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Abstract

Accurately modeling wave conditions is essential for assessing the impact of artificial
coastal structures on wave dynamics and coastal resilience. Before predicting the effects
of proposed modifications, it is critical to validate numerical models against existing site
conditions to ensure reliability. This thesis focuses on the validation of two wave models,
SWAN and the nonhydrostatic version of XBeach, by comparing modeled wave transfor-
mations with field data collected offshore of Ulupa'u Crater, O‘ahu, Hawai'i.

The primary objective is to assess the accuracy of SWAN in simulating deepwater to
transitional water wave transformations by comparing model output to Acoustic Doppler
Current Profiler (ADCP) data collected at the site. This validation will determine if nesting
SWAN with XBeach is an effective approach for wave modeling over large spatial domains.
Additionally, the thesis aims to calibrate the XBeach model with the existing reef envi-
ronment by validating wave transformations within the proposed artificial reef deployment
site using pressure sensor data.

The validation process involved integrating site-specific bathymetry and offshore wave
conditions into the XBeach and SWAN models. Model parameters, including bottom fric-
tion and nonhydrostatic effects, were adjusted to best replicate the observed wave transfor-
mations. Spectral analysis and time-series comparisons were used to assess model perfor-
mance, identifying key processes such as energy dissipation across the existing reef system.

Successfully calibrating these models to represent existing site conditions establishes a
foundation for future simulations for hybrid reef installations such as those being pursued
under the Rapid Resilient Reefs for Coastal Defense (R3D) project. Future simulations
will incorporate these artificial structures to assess their effectiveness in wave attenuation
and coastal protection. This research provides a framework for using numerical modeling
to inform coastal engineering decisions ensuring that artificial reef designs are optimized

for both ecological and hydrodynamic benefits.
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Chapter 1

Introduction

1.1 Motivation

Beach erosion is a persistent issue along most U.S. open-ocean shores, worsened by
growing coastal populations and infrastructure at risk. In Hawaii, erosion is the dominant
shoreline change, though it varies signi cantly, with areas of erosion and accretion often
just a few hundred meters apart (Fletcher et al., 2011). @hu's east coast, facing the
prevailing trade winds, is regularly exposed to short-period wind waves and occasionally
large winter swells. This low-lying, developed area has the most concentrated development
near Kailua and Lanikai. The fringing reef along East Oahu shields the coast from large
waves, but beaches behind these reefs are often narrow and vulnerable to ooding during
storms. Seawalls built to protect homes and highways have contributed to beach loss in
many areas. On average, East Oahu's beaches are relatively stable, with a long-term erosion
rate of about 0.01 m/year (Fletcher et al., 2011).

To stabilize beach pro les and enhance coastal protection a project entitled the Rapid
Resilient Reefs for Coastal Defense (R3D) has been developed. The project aims to imple-
ment a submerged perforated breakwater, designed to mimic a natural reef, which reduces

wave energy and encourages coral growth. This project is one of many being researched



to create hybrid coastal structures that combine traditional hard defenses with ecologically
friendly solutions. This study is focused on supporting the e orts of the R3D project.

The primary objective of the submerged perforated breakwater is to dissipate additional
wave energy by shifting the breaking type from plunging to spilling, thereby minimizing the
impact on the surrounding environment. The type of breakers can have di erent impacts
on the water column. Plunging waves are powerful and release energy further into the
water column, therefore they are the most concerning. Spilling breakers pose more of a
concern in shallow environments since the energy is mostly concentrated at the surface.
Furthermore, the location of wave breaking is not xed and uctuates depending on wave
conditions, adding complexity to the assessment.

The deployment of these submerged structures will change the existing locations of
wave breaking. Therefore, the wave transformations will need to be modeled with the
proposed breakwater locations to understand the design location. To study wave conditions
and storm events an understanding the hydrodynamic interactions at the site is needed,
requiring the use of wave modeling software. There are several types of models that can
be used for this purpose, each with its own strengths and limitations.

Computational Fluid Dynamics (CFD) models utilize advanced software to analyze the
interaction between structures and uid ow, making them highly e ective for detailed
studies of uid behavior and system responses. However, CFD simulations are extremely
resource-intensive, requiring signi cant computational power, including high numbers of
cores and substantial RAM. Additionally, CFD models are generally limited to simulating
regular waves and struggle with the complexities of irregular wave spectra due to the need
for a large number of wave components to accurately capture spectral characteristics. While
precise, their high computational demands make them less practical for long-term coastal
wave modeling.

Boundary Element Methods (BEM) o er a numerical approach for solving linear partial

di erential equations by transforming them into integral equations. This approach is par-



ticularly e ective for linear and regular wave conditions, making it useful for speci c cases
where wave interactions can be simpli ed. While BEM can also handle some nonlinearity
and simulate wave breaking, it has a critical limitation: the calculation must terminate
before the plunging wave crest impacts the water surface. The sudden interaction between
a wave crest and the water surface results in complex uid dynamics involving rapid mo-
mentum exchange and energy transfer. Accurately resolving these intricate and nonlinear
phenomena can be challenging. This restriction reduces its ability to fully model the dy-
namics of wave breaking and energy dissipation, limiting its applicability in scenarios with
highly complex, nonlinear wave behaviors typical of dynamic coastal environments.

In contrast, the open-source numerical model XBeach is capable of simulating hydrody-
namic processes in coastal environments through the application of the Non-Linear Shallow
Water Equations. Prior studies employing this model in contexts similar to the present
research include those by Chase (2023) and White (2024). XBeach provides a more ex-
ible and practical approach for simulating nearshore hydrodynamics, particularly under
irregular wave conditions over extended periods. XBeach allows for modi cations to model
structures, making it adaptable for a variety of coastal engineering applications. It is
capable of handling both short waves and infragravity waves, providing more realistic rep-
resentations of wave dynamics in the nearshore zone. This versatility makes it an e ective
tool for assessing the impacts of coastal structures like perforated breakwaters. While
not as detailed as CFD in capturing localized uid interactions, XBeach's e ciency and
scalability make it more suitable for large-scale coastal wave dynamics studies.

The base of Ulupau crater is the site the R3D project is interested in studying. The
site is located on the southeast coast of @hu Hawai'i as shown in Figure 1.1. The beach is
on the Marine Corps Base of Hawai'i (MCBH) on the southeast of the Mokapu peninsula.
The site is bordered by Nuupia Pond and Ulupa'u Head. Ulupa'u beach faces southeast,
with rocky headlands to the north. The northern part of the beach features sedimentary

rock outcrops and a seaward-extending rocky reef. The area is exposed to strong northeast



trade winds, which blow about 756 of the time, particularly from May to October (Miller

et al., 2000). In winter, the winds shift and can become light, variable, or strong Kona
winds from the southwest, often associated with damaging storms. Waves a ecting the
beach mainly come from these trade winds, while winter swells from the North Paci c are
less impactful due to wave refraction and di raction before reaching the beach (Miller et
al., 2000). The bathymetry of Ulupa'u Beach follows a typical fringing reef structure, with

a mild fore-reef slope, followed by a shallow, at reef section. The back-reef has a gentle

slope that extends up to the shoreline, meeting the beach.

Figure 1.1: Location of Ulupa'u site.

1.2 Literature Review

Coastal environments protected by fringing reefs present unique challenges for hydro-
dynamic modeling. Traditional hydrostatic models often fail to capture the complex wave

transformation and dissipation processes occurring over these shallow, intricate bathyme-
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