in the longitudinal and latitudinal direction; c, and cqy
are the wave energy propagation velocities in spectral space (o, 0); S;o: iS the source/sink term that
represents all physical processes which generate, dissipate, or redistribute wave energy; and N is the wave
action density, which is defined as:
N(1,¢,0,0)=E(1,¢,0,0)] c (Equation 2.6)

in which E represents the wave energy density. The source term on the right side of Equation
(2.5) includes input energy from wind, dissipation by the bottom friction, wave breaking, and nonlinear
wave-wave interactions.
2.4.3 SWAN+ADCIRC coupled model

Dietrich et al. (2011) integrated the unstructured-mesh SWAN model and the ADCIRC model,
which is known as the SWAN+ADCIRC model. By sharing the same unstructured finite element mesh,
the ADCIRC model and the SWAN model are coupled in the following way: the ADCIRC model first

interpolates the input wind spatially and temporally onto the computational vertices and runs to calculate



water levels and currents. The wind field, water level, and currents are then passed to the SWAN model to
obtain the wave spectrum by solving the wave action density balance equation. The radiation stress due to
the presence of surface gravity waves (Longuet-Higgins and Stewart, 1962) is then passed to the
ADCIRC model to predict the water levels and currents.
2.5 Model setup
2.5.1 Model domain

The model domain for tide-surge and wave simulations covers the Gulf of Maine and waters
surrounding Cape Cod, Nantucket Sound, Buzzards Bay, and Nova Scotia (for the sake of simplicity, this
area is referred to as the Gulf of Maine) (Figure 2.2). The water depth within the model domain ranges
from about 4000 m in the deep ocean to less than 1 m in the coastal area. An unstructured mesh was
created in the model domain as shown in Figure 2.2a, with 233939 nodes and 442641 triangular elements.
The grid resolution ranges from 25 km along the offshore boundary to 10 m in the coastal area to locally
resolve the bathymetry gradient and complicated geometry of coastline. Figure 2.2b shows the
bathymetry and locations of wave buoys and tide gauges within the model domain, including wave buoys
44017 (Montauk Point, New York), 44027 (Jonesport, Maine), 44033 (West Penobscot Bay, Maine), and
44034 (Eastern Maine Shelf), and tide gauges 8418150 (Portland, Maine), 8423898 (Fort Point, New
Hampshire), and 8452660 (Newport, Rhode Island).
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Figure 2.2. Finite element grids, wave buoys, and tide gauges in model domain.
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2.5.2 Surface wind and air pressure forcing

The National Centers for Environmental Prediction (NCEP)/North American Regional Reanalysis
(NARR) dataset (http://www.esrl.noaa.gov/psd/) was used as the surface wind and pressure forcing for
the model. Covering the North American region, the NARR dataset uses the high-resolution NCEP Eta
Model (32 km/45 layers) together with the regional data assimilation system (RDAS). With improved
modeling and assimilation, the NARR dataset is more accurate than the other reanalysis dataset available
in this area. Currently, it contains eight daily outputs (00Z, 03Z, 06Z, 09Z, 12Z, 15Z, 18Z, and 21Z) at 29
levels of temperature, wind, pressure, and precipitation.

The wind outputs at 10 meters above the sea surface were compared with the wave buoy
measurements in the Gulf of Maine. Figure 2.3 shows the comparison of wind speed and direction at two
wave buoys, in which Obs denotes the wave buoy observations and NARR denotes the NARR outputs.
The NARR outputs agree reasonably well with the wave buoy observations, which provides confidence

for wave and tide-surge modeling.
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Figure 2.3. Comparison of NARR wind outputs with wave buoy observations during April 2007
Nor’easter.

2.5.3 Model parameters
The ADCIRC-2DDI model is used for tide-surge simulation. The finite amplitude and convection

terms are activated. Lateral viscosity is set at a constant of 5 m/s? through the whole domain (Yang and
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Myers, 2008). The hybrid bottom friction relationship is used to specify a varying bottom friction

coefficient depending on water depth (Luettich and Westerink, 2006):
H 7116
Ct =Cimin {“ (%)gf } (Equation 2.7)

where Cy is the bottom friction coefficient, Crp;, is the minimum bottom friction coefficient,
Hpreal 1S the break depth, 8¢ is a dimensionless parameter that determines how rapidly the hybrid bottom
friction coefficient approaches its deep water and shallow water limits when the water depth is greater
than or less than Hy,eqk, and yy is a dimensionless parameter that determines how the friction factor
increases as the water depth decreases. When the water depth is below Hy ...k, the formulation applies a
depth-dependent, Manning-type friction law, while a standard Chezy friction law is used when the depth
is greater than Hp,¢qx. The parameters in the Equation (2.7) are set to Crpin = 0.03, Hppeqr =2.0 M, 65 =
10, and y; = 1.33333 as recommended by Luettich and Westerink (2006).

For the calculation of surface wind stress, the wind drag coefficient described by Garratt (1977)
with a cap of C; < 0.0035 is used. The eight most significant astronomical tide constituents (M2, S2, N2,
K2, K1, P1, O1, and Q1) are used to drive the model along the open boundary. The corresponding
harmonic constants of the eight tidal constituents are interpolated from the OSU TOPEX/Poseidon Global
Inverse solution TPXO (Egbert and Erofeeva, 2002). The time step for the ADCIRC model is set to one
second to maintain computational stability.

The wave simulation model, i.e., the SWAN model, shares the same unstructured mesh and
surface wind forcing with the ADCIRC model. Along the offshore boundary, wave spectra based on
National Oceanic and Atmospheric Administration (NOAA) WAVEWATCHIII hindcast reanalysis data
in the northwestern Atlantic Ocean (ftp://polar.ncep.noaa.gov/pub/history/waves) are used to allow swells
generated outside of the model domain to propagate reasonably into the model domain.

The prescribed spectrum frequencies range from 0.04 to 1.00 Hz and are discretized into 34 bins

on a logarithmic scale. The wave spectrum is solved in full circles with the directional resolution being 10
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degrees. The Jonswap formulation (Hasselmann et al., 1973) is used for the bottom friction. The friction
coefficient of 0.038 m?%s is used for both wind waves and swells (Zijlema et al., 2012). The time step for
integration is set to 600 seconds.

The coupling interval of the model is the same as the time step for wave integration. The
ADCIRC model passes wind forcing, water levels, and currents to the SWAN model every 600 seconds,
while the SWAN model passes radiation stress to the ADCIRC model to update circulation calculations.
The model ran for 30 days from April 1, 2007 to April 30, 2007 from a cold start. The elevation-specified
boundary condition was first ramped up for five days with a hyperbolic tangent function until an
equilibrium state was reached before surface wind and pressure forcing were applied.

Three cases were run in this study: (1) the ADCIRC model run for tide-surge simulation, (2) the
SWAN model run for waves, and (3) a fully coupled SWAN+ADCIRC model run considering wave
effects on circulation.

2.6 Results and discussion
2.6.1 Tide and surge validation

The tide simulated by the ADCIRC model during the April 2007 Nor’easter was first compared
with observed data from tide gauge data. This is a prerequisite since coastal flooding often coincides with
high tides. The water level recorded by NOAA/CO-OPS tidal stations was analyzed using the MATLAB
harmonic analysis toolbox T-Tide (Pawlowicz et al., 2002) to extract tidal components. The extracted tide
series was then compared with the model prediction. Figure 2.4 shows the comparison results at three tide
gauges along the coast of the Gulf of Maine: tide gauges 8418150, 8423898, and 8452660. In Figure 2.4,
astronomic tide denotes the tide level generated by harmonic analysis of the recorded tide gauge data and
ADCIRC tide denotes model simulation results. Generally, the simulated tide agrees with the observation
both in magnitude and phase. The simulated tide is slightly lower than that of observed data at high tide,

which may be due to the overestimated bottom friction coefficient in the model.
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Figure 2.4. Comparison of simulated tide level with astronomic tide level during April 2007 Nor’easter at
different tide gauges.
The surface wind and pressure forcing were then added to the model to simulate storm surges
during the April 2007 Nor’easter. Figure 2.5 shows the comparison of simulated surge levels with

observations. Obs denotes the observed storm surge level and ADCIRC surge denotes modeling results.
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Figure 2.5. Comparison of computed storm surge with observed data during April 2007 Nor’easter at
different tide gauges.

At tide gauges 8418150 and 8423898, the predicted peak surge level agrees with the observed
data. The oscillation after a surge peak with a similar frequency of tides may be due to strong surge-tide
interactions. At tide gauge 8452660, the surge peak is under-predicted by approximately 0.2 m. After the
peak of the surge, the surge level is under-predicted, which can be explained by the short fetch from the
east boundary of the mode domain to the western periphery of the Gulf of Maine. A simple way to
estimate storm surge formation is described by Pugh (1987). For an equilibrium state with a constant
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wind field, the sea surface slope can be expressed by a simple linear, steady-state expression so that the
surge level at the coast is as follows:

C,p WL

(Equation 2.8)
9pD

{ oc

where  is the surge level at the coast, L is the shelf width, D is the averaged water depth, W is
the wind speed, C; is the wind drag coefficient, p, is air density, and p is the density of sea water. When
offshore wind veers from the southeast to the east as the storm moves to the east, the shelf width L within
the model domain is not long enough to predict the observed surge at the coast without proper offshore
surge boundary conditions. In this case, it may be more reasonable to specify water level or current
velocity instead of tidal constituents to take the surge along the open boundary into consideration.
2.6.2 Wave validation

Wave simulations were compared with buoy data in Figure 2.6, in which Obs denotes observed
buoy data and SWAN wave denotes simulated results. Figures 2.6a through (d) are the comparisons of
significant wave height (SWH) and Figures 2.6e through (h) show the comparisons of dominant wave
period (DPD).

Figure 2.6. Comparison of simulated wave parameters with buoy data during April 2007 Nor’easter at

different wave buoys.
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