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ABSTRACT

Hawai Oi | sl anddés coast al communities are i
of sealevel rise (SLR), coastal erosion, and subsidenkbeugh lmunded by nearly 430 km of
ecologically, culturally, and economically impantcoastlineH a wa i 06 ihas hever lzad a
comprehensive assessmaartsystematic monitoringf long-term and shostermshoreline
change rate® inform local coastal zone management polidiansequentlypccurrences of
unsustainable coastal developmieate reslted insignificant impacts to property and nearshore
resources To betterunderstandnd manage coastal vulnerabilitieg quantifiedshoreline
change from thenid-twentieth century to the presdot threediversegeomorphic coastal
settings onThdseuitesredd all sdm@maus beach (HUpuna St :
cliff (Honol i adubsiBirgazaadtal [&a freld (Kapohawailan Vacation
Land). In order to quantify change,epproducedshaeline position dataisinghistoric aerial
photographs anthreedimensional datasetierivedfrom monthly small unmanned aerial system
(sUAS)surveys collected over a 12 month peribdese data we merged with SLR and
subsidence projections using GlSegiimate and visualizeurrent and futurghoreline locations
at our three site§irom our monthly survey datat  H U p u nwefouBdthe shbrelingo be
highly dynamic exhibitinga meanintra-annualshoreline positional variation @t33 + 2.29 m.
We also found thatl U p u n a experienceh lonterm erosior(1969-2018)at a rate 0f0.18 +
0.17myrt.AlongtheHo n o | i 6 jwe guandfiectcldngefr erosion 0f0.13+ 0.26m yr?,
with a maximum retreat &4.5 mbetween 1964 and 201@ur analyses fakapohofound that
preserddayextreme flooding events (i.e. king tidedjeady causedal inundation60 m inland
from the currentmean higher high water mank SLR and subsidenagatespersist as expected,
theentireKapoho study sitavill experience flooding within 25 year§hrough this studye
wereable to quantifyfor the first time shoreline changesxhibited acrossla wa i 0 i |l sl and?d
diverse and dynamic coa¥te also demonstradeéhe viability of sUASas an effective todbr
high resolution coastal monitorin@ur results provide insighto the chronic, seasonal, and
episodic coastal processes timpactcoastacommunities and resourcesn Hawai,amnd | s | ar
canhelp Hawad County planners develop necessary adaptatioogastal management

strategies.
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CHAPTER 1. INTRODUCTION

Coastal and island communities worldwide are severely threatened by sea level rise and
exacerbateeffectsfrom coastal erosion and subsidernogpactsfrom these processes, including
nuisance flooding, beach loss, cliff retremtdinfrastructuredamageare not trivialand will
only amplify as human population and development pressoceeas@a | ong t he wor | d o6 s
(Neumann et al., 2015a; Neumann et al., 20180¥ thereforenecessaryo research the
combined effects of dynamic coastal process@sform local coastal zone management
policies such as shoreline setbackad build community resiliendyribbia and Moser, 2008
Abbott, 2013.

Ha wa i 0 iis,areid@efarchipelago in the middle of the Pacific Ocaaahis already
experiencing thexacerbatedonsequences ska level riseJLR) and unsustainable coastal
development.More than 20 km oH a w a ifoamer@aast has been completely lost to erosion
while urban regions like Honolukegularlyexperiencdlooding due to seawater backwash into
city storm draingluring high tidg(Romine and Fletcher 2013; Habel et al., 20506me of hese
impacts are the result of ambiguous coastal policies that have allowed hazardous coastal
development and subsequentlgtrestednatural and anthropogenilynamic coastal processes
(Dugan et al., 201Abbott, 2013) Concerted efforthave beefiocused ondentifying,
guantifying and mitigatingcoastal vulnerabilitiestthes t at eds, and nati onds,
biological, cultural, and economiesourcegNeumann, 2015 (A)Sweet et al., 2017Pne
approach to mitigating future hazaidshrough the use of scientifically supported shoreline
setbacks developed via collaboratmfrresearchergounty planners and local policy makers

In H a w athedshoreline is broadly defined as the highest annual wash of the waves, with
some exceptions for artificial structures that have augmented the shortline.state levehe
shoreline setback definedasan absolute minimum of twenty feet and an absolute maximum of
forty feetfrom the designated shorelifeHa wa i 0 i Revi s48YHoBaves RSt es A2 0
8205A45 allows each county to establish setbagiesaterthan the st& maximumAt the
Ha wacouatylevel whi ch encompasses , thashorgdineseatbackisa sl and
minimum of forty feet for all lots, with some exceptions that allow for a twenty foot setback
(Rul e 11, Shor el i ne tpRanmng Ddpartmdnt Rulbsef PHactioeando | Co



Procedure) These policies have been established without any research supporting that twenty or
forty feet is a reasonable and safe setbddk.i s i s particularly probl em
which has nearl¢30 km of diverse coast including sea cliffs, sandy beaches, adgitgrava
fields. Further, shoreline adjacent lots atject tovarious 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 recreatiorHatomga® iséasured
coastlineMaui andKauai Countieshave used HR05A-45 toextend tleir shoreline setback
boundaries based on best available science (Abbott, 2013; Romine and Fletchdd@@&8gr,
scientific data describing shoreline changdHoa w alslafid is not available, motivating the
topic of this thesis.

Here we quantifyfor the first timeshoreline change at thrdeversecoastal
geomorphologies that represent the diversitid @ w alsladidis coastOur study sites includeal
white sandy beach (una State Beach Park), a sé#f (Honoli #@each park), and a lelying
subsiding lava field (Kapoh@hacation EstatgsWe used a combination of historic aerial
imagery and imagery systematically acquired from a small unmanned aerial system {GUAS
determindong-term (decadal) ahshortterm (monthly) shoreline changates The nexthree
chapters descrilthe results froneach study sitand the ifth chapter discussé®w our results

can inform coastal zone management stratdgrdd a w aGounty and beyond



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. Unfortunatelysomeo f t he wor |l dds most | mgasstadl ant be
erosion and sea level rideis estimated that the United States has 4,300 km of severely eroding
coastline with 21 km of beach coast completely lost to erosidd a w a(lHo@iston, 2008
Romine and Fletcher, 201 3&cientists engineers, local city managers and planhexe worked
together to mitigate beach loss by building groins, breakwatersyatsaand replenishing the
sand itself. These strategies, howewaeecostly,provide ony a temporary solutigrand often
create unintended negative impagdtandry et al., 2003Romine and Fletcher, 201Brown et
al., 2016) Some coastal communities have sought scientific support for creafiogesthat
limit and remediateoastal develoment,rather tharattempt to controtoastal erosioand rising
seasFor example, a study conducted in Yanchep, Australia, analyzed 34 years of data and
reporteda rate of1.7m yi* of beach loss; those data have been usefyrarentinghazardous
coast al devel opment al @allgpelVd815)&hisrappacsdf r al | ad s
integrating dat@o better inforrmocal coastal zone management pektasalso bentested and
applied in the major counties Bfa w a, spé&cificallyMaui, Otahu, andKauai (Romine and
Fletcher, 2013).

Research o®tahuhasquantifiedplacebased erosioratesto estimate how
economically important beaches will change in the future (Anderson et &;,128hel et al.,
2017), and extensive public oe&ch and education efforts by UHIWba SOESTFesearchers
havebegun to raise general awareness on this important issue. Furthermore, the counties of Maui
andKauai 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 Ka@a2014).Despite these growing efforts assthe state,
there hadeen no study of lonterm or shorterm shoreline change for tidmunty ofHa wa i @ i
Although white sandy beaches are just one componédtiaofv al i sl ia n d oceasttheywarer s e
important for recreation and tourisithus,it is important toexpand upomethodologie$rom
neighbor island studidgs improve coastal monitoring strategies and iderdify detrimental

1



changes tdd a w ad otui n begchesOne 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
HUpunaState Beach Parc10 ha)located on the northwesbastof H a w alsladidi

(Figurel) is the islandés mokUp wproe uBeac hwhii & es wsrarnalt
rockand hagwo ephemeral streantisat flowin atthe north and south end of the bleduring

rare, heavy rain even(Bletcher et al., 200Bode and Jol, 2006). Tht®astakettingis exposed

to west and northwest swelhd Kona stormtghatcangererate moderately high wavet3m- 6

m, though waves are generally ~ 1m in he{@tder et al., 2002yitousek et al., 2009).

5
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0
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Figure 1. Map of Hpuna State Beach Parkop inset map shows the locationtb w alslaéid
within the state; Middle inset highlights the region of Hawaii Island wH&pinaBeach is
located; and bottom inset identifitrse extent of sandy beadbeft is a SUASderived

orthophotomosaic of the site collected ©t1/2017.

Thedevelopment of walkways, pavilions, and a resort hotel alongethehtbegan in the
1960s, and hasreated easy access for more visitond localdo enjoy the beac{Bode and Jol,
2006).In a survey conducted for thedlplina Beach State Recreation Area Expansion Master
Plan, Pederson Planning Consultants (1992) found that 75% of all shoreline ancebesation
along the HpunaPuako coast occurred atplina Beachin 2013 the Division ofState Parks
initiated a$5.00entry fee for out of state visitoed $10.06540.00 for tour companies; these
revenues have been used to support beach park maintenance and Igegueeg|t is possible,
though, thatoastalkerosion and sea level riseuld have dramatic consequencestierbeach

itself and those wihdepend on andse the beach in various capacities.

2.1.3 Objectives
The objectives for this study weeto quantify longerm (decadal) and sherm (intra

annual/monthly) shoreline change dipidna State Beach Park and consjutgtential future
vulnerability to SLR We hypothesiztthat Hpuna Beach has been subject to kemgn erosion
along the beach tandcould expecintensified seasonal beach fluctuatiposloss,jf SLR
continues as expected (Parris et al., 2012; Sweet et al.,. ZbiFrhapter describes how we
quantify long and shorterm shoreline change, potential futurénerabilitiesto HCpuna Beach,

and how local planning can adapt to the potential changes.

2.2. Methods

2.2.1 Shortterm shoreline change
In order to capture seasonal shierm seasonal and episodic erosive evewntsised

SUAS platforms to colledtigh-resolution imagerpn a bimonthly basis frondanuary 2017
until January 2018 (Table 1). SUAS flight operations were conductecavidti hspire 1 sUAS
platformcarrying aZenmuse X3 cameyavhich had a 35 mm focal length and took RGB
photographs with a tthegapixel resolutionAll SUAS flights were conducted in compliance

3



with the Federal Aviation Administration (FAA) regulations
(https://www.faa.gov/uas/media/RIN_212060_ Clean_Signed.pydf

Table 1.sUAS surveys conductddr H(puna Beach* Indicates failed flight mission that was

not included in analysis

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

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, 204&0 and Oh, 2016; Casella et al., 20{Bigure 2)
A Trimble R8 differential GPS anBlokkiaSCT®6 total statiomnvereused to record ground control
point (GCP)coordinate®n both invariant (fixed) locations and variable features (i.e. beach
sand) (Habel et gl2016 Stephenson et al., 20lFigure 2) Invariant features included survey
pins along the paved beach walkway and a rock outcropping towards the northern end of the
beachVariant features were white crosses, madeobperpendiculathreefoot reba 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 ofiléB8of. Having
adequate GCRsithin the area of interest crucialfor linking together each orthophotomosaic
and generating reliable 3D models of changing natural surf@esélves and Henriques,
2015.


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

9 — Flight Path O Photographs

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 Pix4Pix4D SA Switzerlandand LAStoos (rapidlasso2015)(Figure3). We
first used Pix4D to process our sUASquired 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 ayidal elevation model and thus remove features on the beach
that do not represent the true ground. We fir
points with the lowest elevation in a 0.30 m grid. Second, we extracted bare earth data from the
thinned point c¢cloud using Alasground_newo wit
removes small features (3 m step size) from the point cloud. Lasgroundreses two
classifications: ground points (class = 2) and-govund points (class = 1)astly, we process
our classified point c¢cloud, keeping only <cl as
render a 0.30 m DEM.

Shortterm coastal change was measutedewaysusing GIS 1) we applied the raster
calculator tool to subtraetach DEM by t he p,rtoadentfy neggonsnobeitnerh 6 s DE
sand erosion axccretionthroughout the yeaR) we digitized shoreline vectousing the beach
toe (i.e. low water positiorfpr each dataset to measure the variation in shorelinequositi

throughout the yeaand 3) we measured the area of the beaahg the mean low water position



and the vegetation line as our beach area boundAtletata were projected in WGS 83 for
UTM Zone 5.

Elevation (m)

S Low: 2

Note removal of
beach umbrellas
from bare-earth
DEM following
point cloud
classification

(class=1)

| Ground points
(class=2)

Elevation (m)
wo» High:3 v

S Low: 2

Figure 3. Results of filtering raw point cloud faroducea bareearthDEM.

An initial root mean square error (RMSé&stimate of the 3D datasets was calculated in
Pix4D Mapper Pro softwarghich estimateshe error in the XY, and Zdirectionsfor all GCP
locations. This error was computed to be = GrD@n average for all datasets. We further
determined the accuracy of our DEMs by conducting independent checks along permanent
Afcontrol o features, as wel |l as other random u
should exhibit no change (Turneradt, 2016 Habel et al.2016) these features included points
along the paved beach pattgter spigots, and cement grill stations (Figd)rel'hese control
features were not included as GCPs for data/image proceggenmgeasuredhe accuracy of our
DEMsto be £ 0.05 m for all datasdiy quantifying the standard deviation of these independent

checls acrossachdatasetind reporting the mean at the 95% confidence interval
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® [Independent Check Points

Elevation (m)
o 10

el |

Figure 4. Example of independeninmovingcheck points used to determire taccuracy of the
DEMs.

2.2.2 Longtermshoreline change

2.2.2.1 Dataacquisition
Wegat hered all available historic aerial pt

University of Hawai 6i at Hil oMagsederglr aphy Depar
Photographs, and GIMAGIS) program. We only selectethdiri mages t hat had a s
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 tot8limfagegTable 2) that were scanned at a

resolution between 720 and 1200 dpi. Each image was georeferencadA8-derivedhigh

resolution orthophotomosaimom 7/11/2017using 1050 tie pointsdepending on availability of

consistent reference featuigeachpark structures and paved pathways change over.thne)

single analystarefully digitized the shoreline, using the beach toe as the shoreline pnaxge

7



contrast and brightness were adjusted to improve delineation of the beach toe as necessary.

Shorelire data were processed in Digital Shoreline Analysis System (DSAS8j)cMap

softwareextensiornversion 4.0 as performed in neighbor island studies (Thieler et al., 2009;
Romine and Fletcher, 2013; Anderson et al., 2015).

Table 2. Available historidc mager y

HOpuna

Hi storic

and associ

| magery

ated character.i

Date

Scale

Focal Image

Georeferencing Format

Length  Area (ha) Error (m)

12/18/1964 1:25,000 unknown 3,000

8/21/1969

6/3/1975

21411977

12/2/1982

7/17/1987

5/18/1988

4/29/2000

1:6,600

1:6,000

1:8,000

1:25000

1:6,000

1:6,000

1:6,000

151.96 250

151.96 100

152.21 350

151.96 3,000

151.96 100
151.96 100
151.96 100

1.86

0.19

1.90

0.28

0.53

1.24

0.57

2.58

B&W

B&W

B&W

B&W

RGB

B&W

B&W

B&W

Image Source

USDA

Unknown(UH Hilo
archives)

Hawaiian Aviation
Hawaiian Aviation

unknown(UH Hilo
archives)

Hawaiian Aviation
Hawaiian Aviation

NOAA

2.2.22 Uncertainties

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

shoreline vector to reduce apgsitional 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

O

O O ©

O ©0

(1)

Pixel error (E) 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 sUA&yuired orthophotomosaics and 1.49 m for the oldest

historic aerial photograph. Previous research has removed imagery with pixel size,> 0.5 m

S



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 errol(Ey) is defined as theoot mean squarerror produced from
georeferencingoth historic and sUASacquired imagerye.g. Hapke and Reid, 2007he
georeferencing error is quantified by calculating the difference between estimated and actual
positionsof tie points and ground control points in the imagery data®etsdatasets had iy

rangeof 0.04 m2.58m.

Toe position error (kg 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 tpasition 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 (E) was quantified using shoreline positions from sUAS acquired data
ard is defined as the variation betweaeansummer and winter shorelinésg. Romine et al.,
2009).Summer months were considered as the months from April to September and winter
months were consideréd be fromOctober hroughMarch.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 shorelinsipons. Seasonal error was determined to be 7.33 m,

and was applied to all shorelines.

Tidal Error (Ey) is definedas thestandard deviation of shoreline positions measured
during alow tide and moderatieigh tide.Thes positions were measurby extractinghe low
and moderate tidghorelinsthat intersected with transects spaced 20m apart along the beach

and measring their positional differences.

2.2.23. Data Analysis
All shoreline vectors were merged into a single GIS layeritichided he shoreline

geometry as well as the total uncertainty calculated for each shdiehieder et al, 2009)
These data were brought into the DSAS software exte@sd overlaid witl89 perpendicular

transectsast from a definetaseline andpacedapproximately 20n apartFigure5). The



baseline is the reference point to which shoreline change is measured to, and we delineate it as
the2017vegetation lineThe intersection of each shoreline at each transastleterminedand
applied to a linearegressiornusing weghted least squar€¥/LS), which uses thehoreline
uncertainties as a weigfRomine et al., 2009\nderson et al., 20)5This statistical approach
reduces the influence shorelines witthigher uncertaintiedVe followed Romine et al2009)

to determine the logtterm shoreline change raasthe mean of shorelinhange ratesomputed
for each transe@nd repordthe uncertainty as the root mean sum of squares of the standard
error computed for each transéate conducted threegression analyses to compare historic
shorelines to contemporary shorelines for summer months exclusively-Sgmiémber), winter
months exclusively (Octobéviarch), and all shoreline data safgée chose this approadatan
effort to identify any seasespecific changes that migimifluence the resultwhen analyzing the

full dataset.

Transects

st Baseline

Figure 5. DSAS transect and baseline set up
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