Tactical Sedimentation
of Architectural Reef System

Hybrid simulation framework for nearshore
underwater landscapes

ABSTRACT

Coral reefs are rapidly dying due to climate change and anthropogenic activities. Because these
sensitive ecosystems are critical to ocean health, new approaches for designing synthetic reef
systems have emerged in the last 50 years to sustain and promote coral diversity. However,
despite their success, these studies lack the larger-scale and higher-level ecological analysis that
accounts for anthropogenic threats to these ecosystems. Without considering how contemporary
near-shore environments are hybrid, novel landscapes, artificial reefs are not designed for shared
ecologies. This study proposes a novel simulation framework that expands the existing analytical
modeling methods, allowing us to visualize and test underwater eco-spatial phenomena within
dynamic systems to better identify a design space for intervention with the goal of mitigating
the conventional human-reef relationship through tactically choreographing sedimentation. This
paper focuses on developing a method of modeling and analysis linked to the ecological charac-
terization of coral species and simulation sequences allowing us to: 1) study diverse, underwater
landscapes that are not easily visible or accessible, and 2) project complex environmental change
and sedimentation over time. This method works across tools, scales, and media to develop a
computational ecological approach to designing sensitive habitats. Our simulation sequence
proposes an overlay of (a) CFD analysis with (b) computational sand dune formation and (c) phys-
ical experimentation using a simulated sand and water table to study the sediment response to
morphological intervention. The goal is to identify zones of intervention within the dynamic under-
water landscape that encourage strategic increase or decrease of sediment build-up, nurturing
coral health. This method creates a strategic, responsive framework for a site-specific coral
reef typology that enables a deeper understanding of dynamic environments.
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movement simulations to
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safe sediment accumulation to
enhance coral growth



INTRODUCTION

Coral Reefs are known as the “rainforests of the sea” because
of the diversity of life that is found within them. They are
one of the most diverse, valuable ecosystems in the world,
supporting more species per unit of area than any other marine
environment (NOAA n.d.). They exist in a variety of shapes
and sizes with various morphologies formed throughout time,
providing different needs for different species: a place for
food, reproductive space, space to care for young, and shelter.
There are also many benefits to humans that come with
coral reefs; reefs serve as a natural marine barrier to protect
coastal communities from high-impact waves during natural
disasters, provide food and medicinal resources, and support
the economy by increasing job opportunities.

Despite theirimportance, coral reefs are dying at a rapid pace.
Over 50% of the world’s coral reefs have died in the last 30
years. Up to 90% are predicted to die within the next century
(IUCN 2021). Warming waters, pollution, acidification, over-
fishing, sedimentation, and physical destruction are some of
the causes of coral bleaching and death. Climate change is
one of the greatest global threats against coral reef ecosys-
tems. As temperatures continue to rise, disease and coral
bleaching become more common in coral reef ecosystems.
Undisturbed, it takes approximately 9 to 12 years for a coral
reef to recover from a coral bleaching event.

Otherthanclimate change, one of the leading causes of the rapid
decline of coral reef health is human activity. Anthropogenic
activities are major threats to coral reefs (NOAA n.d.). Pollution,
overfishing, harmful fishing practices, collecting live coral for
the aquarium market, and mining coral for building materials
are some of the many ways that people damage reefs around
the world. For example, deep water trawling, which involves
dragging a fishing net along the sea bottom, can tangle up and
kill reef organisms. Also tourism can create direct, harmful
contact with coral reefs when tourists do not understand how
to be careful with these delicate ecosystems.

A known method to combat coral reef death is the produc-
tion of artificial reefs (Hilbertz 2009; POSCO 2000; Moffitt
1989; Faridah 2015). These artificial reefs help to restore
fisheries and to mitigate the effects of resource exploitation
and destructive practices like trawling. Many artificial reef
material case studies around the world have been successful
in multiple ways, whether from their strength, the biodiver-
sity they attract, or their effects on coastal communities.
However, if they are not installed with sensitivity to the larger
underwater dynamic system or designed with a deeper knowl-
edge of the effects of their form and material, they can be
destructive to existing reefs. Understanding the underwater
landscapes requires complex, often hybrid approaches. More
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4 A series of filtered rastered Google Earth satellite images of the site

5 Final 3D mesh generated using depth mapping of coral reef in Hanauma
Bay allowing for identification of coral species referenced by field data

6 Re-sketching site organization based on simulated studies focused on
computational fluid dynamics of water and sediment movement across
the bay to create new pathways for multi-species.

standard numerical/physics-based modeling in nearshore
environments is particularly difficult given the turbulence of
wave action in the transition zone between land and ocean
(Wang 2005). Climate change has increased the stochasticity
of these sensitive thresholds and unpredictable human use
has introduced further complications. These studies on arti-
ficial reefs seem promising. However, many of these studies
omit the analysis or acknowledgment of the anthropogenic
threat to these coral reefs (Kleypas 2001). This is, in part,
because of the lack of non-intrusive methodologies that allow
for more nuanced modeling and experimentation within such
a sensitive environment to understand the complex interac-
tions between natural forces, humans, and reefs.

THE CASE STUDY SITE: HANAUMA BAY

Hanauma Bay in Honolulu, Hawai'i, contains an endangered
coral reef ecosystem. This location is a popular tourist desti-
nation, which is a large source of income for the Hawaiian
economy. However, since this beach was opened to nonlo-
cals, the coral reef ecosystem has rapidly decayed because of
both climate change and the impacts of recreational activities
like swimming, diving, and snorkeling. Several studies have
tried to determine “acceptable limits of human disturbance” to
allow visitors to continue visiting without degrading the reef’s
health. Despite these measurements, humans still impact the
coral reef’s health, but at a much slower pace, keeping these
reefs from fully recovering (Tsang and Stefanak 2020). During
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this study, dynamic entanglement between all elements and
actants on the case study site was mapped to identify the
areas of intervention that allow healthy coexistence.

LACK OF DATA: UNDERWATER MORPHOLOGY
MODELING PROCEDURE

Initially, past research was collected and mapped to under-
stand the types of visitors—both human and nonhuman—that
reside in the bay (Figure 2). The aim of this data collection
was to create multiple zonal conditions on site, mapping
multi-species connections (Figure 3). These include zones
focused on human recreation, rehabilitation, and education,
respectively.

The study began by digitally modeling the existing site condi-
tions and coral reefs on site, focusing on the brown lobe, rice,
sandpaper, and cauliflower coral species. However, no online
database exists for mapping underwater topographies of habi-
tats. Many small islands that house coral reefs, like Hawai’i,
lack digital databases due to their small size and secluded
locations. There is also no standard method for modeling
dynamic over-time relationships between coral reefs and
recreational landscapes. To respond to this gap, we propose
a method to construct a hybrid digital model for coral reef
typology using the scarce online resources.

Resourcing topographical information of Hanauma Bay via
CityEngine (ArcGIS n.d.)—which directly utilizes ArcGIS data—
an initial 3D model of Hanauma Bay was constructed. Then,
it was hybridized by adding additional bathymetric data to
model the ocean floor. A cohesive surface model of Hanauma
Bay nearshore topography was developed that could be used
as a substrate for depth- and texture-mapping of the coral
reef morphology.

Tactical Sedimentation of Architectural Reef System Duong, Cupkova,
Sawyer, Dawkins



To create a specific digital coral morphology, several Google
Earth satellite images of the site were enhanced to visualize
the shapes of coral textures (Figure 4). Then, this modified
image was applied to the 3D site model through a depth-map-
ping procedure (Figure 5).

Using depth map modeling, a series of 2D rasterized data
maps were enhanced and superimposed directly onto the
3D mesh model of Hanauma Bay to spatialize various coral
reef ecosystems in the bay (Figure 5). The accuracy of this
new 3D mesh morphology directly relates to the resolution
of depth-based image channels, which can be partially ampli-
fied, even from lower-resolution satellite images. Existing
contemporary 3D hydrodynamic models such as CMS Wave/
CMS Flow and Delft3D can solve continuity and Navier Stokes
equations, or more simply, accurately represent the physics of
this context. However, these models 1) rely on robust 3D data
sets, which are not available for many sites like Hanauma
Bay, and 2) oversimplify the fate of landscapes that have to
account for human use. Our proposed workflow can enhance
the accuracy of this modeling method with higher-resolution
satellite imagery. Using the proposed workflow, this study
focuses on identifying the dynamic phenomena of sedimen-
tation patterns relative to diverse coral speciation.

Identifying Strategies for Entanglements:

What to Simulate? Species Identification

Combining sketches with the newly-developed coral reef
morphological model allows for choreographing various
human and nonhuman activities to support dynamic forma-
tions while allowing the entanglement of pathways for
humans and marine creatures to be protected by both artifi-
cial and natural coral reefs (Figure 6).
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Sedimentation is known to hurt corals; it can lead to suffo-
cation due to suspended sand blocking sunlight or sand
settling on corals (NOAA n.d.). However, corals have devel-
oped methods to protect themselves from high levels of
sedimentation such as secreting protective shields (NOAA
n.d.) or evolving into a funnel shape to create “sedimentation
traps” (Riegl 1996) to protect other corals that grow on its
surface. If designed carefully, sedimentation can actually be
accumulated in a way that benefits coral reefs. Due to rising
sea levels, corals have been unable to grow quickly enough to
gather sufficient sunlight, causing them to starve (Sanborn
2017). Increased sedimentation in certain areas could elevate
growing beds on the seafloor as well as encourage vertical
coral growth, allowing these coral species to be closer to the
sea surface and have more access to sunlight.

These areas of decreased or increased sedimentation can be
shaped through artificial reefs placed strategically around the
bay in response to the existing natural reef. This can allow
us to shape pathways for humans and pathways for marine
creatures to safely interact with one another while setting up
a methodology for simulation and experimentation in further
understanding the conditions of the natural environment
acting upon the coral reef in response to safe, tactical areas
of increased sedimentation.

Separation of Coral Form for Analysis

To perform these test analyses, the site was divided based
on prior research that identified portions of the coral reef
differently affected by human activity (Severino 2019). The
northern portion is a coral reef located closer to shore with
a more dense and resilient form. The southern portion is
a coral reef that is more scattered and fragile forming. By
using this method, smaller, more typical segments of coral
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