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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

Meters

0 100 Beach




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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2.2.3. HydrostaticSea Level Rise Modeling
To consider impactdue to climate change, we appli@bydrostaticSLR model(i.e.

bathtub modeljo each DEM (Marrack, 2015 hehydrostatiaonodeling approachllows usto
conservativelyisualizepossiblempacts under different SLR scenarios and seasonal beach
morphology conditiongMarrack, 2015)Weusethe present epoaneanhighe high water
(MHHW) as our shoreline reference, which was taken filee™NOAA Tides andCurrents

datum forthe Kawaihae, Hitide gauge(#1617433) Then we added 03m (~ 1 ft) and 0.90 m

(~ 3 ft)to the MHHW elevatiorio visualize SLR expected tha wa i 6 i (Tabie3) ards0

et al.,2012; Sweet et al., 201HA a w adliniate Change Mitigation and Adaptation Commission,
2017).

Table 3. Calculations usetbr SLR mapping

Water Level SLR Equation Year Expectec

MHHW 1.515m -

1ft SLR 1.515m +0.3m = 1.815m 2039

3 ft SLR 1.515m + 0.9m = 2.415m 2100
2.3Results

2.3.1. Uncertainties
As described above,enidentified five sources of uncertainties each digitized

shoreline. These uncertaintiesre applied to the shoreline change rate analysé$(mma
Beachand had a range 8t29 mi 23.34 m (Table 4).
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Table4.Uncert ai

nty

val ues

comput ed

for each shor e

Uncertainty Sources

. Georeferencing  Tidal Seasonal Total

vear Pixel Error (m) Error (m) Error (m) Error (m) Toe Error (m) Uncertainty (m)
12/18/1964 1.49 1.86 3.42 7.33 6.65 10.74
8/21/1969 0.15 0.19 3.42 7.33 6.33 10.27
6/3/1975 0.34 1.90 3.42 7.33 5.10 9.76
21411977 0.21 0.28 3.42 7.33 21.89 23.34
12/2/1982 0.74 0.53 3.42 7.33 7.68 11.19
7/17/1987 0.14 1.24 3.42 7.33 4.20 9.20
5/18/1988 0.15 0.57 3.42 7.33 4.54 9.29
4/29/2000 1.40 2.58 3.42 7.33 2.10 8.86
1/4/2017 0.02 0.05 3.42 7.33 4.55 9.28
3/1/2017 0.02 0.05 3.42 7.33 6.68 10.49
5/1/2017 0.02 0.04 3.42 7.33 5.47 9.76
7/11/2017 0.02 0.03 3.42 7.33 2.08 8.35
9/18/2017 0.02 0.03 3.42 7.33 1.82 8.29
12/5/2017 0.02 0.04 3.42 7.33 3.55 8.83
1/22/2018 0.02 0.03 3.42 7.33 4.09 9.06

2.3.2. Longtermshorelinechange
We observehat the shoreline is variable throughout our datasets, but do find that there is

a longterm trend of coastal erosian Hlpuna Beactbetween 1964 and 201Bigure 6) Using

WLS, we estimate that Bbuna Beaclhasretreaedlandwardat an averageate of-0.18 m yi* +

0.17 msince 1969When observing winter specific shoreline change, we quantify an erosion rate

of -0.13 m yi* + 0.19 msince 1964 Similarly, when we observe sumrrsgecific shoreline

change, we quantify an erosion rate@fl7 m yi* + 0.15 msince 1969

12
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Figure 6. (Left) Summer shoreline Positions, (Middle) winter shoreline positions, and (Right) all

shoreline positions.

2.3.3. Shortterm shoreline change i
Using sUAS, wavereable to observehortterm, seasonal changeHitbunaBeach We

observepatternsof erosionduring winter months anaccretionduringsummer monthdVe used

each DEM tamapbeach erosion and accrual throughout the year (FiQurs the beach

transitioned into the summer months, we initially obsea@detionalong the backshore with

gradual sand accumulation along the foreshore through July 2017. In September 2017, we
observe an episode of erosion concentrated along the north end of the beach. Erosion continued
into December 2017 towards the southemd of the beach. There was erosion along the

foreshore through the last survey, with saoeretionoccurring at the interface of the foreshore

and backshore. We validated these findings with imagery that show the burial and exposure of a

rock outcrop orthe beach (Figur8).
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01/04/2017 05/01/2017

Elevation (m)

07/11/2017

09/18/2017 12/05/2017 01/22/2018

Figure 7. BareearthDEM maps for alsUAS dates surveyed.
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01/04/2017- 03/01/2017- 05/01/2017- 07/11/2017- 09/18/2017- 12/05/2017-
03/01/2017 05/01/2017 07/11/2017 09/18/2017 12/05/2017 01/22/2018
2 T = == -

% : B

Elevation Change (m) iﬂ-

Figure 8. DEM mapshighlighting beach sand erosion (bright blue) and accrual (bright.pink)
Below are imagesalidating intraannual changes vierock outcrofby highlighting beach sand
erosion and accretion.

We further observbeach area reductidretween 0.02 ha (2003rand 0.80 h£8,000
m?) during winter months and increases between B20@00 rf) and 0.66 (6,60 m?) during
summer monthgTable4). We observeéhe greatest mean elevation gafrl.85 mbetween
January and March of 2017 and the greatest mean elevation dexfrea68 mbetween
September and December of 2qTable5).
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Table5.Shot-t er m shoreline changdgeachtk asur ement s at

Area Maxim_um Miniml_Jm Mea_n qoMegn ® Ar
Date (ha) Elevation Elevation Elevation Elevation (ha)
(m) (m) (m) (m)

1/4/2017 2.39 2.78 0.62 1.52 ~ ~
3/1/2017 1.59 2.61 0.69 3.37 1.85 -0.80
5/1/2017 1.81 2.53 0.53 1.69 -1.68 0.22
7/11/2017 2.47 2.57 -0.06 1.58 -0.11 0.66
9/18/2017 2.53 3.29 -0.82 1.30 -0.28 0.06
12/5/2017 2.51 2.61 0.74 1.58 0.28 -0.02
1/22/2018 2.23 2.62 0.67 1.63 0.05 -0.28

Shoreline positions were also observed to fluctuate seasonally bat dograte
uniformly throughout the yedFigure9). Rather, shorelinesverlap with each other and vary
independent of what season they were obselidsee a mean shoreline positional variation of
7.33 m = 2.29 m, with thgreatest vari@n in shoreline position occurrirag the northern region

of the beach
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Figure 9. Intra-annual shoreline position variation

2.3.4. HydrostaticSea Level Rise Modeling
Using a simplénydrostationodel, we found that ft (0.3 m)of SLR would result if4%

- 49%beacharearemainingunder worst winter and best summer beach conditions, respectively.
In contrast, 3fSLR would completely submerge theesentdaybeachregardless ofeasonal

beach morphologyeaving as little as 6% of the beach remainivg visualize SLRonthe
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smallest and second largest beach (March and July, respectiveihygvipotentialSLR impacts
to distinct seasonal morphologies (Figure. YW§ chose the second largest beach because we

had more data coverage as compared to the largest beach.

g
March, 2017 %

Sea Level (m)
[ | MHHW (1.5 m)

I 1t (1.8 Il:l) |
B 31t(2.4m)

OFFSHORE e A OFFSHORE

Figure 10. Potential SLRmpactsat H(puna Beach und@017winter and summer beach

morphologyconditions

2.4Discussion
The combination of historic aerial imagery and sUd$asetare informative for long

and shorterm shoreline change researgkistingmethodologies used on neighbor islanda
be used tdetterunderstandong-term decadathanges atl U p yamditherefore other beaches

aroundthe islandOur results revedl h at  H Exparieneing ovsrall erosion, although our
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uncertaintylevelsare nearly the same as the erosion rates thems@éfeeeport that longerm

change is small, while shete¢rm change is larg&hiscouldbo e due to t he fact th
reflective beach and thus may be dominated by-teng erosion and accretiosallation

cycles that are difficult to explain in simplifiethange rate/an Rijin et al., 2003) As such,

H U p Bragh mayurrentlybeof lessconcern for significant and chronic beach Iltismother

neighbor islands ar&or example, erosion ratés neighbor islands range betwe@04 m to-

0.25 m yt* with uncertainties that range from = 0.01m to £ 0.0Romine and Fletcher, 2013)
Additionally,a1 991 report described HUpuna Beath to b
between 1950 and 1988Iso suggesting relatively high uncertainty in whether the beach is

undergoing significant lonrterm erosior{Makai Ocean Engineering Inc. and Sea Engineering

Inc., 1991) We observdargervariability and uncertaintyn the shorele positionsve

measuredikely due to the seasonality of the beach. Thereforerterm beach dynamidsere

might be morevulnerable to exacerbatedasonalitylriven by Pacific Decadal Oscillations and

El Nino Southern Oscillatiorelated storm variaby .

Theaddition ofsUAS surveysallowed us to gather high resolution information about
intra annual beachariability with great accuracy and precisidrhis is an emerging application
of SUAS that has not been widely used, yet greatly advances our understanding of beach
dynamicsWe can clearlyobserveseasonal differences in beaiheand elevatiothroughout
one year of surveying, with notable episaof erosion irbetween July 2017 areptember
2017, particularly near the north end of the bealite loss of sand in Septemimauld bedue to
several factors; there wagpowerfultwo daywind eventfrom September 1718, 2017 with
maximumgustsof 47 knots @7 miles per hour)lfttp://windalert.com/wind/spot/15) ghatmay

haveredistributed the sand; there was peak steam flow of 8 it the Kamuela stream gauges
on September fowhich maybe indicative of stream flow at the perennial stream at the north
end of the beaclihe central rock outcroppingould have beeacting like abreak wallbuilt

along the shorelinéHowever there was no large swell event during the tpeeodthat would
create the pattern we obserVée other observestasonal beadoss is likelyattributed to
strongwinter backwashalongthe beach faceor from rip currentghat form alondgeach cusps
during winter monthgAagaard et al., 2033In contrastwe sedeach gain during the transition
into summer month Gentle waveconditions allow sandtberedistributed from offshore and

naturally replenish the beacithus, aur observations are consistent with previous studies that
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observe beach loss durimgnter wave conditiongnd beach gain durirgentlesummer wave
conditions(e.g.Aagaard et al., 20)3These insights on short temporal scalas provide an
improved basis for plannirgndcould fill a major knowledge gayalidatinglong- and shor
term erosio and accretion oscillationgith continued research

In addition tothe longterm and shofterm shoreline changes, weporeda conservative
estimate of future impacts tolpuna Beach as a result of published sea level rise scenalgos.
were able to gpy bath tub SLR models to DEMs we producedtien distinct seasonal
morphologiesWhile these sea level rise scenarios are not dynamicdthefyer a simpleand
informativevisual for estimating the fate oflHuna Beach in the years to come. Gydrostatic
SLR estimatesuggesthat 1ft of SLR wouldeave 49% of the beach remaining under best case
scenariosassuming seasonal variability of the beach remained condtamever, more extreme
SLR wouldalmostcompletely eliminate the beadkortundely, beaches can migrdsndward
and adapto changess long ashey are not constrained by development or topography (Dugan
etal.,2010) HUpuna Beach has n otomitgatelandwhrd reaggbun e e r i n ¢
beach encroachmemtay inhibit use oftlte paved backshore footpathree rinsing stations, and
some grassy landscapingthin the beacip ar k and HUpuna BeaMdre Prince
robustpredictive modeling is necessary to understanduthextentto which HpunaBeach

could migrate under SLR conditions.

2.5 Conclusion
HUpuna Beach icdeaah withisgverdl gotemtigl foraeminfluencing its

morphology including wave dynamics, wind, and infrequent but significant stream Ydsvare
able to quantifyneanlong-term shorelinehangerates across various scalethoughwith
variableaccuracydespite carefully identifying uncertainties and errve. do not expect that
HUp u n a is Breler significant threat of erosion, but continued beach monitoringetean
inform dynamic processes occurring at this sitéarer datasednd more robust differential
GPS surveym a futurestudy mightyield improved resultsvith reduceduncertaintiesFurther,
we were able tgquantifycomplexintraannual shoreline change witkry high accuracyThus,
we confidently recommend the use of SUAS for further beach monitoring research. Lastly,

beaches often get overlookedaagistinctecosystem, but we can build beach resilience in face of
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sea leel riseby allowing them to naturally migratethout interference of coastal engineering

restrictions

CHAPTER 3: HONOL| ®BEACH PARK

3.1 Introduction
Sea cliffs are diverse geomorphic features that comprise approximately 80% of the

wor |l dos (cbonaesrtyl ianneds Ku hn, 1982) . Whil e there i
definitive characteristics of these features,
to several hundreds of meters and Reid 2007).s| opes
These coastal features are subject to anthropogenic development and various hazards that result
in chronic and/or episodic landward retreat (Hapke and Reid, 2007; Dickson et al., 2007; Young,
2018). There is growing concern that sea clifinarhbility will increase due to rising seas,
intensified storms, and increased development denm@&aalsard et al., 20164urst et al., 2016
Many developments built along sea cliffs are vulnerable to severe damage induced by erosive
forces. In fact, therhave been many accounts of propert@sds and even liveghat have been
lostdue tosea cliff erosior{Young, 20181 estchinsky et al., 2017)Extensive research has
taken place to better protect and manage development along United States {8acidisl et
al., 2016;,Quan et al., 2013however, information regarding vulnerabilities and suggestions for
sustainable bluff development in Hawa sparse.

Currently, Maui is the only county id a w athatthas implemented a {idepth setback
for properties that are built atop sea cliffs
| ot 6s depth and as great as 150 ft for proper
other topgraphic features (Maui Planning Commission, 2007). While this policy is a progressive
step towards sustainable coastal developnserntific data specific to Hawaiian basalt sea
cliffs is lacking It is therefore critical to understand cliff retreat satie better inform and
encourage coastal clifelated setbacks statewide, and worldwide. In particular, it is necessary to
determine a methodology for identifying the shoreline along sea cliffs as well as quantify long
and shorterm changes to the shbne to produce relevant, plat@ased setbacks. In this

chapter, we use Honol i @ai, a small sea cliff ¢
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Honol i @i Beach Park (~5 Hawaskiandiscat ed on
characteristic of ksalt sea cliffs with pebble beaches at the base of the cliffs (Fletcher et al.,
2002) (Figure 11). A statewide assessment of coastal hazard vulnerability ranked the steep cliffs
adjacent to Honol i 0i Cove as hi gdhdngstokms| ner abl
(Fletcher et al., 2002). Development of this region began in the 1950s, prior to any hazard
assessment, and it is now a residential community and popular beach park. Six properties have
been built directly on the edge of the cliff, with orregerty, defining our specific study site,
visibly subject to severe cliff erosion and subsequent property damage (Elyurais
particular property has been remodeled several times in response to the cliff failure, however,
foundation and terrigenougbris continue to fall near the beach park and into the surf zone. The
persisting environmental and human safety hazard has led the County ofitavegjuire the
property be remodeled again by September 2048s, his researh informs the County of
Hawaid, homeownersand recreational useos$ cliff retreat hazards herandwhat might be

expected for other developed seacliff6 ong Hawai 8i 6s coast.

This chapter will discussur scientific process or under st anding cl i ff
and impications for sustainable coastal cliff managemeénis important to note, howevehat
we do not attempt tapply any hydrostatic SLR modelitige the other chapters in this
manuscript due to the sea cliff not being vulnerable to sea levelinsssad, weocus onpast
and present cliff retreat ampitential increased vulnerabilities due to a changing climate.
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Figurell Map of t he Honol;hishadedaafor eft tiwd phnelsis fromthe s i t e
state of Hawadl GIS database.

3.2.Methods

3.2.1 Shortterm cliff edge change
We usesimilar methods described in2L1 for collectingsUAS imagernnat Honol i O

DJI Inspire 1 sUAS platform was used with the DJI ZennX&eamera to capture change over

ti me. |l magery was acquired at Honoli 6i every
the exceptiosof May 2017, July 2017, and November 2017 due to data backup failure and
restricting weather conditions (Talie
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Table 6. SUAS imagery collected and processed for cliff top change analysis

Date Pictures Taken Pixel Size (m) RMSE (m)
1/13/2017 281 0.02 0.03
2/15/2017 264 0.02 0.03

3/2/2017 251 0.02 0.02
3/17/2017 297 0.02 0.02
3/20/2017 303 0.02 0.02
4/28/2017 235 0.02 0.02
6/28/2017 149 0.02 0.01
8/13/2017 129 0.02 0.03
9/26/2017 398 0.02 0.01

10/17/2017 299 0.02 0.01
12/8/2017 222 0.02 0.04
12/27/2017 204 0.02 0.02
1/24/2018 281 0.02 0.03

SUAS flights were conducted at 45 m altitude dutow tide and parallel to the
shoreline/top of the sea cliff to render orthophotomosaics of the site at ~ 0.02 m resolution
(Goncalves and Henriques, 20¥®m0 and Oh, 2016; Casella et al., 20Idgvation change
analysis was done over using thigital suface moded (DSMs) produced in Pix4DQvith no
additional processingo avoid potential errors introducedthis sheer cliff environment through
attemps to remove vegetation and buildings. DSMs for all dates surveyed were produced at 0.02
m resolution ad accurate to + 0.07 m. We determined the DSM accuracy by comparing the
position of 99 consistent independent check points across all DSMs, and report the mean
standard deviation of those points at the 95% confidence interval.

Cliff top retreat and erosiowas neasuredcimilar tosection2.2.1 and 2.2.2we digitized
shoreline vectors for each dataset to measure shoreline position retreat throughout the year. We
referred to 3 dimensional point cloud data to ensure undercut regitresmbperty in placdid
not falsely represent the cliff ed¢f@igure 12) All data were projected in WGS 83 for UTM
Zone 5.
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= Undercut region
True cliff

Figure 12.(A-C) Three dimensional point cloud perspective used to differentiate between the
cliff edge and undercut regions; and-H) celineationof the cliff edge shorelingellow solid

line) versus undercut regiolfgink dashed line)

3.2.2. Longterm cliff edge change
We quantify longterm shoreline change by applyirfgetsame methods described in

2.2.2. We gathered all available histasierial photographs from Hav@aCounty, theUH Hilo

Hilo Geography Department, and MAGIS program. We selewaeliti mages t hat had
1:50,000 and were in sharp fociBased on these criteria, we gathered a totdliofages that
were scanned at a resolution between 720 and 1200 dpi (MaBlach image was georeferenced
to a high resolution orthophotomosaic usingbB0tie points depending on availability of
consistent reference featuréssingle analyst carefullyigitized the shoreline using the top edge
of the sea cliff as the shoreline proxy (e.g. Hapke and Reid, 2007). This shoreline proxy is
defined as the distinct change in slope from the top of the cliff to the face of the cliff. In the
historic aerial photagphs, this is distinguished by altering the contrast and brightness of the
image, where the top of the cliff is typically lighter and the transition to cliff face is obviously
darker due to shadows.
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Table7.Li st of i mag e i il andassotiatdd charactenstice | i 6

Focal Image  Georeferencing Format

Date Scale Length  Area (ha) Error (m) Provider
9/15/1964 1:20,000 151.96 3,000 1.12 B&W USDA
1/16/1965 1:20,000 unknown 3,000 1.32 B&W USDA
1/22/1976 1:6,000 152.21 150 1.87 B&W Hawaiian Aviation
7/25/1987 1:6,000 151.96 150 0.03 B&W Hawaiian Aviation

Further following Hapkend Reid (2007), we identified two primary sources of error for
each individual shoreline to reduce positional and processing biases. We use the same definitions
for the georeferencing error, pixel error, and total uncertainty as sectiBnAlZhoreine
vectors were processed in DSAS using the earlier described methodologies, with the addition of
an end point rate analysis (EPR). We use an EPR to determine the difference in clifftop position
between the earliest and most recent clifftop edge. Weeadefinbaseline to ktbe road that

runs parallel to the shoreline

3.3Results

3.3.1 Uncertainties
We were able to quantify uncertainties for each historic shoreline by determining the

georeferencing and pixel erraaad using those values to determiine total uncertainty. We
find an uncertainty range of + 0.04 a2.59 mfor the cliff edge shorelindatasetandreport
these errors at the 95% confidence interval (T8ple

Table 8. Uncertainty ranges for each cliff edge by date

Uncertainty Source 12/15/1964 1/16/1965 1/22/1976 7/25/1987 01/24/2018
Eg, georeferencing error (m) 1.12 1.32 1.87 2.58 0.03
E,, pixel error (m) 0.47 0.58 0.20 0.23 0.02
E,, total positional error (m) 1.21 1.44 1.88 2.59 0.04
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3.3.2. Longterm shoreline change
Our historic datasetgvealcliff retreat that hasesulted inproperty damage where there

is active erosion. OUDSASanalysesletermines hat t he top edge of the |
receded a maximum of 9.5 m in 54 years with an EPR.&2+ 001 myr* (Figure B). The

WLRi s in close agreement with the EPR and indi
been eroding at a rate f.13 + 0.26m yr’.

Cliff Edge Shorelines

—9/15/1964
— 1/16/1965
m—]/22/1976

7/25/1987
—1/24/2018

Figure 13. Visible cliff retreat between 1964 and 2018
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3.3.3 Shorttermshoreline change
During our one year of data coll ection,

m + 0.02 min one locatior(Figure ). A total area of 34.5 frwas eroded in this time. Cliff

edge retreat is not consistent over time, evident in episodic;tehorevents that werecorded
using the sUAS dat&ne event in particular between September 2017 and December 2017
resulted in maximum land retreat 066.m + 0.02 mOblique and grountbased photoalso

show regions where the cliff is being undercut, and consequently causing further deposition of
cement foundatigrpatio tiling, and sedimertb the base of the sea cl{ffigure 15)
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Figure 14. Subsebf shoreline positions and associated orthophotomoaaics Hon o |l i 0 i

January 2017 and January 2018.
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Figure 15.Undercutting of the property and sea cliff, and subsequent debris deposition at the

base of the cliff

3.4. Discussion

3.4.1 Long-term shoreline change
Using historic aerial images, we determittleat cliff edge retreat across the study site

ranged from of 0 m 9.5 m between 1964 and 204&oss the study sitéVewere also able to

use those data to determine an end point rate of char@d dfm+ 0.01 m¥*

, anda similar rate
of -0.13 m yi* + 0.26 musing weighted linear regressidtowever, we are skeptical of the error
associated with these reported change rates and expect that a follow up analysis comparing
DSAS error statistics with the positional differences from our total station surveys will yield a
larger uncertainty for thessghange ratedt is alsoimportant to note that we do not identify a cliff
edge position error due to a lack of identifiable features that adequately represent other possible
shoreline positionsTherefore, thehange ratewe producenay beoverestimatedhan if further
consideration went into identifying other uncertaintidslditionally, we know that cliff top

retreat is primarily episodic, as opposed to a steady, linear loss (Hapke and Reid, 2007).
Unfortunately, there are very few historic data ala# to identify specific periods of loss

within a decade, let alone within a year, along the Hér@diast. Thus, it still unknown how
many events occurred that contributed to the total retreat observed in the past S2egmies.

this data gap, we didentify two periods of obvious retreaithin the one year of SUAS

surveys, and could assume that previous years have experienced similar patterns of loss.
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The current property owners have discussed that the cliff face was hardened in 2013 in an
attemptto inhibit further erosion, but that coastal engineering effort failed after two heavy
rainfall events that occurred between 2013 and 2014. As a result, the cement hardening
collapsed, bringing down chunks of the cliff with it. We do not know how mushetrent
contributed to the retreat of the sea cliff thus far and therefore recommend that a future study
performs an analysis using available Pictometry datasets to estimate changes along tthe Honoli
sea cliff during the 2000®&ictometrydatasets were nancluded in the analysis because they
were notadir and therefore required additional procesbiygpnd the scope of this projedh
the absence of ample historic datasets, our-teng observations of change can be interpreted
as conservative, worstise scenario, examples of what could continue to happen at ¢iotmli

the future.

3.4.2. Shorterm shoreline change
The application of SUAS greathjds the pursuit of understanding changesurring

along the cliff that historic datasets do notwldue to their limited temporal scale. Furthermore,
SUAS allow for improved investigation of the entirety of a cliff via structure from motion
photogrammetry, in which we are able to recreate the cliff environment indimesasional

space and in high dat (Dewez et al., 2016Between January 2017 and January 2018, we
determinedh maximum cliff retreat of 2.44 0.02 m in ondocation and a period of episodic
lossbetween September 2017 and December #@diresulted in maximuraliff retreat of 0.56

+ 0.02 m This is a massive improvement compared to traditional approaches of quantifying cliff
retreat using historic aerial imagery, or even lidar, because we are able to monitor changes to the
cliff at a much shorter temporal scale and at low cost @2est al., 2016; Barlow et al., 2017).
SUAS also enable the ability to adjust the camera angle to get data of the cliff face and regions
subject to undercutting that lidar and historic aerial photos deffeativelycapture.

Using sUAS, we were able tampture episodes of erosion and periods of little to no cliff
retreat. The combination of high resolution imagery and digital surface models allowed us to
identify a cliff top shoreline and perform change analyses. Our observations suggest that the cliff
does not retreat in a uniform manner, but rather undergoes infrequent but significant periods of
loss. Additionally, we can see property damage that coincides with cliff retreat and identify

where the property may be most vulnerable due to undercuttihg sét cliff. The observed
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losses may be attributed to ttheclining structural integritgf the property itself, or a result of

other forces such as wave impact and heavy rainfall events that erode the cliff (Tsunamura, 2015;
Johnstone et al., 2016). Tleedata are extremely informative for addressing hazardous and
vulnerable coastal developments. The methods we used in this study can be directly applied to
establish aelevant cliff edgeshoreline boundary and create relevant plaased sea cliff

setback based on worst case scenario episodic events, rather than arbitrary distances. Thus,
SUAS are a useful tool for monitoring shoreline change along sea cliff environments and for
informing vulnerabilities to developers, county and state planners, and cotymasidents, who

may not know the risks associated with building and living along certain sea cliff environments.

3.4.3. Future Changes
Given that cliff retreat is primarily driven by episodic events, {@rgn change rates are

not necessarily appropriate festimatingfuture retreatMany sea cliff communities worldwide
experiencentensified erosion eventhiring climate oscillations (g. El Nifio), andresearch
suggestshatthese eventwill occurmorefrequentlyif the global climate continues to change as
expectedDickson et al., 2007; Quan et al., 2013; Johnstone et al., ZHdHeclimatic events
are associated witstrong waves that can causgnificantcoastal erosion and property
destruction, which was famously reported in Pacifica, California, in 2014, by the New York
Ti mes and other | ocal news agencies (e.g. nEI
Risk 6 The New Maonitoring effortnaong other sea cliff environmenssng laser
scanning and sediment sampling technichase alsshown relationships to cliff retreat and
increased storminess (Lim et al., 20B&yrst et al., 2016)Honol i 6i , and ot her s
communities throughout Hawai 6i Iimcmeabediseayglifnd, ar
retreat resulting from increased storm conditidhsevere El Niio conditionsbecomethe norm
later into the 2% century,presentday episodicseacliff retreatcouldbea proxy forfuture
erosion(Quan et al., 2013).

With this information in mindwerecommendHa wa i 8 i County planners
presemdayepisodicretreat measuremerfts estimatinguture retreat along thdonolid sea
cliff, and similar environmentsor exampleplannersanassume aepisodic event occuist
this siteat leasbncea yeawith a maximuncliff edgeretreat 0f0.56 + 0.02 nyr. Based on

these data, the maximum cliff edge retreat could be used to establish an aggressive shoreline
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setbackoy acknowledgingrosion events that are not accurately represented irtdomgchange
rates. However,H a w aCouhiy Planners could also use the erosion rate from the EPR or WLR
(~-0.12 + 0.01 m y#) to establish a less aggressive, yet still scientifically supported shoreline
setback. Regardlesgrtinued monitoring using SUAS can better inform the frequehtiyese
erosive events and how they can be scaled up to more accurate predictions of future sea cliff

retreat.

3.5 Conclusion
In summary, this studgemonstratethe capabilities of SUAS to identify and monitor

coastal hazardsithin a small sea cliff comunity on Hawai |l sl andds east coast
combine historic aerial imagery and sUAS to determine-land shorterm cliff retreat rates

for the Honold sea cliff andobservesubsequent development changes that took place in

response to the cliff retreat. While historic datasets limit the ability to identify important periods

of cliff retreat and sediment deposition, continuous monitoring via SUAS provides key insights to
whenan episode of erosiapproximately occurred and how mutie cliff edge retreatedVe

also report the ability to acquire more information about the cliff face and identify regions where

the cliff is undercuandposingan eminent threat to existing devefoent.
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CHAPTER 4: KAPOHO (VACATION ESTATES)

4.1. Introduction
Due to past and ongoing volcanic activity,

particularly on the south east coastliBebsidence is the downward vertical movement of land
due toearth surface deformation from tectonics, volcanism, and glaciation, and greatly
influences relative sea level (Gallowatyal, 1999; Haer, 2013; Conrad, 2013). Subsidence and
its influence on sea level rise has been studied throughout the world. Acenhdiycted by
Marther et al. (2009) found that vertical crustal movements increased the trend of sea level rise at
Port Nolloth, South Africa, to nearly 1 cmyrWhile the cause of subsidence in South Africa is
from glacial sheet ice loading, results frosarther et al. (2009) provide insight to other
geologically active coastal regions, like Hadydhat may consequently have increased projected
sea level rise.

Significant sibsidence wameasurealuring major seismic events time south east coast
of Hawai Island in 1868 and 1975, when the elevation dropped as much as 2 meters and 3.5
meters, respectively (Hwang, 2007). Kapoho, a coastal community (~ 20 ha) on the south east
coast of Ha wa i6axperiesckdaabrupt sgbBidegca of @.2biowing the 1975
earthquake and has since become an area of interest for understanding the natural hazards that
threaten community resilience (Hwang, 200Part of theKapoho community is built atop low
lying (<1.5 m elevation) lava fields and is esdiied to experience annual subsidence of 0.8
cm (Hwang, 2007). This region is also subject to sea level rise rates-df.0.8m y* andthus
may be threatened by the combined effects of sea level rise and subsidence given its already low
elevation (Fletcher et al., 2002; Hwang, 2007). Additionally, the Kapoho community sustains a
series of inland anchialine pondsghich have no surface connection to the ocean, bidatky
connectedy groundwateras the ocean tide rises, so do the water ievéle anchiine ponds.
As a result, sea level rise may also cause inland flooding via &nelpand over flow and even

lead to the emergence of new ponds (Marrack, 2016).
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Figure 16. Map of the Kapoho community study siteght panel shows th&tudy area via a high
resolution orthophotomosaic derived from a sy Afishade data for left two panels is from the
state of Hawadl GIS database.

Residential development began here in the 1950s, with many homes built up to the edge
of the water prioto any coastal hazard assessment. HiwaiCount y6s shor el i ne s
has yet to account for processes like subsidence and sea level rise, and thus has not effectively
prevented unsustainable coastal development at Kapblece are a total of 143 qels within
the study site, many of whialegularly experience nuisance flooding during normal high tides,
which might be exacerbated due to the ongoing subsidenc@asthganchialine ponaver
flow (Hwang, 2007; Dow et al., 2009; Marra@016). Throughout the years, coastal processes
and storm events have caused property and road damage, and even prompted the demolition of at
leastfive homesafter Hurricane Iselle passed south of the commuAdigitionally,all properties
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in the Kapohaommunity have osite wastedisposal system@SWDS)(i.e. cesspooland

septic tankesthatcontributeupto 27% ofhazardousi i t r ogen i nputs to the

an adjacenmmarine protected area (Wiegner et al., 2016). Despite efforts to rastbpreserve

infrastructure and development of the Kapoho community, hazardous coastal processes persist.
Unlike theH U p tamad  H ganosidniis®aét a major coastal vulnerability for Kapoho

because of the basalt shoreline and negligible sedim&heefore, we focus on identifying

nuisance flooding and SLR vulnerabilities to this commufihe objective of this studyas to

estimate the combined impacts of sea level rise and subsidence into thatfthigsite We

achieved this goal bgroduéng a highresolution DSM of the Kapoho community using

differential GPS equipment and sUA&plyinga hydrostatic model to the DSMndidentifying

how many propertieand onsite waste disposal systems (i.e. cesspools and septiariagikd)e

impacted ly inundation We also conducted a SUAS survey during an extreigtetide (king

tide) flooding event to determine present day vulnerabilities to Kapoho.

4.2. Methods

4.2.1. Data Acquisition
We use acombination osUAS-acquired imageranddifferentialtopographic survey®

identify nuisance flooding hazards, and map expected change based on existing SLR and
subsidence data produced by previous work (Hwang et al., 2007; Parris et al., 2012). We
conducted two sUAS surveys usisignilar methods described sections 1.2.2and 22.2.We
established a total of 24 GCPs throughout the study site to georectify the SUAS indégery.
surveyed during low tide on October 23, 2017 to identify anchialine ponds prior to @ny tid
related over flowWe also surveyed during the June 23, 2017 king tide event, which allowed us
to collect data of an extreme tide indicative of 1ft of SLR. We use the June 2017 DSM for further
SLR analyses. Our sUAS surveys were conducted at 45 m altitude and cove e an-at5

ha. The accuracy of the orthophotomosaics was defined as the RMSE computed in Pix4D
software. The error of the DSM was determined by computing the mean difference of GCP
elevation values of the DSM and true surveyed elevations of the GCP&oAkstimates are

reported at the 95% confidence interval.
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4.2.2. Data Analysis
We generated a 0.02 m DSM in Pix4D using the sUAS and ground control data acquired

during the June 2017 king tide survey. We used ArcMap 10.5 to digitize the local MHBIRV (1.
m) derived from the Hilo tide gauge (#1617760), as well as the 20 ft and 40 ft setback
boundaries established by the state and county, on to the DSM. The setback boundaries were
identified by creating a 20 ft and 40ft buffer around the designatedisieorehich is loosely
described by the County of Hawais Wa@ p a e (B Marrtson personal communication,

July 22, 2015)We did this to visualize where the established setback boundaries are relative to
the presentlay average highest reach of the sea water. Additionally, we used the October 2017
orthophotomosaic to digitize all existing anchialine pond boundaries prmytexacerbated
extreme tiddlooding (Figure 17) We used thdune 23, 201King tide orthophotomosaic to
manually digitize the reach of the extreme water level and any inland flooding. This was done by
carefully tracing the boundary of saturated andgtound where the ocean directly flowed, and
wheretherewas inland anclaline pond floodingFigure 17) We determined presedgy

impacts byoverlayng a Kapoho tax map keff MK) and a local OSWD GIS layevith the

digitized water level positions affidodedareas. From the TMK we identified how many

parcels, either developed or developahtel OSWDS werexposed to any amount of flooding.
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Figure 17.(Left) Delineation offloodedanchialine ponds; and (Right) delineation of direct
coastal floodingTop images are from the October 2017 low tide survey and bottom images are
from the June 2017 king tide event.

4.2.3 Hydrostatic Modeling
In order to produce a hydrostatic model, we used simikthods described in section

2.25. Future water levels were determined by multiplying the sum of the SLR and the absolute
value of the subsidence rate fie-determinedime intervalsand adding the product to the

MHHW (Table9). Weapplieda SLR rate of 0.011 m yusing the general éstate of nearly 1
meter of SLR by the year 2100 (Parris et al., 2012; Sweet et al.,R@L W adlindate Change
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