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Abstract

Increased water levels, eosion, salinly, and flooding assciated with sa-level
risethreaten coastaland wetland hebitats of endangered waterbirds, seaturtles, monk
seds, and migatory shaebirds. As ga-level risesthe greaestchall enge will be
prioritizing manayementadions in esponse to imgcts. We provide deision malers
with two solutions t@daptively managehe impacts of sealevel rise and apply these
methods to thee coastalwetland environments atKelia National Wildlife Refuge (south
Maui), Kanaha StateWildlife Sanctuary (north Maui), and James Campdé! N ational
Wildlife Refuge (north Odhu). Firstly, due to thelow gradient ofmostcoastal phin
environments, therate of sealevel riseimpaa will rapidly accelerate once the height of
the ®a surface exceeds acritical elevation. We calculate alocd sealevel risecritical
elevation and joint unertainty that maks the end of the slow plaseof flooding and the
onset ofrapid flooding. This aitica transition geriod providesan important phnning
target for achieving adaptive manayement. Secondly, within highly managed coastal
areas, lands@pe vulnerability is related to thesite-specific goals of coastal stakeholdeas.
We develop a threat-ranking process that defines vulrerability from amanagement
perspective by identifying thoseparameters thet best charaderize how sealeve rise will
impad decision malkeré ability to accomplish nandated goals and obgctives. We aso
provide maps of se-level rise impats foreach wetland thatcharaderize thesetwo
solutions as wl as hghlight thegeographic distrbution ofpotential vulneabilities. The
tools developed lere can beusedas aguide to initiateand implenent adyptation

strategies that med thechall enges of sea-level rise in adwance of thelargest impacts.
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Chapter 1
INTRODUCTION

Accderated sea-level rise (SLR) dueto climate changethreatenscoastal
communitiesand retural resour@s waldwide. It is estinated tret 20% oftheworl d 6 s
wetlands nay belost toSLR by the year 2080 (Nicholls 2004. Themajorimpads of
SLR to castal wetlandsinclude hebitat change and loss dueo increased pond weter
levels and sglinity, coastal erosion(Romineet al. 2013),wave overtopping (Vitousek et
al. 2009),and increased frequency and verity of extreme hgh water events (Tebaldi et
al. 2012).

To date, themajarity of insulr SLR vulnegbility research has focusedon
sumnarizing impads at aglobal scale (e.g. Wetzel eta. 2012;Bellard et a. 2013. Few
studies have examined theconsejuences of SLR on theloca biodiversity of low-
elevation island ecsystems (Reynoldset d. 2012). Warking closdy with coastal
staleholdes inHawa  évé developed toolsto guide theprioriti zation of consevation
adionsand initiate decision to adptively manage SLR impads.

Spatial variability of SLR

Before we can begin developing strategies toadaptively manageSLR impacts, we
mustfirst undestand thephysical factors hat drive SLR. SLR projectionsand current
ratesare often described in aglobal context, however in redlity thereare spatial variations
of SLR superimposed ora global average rise (Salenger et al. 2012). Local or relative
sealevel depends upon aumberof different fadors includingchanges interrestrial ice
masg(e.g. meltingof glaciers andice shests), changes ocean tempeiature, and glagal
isostaticadjustment(GIA).

As glaciers and icesheets melt, they directly add fresh weter to theocean
increasing sea-level. Dueto gravitational forces, land ice attracts ocen water and when
it melts thegravitational attraction of the ice shest weakensdeaeasing therelative sex-
level near theicein the polarregions and igreasingsea-level in thefar field near the
tropics (Spadat al. 20B). Recent studies shouhat all alpineglacial regionsas well as
the Antarctic and Greenland ice sheets ae losing mass(Figure 1.1; Figure 1.2) (Gardrer
et al. 2013; Rynot etal. 2017).
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Figure 1.1. Total ice sheet massbalance(dm/dt) between 1992and 2009 or Greenland
and Antarctica (Rignot etal. 2011). Theacceleration in ice shest mass badince measured

in gigatons e year squared is noted in théigure above.
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Figure 1.2. Regional glacier mass bdgets andareas (Gardneret al. 2013. Redcircles

show 203-2009regional glacier mass bdgets, and li ght blue/green circlesshow
regional glacier aress with tidewater basin fractions (theextent ofice flowinginto the

ocean) in blueshading. The95%CI in mass chage estimags isrepresented by peat

but is visibleonly in regions with lage uncertainties.
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even if greenhousegas emissionsceaerising and someexcess G is removedfrom the
amosplere, SLR will persistfor many centuries dueto therma expansion of aep ocean
water (Meehl etal. 2012).

GIA is theresporse of the Earthés crust to clanges in ice mass throghoutthe lest glacial
cycle. Appraximately 20,000years ago during the lastglacial maximum large portions
of the nathern hemisphere werecovered by continental gladers, which causeda
redistribution ofEarthé internal mass and sudace (Slargen et al. 2013. Asthe ice began
to melt there was adelayed (viscoelastic) resporse of thelithosphere thatcontinues to
this day.

In addition tochanges inice mass, oean resporses, andGIA, local subsidere also plys
arole in ealevd variability among the Hawaii an Islands. Along the Hawaii an
archipelago variability in longterm SLR rates nay berelated tovariationsin lithospkheric
flexure with distarce from theadively growing Hawaia Island(Moore 1987) and/or
decalal variations in upper ocean water masseg Caacamiseet al. 2005. A general trend
of deaeasing SLR ratesis obseved to thenorthwest from theyounger islands ofHawai G
and Maui(Hawai 6 i :+ 0.3 mry¥, and 2.32 +0.53 mmyr resp) towards Gahu
(Ochu: 1.50 £ 0.25 mmyf) (http://tidesndcurrents.noa.gov) (Figure 1.3). Hawa 6 i
Islandexperiences a SLR rate comparable to theglobal average (3.2 = 0.4mm/yr)
recorded by sa#llite datafrom 1993 to 2009 (Chdn and White 2017).

Kauai Oahu Maui Hawaii Loihi
1.53 + 0.59 mm/yr* 1.50 + 0.25 mm/yr* 2.23 +0.53 mm/yr* 3.27 + 0.7 mm/fyr*

/_/,‘ i

The Hawaiian
‘Hotspot’

*http:/ftidesandcurrents.noaa.gov/, last viewed Oct. 27, 2011 (not to scale)

Figure 1.3. Mean sa-leve trends reorded at Hawai G tide stations (modifd after
Romineet al. 2013.

Current SLR modds

Thespatial ariability of end ofthe @ntury sea-level has leen modéed by two regional
SLR models. Acoupledglobal circulationmodel predicts that underscenarios of rapid
melting Central Padfic sea-level by the end ofthe century will be 1.12-1.17 m above
present (Skngen et al. 2012) (Figure 1.4). A seaond regional modeby Spadaet al.
(2013), improwes upon érrestrial ice mass estimats andconcludes that érrestrial ice
mass is the min source of SLR rather than theocean resporse as moaded by Slangen et
al. (2012). Consi@ring terrestria ice massand ocean resporse contributions to 3R, a
mid-range model pedicts anend of century sea-level increase of 0.5-0.75m and thehigh
end model pedictsan increase of 1.0-1.5m for the Central Padfic (Spadaet al. 2013.
Thevaue of regional SLR models is that @y alow us to irfer theHawaiian Islands
departure from theglobal average. Yet it hasbeen argued thatregional SLR modelsare
notyet ready for direct use lecause they fail to captureobserved lo@ weaherpatterns,



local subsidere, praduce inconsisenciesamong projections,and are not assocatedwith
a SLR curve fromwhichwe can produce yealy SLR values(Tebaldi et a. 2012.

_ m RSL change anomaly
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Figure 1.4. Mean sasonal ga-level anoraly (m) with respect to aglobal mean regional
sealevel change of 1.02 m for the year 2100 (Slngen et al. 2011). Sea-level in Hawai @ i
is predicted to be 0.10.15 m abovehe global average, correspondingto al.12-1.17rise

in total ealevel.

Regional models provid@sight into thespatial \ariability of SLR, however we apply
global SLR rates toHawa Gecausbregional models fail to captureobserved local
weatherpatterns, Iacal subsidene, praduce incorsistenciesamong projections (Tebaldi et
al. 2012, and mapSLR for only one point in time.

A number of global SLR estimats have been creaed for the year 2100 and beyond usig
physical modeling (e.g.: Slargen et al. 2012, Spdaet al. 2013, sem-empirical methods
(eg: Vermeea and Rahmstd 2009; Jergievaet al. 2012, and expert judgment asgssment
(NRC 2012;Bamberand Aspinall 2013; Horton etal. 2014)(Table 1.1). Semi-empirical
and expert judgment meéhods seve as aternatives to moddls bagd on physical processes
becaisedynamic systems suches icesheets ae not yet fully understood(IPCC,2007;
Vermeer et al. 2013. In particular thesemi-empirical method ofVermeer and Rahmstd
(20M) offers aunique slution for the position ofuturesea-levels by providing yearly
global values for multiple economicemission senarios. Vermeea and Rahmstaf (2009)
computemean sa-level curves andassocated uncertainty (1 Gbpndsacross thel9
climatemodels used in thimtergovernmental Ranel on ClimateChange (IPCC) fourth
assessmerneport (AR4) (2007). Therobushess ofVermeer and Rahmstafés (2009)
projections offutureSLR are documerted by Rahmstaf et d. (2011).



Table 11 Glokal sea-level (m) estimats forthe yea 2100 based uponexpert judgment
assessmentemi-empirical methods,and physicd modelingmethods.

Expert judgment assessment Semi-empirical Physical (Ocean coupled model)
gs;'ggilh Bamber Vermeer *Slanaen IPCC
Council and Hortonet & Jegjeva ot a? *Spalaet AR5

(NRC Aspinall al.(2014) | Ramstorf (2010) (2012') al.(2013) (Churchet
2012) (2013) (2009) al. 2013)
0.337 . 1127 .
05-14 132 06712 | 0.75-19 0.6-1.9 117 05715 0.26-0.98

*Central Padfic sealevel estimete. All other SLR projectionsare global estimaes.

ThelP C Cfifte assessmermneport (AR5) released in September 2013 builds uporAR4
and incaporates rew eviderce of climate change, includingSLR data (PCC 2013.
Improved understanding ofthe physicd comporents of SLR, better ageementamong
processbased models wth obgrvations,and improved modelingof land-ice
contributions las resulted in mae robustSLR predictions.A new set of scenarios, the
Representative Comentration Pathways (RCPs)was used to modedimate for theend of
the 21% century (2081:2100) relative to 19862006. AR5 pedicts that global mean SLR
for 20812100 will likely bein therange of 0.26-0.55 m forthe kest ase scenario
(RCP2.6)and 0.45 to 0.82 m faiheworst casescenario (RCP8.5). By the end of the
century RCP8.5 pojects a 0.981ise inglobal mean szlevel.

In this stuly we provide dedsion malers with two solutions tadaptively mangethe
impads of SLR and apply thesemethods to tihee coastal wetland environmentsat Ke &
National Wildlife Refuge (south Maui), Kanaha StateWildlife Sanctuary (north Maui),
and James Campdl National Wildlife Refuge (north O4 fau). Chapter two of this
dissertation presents amethod by which wecdculate alocal SLR criti cal elevation and
joint uncertainty that marks theend ofthe slow fhaseof flooding and theonset ofrapid
flooding. This aitical transition pe&od provides an imporent planningtarget for
achieving adaptive manayement. Seandy, in chapter3 wedevelop a treat-ranking
process that defines vulrerability from a nanagement prspective by identifying those
parameters thet best taraderize how SLR will impaa decision makegs ability to
acomplish mandatedgoals and objectives.

Themethodolgies wsed here are flexible and may beapplied to newSLR modelsas
global and regional projections improe. Based upon the qality of projectionsavail able
relative to the timingpf this projest we apply Vermeer and Rahmstdé (2009)
projections to themethods othapter2, and thelPCC AR5 progdionsto chapter3.



CHAPTER 2

DECISION-MAKERSFACE ACRIil CAL ELEVATIONO OF
FLOODING DUE TO SEA-LEVEL RISE

Haunani H. Kane, Chales H.Fletcher, Neil L. Frazer, and Mattrew M. Barbee
Abstract

Coastal stend and wetland hebitats ae intensivdy managed to restare and maintain
populations obndangered spedes. However, sea-level rise (SLR) threatensthework of
wetland and coastal managers beausecoastal erosion, slt-waterintrusion,and flooding
degradecritical habitats Becausehabitat loss is a raasureof the risk of extinction,
manayers are keen toreceive guidelinesand otler tools to educe therisk posedby SLR.
Dueto thelow gradientof most c@stal pkein envronments, theate of SLR impaa will
rapidly accelerate oncethe reight of the seaurface excealsacritical elevation. Here we
develop this comept by calculating a SLR critical elevation and joint unertainty that
distinguishes tween slow and rapid phases offloodingat three coastal wetlands on the
Hawaii an islandsof Maui and Gahu. Using high resolutionLiDAR digital elevation
models DEMs)we mapand rank areas flooded from high (80%) to low (2.5%) risk
based upon the peent probability of flooding under theB1, A2,and A1F economic
emissions senarios. Aaossthecritica elevation, theareaof wetland (expressedss a
percentage of the total) at high risk offlooding under the A1Fl scenario increased from
21.0%to 53.3%(south Maui), 0.3%to 18.2%(north Maui),and 1.7% t015.9%(north
Odghu). At thesame tinme, low risk aeas increased from 34.1%to 80.2%,17.7%to
46.9%, and 15.4%t0 463%, resp. These resultsindicate thet thecritica elevation of SLR
may have already passed(2003) on south Muwi, and that cédsion m&ers may have
appraximately 37 years (2050)on Nath Mauiand Odhu to canceve, develop, and
implement achptation stetegies that med thechallenges of SLR in adrance of thelargest
impads.

Int roduction

Few studies hare examined theconseajuences of SLR on the biodivesity of low-€elevation
island ecosystems (Rynolds etal. 2012. Hawaid, themost isoéted isbnd group,is a
hotspot forunique oganisms,and comprises thgreaest numier of endangered species
of any statein theUnited States (U.S.) (Dobsonet a. 1997). Increased water levels,
erosion, slinity, and flooding assod¢atedwith SLR threatens the hbitats of endangered
waterbirds, ®aturtles,Hawaiian monk gds, and migratory shorebirds. In addition, many
coastal wetlandsare used for subsistepe fish farming as well as tao (Colocasia
esculent) agriculture, which, incultural practice, is believed to be theoriginal ancestor
of theHawaiian people.

In compaison to thecontinentl U.S., the nanagement ofPadfic Islandwetlands is &rly
new. In 2011 aseries of Compehensive Consevation Planswvere publishedfor each of
theHawaiian Is | a natosab wildlife refuges (U.S. Fish and WildlifeService 20113,
20110. Thesedocuments seve as thefirst attenpt by local wetland managrs to planfor
the poential impacts of climate change.



Planningfor therisks of SLR is clallenging because im@ads aen6 t | adye d |
obsevable (Gesch 20M®) on the tinescdes that wetlandsare typically managed. The
majaity of regional and global SLR predictionsare projectedfor the year 2100(e.g.
Slargen et al. 2012;Spadaet al. 2013; \érmea and Rahmstd 2009) and beyond (e g.
Jevrgievaet al. 2012; Meehl etal. 2012; Shadfer et al. 2012, which exceeds the
standrd 15-year planning horizon oftheHawai dvétland refuge system. Predicting SLR
impads on timesales ofless than aentury is largely limited by the urcertainty
assocatedwith global SR projections (Chuch and White 2011)and the \ertical
uncertainty of topographic dita usedo create SLR vulnerability maps(Cooper et al.
2013Db).

Theobjective of this sty is to cevelop amethodolay that identifies thenset of
gredest im@ds related to SLR. Ourresults providea physical process-based planning
horizon usful by decisionmakers who are developing managment stetegies to ned
the chall enges of climate change. Our methodologysuppkements theypical 15-year
planningtimeframe with an estimateof when thegreaest immds related to SLR will
occur. This aroach will alow futuregenerationsto form flexible adaptation
manaement plans &sed on prioritized (and changing) habitat needs assea levd rises.

For mostcoastal phain environmentstherate ofimpad due toSLR flooding will rapidly
aacelerate once the height of the ®a suface exceeds acritica elevation. Usinga
hypsorretric model (Zhang2011;Zhang et al. 2011) we identify the criti cal elevation
marking the end of slow flooding and the oset of rapid flooding. Mappingeac phaseof
flooding and establishing thechronology of impacts providesvetland ceasion-makers
with valuable information about theheight of sea-level that will produce the onst of the
gredest innundtion and the timeframefor which thebulk of wetland assets may be
threatened.

Mapping SLR vuln erability

Oneway of communiatingtherisk of SLR is to map lowying areas using high
resolution light deedion and ranging (LiDAR) digital elevation models DEMs). SLR
inundation naps aecreatedby if | o o thoseragtérDEM cells that have an elevation
a or below agiven maleled sea surface height (Gesch 2009.

Previous studes hare consideed only maine sairces of inundtion by mappingDEM
cdls that ae hydrologically connected to the oean throwgh a continuous pth of adjagent
flooded cdls (Gesch 2009; Poulter and Haplin 2008. Here, we consider both marine and
grourdwater inundation (Cooper et al. 2013) because narine inundation alone
underestimats SLR impads (Rotoll and Fletcher 2012) and daes notaacount forrising
grourdwater tables(Bjerklie et al. 2012).

Thisis areassondle assumption aswatertableelevations incoastal settings sitypically
abovemean sealevel (MSL) and are highly correlatedwith daily tides and othersouices
of marine energy (Rotzoll et al. 2008, Rtzoll and Fletcher 2012). In addition many of
Hawai ¢ Wweflandsarelocaed just inbnd ofa narrow coastal stend and are dependent
upon ratura or pumped groundwater saurces tomaintain pond \ater levels (Huntand De
Carlo 2000; U.SFish and Wildlife Service 2011a, 2011b.



For the pupaose of this stuly we apply Vermeer and Rahmstids (2009) global SLR
scenarios to asess thempads of SLR flooding upon Hawaii an coastal ecosystems. The
SLR curves provided by this mod enable decision malers tocorrelateimpads of slow
and rapid phases offlooding with a sedevel height and tine. We encourage managers to
planfor threescenarios of futuresea-level. TheB1 (104 mby 1200, A2 (1.24 m),and
A1FI (1.43m) scenarios encompass theange of SLR projections faecast by regional
models é.g., Sppdaet a. 2013)for Hawai  @yitheend ofthe @ntury. The methodolgy
usedhere may be applied to newSLR modelsas globaland regional projections improe.

Methods

We study three coastalwetlands in Hwai ¢ i JameslQampél National Wildlife Refuge
(north O6 tau), 2) KanahaPond Stat&Vil diife Sanctuary (northMaui), and 3) KeUia
Pond Nitional Wildlife Refuge (south Maui; Figure2.1). All three wetlands ae
intensivdy mana@d throughout theyear to restoreand maintain df-sustining
populations oendangered waterbirdsincluding the Hawaiian Coot(Fulica ala),
Hawaiian Moorhen (Gallinula chloropus sandwensis), Hawaiian Stilt (Himantopus
mexicanusknudseni), and theHawaiian duck (Anas wyulliana; U.S.Fish and Wildlife
Service 2011c).

James Campbell National Wildlife Refuge

'k G “

<

_ Kanaha State Wildlife Refuge

Hawaii

Kealia National Wildlife Refuge

Figure 2.1.SLR impads were assesed for James Campél Nationa Wildlife Refuge
(north O6 hau), KanahaPond Statéwildlife Sanctuary (north Maui), and KelUia Pond
National Wildlife Refuge (south Maui).



Springs, rinfall, and runoff feed thesewetlands,however during the dry season
manaers may suppement pond vater levels with additional souces of groundweter.
Unlike tempeate st marshesHawai 0 cod@stal wetlandsare microtidal, largely isolated
from theocean, and sdiment souces includeeolian dust, inermittent stieam flooding
duringthewet season(OctoberApril), and internally produced arganic sdids(U.S.Fish
and Wildlife Service 20114).

With theexception of narrow ocean outlet ditches at all threg the stuly sites ae buffered
from marineimpads by 2-4 m sand dures anda narrow coastal stend. Dependingupon
the coastal stend for critical habitatare native plants, theendangered Havaiian monk
sed (Monachus schauinslangl, thethreatened Hawaiian green seaurtle (Chelonia
mydas), and migratory seabirds duing winter months.

Data processing

TheU.S. Army Corps ofEngineers (USACE) collededairborne LIDAR data for James
Campbell andKanaha during January and February 2007. USACE nretadata reportsan
averagepoint spaing of 1.3 m and aertical accuracy of better than + 0.20m (1s).
Airborne1 collected LiDAR for KeUia in 2006 br the Federal Emergency Management
Agency (FEMA) and reports averagepoint spaing close to 0.30 nand an RMSE; of
0.18 m (Bewbery 2008. Forthe pupaose of this stuly we assumehe RMSE; and 1

are equivalent (NOAA 2010). LiDAR data were colleded ingeographic coordimtesand
ellipsoid heights elative to the Nath Ameican Datum of 1983 (NAD83) andconverted
to orthorretric heghts usinghe Geiod03 moa. Theseheights were adjusted to MSL
based upon &2006epoch for the USACE diataset and a2002epoch for the FEMA
dataset. Lastreturnfeatures, or baresarth LIDAR were converted from LAS format to
ESRI shaefile formatand reprojected to Universd TransveseMercator (UTM) zone4
North.

Triangularirregular networks (TINs) were derived from the pocessedand filtered

LiDAR point datafor each study area To identify areas where point density poory
characterizes aastalmorpholagy, adistance of 20m (maximum edje length) was used to
constain theTIN extents. A 2 m hordontalresolution DEM was interpolatedfrom each
TIN usingthe nearest neghbormethod to represent thecorrespondig bare eath

topography.
Critical eevation

We use dandarea hypsometriccurve (Zhang 2011; Zhang et al. 2011)to identify a
critical elevation and characterize therate of floading based upon lo@ topography
(Figure 2.2). Weadhere closdy to NOAA Coastal Services Center Coastal Inundation
Toolkit MappingMethadology (accessedat
http://www.csc.ncaagov/slr/viewer/assets/pdidnundation_ Methods. pdfiand use
DEMs to mo@ the areaflooded as sexleve is increased from 0-5.0 m.


http://www.csc.noaa.gov/slr/viewer/assets/pdfs/Inundation_
http://www.csc.noaa.gov/slr/viewer/assets/pdfs/Inundation_
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Figure 2.2 Land area hypsonetric curves at Kanaha(a), Janes Campél (b), and Kelia
(c). Thex-axis represents elewtion (m)above MHHW. They-axes represent total
percent areaat or below a correspondig sea-level value, and area (km?) inundated as
sealevel rises in 0.2 m inements. Bmpora uncertainty of the critical elevation (d)is
based upon the uratainty of SLR projctionsaone (dashedlines) and thejoint
uncertainty of SLR projectionsand top@raphy (shaded regian).

Following the methodolay of Cooper et al. (2013a) and dueto theladk of a North
American Vertical Datum of 1988(NAVD 88) for Hawai 6 i map M3k values upon
the 9-year epoch value of mean higher high water (MHHW) at theHonolulu tide gauge
for James Campdl and at the Kahului tidegauge for Kanahaand KeUia to assess
flooding at high tide (accessedat tidesandcurrentsnoaagov). The hypsonetric curve
depicts theadditionalareathat isflooded(dA) as sea-level is increased in increments of
0.20 m (this ingrval was chosenbecause it appoximates theLiDAR vertical
uncertainty). Combired with theSLR projection it gives the sped (dA/dt) and
acceleration of flooding (d?A/dZ?).
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Thecritical elevation is identified at thesea-level at which dA/dz? is a maximum. Fora
linea rise in ®a-level with time, thecritica elevation se@ratesfloodinginto aslow
phase(relatively low dA/dt) and afast phasdrelatively high dA/dt). To determinethe
tempaoa uncertinty of each flooding phasewe create amixturedistributionSLR curve
from Vermeer and Rahmstdés (2009)B1, A2,and A1FISLR curves. TheB1 (104 m
by 2100, A2 (1.24 m), and A1F{1.43m) economic emission senarios address how
future global sa-level may change under different social,eanomc, technological, and
environmental developments (IPCCC 200Y. Assuming each senario SLR curveis
evenly weightedand namally distributed wecdculatethe total men ( and variance
( ) of thefinal SLR curverespectively:

e)="c (+'c O+ (O 2.1)
3 Bl 3 A2 3 Al1F

o 2 1 2,02 1 2,02 1 2,02

@O=Tle SO+ 1+ e SO+ 1+l )4 ] 2.2)
3 B1 B1 3 A2 A2 3

From theSLR curve we cdculate thetempord uncertainty of thecritica elevation based
uponSLR projectionsalone( ) and SLR projectionsand toparaphy ( . This
anaysisalows us to detrmine whetherincorporating hypsorretry into managementand
planningmakes a quantifiable difference.

0, (t

T = dig(ﬁ;) (2.3)
dt

O )

Uty,, = de (t) (24)

dt

Mapping therisk of flooding

We acount forthe uncertainty of SLR projectionsand LiDAR data in ourSLR flood
mapsusinga combiration of sewveral existing stan@rds. Areas of high (80-100%
probability), modeste (50-100%probability), and low (2.5-100%probability) risk are
mapped usingcumulative percent prokebility. The 80% probability contaur identifies
high confidence flood areas (NOAA 2010, whereas the 50%ank mapsheareaflooded
by the pedicted sea-level valuealone. Gesch (2009) and theNational Stanchrd for
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Spatial Data Accuracy (FGDC 1998)recommend the usef thelinear eror at the 95%
confidence level (1.96 XxRMSE;) to identify additional areas that may beinuncited at
timet. The2.5%rank used in this staly to identify low risk areas eqiaesto astanard-
score of 1.96 when acumulative or sirgle tail approac is ugd (NOAA 2010).

To assess thegocent probability that alocation (x,y) will be inundaed at timet we
adhere closdy to NOAA (2010) and Mitsovaet al. (2012. For each economic scenario a
2 m horkzontalresolutionrasteris aeded tocadculate theexpeded height above MHHW
() atimet. Wetakethedifference between the projected ®a-level value above
MHHW () and theDEM elevation ( ):

=€ €, (2.5)

To account for theuncertainty () assocated with an areab expeded teight above
MHHW we combinetwo random and ucorrelated souces ushg summing in quadture
(Fletcher et a. 2003: SLR model ugertainty () andLiDAR vertica uncertainty ().

o, = Gi +?§ (2.6)

TheSLR model uwertainty refl ects asemi-empirical charaderization of the physical link
between climate changeand SLR, and theLiDAR uncertainty is a neasure ofthe \ertical
acaracy of the LIDAR points to epresent thecorrespondingoare eath topography. A
second surhceis createdto represent thestandard-score (SSxy) or the numberof
standrd deviations avalue falls from themean.

ss =fn (2.7)

Thestandrd-score raster is redassified to apercent prokability raster by means of a look
up tableassumingnormally distribuied errors. Under each phese of SLR, wemap and
cdculate thepercent area with low, moderate, and high risk of floodingfor the B1,

A2, and ATFI seenarios. Re-engineeled areas sich as the dikegpondsat James Campdl
are not included in thisanalysis.

Results and Disussion

Defining acritical elevation
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Weidentify acritica elevation that gparates floodinginto aslow and fast phasédased
upon the lad topogaphy of three coastal wetlands. Thecritical elevation of Ke It is
defined at 0.2 mand is pedicted to beexcealed by the year 2028 + 25 years (Figure 2.2).
Kanahaand James Campél study areas are located at a slghtly higher elevation
resultingin acritica elevation of 0.6 m whichwill be reached by 2066+ 16 years.

We acknowledge that thetimeframe ofexceeadance for thecritica elevation is quitdarge
and is modly arefl ection of thequality of currently avail able data. To determinethe
critical elevation wedea with two souces of unertainty; theuncertainty of the SLR
model ugd to carelate sea-level with time, and the uertainty of the LIiDAR data usd
to identify and map ke critical elevation. Thelarge LIiDAR uncertainty proves to bea
majorlimiting factor. In compaison toconsidering SLR madel uncertainty alone,
acounting for the joint uncertainty of both daasets inaeases the tempaal component of
thecritical elevation from + 5 years to+ 25 years at Ke & and + 9 yearsto + 16 yeas at
James Campdl and Kanaha. As SLR projectionsand topogaphic datasets improve, the
methods used in this styican beemployed with greaer confidence

Mapping SLR impacts for slow and fast phasesof flooding

Here wefind theslow phaseof flooding is defined from present to 2028+ 25 years
(critical elevation =0.2m) at Ke lih, and from present to 2066+ 16 years (0.6 m)at
Kanahaand James @Gmpbell Figure2.3, 2.4, X5). To assist deision malers in
prioritizing SLR impads wemapfloodedareas of high, modeate, and lowrisk. Dueto
the simibrity of SLR curves duringthe slow plese, all three economicscenarios agree
that thee is a modrate risk of 24.1%of Kelia, 2.8% of Kanaha, and 43% of James
Campbell beinglooded (Table 2.1). High and lowrisk areas ercompass 210-34.1%of
Kelia respeetively, 0.3- 17.7%of Kanaha, and 17-15.4%o0f James Campdl. Theslow
phaseof flooding represents theonset of vulneability as SLR increases coastaérosion,
and theextentand frequency of storm suges. Although initial percent areaimpads nay
appea small, threatened areas include themajaity of the coastline,and inand wetland
environmants atJames Campdl and KeUia (Figure 2.3).
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Figure 2.3. A1FI SLR risk compaison for slow (left columnimages) and fast phases of
flooding at Kanaha(a-b) James Campél (c-d), and KelUia (d-e).
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Figure 2.4. A2 SLR risk compaison for slow (left column images) and fast phases of
flooding at Kanaha(a-b) James Campél (c-d), and KelUia (d-e).
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