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ABSTRACT  

 

Hawaiói Islandôs coastal communities are in a weak position for adapting to the impacts 

of sea-level rise (SLR), coastal erosion, and subsidence. Though bounded by nearly 430 km of 

ecologically, culturally, and economically important coastline, Hawaiói Island has never had a 

comprehensive assessment, or systematic monitoring, of long-term and short-term shoreline 

change rates to inform local coastal zone management policies. Consequently, occurrences of 

unsustainable coastal development have resulted in significant impacts to property and nearshore 

resources.  To better understand and manage coastal vulnerabilities, we quantified shoreline 

change from the mid-twentieth century to the present for three diverse geomorphic coastal 

settings on Hawaiói Island. These sites are a calcareous beach (HǕpuna State Beach Park), a sea 

cliff (Honoliói Beach Park), and a subsiding coastal lava field (Kapoho/Hawaiian Vacation 

Land). In order to quantify change, we produced shoreline position data using historic aerial 

photographs and three-dimensional datasets derived from monthly small unmanned aerial system 

(sUAS) surveys collected over a 12 month period. These data were merged with SLR and 

subsidence projections using GIS to estimate and visualize current and future shoreline locations 

at our three sites. From our monthly survey data at HǕpuna Beach, we found the shoreline to be 

highly dynamic, exhibiting a mean intra-annual shoreline positional variation of 7.33 ± 2.29 m. 

We also found that HǕpuna Beach experiences long-term erosion (1969-2018) at a rate of -0.18 ± 

0.17 m yr
-1

.
 
Along the Honoliói sea cliff, we quantified long-term erosion of -0.13 ± 0.26 m yr

-1
, 

with a maximum retreat of 9.5 m between 1964 and 2018. Our analyses for Kapoho found that 

present-day extreme flooding events (i.e. king tides) already cause tidal inundation 60 m inland 

from the current mean higher high water mark. If SLR and subsidence rates persist as expected, 

the entire Kapoho study site will experience flooding within 25 years. Through this study we 

were able to quantify, for the first time, shoreline changes exhibited across Hawaiói Islandôs 

diverse and dynamic coast. We also demonstrated the viability of sUAS as an effective tool for 

high resolution coastal monitoring. Our results provide insights to the chronic, seasonal, and 

episodic coastal processes that impact coastal communities and resources on Hawaiói Island, and 

can help Hawaiói County planners develop necessary adaptations to coastal management 

strategies.  
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CHAPTER 1. INTRODUCTION  

 

Coastal and island communities worldwide are severely threatened by sea level rise and 

exacerbated effects from coastal erosion and subsidence. Impacts from these processes, including 

nuisance flooding, beach loss, cliff retreat, and infrastructure damage, are not trivial and will 

only amplify as human population and development pressures increase along the worldôs coasts 

(Neumann et al., 2015a; Neumann et al., 2015b).  It is therefore necessary to research the 

combined effects of dynamic coastal processes to inform local coastal zone management 

policies, such as shoreline setbacks, and build community resiliency (Tribbia and Moser, 2008; 

Abbott, 2013).  

Hawaiói, USA, is a remote archipelago in the middle of the Pacific Ocean, and is already 

experiencing the exacerbated consequences of sea level rise (SLR) and unsustainable coastal 

development.  More than 20 km of Hawaióiôs former coast has been completely lost to erosion, 

while urban regions like Honolulu regularly experience flooding due to seawater backwash into 

city storm drains during high tide (Romine and Fletcher 2013; Habel et al., 2017). Some of these 

impacts are the result of ambiguous coastal policies that have allowed hazardous coastal 

development and subsequently restricted natural and anthropogenic dynamic coastal processes 

(Dugan et al., 2010; Abbott, 2013). Concerted efforts have been focused on identifying, 

quantifying, and mitigating coastal vulnerabilities to the stateôs, and nationôs, most valued 

biological, cultural, and economic resources (Neumann, 2015 (A); Sweet et al., 2017). One 

approach to mitigating future hazards is through the use of scientifically supported shoreline 

setbacks developed via collaboration of researchers, county planners and local policy makers. 

In Hawaiói, the shoreline is broadly defined as the highest annual wash of the waves, with 

some exceptions for artificial structures that have augmented the shoreline. At the state level the 

shoreline setback is defined as an absolute minimum of twenty feet and an absolute maximum of 

forty feet from the designated shoreline (Hawaiói Revised Statutes Ä205A-43). However, HRS 

§205A-45 allows each county to establish setbacks greater than the state maximum. At the 

Hawaiói county level, which encompasses the entire island of Hawaiói, the shoreline setback is a 

minimum of forty feet for all lots, with some exceptions that allow for a twenty foot setback 

(Rule 11, Shoreline Setback of the Hawaiói County Planning Department Rules of Practice and 
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Procedure).  These policies have been established without any research supporting that twenty or 

forty feet is a reasonable and safe setback. This is particularly problematic for Hawaiói Island, 

which has nearly 430 km of diverse coast including sea cliffs, sandy beaches, and low-lying lava 

fields. Further, shoreline adjacent lots are subject to various levels of zoning and development. 

Scientific support is needed for coastal zone management policies to effectively protect marine 

resources and the people who reside, work, and enjoy recreation along Hawaiᾶiôs treasured 

coastline. Maui and Kauaᾶi Counties have used HRS-205A-45 to extend their shoreline setback 

boundaries based on best available science (Abbott, 2013; Romine and Fletcher 2013). However, 

scientific data describing shoreline change on Hawaiᾶi Island is not available, motivating the 

topic of this thesis. 

Here we quantify, for the first time, shoreline change at three diverse coastal 

geomorphologies that represent the diversity of Hawaiᾶi Islandôs coast. Our study sites included a 

white sandy beach (HǕpuna State Beach Park), a sea cliff (Honoliᾶi beach park), and a low-lying 

subsiding lava field (Kapoho/Vacation Estates). We used a combination of historic aerial 

imagery and imagery systematically acquired from a small unmanned aerial system (sUAS) to 

determine long-term (decadal) and short-term (monthly) shoreline change rates. The next three 

chapters describe the results from each study site and the fif th chapter discusses how our results 

can inform coastal zone management strategies for Hawaiᾶi County and beyond.
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CHAPTER 2. SHORELINE CHANGE AT HAPUNA STATE BEACH PARK  

 

  2.1. Introduction  

2.1.1. Project Significance 

Sandy beaches are important recreational, economic, cultural, and biological resources 

worldwide. Unfortunately, some of the worldôs most important beaches are being lost to coastal 

erosion and sea level rise. It is estimated that the United States has 4,300 km of severely eroding 

coastline, with 21 km of beach coast completely lost to erosion in Hawaiᾶi (Houston, 2008; 

Romine and Fletcher, 2013). Scientists, engineers, local city managers and planners have worked 

together to mitigate beach loss by building groins, breakwaters, sea-walls, and replenishing the 

sand itself. These strategies, however, are costly, provide only a temporary solution, and often 

create unintended negative impacts (Landry et al., 2003; Romine and Fletcher, 2013; Brown et 

al., 2016). Some coastal communities have sought scientific support for creating policies that 

limit and remediate coastal development, rather than attempt to control coastal erosion and rising 

seas. For example, a study conducted in Yanchep, Australia, analyzed 34 years of data and 

reported a rate of -1.7m yr
-1

 of beach loss; those data have been useful for preventing hazardous 

coastal development along Western Australiaôs coasts (Gallop et al. 2015). This approach of 

integrating data to better inform local coastal zone management policies has also been tested and 

applied in the major counties of Hawaiᾶi , specifically Maui, Oᾶahu , and Kauaᾶi (Romine and 

Fletcher, 2013). 

Research on Oᾶahu has quantified place-based erosion rates to estimate how 

economically important beaches will change in the future (Anderson et al., 2015; Habel et al., 

2017), and extensive public outreach and education efforts by UH MǕnoa SOEST researchers 

have begun to raise general awareness on this important issue. Furthermore, the counties of Maui 

and Kauaᾶi have produced scientifically supported shoreline setback policies and community 

resiliency plans that incorporate coastal erosion rates (Maui Planning Commission, 2007; Abott, 

2013; Council of the County of Kauaói, 2014). Despite these growing efforts across the state, 

there has been no study of long-term or short-term shoreline change for the County of Hawaiᾶi. 

Although white sandy beaches are just one component of Hawaiᾶi Islandôs diverse coast, they are 

important for recreation and tourism. Thus, it is important to expand upon methodologies from 

neighbor island studies to improve coastal monitoring strategies and identify any detrimental 
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changes to Hawaiᾶi Countyôs beaches. One approach to improve shoreline monitoring strategies 

is through the adoption of small unmanned aerial systems (sUAS), which allow data acquisition 

on a shorter temporal scale compared to traditional historic image analyses. 

 

2.1.2. Environment 

HǕpuna State Beach Park (~10 ha), located on the northwest coast of Hawaiᾶi Island 

(Figure 1), is the islandôs most popular white sandy beach. HǕpuna Beach is surrounded by lava 

rock and has two ephemeral streams that flow in at the north and south end of the beach during 

rare, heavy rain events (Fletcher et al., 2002; Bode and Jol, 2006). This coastal setting is exposed 

to west and northwest swell and Kona storms that can generate moderately high waves of 3m - 6 

m, though waves are generally ~ 1m in height (Fletcher et al., 2002; Vitousek et al., 2009).  
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Figure 1. Map of HǕpuna State Beach Park. Top inset map shows the location of Hawaiᾶi Island 

within the state; Middle inset highlights the region of Hawaii Island where HǕpuna Beach is 

located; and bottom inset identifies the extent of sandy beach. Left is a sUAS-derived 

orthophotomosaic of the site collected on 7/11/2017. 

 

The development of walkways, pavilions, and a resort hotel along the beach began in the 

1960s, and has created easy access for more visitors and locals to enjoy the beach (Bode and Jol, 

2006). In a survey conducted for the HǕpuna Beach State Recreation Area Expansion Master 

Plan, Pederson Planning Consultants (1992) found that 75% of all shoreline and beach recreation 

along the HǕpuna-Puako coast occurred at HǕpuna Beach. In 2013, the Division of State Parks 

initiated a $5.00 entry fee for out of state visitors and $10.00-$40.00 for tour companies; these 

revenues have been used to support beach park maintenance and lifeguard services. It is possible, 

though, that coastal erosion and sea level rise could have dramatic consequences for the beach 

itself and those who depend on and use the beach in various capacities.  

 

2.1.3. Objectives 

The objectives for this study were to quantify long-term (decadal) and short-term (intra 

annual/monthly) shoreline change at HǕpuna State Beach Park and consider potential future 

vulnerability to SLR. We hypothesized that HǕpuna Beach has been subject to long-term erosion 

along the beach toe and could expect intensified seasonal beach fluctuations, or loss, if SLR 

continues as expected (Parris et al., 2012; Sweet et al., 2017). This chapter describes how we 

quantify long- and short-term shoreline change, potential future vulnerabilities to HǕpuna Beach, 

and how local planning can adapt to the potential changes. 

 

 2.2. Methods 

2.2.1. Short-term shoreline change 

In order to capture seasonal short-term seasonal and episodic erosive events, we used 

sUAS platforms to collect high-resolution imagery on a bi-monthly basis from January 2017 

until January 2018 (Table 1). sUAS flight operations were conducted with a DJI Inspire 1 sUAS 

platform carrying a Zenmuse X3 camera, which had a 35 mm focal length and took RGB 

photographs with a 12-megapixel resolution.  All sUAS flights were conducted in compliance 
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with the Federal Aviation Administration (FAA) regulations 

(https://www.faa.gov/uas/media/RIN_2120-AJ60_Clean_Signed.pdf).  

Table 1. sUAS surveys conducted for HǕpuna Beach. * Indicates failed flight mission that was 

not included in analysis. 

 

 

sUAS flights were conducted at 45 m altitude during low tide, parallel to the shoreline, 

and images were taken with 75% overlap to render an orthophotomosaic of the site at ~ 0.02 m 

resolution (Goncalves and Henriques, 2015; Yoo and Oh, 2016; Casella et al., 2016) (Figure 2). 

A Trimble R8 differential GPS and Sokkia SCT6 total station were used to record ground control 

point (GCP) coordinates on both invariant (fixed) locations and variable features (i.e. beach 

sand) (Habel et al., 2016; Stephenson et al., 2017) (Figure 2). Invariant features included survey 

pins along the paved beach walkway and a rock outcropping towards the northern end of the 

beach. Variant features were white crosses, made out of perpendicular three-foot rebar sections 

covered in white duct tape, that were placed across the beach prior to each flight. Variant GCP 

coordinates were measured via total station, with typical errors on the order of 0.03 m. Having 

adequate GCPs within the area of interest is crucial for linking together each orthophotomosaic 

and generating reliable 3D models of changing natural surfaces (Goncalves and Henriques, 

2015).   

Date Pictures Taken Pixel Size (m) RMSE (m)

1/4/2017 275 0.02 0.05

3/1/2017 335 0.02 0.05

5/1/2017 234 0.02 0.04

7/11/2017 290 0.02 0.03

9/18/2017 344 0.02 0.03

*11/22/2017 385 0.02 0.14

12/5/2017 298 0.02 0.04

1/22/2018 299 0.02 0.03

https://www.faa.gov/uas/media/RIN_2120-AJ60_Clean_Signed.pdf
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Figure 2. (Top) Ground control point distribution and (Bottom) sUAS flight path (black) and 

image acquisition (white dots). 

Digital elevation models (DEMs) with 0.30 m pixel sizes were rendered from 3D data 

sets processed in Pix4D (Pix4D SA Switzerland) and LAStools (rapidlasso, 2015) (Figure 3). We 

first used Pix4D to process our sUAS-acquired imagery with our surveyed ground control points, 

which rendered a point cloud we could further process in LAStools. We use three distinct 

features in LAStools to produce a digital elevation model and thus remove features on the beach 

that do not represent the true ground. We first used ñlasthinò to reduce point density to only the 

points with the lowest elevation in a 0.30 m grid. Second, we extracted bare earth data from the 

thinned point cloud using ñlasground_newò with the ñwildernessò filter, which identifies and 

removes small features (3 m step size) from the point cloud. Lasground_new creates two 

classifications: ground points (class = 2) and non-ground points (class = 1). Lastly, we process 

our classified point cloud, keeping only class two, and processing these data in ñblast2DEM,ò to 

render a 0.30 m DEM. 

Short-term coastal change was measured three ways using GIS: 1) we applied the raster 

calculator tool to subtract each DEM by the previous monthôs DEM, to identify regions of either 

sand erosion or accretion throughout the year; 2) we digitized shoreline vectors using the beach 

toe (i.e. low water position) for each dataset to measure the variation in shoreline position 

throughout the year; and 3) we measured the area of the beach using the mean low water position 
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and the vegetation line as our beach area boundaries. All data were projected in WGS 83 for 

UTM Zone 5. 

 

Figure 3. Results of filtering raw point cloud to produce a bare-earth DEM. 

An initial root mean square error (RMSE) estimate of the 3D datasets was calculated in 

Pix4D Mapper Pro software, which estimates the error in the X, Y, and Z directions for all GCP 

locations. This error was computed to be ± 0.02 m on average for all datasets. We further 

determined the accuracy of our DEMs by conducting independent checks along permanent 

ñcontrolò features, as well as other random unmoving features, present in all datasets which 

should exhibit no change (Turner et al., 2016;  Habel et al., 2016); these features included points 

along the paved beach path, water spigots, and cement grill stations (Figure 4). These control 

features were not included as GCPs for data/image processing. We measured the accuracy of our 

DEMs to be ± 0.05 m for all datasets by quantifying the standard deviation of these independent 

checks across each dataset and reporting the mean at the 95% confidence interval.  
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Figure 4. Example of independent, unmoving check points used to determine the accuracy of the 

DEMs. 

 

2.2.2. Long-term shoreline change 

 

2.2.2.1 Data acquisition 

We gathered all available historic aerial photographs from Hawaiói County archives, the 

University of Hawaiói at Hilo Geography Department, and UH MǕnoa Maps, Aerial 

Photographs, and GIS (MAGIS) program. We only selected nadir images that had a scale Ó 

1:25,000 and were in sharp focus (i.e. little to no blur due to motion or ambiguity from shadows). 

Based on these criteria, we gathered a total of 8 images (Table 2) that were scanned at a 

resolution between 720 and 1200 dpi. Each image was georeferenced to a sUAS-derived high 

resolution orthophotomosaic from 7/11/2017 using 10-50 tie points, depending on availability of 

consistent reference features (beach park structures and paved pathways change over time). A 

single analyst carefully digitized the shoreline, using the beach toe as the shoreline proxy. Image 
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contrast and brightness were adjusted to improve delineation of the beach toe as necessary. 

Shoreline data were processed in the Digital Shoreline Analysis System (DSAS) ArcMap 

software extension version 4.0, as performed in neighbor island studies (Thieler et al., 2009; 

Romine and Fletcher, 2013; Anderson et al., 2015).  

 

Table 2. Available historic imagery and associated characteristics for HǕpuna Beach.  

HǕpuna Historic Imagery 

Date Scale 
Focal 

Length 

Image 

Area (ha) 

Georeferencing 

Error (m) 
Format Image Source 

12/18/1964 1:25,000 unknown 3,000 1.86 B&W USDA 

8/21/1969 1:6,600 151.96 250 0.19 B&W 
Unknown (UH Hilo 

archives) 

6/3/1975 1:6,000 151.96 100 1.90 B&W Hawaiian Aviation 

2/4/1977 1:8,000 152.21 350 0.28 B&W Hawaiian Aviation 

12/2/1982 1:25,000 151.96 3,000 0.53 RGB 
unknown (UH Hilo 

archives) 

7/17/1987 1:6,000 151.96 100 1.24 B&W Hawaiian Aviation 

5/18/1988 1:6,000 151.96 100 0.57 B&W Hawaiian Aviation 

4/29/2000 1:6,000 151.96 100 2.58 B&W NOAA 

 

2.2.2.2 Uncertainties 

We identified five sources of error similar to Romine et al. (2009) for each individual 

shoreline vector to reduce any positional and processing bias. Uncertainties for all shorelines are 

measured at the 95% confidence interval. We determined the total uncertainty of each digitized 

shoreline to be the root mean sum of squares: 

Ὁ  Ὁ Ὁ Ὁ Ὁ Ὁ    (1) 

Pixel error (Ep) is defined as the pixel size of the image (e.g. Romine et al., 2009). Pixel 

size was as small as 0.02 m for sUAS-acquired orthophotomosaics and 1.49 m for the oldest 

historic aerial photograph. Previous research has removed imagery with pixel size > 0.5 m, 
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however, removing such images would reduce an already small dataset (Fletcher et al., 2003). 

Therefore, we do not discard any images due to pixel error. 

Georeferencing error (Eg) is defined as the root mean square error produced from 

georeferencing both historic and sUAS-acquired imagery (e.g. Hapke and Reid, 2007). The 

georeferencing error is quantified by calculating the difference between estimated and actual 

positions of tie points and ground control points in the imagery datasets. Our datasets had an Eg 

range of 0.04 m 2.58 m. 

Toe position error (Etoe) is quantified to acknowledge any uncertainties in the toe 

position (i.e. low water mark), which defines the shoreline proxy. We assume that the white 

wash of the waves masks the true position of the beach toe. Thus, we estimate the beach toe error 

to be the standard deviation between the landward and seaward positions of the whitewash of the 

waves.  

Seasonal error (Es) was quantified using shoreline positions from sUAS acquired data 

and is defined as the variation between mean summer and winter shorelines (e.g. Romine et al., 

2009). Summer months were considered as the months from April to September and winter 

months were considered to be from October through March. We quantified mean summer and 

winter shorelines by extracting shoreline positions that intersected with transects spaced 20m 

apart along the beach. The error was determined by computing the standard deviation between 

the mean summer and winter shoreline positions. Seasonal error was determined to be 7.33 m, 

and was applied to all shorelines. 

Tidal Error (Etd) is defined as the standard deviation of shoreline positions measured 

during a low tide and moderate/high tide. These positions were measured by extracting the low 

and moderate tide shorelines that intersected with transects spaced 20m apart along the beach 

and measuring their positional differences. 

2.2.2.3. Data Analysis 

All shoreline vectors were merged into a single GIS layer that included the shoreline 

geometry as well as the total uncertainty calculated for each shoreline (Thieler et al., 2009). 

These data were brought into the DSAS software extension and overlaid with 39 perpendicular 

transects cast from a defined baseline and spaced approximately 20 m apart (Figure 5). The 
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baseline is the reference point to which shoreline change is measured to, and we delineate it as 

the 2017 vegetation line. The intersection of each shoreline at each transect was determined and 

applied to a linear regression using weighted least squares (WLS), which uses the shoreline 

uncertainties as a weight (Romine et al., 2009; Anderson et al., 2015). This statistical approach 

reduces the influence of shorelines with higher uncertainties. We followed Romine et al. (2009) 

to determine the long-term shoreline change rate as the mean of shoreline change rates computed 

for each transect and reported the uncertainty as the root mean sum of squares of the standard 

error computed for each transect. We conducted three regression analyses to compare historic 

shorelines to contemporary shorelines for summer months exclusively (April-September), winter 

months exclusively (October-March), and all shoreline data sets. We chose this approach in an 

effort to identify any season-specific changes that might influence the results when analyzing the 

full dataset.  

 

Figure 5. DSAS transect and baseline set up 














































































