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Abstrn:t. Trnplcnl cyclones (TC:) and sen level rise (SLR) couse major problems including beach erosion, saltwaoter
intrusion into groundwoter, ond doampage to infrastructure in coostal oreas Tha magnitude nnd extent of damaoge is predictad
to Increass o0s o consequence of future climate change and local factors Upwnrd reef growth hos attracted attention fFor its
rocle as o notural breakwater oble to reduce the riaks of notural dlisosters to coostnl communitias, Howuvor. projoctions of
chonge in the risk to coastal reefs under conditions of intensified TC: and SI_R are poorly quantified. In this study wae
projectad the wave height ond water lavel on Melukunk raaflf in the Pnlau |5Innds by 2100. based on wave simulstiona under
inteansified TCs (slgnirlcnnt waove haight ot the outer ocoon. SWH - 8 7—‘]10 m, aignificant wave poriod at the cuter ccean.
SWP“ = 13—15 5), SLR (024—0.98 m). Tc undaerstand affects of upward reaf growth on a reduction of the wava height and
water lavel, tho simulation waa conducted for two reef condition scanarios. a degroded roaflf and o hoolthy reaf. Maruovar.
anolyses of reef growth bnsned on o driltcore enablod an assesament of the coral community and rate of reefl production thag
are hecessary to reduce the risk to the coast due to TCs ond SLR According to our calcuintions under Intensified TC; and
SLR by 2100, significant wave hoights at the reefl flot (SWH,) will incronose from 105—124 m ot present to 214 m if reefs
ore degroded. Simllarly. by 2100 the watar lavel ot the ashoreline (WL_) will increase from 086‘-210 m at present to 1.19-

3.45 m if recfs are degraded. Thesn predicted changes will probobly cause benoch ercsion, saltwater intrusion into

groundwanter, and domage to infrastructure, because the uonl?a is locatad at 3 m above the present mean sen level,
The above findings imply that even f the SWH IS desrensal . 01 m by upward reef growth, it will probably reduce

the risks of costal domages, Our' rasuits dshowed that a heanlthy reef will raduce a maximum of 044 m of the SWH

Accnrdlng to annlysis of drillcore, corymbose Acropora corul: will be o rﬂ:ﬂu&:lng the risks, o 2 6—5 B kg C CO3Im /y.
wee Uv ey S LLR.
equivolent to >8£) of coral cover, will be required to 00 _Allhough the present study focusecs o elakeck

Hadvi o ré.

Fringing reel, mony coral reefs are I1n the saome situation under conditions of intensified TC ond SLR.-m‘the roaults of this

study nre opplicable tc other reefs, The use of cornl reef growth to reduce disnster risk will be more cost*effactive than
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buriding ortificial Barriers Bnnurfltﬁ i oddition to roducing disaster risk include the ecological services provided by reafs,
and moring products ond tourrsm Rasearch of the type duscribed hore will bo required teo ndvise policy dovelopment directed

AL dianster provention Tor smaoall isinnd nntions, and for doevelaping and developed countrisi

-| l ntroduction

App#ox]fnn[uly 90 tropicol cyclones (TC;. also roferred to as hurrigones onad lyphr-.on_-) vecur globally ovoery year (Frnnh. and
Young, 2007, Sunuvlrntnu et al., 20]2) 1‘C:s couso large waoves, storm sutrgos, and torsontial Fainfall, and can lend to ssastal
arasion, saflinization of coastnl soils, and domage to infrastructure (Gourl;-y, 2011n) Thusu- mogative 1M pacsts have mojor
GCoNomMiIc costs Fnr aexnmple, tha osconomic cost of TC an (:-ntugnry 5 BN the Snl’ri-—Slmps::n 5cn|u). witiizh affected
Vnnum.u n Mnrch 2015. axcooded US$449 million, oguivalent to '64% of tho GDP of Vnnuntu (GFDRR, 2016)

Nu muarical projections indicaits thol Slimate ebhangs will 1ncrense the menn moaximum wind spesd of TC:
(Cl\llltf)nsun st ol,, 2013) anurds the end af the 215( contury, tho wind apoad and minimum central pressure of tho moat
intsnin supor typheoons 1n the nerthwaost Pncll’ll O:-unn are ustomated to attarn 85—90 m/s and 860 hpn, respoectivaely (Tsubok:
at ol ?015). Thla will probably Incresss wave heights and waoter laevels an shores ot conatal arens Addnucnnlly, sion loval rise
(SLR) coused by gleobnl warming will prabably increaase the risk of coastal #rosion, flooding, and saoltwater intrusion of
surfncn waotaer (Woodrufr at ol., 2013) Ecunomn.—: development and population growth nre also expected to increpss Lhe
brseine damaogos (World Bnnk ond UN. 2010) Thornfore. the deoevalopment of policies for adoptaotion to TCs and SLR 15
ossaninl if their projocted negative IMpacts in the near future are to be adequotely addressed.

Thnruye"buun seveorn apprenches to reducing the waove heights ond water lovels, including the construction of son
wanlls and shelters, developing nccurate weather foracnats, and developing TC and SLR worning systems (GFDRR. 2016)
chevnr, amoll isiond noations ond developing countries will need to devoelop cost effective strotegies te address the
problems associated with thess phenomena, including the use of ecosystem sarvices provided hy mangroves and coral reofs
Far exampli#, mangrove rostoration has been demonstraied to attenuate wave height, ond reduce wave damadge and vrossan
(Won:—] at al., 2014) 1: has olsoc been suggested that cornl roofs nre highly affectrve os natural breaokwoters Mnl‘u than
150,000 km of the shoretino on 100 countrias and territorios 15 thought to receive some protection fram roefs (Burku et n
2011) Mnln analysis haos demonstrotoed thot the entire reaf aystem, from reof slope to reoef flat, roduceos waove height by an
Avornige af 84% (Ferrnrlu ok at., 2014) Corn reefs are also habitats for diverse marine orgamisms and provide vihrious
anfvIEas (n.g , touriam and marine produc§thnt banofit human populaotions. Ad:j-nannlly, It has boon Auggosted thot reafls con
e cons:idored to roeprescnt setr ﬂdﬂpliﬂg “gl'een infrastructure™ (Benedicl ana M:Manon, 2002) In tho ocecon that protects
DgNINaL Sl R and TCs Tha growth of Holocunu roofs has been ropofted to howe kept paceo with tha SLR thot ceeurrad 1n the
poefiod 19—6 ka (Munlngglonl ond Brn.thwnr!u, 2009) This sufggests thot reaf growth, na o form of green infraostructure, may

be obie to respaond to SLR and contribute to reducing the wave heights and watar leveis ot shoroes in the future
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B/O(,appro:imutel v 75% of the world’s coral reefs are subject to local threals such as coastal development,

watershed pellution, and overfishing (Burke et al,, 2011) Additlunnlly, glabal ¢climate change, including global warming ond
—

2005) indicated thot degr

of

ocenn ncidification, is expected to hove maojor impacts on caral rafsfshuppnrd et al.

bottem roughness due toe the coral mertoality in Su_yr:hallau fram 994 te 2004 ceann peidification reduces the CnC03
4 ’

wlichy ther

saturotion rate, reducing the calcification raote of corals, slows z!'!!l-bgruwr.h, nnd cn lend to the dissolution of the roaf

fromeworks (Anthony et al., 20’08) This process niso reduces the roughness of reef (lat.and consequentiy the incranse’ﬂvnve
5,
snargy reaching the shaore, Thi: indicates that the degroded reelfl may cnuse on lm.:ruusg oﬂthe wave heights and water iavels

at shores In the future, Howevar, few studies cnnsidur*how the affect of reefs on the wove heights and water lavels may

chaonge nos degroded rocefa become healthy. Furthermoru, if future reefs oare degroded. considering potentia

supplemantations (e.g.. by coral trnnspluntutlnn) for healthy reeflfs will be nooded.i [hc target <orals ond the roaef

production rote are also poorly understood.
4

Thls study facuses on coral roafs in Pnlnu Isluﬂds. Tha Pnlnu Islnnds are rarely affected by TCs, but two savere

TC: (Typncon Bophn in 2012 and T_yphoon Hniynn in 201 3) racently impacted the islondsa, Thass TC: cnugrd 56%—83%
? +(U’I¢ -
loss of coral cover an the shallow slopes of the eosatern reoefs (Gauozo at al., 2015). oand @hnd a significant impact on
w

coastal areas (e.g., flooding, erosion, and destruction of buildlngs). Furtharmoru, there will probobly be an enstward shift in

the ganesis location of TCs in the northwest Pncihc inthe near future (2075—2099. Muruknmi at al., 2011) Thl: implies that

Pnlau |s|nnds that currently experience anly infrequent and lower {ntenaity TC:- will probably be affected by more frequent

and intanse TCs in the near future. Ccnsoquon:ly. this study has twpo main uimsPFlr::ly. we provids o guantitative prejection

of wove heights and water laevals for the healthy reefs and the dejraded reefs under intensified TC and SLR conditions by

/-\

2100. based on a numerical simulati r@Socundly, wo estimate thp potential of main reef builder and the reef production rate

necesanty 1o teduce the coastal risk under the predicted reef degrpdation, based on analysis of drilled coras,

TC # awd 5+raUﬁ¢M S

2 Meothaas Q/Kf C,C.J‘OJ&—’ ~L—(’.9

21 Study site
t
¥
C.\‘cdl“ YO Y,
-~
The presant study site is located in Mnlakouk stnto, ot the anst central coast of Bnbolanob, the biggest island in Pnluu (Figuru
15). Melukeok ia an impartant atate Bbecouse it is the national capital of Pn!nu, housing the national government Including the
axecutive, legisiative and judiciary branch of the governmaent. Malukuok Is on Iidenl site for this study bBecause it is
reprasantaotive of the esasat coast of Pnlnu in terms of its closeness to the san ond the throots it Faces. Ur\derstnnding what
haoppen in Mqluknak con bea npplied to ather atates on the oast const regarding preparedrness far the future impacts of climote
change. Tha state consists of reefs, long beochos, mangroves, hills, steep ridges, and rivars, Priur to the contact with
forasigners, same of the villoges atarted to incrensc their influence ond power by farming alliances through warfore (Rachaba.

ond Mcpha{rus, 1997). and Mulnknnk and Koror villege becoame tha mest powerful villnges in the islonds, During the
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anunusu administration (1919—1945), the asettimment of theo staote had moved to the coastel area from |n|a;1,ﬂ‘.f"|n e prosant
doy, thi conastal viliage 15 locatod ot "3 m abovae }}Lp)%ﬂ mean sea lavel (MSL) Thu Mulakook clﬂln'entnﬁ f)_-',\acl and
Mul-nkuoh atnte offico are nilso locnted in the const Mulckuuk reafl (7 501DN. ‘]34 640°E) is lozated on tha onsu.a;n.conﬂ alf the
stotu, Tllr_!ru s no artificinl brenkwoter for ocean waves atong the reof. Our survay tronsect 's located noar the alomeaentary

5 schoo (Flguru 1!.1). becouse the school will probobly bo o piace to evacuate during nssumad ntuna-l’ru_‘d TC.-,

k,..x

2 2 Impncr.-:. of historicol TCs and Typhoon Bophn

Sinca 1951. 19 typhoons poased within 150 km of Mrﬂaknok roaf en Pnlnu, pravided by the Dngltnt Typhoon
(http://ngorn.-rx.r|||.ul:.Jp/d|g|tul‘lyphuanllndux hrml ur\] bnssd on the J(lpnn Motaurulogncul Agnn:y (JMA) best track dato

(Tublﬂ ]) On:y H e typhoon pnsscd noar this study roef in 1990 (Typhoon Mlka), and the impact was limited to the

10 northaorn roof of Pnlnu (Mnrngcs nnd Cook, 1995)

rior to Typhoﬁ_Bﬂwhu thot possod south of Pnlau i DQ:«!mbur 2 2012. [14
-

to corol reafs and coastal areas of Pu1nu for ovaor 60 years

[ —
TS suspoctud thotl N majal.Ly Qe o st

nused significant doma
Tlm minimum prassure of Typhoon Bophu cu was 935 vPa and the maximum wine spond waos S50 mfs (dnw
ottnined by D:gir.nl Typhoon: httpi”ng__gr_,;..x nnl,nc,Jp/dugctnl typh on/lndux.html;un) In Docamnbar 2 2012, the overage wind
spod won 27 mls arouna u;::.c:y sito(frovndnd by Wlndguru (suo hetp ”www.WIndguru cz). 121 km distance fram tne
‘5 trock of ]ypho:_:n BophnéNovumbar 6—7Lh 2013, Typhoon Hnlynn pnsscd north of Pnlnu |3Inrlds. Thu MINIMum prossurae
.

of Typlmon Hmynn canter was 905—920 th (dnln obtainud by Dngltnl Typhocn: hupf”ngorn.ux.nin.nc.Jplmglml'

ty|.-ho<:n/undn-.hr_ml nn). In the Northarn Humnsprmrn, TC: rototss in n countercleckwise direction and the Most severe

c@ndivlonNs are ganerated in the right sumR:.urc.lc. whera the maoximum wind speeds and storm sufge arc lognTiZmd. Thnro!oru. -T
s ———— N
tha nverages wind speed of Typhnnns B:.phn wns strongsr than that of Hmyun nround tho study site. Sumi@y, he Moximum
20 voluo af significant woave hu|ghldorrahoru i tho study nron wos 8? m in Ducumbur 2 2012 during Typhoo—r.!. .Bophn nnc SN )

e 77 m in November ftn 2013 during Typhoon Hmynn (oblmned from W-ndguru: see hr.tp:/lwww.wundguru.cz).

E\A\fo Il\ururcru, thi study nrea wos sevarely domaguod (u.g'. the destruction of piors and floodlr\g) by Typhoon Bophu.

uce. -T. Bofw cad ch.?;cr:bo* 625+YUC:\Y"lOM [.‘rs'é‘.

23 Eﬁtllli ntion of wave height nnd water level

Wo rocused on two paromators’ (1) the significant wava haight (SWH) at tha roef flat, Ipcatod 400 m rrom the shore (SWH,),

25 and (2) the nvernged waoter level ot the shore (WL) SWH was defined os the moan wove haight of the highaest 33% ar wavas.

[’Wu attempied to find in situ recorded dotn of ocenn wave and woter level using undervwater loggoers und[ot rodar
'll
lobservationnl systeams ot the study site, but there was Nno /0 st observation doata for ogeon wave ond water level at the study

ILILLE Thurefcre. wo conductad an estimation of wnve hoight and water level based on the CADMAS‘SURF (Supc’l’ Rollnr
Flulnn far Cnmputur Aldud Dﬂs gn of Mar nay Structurn) waove ssmulotion model (CDIT, 2001) For valigation of the model,

30 wo compared calculated results with 1n sty moeasuremoants of WL and SWH at the reaf Fiat, which is located 400 m from the

4 SL!IL Cou(us'uu;cj . Froua 'lQLleI—L
ik seewns ok ‘H,\YE)LLDOU\ Hagt vau
wis wuore wukeawse auwd closer.
MD\\{B@, dvuw theiv l{'\'ase_t.lcoﬁﬁ.% [V Y
fg U omd ek g secniciecle
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share, d%ndgr non'TCa conditions, Mcruavar. we conductad logal intarviews to obtain relinbile Infermation of the

impaocts of !y?hacn Bophn.

5=5
modal is I:Rpel:lnlizod numarical wave tonk model usad for ssaasnng the thr od of destructian far structures
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(a.g., san wulls): its use W:onlributaktn coastal management decisions. he govarn ng eguotion in tha model is based on
the extended Nnvier“Stokes equantions for a two"dimensional wave field In porocus madia. Tha modal can reproduce highly
non'llnen‘r£va prafiles agninst various structures, e.g., impact of o wove breaking sen walls (I:obe at ol., 1999) Tho madel
cangapply to wave deformation (e‘g.. wave shonling, wave breaking, wnave overtopping, and wave run'up) ot coral reefs,

menred modeled results with observed dntn and loborotory experiments on wave deformation over caral

realfs undar TC conditions For validation (a.g., Nugnlﬂu’nd Shiraishi, 2004; Kownsnkl at al., 2007, 2008) m he modal

nos baeen successfully applied to waove characteristics ot coral reefs under TC conditions (Ynmnshrtn et ol. 2008 Hong ot al.

2012; Nawamura ot at. 2014; Watanase ot o1. 2016), 4*\&0. ,Quow,

7

Ta caleculate wava charscteristics in the modasl, we lnpur.—l—- parameters. (T) wave condition, (2) ovbstacle data
(Q.g., raaf structure ;nd rcnd).' (3) timae CE.ntrcl: (4) mash size, and (5) physical porsamatar (n.g., density of wnlar). hdaln- 5
of parometers Syeptf e CD‘T (2001) o deotermine n wave condition, we need to input thrae pnr’nmulurn: ineident

significont wove haight at the duter oceoh (SWHU); incident significant wave period at the outear ocesn (SWP ) and intident

water leve) nt the cuter ccean (WL") Tha poaromatars srao discussed below,

o
SWH Sinco there is no in situ observation systems for ocean wave nnd water Iuval*orrshnre o cnanoro using

undarwatar loggers and/or rodar observational systems in Pulnu |5Iund5. m. he present doy SWH , value was
simulated by uvsalng the Globnl Forecnst Syslam (GFS) model ot 27 km resolution, provided by Wlndguru (se
hupf”www.wmdguru.cz). The values ror 4 sites (Malakaok, Karnr. Nortn banches, and Waac Pnsangu) ore provided by the
modet. | he GFS model provided o regular wave, and thus we Input a regular wave into the model. |n this study, we used the
dota as a forcung‘thu CADMAS'SURF madel. Thn largest SWH“ volue ot Melukeok during Typhucn Bopha waos 8.70 m,
Numaerical experiments have shawn thot the maximum wind speeds of | los In the narthwest Pocific will increase by 13% by
the Iote 21 AL cantury as a consaquenca of glakal worming (Tsubukt ot al., 2015) This implies that SWH,, will Incrense in tha
future, but will probably vary among study sites as o function of wind speed nnd the path of TC.. Projacr.ing wind spoaed
deponds on future greenhouse gas emiasians, Tharoforu, el el e Il Eslcceleanserarlzea by o minimum central
prossure of €5, 900 nPa. Wa siso assumed that the future moximum SWH ot Polou roer will be compoarobla to the TCathat
typically affect the Ryukyu |slnnds (northwasl Pnciflc). Tha:o includae Typhoun: Shnnshnn in 2006 and Tnllm In 2005. whieh
JMA reported haod wind speods nnd SWH" or 26‘”34 mlf: and 106—113 m, respactivaly (JMA. 2012, sae
http:”www.dntn.jmn.go.jplrgmctl"kniynufdb/wavol’chnrtldnﬂyl"constwnva.htmI). Cnnsequnntly. wa ossufed thot by 2100 the

SWH‘, will range from B-I'O to 11.0 m.

SWP,,T Thu SWP,, during Typhoon Bophn waos 130 s (bnsud on the GFS Windguru model, see

htthfwww.wnndguru.c ond wos recorded os o peak pericd P,-" f The empirical P,“_TSWP rotio is approximately 1 =
L L

5



095). consoguantly, we nsaumed the valuae of P war THUDLRD tO SWP. AB an analegy, the SWP during the sovere typhoons
Shnnsnnn and Tnlim i the Ryukyu ’s ands wos 13 0—150 s (5!!0 .}MA
neLp ”www.dnthuua.go Jplgrnd/kmyouldb/wnve/chart/du t_yjl:cn:lwnvn-hlm ) Thol‘lrl'oru.- we asSumed that the futurs SWP [:14

Pn ou reef will range from ]3 0 to 150 5 Wo INput the SWP as o rogular wave into the model,

5 - WL Wo assumea thar tne WL ,ranges from Oto 2.78 m abova the prasent MSL. based on futurs SLR, vaa) rangas,
nnd storm surges. The ruturas SLR is prodicted to ronge from +0.24 mto +0.30 m by 2050. ang rrom +0.44 m o +0 98 m by
2100, based an the nuirgevernmantal Panet on Ciimate Crmngu UPCC) sCennrins Roprnst‘nlnllvu Concantratian thw.—,y
(RCP) 2.6 una RCP 8.5, respecuvery (Church et o1, 2013). The RCP was usod for the now ctimats madel aimulatians carciod
Qut under the fromaework of the Couplud Modol ntarcomparisaon Prcum:r. Phnsu 5 of the World Clllllﬂtu Ro!ﬂﬂrch Prngrnn-llto

10 For RCP 2 6, the roaiative forcing peaka at approximatety 3 W/m? varocs 2100 ana than doctinas {(IPCC, 2013) For RCP 85,
the radiative farcing reachos graster thon 8.5 WIm? by 2100 ana continues te rise far same ameunt ar ume (IPCC, 2013}, Ac
thae Pnl-\u lsiands the tidal ronga is ~1.60 m during spring trdes, and tho high tide s -0 80 m above MS' Storm surgos leand

1o oxtraimoy SLR when TC: make iandfnl Wu assume that intenmified TC i3 characterizod by b minimus cantral pressurs of

&n 900 th, ond thus WL will incrisnse to -I (}0 m aobovwy MSL 0% o result of the suction uffoct of TC

15 In the model, waoe input on obatacle dotn (l.e., topogrnplly). Tu dotermine tho topography, we estoblishod o troansact of
2000 m width thaor extendoed from 21 m above MSL nt the shore Lo 269 m water deplh in the outer ocaon (i' igure 1b) Thu
topography along the transect was determinad using o topographic map (USGS, 1983) on lond, nnd was maasured uling on
autamatic level (NlKONTRlMBLF AE'?) and an aluminum staff from the shore to the roef crest, ond a single beam echo
sounder (Handn Elm:t.ronn:s, PS 7) on the real slopn ot water dopths of 0—75 m AI: water dupths of 75—269 m thae topograghy

20 W% as5s5uined to wnsreass with depth at an pngla of 23° Thu frald survey was conducted 1n July ond Suplcmbur 2015 'n this
study, we used two roof condition stonaries Tha First waos thot feafs are heatthy and havic a growth rate equal to the SLR, nnd
the second wos that tho reef is degraded nnd no growth occurs (Figurt 1:) The differonce botweoen honalthy reaefs and
(Iugrau{:rd roofs whs expraessed as the topogrophic profijie 1n the modal Wu assumaod that healthy reafs are choranctarized by o
pru mlw vertusnl ronf growth from tha reef crest to the upper reefl slape.

25 In this modal, the tima SLiEpE wWas O 01 s and the calculation timn waos 3600 5. Wu used QULPULS 1IN the time (ntarval for
1801-3600 5. 10 L0 Gacei stz waos SeLas Ax = 20m Thu vertical mesh siza woas fy= 1—5 me Weigsma rinm vortical
mash sizes for the lond to the reefl vdge and £onrse ones for the outer ocaan Tha density of wolar vwns 3ot s 1025 Il.gl"rn3 Thu
porosity of thie reaaefl structure 1s 10 % Tho paramaoter of bottom roughnaess was not supperted rn the mode! Thu nput
pornsmoters (rz.g " WL } aro given os dowblo figures below daecimal point becapusae the future SLR s given as double figures

30 below ducimal point (n.g., +024 m. Church et ol., 2013) | herafore, the cpliculated valuos of SWH, and WL‘ are givan as
rounding ntiriple figures below docimal point, Thu dnin for SWH, waro colculoted using the output from the zero-up

% You weeh o add aft{ruﬁrqfn‘« A.e.scri\liws Your expeviued
\\syrﬁ’-dz DM \&b\i’- 344 Fo{‘ &cﬁ-qwfle_:
W Swgiliv"jvj E,x.fg‘c{'u.&.&wls \A)Lte‘re_ CQV\(LUC,.‘LE_J, ‘1(; \MUQS‘{l’jq-/{ \“(

4
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24 In sity moasuremeant and calculation for model validation

For vatidation or the CADMAS-SURF modet, wo measurea WL ana SWH st the stugy site despite nen-TC conditions. We
deplayed one water lovel logger (Onsnt HOBO) on the reer riat, which is tocntad 400 m from the shore, from Octoter 31 to
November } 2017, Tho 10ggar a
woter tavat 1agger (Onsa: HOBO)

plad p 1 7?10 Ingim' wns corrected for ntmospheric pressure variations uding anothar

~ .L
L2 for an Lz

rae sets of 30'min mensured data. The aampling detoils are

summarized in lable 2.
Woa canducted o enteutation orf Wi and SWH basad on the CADMAS-SURF moder. Wa assumaed that the SWH,

rangas rrom 1.20ta 1.30 m, the SWP, rangaes rram 12.0a 14.0 5, ana tha WL, rangas rram 0.90 to 0.0 m above the presem

MSL, from Octovar 31 ta Novamber 12017, Tha anta or SWH, ana SWP, wara abtained rram Windguru {see

neep fwww. wingguru.cz). Wa usea n value or SWH on tha reer rint, whicn is 1ocated 400 m from the shore. The details or

iNpuUt paorameters pre summarized in Tnbla 2.
2.5 Esti mation of futuroe reef production rate

Wa estimaoted the potential future rote of reef production (kg CaCO3/m2/y) uvaing a driilcore from the reef crest at
Ngurdiluchus rear in the Polau Isianas (Figuru 15). One rear crest cora (PL", 25 m long) wns recoverad frem Ngurdlluchea
roor {(Kayanne ot a1, 2002). Tho thickness of the Hotocane sequance 1s 14.5 m 1ong. Tha Halocone sequsnce camprisad two
racics! (1) corymbose Acropor.n facies, ana (2) arborescent Acropora facies (Hongu and Knynnno, 2011) The corymbose
Acraporn facies is characterized by corymbose and tabular Acropora (e.g., Acrcpora dtg:nfera). Thasa corals are I'l:ur.ui on
distinct reef crosts and upper reef slopas in Pnlnu Islnnds (Knynnno et al., 2002; Yuklhirn et al., 2007). Tha zone I3 genarally
characterized by high-ehergy waves in water depths less than 7 m (Hongo ond Knynnno, 2011) The orborescent A:rapara
focies is chornctorized by orborescent Ar:roparn (o.g ' Acropora murieacal intormodia cnmple:.). Thuse cornls occcupy the
inner reef slopea and leewaord reef siope ot water depths of lass than 20 moin Palnu Islnnds and nxﬁ_ar reefs in the presentdny
Pn:uric O:aun (Montnggioni, 2005 Yukihirn et al., 2007) Thasa corals aro interprated to inha Ir.’h:w" to modaerate” energy
wnve conditions (Hnnga and Knynnna, 2011)

Wa weaighed oll apmples and measured the danaity of sach facies. Assummg that the reef crest has o homogenous

structure, the production rote of the reaef crest 1s given by following Eq. (1)

=$ (1)

whera R(kg CnCO:}lrmzlry) Is the preduction rote of the reaf craat, p is tha density (kg CuCO3lm3), H(m) ts the thickness of

the reaf crest, and [ (y) is the duratian of verticol reef formation We used two reparted radingcarbon nges for arborescent

Acropora facies (PL' l'?g: 8 31 ko, -151 m below MSL PL I'GT 7 39 kr.|.—12 O m balaw MSL) nnd four radiocarbon ages
for corymbose Acropora fncies (PL' |'43 7 25 kn, —6 8 m below MSL. PL' |26 715 ka, —44 m below MSL, PL' |'8 6 28
ka, —25 m below MSL, PL' |3 3 :]2 kao, “18 m below MSL) (Kuyunne et ol,, 2002. Hongo and Kuynnna. 2011) Wu



10

15

20

25

assumied that the range of upwaoard reef grawth rate (I €., f’/fl{) Wk 34—37 1 mfkyr (botwenn aomplas PL |'?9 and PL l 67,
ond samples Pl.' |'67 and PL |43) for nrbeorescent Ar ropora Tagies th res5ponsys Lo 10 ln]kyr of Holocunn SLR Slmllnrlly.

wue adiumod thot the upward reef growih rates for the corymbose Acropora facres in rasponse to 10 m[kyr, 5 nilk_yr. and <5

mfkyt af Holr_'r_unu SLR VW 240 m/kyr (bulwuer\ snmplés PI_ l 43 ana P-. & 26), 2.2 m!kyr (butwoen snmples PL I 26
and PL' I'B), and O 3 m/kyr (balwnun samplos PL' | 8 and PL' '3), raspoctively

3 Rusults
31 Modul validotion

Flguru 2 shows makimum ond minimum wvoaluaes of calculated WL and moasursd WL on the roel Flot ot the study sile, Thu
monn of calgulated WL and measurced WL ware 096 and 087 m ('Q!\-l 1). 064 and 0 54 L (Tunl 2), anc 0 56 nnd O 54 m
(T-:st3). respectlively Tho colculated moon WL on the rueef fint shghtly sxcoeodod (0 07 m) thao meoassured maenn volues,
Simitarity, messured SWH ana carcutatus SWH wore 311 ana .18 m (Tase 1), 0.26 ana 011 m (Tosc 2), ana 022 ana 010
m (] u'||:3), raspoctively Thu difference 1n mapn valua of SWH botwoen moasurements and calculouions woa found to be 007
m. |me results showed good correspondsnce betwoon mossuromonts and esleulation data. Tharoruro, we odopted the

colculotiagn results for this atudy
32 ano hoelght and waoter lovel at Typlloon Boph.‘l

Mulnknuk reef has distinctly fomnod landforms, comprising the reaf finl nnd reesf siope (S.'.Quru 14:) Thu roofl Flot is —1000 ]
wide and consists of a shallow lagoon (900 m wu;u&) ond o roef crost (100 m wlda) Thn shnllow lagoon (—1 m d-mp) 1%
situnted between the shore and the reof crest, Du-"lng the Typhoon Bophu, locnl pooplo montioned that beach erosion anda
doastruction of structure (e g., the pier and o pavilion, '-3 m above MSL) oaccurred along the shors ot the atudy site (Fqguru 3}
Mc:runvur. the road and the ground of elementary scheol (+2 86 m nbove MSL) nlang the shore waore flooded nnd that this
vwas never seen for o post co 70 yoors,

A;‘.Curdnng to our wave simuintieon, the SW"{ wns found Lo rapidly decrensa fraim the upper reef slopo to the roafl

crast (Figuro 4). Undaer prasent-any T1Cs (8.70 m SWH , 13.0 s SWP ), the SWH at tha reor crast was 2.15 m and tne SWH
was 1.05 o {cose 1, Tabte 3) The roof crost dismipatea 719.3% or the SWH . The shaliow tagson dissipatea 51% or tne
remaining wove height at tho reaf crest, | he entire reof diss pated 87.9% or the SWH . Morsovar, the SWH, wos 1.24 o ras
storm aurge undor the presant-doy TC. (cn-.u 15, Tasiw 3) and the antirs Fosf dissipatad 89.7% o the SWH

The WL, wos 086 m rar prosant-any 1Cs (case 30, Tabie 4} ana the WL, incroasea to 210 m under storm suega
conaitions (case 44, Tavia 4). Mareaver, the water 1ave’ ot the shore under presant-day 1C. (-.e ¢Fyphoon Bopha) roggnes

the ¢levotion of rood (+2 86 m above MSL) at the study site (F::_:]ur(} 5)
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33 Futura wave height at the reef fint

The SWH, was round to increase to a maximum or 2.14 m ror degroded rears ana to 1.80 m ror neaitny resrs unger
intensiriea TCa, SLR, and storm surges oy 2100 (Toste 3)iAn iAivasein the intensity of TCs will couse on increasa i the
SWH.. For axampia, a SWH, vaiue or 1.22 m ror a nenichy caer under prasant TC conditions {8.70 m SWH., 13.0 » SWP))
(case 16) wint incrmase to 1.52 m (+24.6%) in 2050 wich mare wtanse TCa (100 m SWH,, 14.0 5 SWP.) (case 18), ana
imeranse ta 1.66 m (#36.1%) with the most intansa TCa (11.0 m SWH_, 15.0 5 SWP, } (cose 20). Overan, the increass in TC
ntansity with insranse tha SWH, by 38.0 & 16.0% (masn £ SD. n = 17) ror aogragad resrs ana by 30.7 £ 18.2% (mean + SD,
n & 17) tor nesithy rasts (Tasie S1)

Moraover, the SLR witt cause o siight increase 1n tne SWH,. Far exampte, 1.66 m sn SWH, at o neattny rear unser
the most tntense TCs (11.0 m SWH,. 150 s SWP,) ana 0.24 m in SLR {case 20) win 1acroase oy 0.30 m in SLR to 1.70 m
(+2.4%, 0.30 m in SLR: case 21) ana to 1.77 m (+66%, 0.44 m in SLR: case 27). Conssausntry, the srroce or SLR wits
increase the OWH. oy 6.5 + 11.0% (meon £ SO, 21) at degroded rears ana by 3.0 & 5.2% (mean £ SO, n = 23) ot heateny
raars (T aore ST},

Furthermore, storm surges (1.00 m) wiit atsa incrasse the SWH, For oxampie, storm surges wiil cause an increass
in the SWH, rrom 1.09 m to 1.35 m (+23.9%) at neartny reers susjoct ta a TC (870 m SWH., 13.0 s SWP. betwaon cases 3
ana 17). As another example, under the most intensa TCs (11.0 m SWH., 15.0 s SWP.; vetween casas 6 ana 20), storm
surges will cause an increass in the SWH, at nesttny reors rram 149 m ta 1.66 m (+11.4%). Consequuntiy, storm surges witl
incranse the SWH, by 20.1 £ 14.9% (mean & SD, a = 13) at asgraded reors, ana by 17.3 & 14.8% (mean £ SO, n = 14} o
neottny reera {Tabio $1). Ly ?

Tra modating snowed that in il bot B cases (coses 3, 6, 14, 17, 23, ana 26) tno SWH, was raauces g0 01-0.44
by upward resr growen by 2100 (Tasre 3, Figure B). For exampie, 0.24 m in upwara resr growin caussd a 0.24 m roguction in
tho SWH, (rrom 1.45 m ror degraded reer to 1.21 m ror healthy rear) unaer more intense TCs (10.0 m SWH., 14.0 5 SWP)
(case 4). This indicacos chac rear growth anhanced the reduction In wave height rram 85.5% at degraded resrs to 87.9% ot
heattny rest (case 4, Tanie S1). Simitarty, unaer the mose intonse TCs (11.0 m SWH., 15.0 s SWP.), SLR (0.98 m). ana
scorm surga {1.00 m} in 2100 (case 29), 0.98 m in rear growen caused o 0.20 m recuction in tne SWH, {reom 2.00 m ror the
LT ) U e T Jere s f AU NSNS o

G,
degraoded raef to 836/0 for the heolthy reel (Tuble S1) Ovnrnll, as o rasult of reefl growth, the vwave reduction raote intreased

rram B4.6% ot degroded raefs to B6.0% o healthy reafs (Tnbla 51)

34 Futuru woater level at the shore

Thu modeling showed that the WLL will increase from 0 86-210 m ot present to 119—3 45 m pt degraded reefs and :01’2,4‘—
351 m ot henlthy reefs under intensified TC:, SLR, and storm surges by 2100 (Tuble 4, Fu_';urc 7) An incranse 'n the

intensity or TCs will couse an increase in the WL‘ Fnr example, a 124 m WL_nt a hnealthy reef under o current modeiad TC

9
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(B.70 m SWH.. 13.0 5 SWP ) (case 31) wirt 1n 2050 ineranse to 1.55 m (+25.0%) unaer more ratanse TCs {10.0 m SWH,,
4.0 » SWP ) (caso 33), and increase o 1 90 m (+53.29%) unaer the most incnse TCs (11.0 m SWH , 150 2 SWP) {casa 35),
Ovariil, thuljneronsaiidlintansity or TCaGMiEse 1 an freraaselin e WL, by 22,7 £ 15.3%: (mean + SD, n.17) ror cn
dogradod roat and by 214 £ 13.3% (mesn £ SD. o = 17) ror the neattny resr {Tabio 52).

Tie WL, witiiatac 6e snerensi by SLR. For anampis, the Wl ot » Sdgraded reat subyected to o srasent modaius
TC (8.70 m SWH., 130 » SWP ) wncraasea rom 118 m witn 024 m SLR (cnse 31) to 1.50 m (+26.1%) wien 0.44 m SLR
(e 37), and o 182 m {+52.9%) witn 0.74 m SLR (case 38). Overar, SLR inceansed the WL vy 8.7  18.1% (mean + SD,
o 521) For che degraded raot »iEoy 32.2:5:37,8% (Giean + SD, n=23) rac the neatty roar (Tosra 52).

Sidrm surge afe gy 1igrenss@ WL L Far asnsihte, 652050 Guisi@ftoct caused an incroasaiin WL, rrom 187 m
to 2.87 m (+1.00 m. +53.5%) ror tha segradad roor ana rram 1.90 m to 2.86 m (+0.96 m, +50.5%) ror the neainy reer under
the most intanse TCs (110 m SWH., 150 « SWP ) ana SLR (0.24 ) (cases 35 ana 49, Tanre 52). Overart, storm surgs
siamitrcantty incressad the SWH. by 56.5 £ 17.2% (mean £ SD, o = 13) ror the dograged raar ana oy 59.5 + 27.7% (mann *
SD, = 14) ror tne neattny roar {Tavies S2)

The airrarance in Wl_ botwaan dograded and neatny reers was found to ranga rrom onty =0.17 to 0.07 m wy 2100.

Fur axompla, by 2050 no difforonce in WL__ was found batween the degraded and healthy roefs under intense TCs (110 m

SW'—{ i ]50 L3 SWP) and SLR afl 030 m (:.a-\.n 50) S-m larly, o diffarencs of only 001 m oan WL__ wats found betweer
dugraded aond hoalthy roefs under Mmoere INLENSY TCS (100 m SWH N 14 0 5 SWP ) (:nsu 55). gven vwith o differonce of 0 74 o
in upword ranf growth

Wu found thnt the road (+286 m nbowve MSL) ndjncent to the study site vwould be flooded 0 both doegroded ond

haenithy reefs sconarios in 7 EDS0S (cnsu- 49. 50. 53. 55. 56. 57, and 58, .rnblu 4) of «ntonsifiod TC:!-. SLR. and storm surge In
tha worst sconatio, 1n ?100 under the most intenso ICs (110 m SWH . 150 5 SWP}, 0 98 m S R, nnd o storm swurao of 1 00

m, ki WL was faund to incroasse to 3 45 m for the degradad resf nnd to 3 51 m for the henlthy reef (:.nsu 58)
35 Putuntinl reof production in mitigating wave risk

The Hotocene raor donaity (p) dotermined fram the PL- core, waos 7120 kg CnCOg/m3 for nrborescent A-:.ropora focios and
590 kg CnCO}/n\3 for corymbose Acropora facims, The aatimated reof production rote (IQ) ranged from 2"1 to 26? kg
CnCO_;/mEIy for nrborescent Acropora facios, and from 03 to 14 2 kg CuCOJlrm?ly for corymboie A:'ropoi‘ﬂ facies,
depanding on the upwaord reaf growth rote and the Ho ocine S..R (Flgurn 8) Thu Iower part of the resf was coemposod of
bath arboreacent and corymbose Ac ropora facies whon SLR wos 10 mfll.yr, wheronas tho upper port of the reefl comprisnd
only cofrymbose Ar:roporn facies when SRL wns ‘15 mfky'

Thu violug af Rnncdud for growth of the Mol::hnok reaf to koep pnce with fTuturao SLR to 2100 wos colculated 1o bo

53 o 71 kg CnC{-}'jm‘./y for arboroescent Acroporﬂ Facies ond 2 6 to 5 B kag CnCOJ/mrly for carymbase Acropor:l focias,

10
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based on the assumption that the future CuC03 density and reefl growth rate will be equivalient to those of the Hotncana reefl

(Figuro 8)

4 Discussior\
4.1 Wuva helght snd water lavel increase in tho future

Our results show thot presant-day Melekeok ree} is highty effective in dissipating waves, with the reef crast nlone reducing
tho SWH‘, by 75% and the entire reaf nble to reduce the waove haight by 88% Ozher reafs (e.g.. US Virgln lslund, Hnwnll.
Austrnllu, and Gunm) haove been reported to reduce wove height by an average 64% (n = 10. 51%-71%) ot the reef crest, snd
by an averaga of 84% (n = 13, 760/0—89%) for the antire reaf (Farrnrio ot al., 2014) Gnnarnuy. grenter waove dissipation
efficiancy is nssocioted with atgep topograophy from the uppar reef slope to the reaef crest, because of the rapid decreasa In
water depth (I.u., ahoaling of wnvas). and wider racf flots nre reported te have greatar dissipation efficiency (Shappnrd at oil.,
2005) The roaf in the prosent study 13 choractarized by a steep reef topoyraphy ond a wide raef Flat (—1000 m wlda)

Our waove colculntions ashow thot increansing TC Intensity, SLR, and atorm surges will cause an increase tn SWH,
by 2100 During Future TCs. an increasing wind spead will directly ¢causa increasing SWHO Wnter tank experiments have
shown o positive ralotionship between SLR nnd ingrensing wave height (Toknynma et al,, ]977) Sheppnrd at al (2005)
reported o positive relationship between SLR and wave anergy density (un increanse in SLR ol "02 m increased the density
by -100 .mez) ot the Saychellas. with the dansity being propertional to the wove height squaored.,

Our result of WL, shaws that the road along the shore at the study site was MNooded during an agsumed prasent TC

(i.e., Typhoon Bcphu). Our simuintion data seems to correspond with the observation by the local peo although we
could not obtanin guantitative datn, Tha present resuits also show that increosing TC intensity, SLR. and storm asurges will
couse oan incrense in WL.. of Mclekaok reaf by 2100, with SLR ond storm surges directly increasing the WL‘ Furthnrmnrn.
an increase in SWH,, as o result of the increasing intensity of TCs will cause on increaso in WL... An incrense in WL, is likaly
to be exploined by the waove setup. Wuva set"up occurs if waves breok In the reef crest—reef slope zone, the wave thrust
decrenses as the brenking surge travels shoreward, and consequently the water lavel rises (Gourlny. 2011!3) Lnborn:ar’y
experiments and field observations hnve generaliy indicoted that wave set*up increases with increasing incident wove height
and wave period (Nuknzu et al., 1994. Gourlny, 2011!:) Tms impligs thot the occurrence of more intense TCs will eEause an
increase in waove set up. Furthermaru, waoter levels genernlly increase with decreastng water depth toward the ahore (i.u,
waove shonling).

Accordnng to our results, the coastal area at Melekuok reef will be at greater risk of damage from large waves and
increosed water lavel by 2100 For axomple, TCs genernting large waves typically cause significant bench erosion, as
accurred in Tuvnlu (Connall. ]ggg, Suta et al., 2010) Moraover. if storm surges occur, the coastnl area at Me ekeok raeaf will

be flooded (Tnble 4) This could leod to the destruction of infraostructure, because many buildings ( ncluding the elementoary

1



i
5:.hoo) ary locoted ot —3 m above tha MSL in sdditian, saltwatar intrusion into groundwater could chause leng term

problems for water maonagemaent, including doclining water guality for drnking and agriculturs (Rnlznll and Flutcher‘ 2013)

42 Constnl risk roeduction through futurge foof growth

Our rosuits indjicate that thers is no significont change in@ﬂl‘.wuun o degraded fFeafl and o heoithy roaf. Thls can be
e
R
5 expinined by the noture of cornl renfs, which are porous siructures characterifed by a high degroe of woatar parmooability A
roof fromework has o wide range of porosities from low (whoru internnl cavittes hove baaen infilled with marning cnmonts) to
high (o . 0 reef framework i3 maoiniy composed of branching cornls) (Hopluy, 2011) in this study, mann porosity of reef
0% 1

fromowork 5 astimated os 0 his means thot sen water parmeates through the reaf due to porosity, even if the roefl s
charnstorized by three dimensional structures. Thu nbove imphes that 0 docreasing of SWH is veary important to reducs the
10 risks of cos5thl damaogos. Our rasuits indicote thot the future Wl_ will almast reocch the elevaotion of the raad ot the study site

T 0.1
heo result implies that an incrense in waove height of only U, | m leads to on increase 10 risks of substantia) coastal domages
such 4as flooding, dustructions of constructiens (haqsus and Du :d:ng-), saltwaoker intruston Into gJroundwoter, and cooastal
srosion, Detu:l guaontity of the domaqges was beyond Lthe scopae af the present study, but flooding mostly occurs within a ] km

widno censtal zone nlong tha shoreling, and n.O 33 o oaf woter loewvel prsa hns Little offect on inupdation, but 066 m of wator

15

vl risa, revenls widesprensd groundwntor inundatian of the land surfaoce ot O:\hu sinnd in Hnwnll (Rntlo- and F ote hor
2013), nlthough It is difficult to chirectly compare a canstal aran botweon the Mulukuok reofr and the results for Onhu Islnnd

ln controst to the resuyits of WL,, the bBonlthior o reef, tha greater its offectiveness ot reducing SWH, in tho Tuturoe. On
nvoeraga, reefl growth resulited tn an ingrease s the redus vion rote from SWH [ X SWH of 846% to 86 O%. and 1t reducod
SWH by o maximum of 044 m. | he reduction 14 akploinad by thir Tollowing thrug progceassos (1) Fulur‘u cornl growth in thar
20 roof crest—upper roef siope 2ene will ingErfenss the dissipation of waovues breaking as the vwater depth decrenses (Figuru g) Thu
brinking of waves will ogcur in shollow waoter whan the ratio of wave haight to woter dopth approaches 0 B (Gourlny ot ol
?0111:) aned on many Neld obsefwotions ot other raafls ond the rosuits of wntor tonk experfiments (Tnkn_yumn et ol., ‘]977:

Nnk.\.- ma et ol 2011) o rapid deerease «n water depth ot the zone resulta |\n an inéroose IR wave breaking (2) Upwnrd reefl

growth will increase the ronf angle in the wave breaking zonis 0s o rusult of o ropid decroase in water depth in this zone, Thn
25 procoss nlso resulta 1n on nerease in wove breaking (3) W th upwanard reef growth the wiove bresking zone will probabiy
migrate froem st3 present Jofoation towanrds the ccean. Tl'ns pracess will expand the aren of wave height redwuction, and

conanqueantly wove hoights will dacroase on tha ¢ fint, Conscqusnlly, the above factors amphnsize the need for future reefl

formation and growth to reduca the riak of damogao by

H-‘!W(!'h’-l'_ our rosults ahowed tlot on‘ 6 caphas (!:x\su5 3, 6 14, 17. 23, and 26) thay SWH waos tnerensod to 002 m=
30 O ‘8 m by upward raafl growth by 2100

avoes

sible eaxplanation of 30 (Acreaso In SWH. 13 a difference 10 magnitude of
infrogravity woves bBetween thae degraded roaf and the healthy reef anr!s propogoting anto shallow recfs steepen and broeak,

and while same of Lthe breaking wave enargy propogotes shoroward as reformed high-fregquency waves, the spectral wave
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enorgy shifts into lower frequencies and long period (infrngrn\rlty) waves often dominnte (Cherlr_on et ol., 2016) |nfrngrnvity

-

waoves over shallow reef fiats hove estoblish 'El ralotionships between the offshore conditions and resulting reef flat
chorocteristics (e.g s complax bnthymatry) Im:r nsedﬁwnva height ond water level due to the infragravity waves have baaon

994. Charit.on et ol., 20]6) and hove olso been demo troted in loboratory

obsarved for vorious coral reefa (Nnknzn at al.,

and modelling studies (Nuknln ot al., 1994. Ruebar and Bri:kar, 2015. Shlmozona et ol., 2015)

Under normal wave

dury

conditions, the effect i3 not remarkoble phenomenan, In controst, In eaxtreme wave conditions suc n:‘truplcnl cyglonas,

axtroma waves enhaonce the affoct on coral reafs. Fnr those 6 casaes, the upward reef growth reduces waoté In the raeef
crast=—upper reaflf slope zone and it probably enhances a rasonant oscillation of water by 1nfrogravity waves, Amw.
coampnrad & test cosc under normal wave caonditlons (20 m SWH. 9 0 E3 SWP ) wWith caoso 23 under TC conditions (110 m
SWH_,, 15 O a SWP) The rasult showed that the SWH wns decreased to O 01 m by upward reaf growth (unpublishud dnr.n).
Bur., the infragravity waves are known to be generpoted ncross the coraol reef through nonlinear wave Intaractions and its
avarall effect remains unglenr. Anothar poasible explanation of the increasse i1n SWH. is a short of calculation tima. We used
o calzulntion dota of 1800 % for the analysis of SWH, To better understand the differanca in SWH, between heslthy reaefs ond
degraded reef, n long calcuination time will be probably neaeded. To claarly understand the differance in SWH, batvween the

daegraded reef and the henlthy reef, it i3 necesssry to obtsin the data using other numerical models (n.g., Dulfl‘BD: Dullurus,

201 7). Mureovgr, o water tank experiment would be required to invasatigate the affect of upward reafl growih te the difforance

in SWH,. AV h %&QAZA Z

v\
43*% aael production ruccvfar coastal risk reduction w 'QLSZ— &@ '&'\/U‘\S

outde / dave ko acoun

A:cordlng to the analysis of drilicore In this atudy, o corymbose Acroporn fncies ot a high‘wnve energy condition in water
dapths loss than 7 m and an arborescent Acrapara facies ot o low ' to modeorate* wave conditiona 1n watar depths less than 20
tn contributod to the Holocono reef growth in the Puluu |s|nnds (Knynnna at al., 2002, Hongo and Knynnrm, 2011) Tha
maximum futura SLR is predicted to “'0.98 m by 2100 (Chur:h ot al., 2013) Thls lm_plies that nrboreascent Acropora caraols
will probably be overturned and broken by high wove energy in sholtow wnanter depths, and so will not contribute to upward
treaf formation at tho reef crest by 2100 In contrast, corymbose corals ot the study site will contribute to reef formation by
2100, in response to future SLR Although Lho‘domlnnnr. corals ot Mntekuck raof have yot to be documanted, the corymbose
Acrapora foclas on reef crasts in the Pnlnu |:Iund5 13 genarnlly composad of A, digitifera, Acropora hyacinthus, ond
Acraporu humitlis (Knynnn et al., 2002, Yukihirn at ol., 2007) Thasa cornl types are highly resistant te waove agtion at water
depths of 0—7 m, and their profarred hobitot (gond light penetration and high oxygen concuntrn:lons) anables vigorous

upward growth.

Our results indicate that if the present MSL increnses by 044 m (mﬂnn voluae for RCP 26) to 074 m (muur\ value
far RCP 85) by 2100, maintnining reductions in the wave height at tha study reefl will require 26—44 kg Cuco_]/rnz/y to

suppert upwatrd reef growth by the coarymbose Ar:ropora facies (Flgura gd) Slmilnrly. 58 kg CoCOJ/mzly will be required to
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mapinthin wave height roduction by the facies under 098 » SLR by 2100 (mghost volue for RCP 85) i'lulr.l muansuremants of
the reof crest community ot the core site following the masa bleaching event in 1998 fhowaed thot the calcificotion rata
deermasod from 130 to 74 mmor Clmzldny, aquivalent to o rota of 47—27 kg CnCO;me/y (Knynnnn at al., 2005) Commdlng
with the bloaching event, the coral cover dacroased from B.1% to 14% (Knynnnu et al, 2005) Tlmrurnrn. iIf the cornl cover is
-1% 1n 2100 the carars win koop paco with 044 o S[R under RCP 26. but >8% coral cover wili ba nesded under RCP B5
to reduce wave height ond the risk of coastal damoge ot the study sito,

Howuvor, if mortality of corymbosa Acropora accurs ot the study reafl in the future bocouse of glabal rmpacts
(pnruculnrly elavated sen surface temperaturs ond oceon ac d-ru::nlon) nndfnr locnl strasses, it will probably cause n decline
N reaf affectiveness in reducing wave height Cnrnl calcificotian 1s considared 1o be highly sensitiva to olevated sip surface
tempuerature ond ocean acidification Auhnugh thore 15 voriability tn calocification rates nmong cornl spocias (Parldolrl vt ol.,
2011). corymbose Acrcpora spaecias (u.g.. A dfgrtrruru) ary poarticularly vuinerablo to thermal strosses (Loyn ot al., 2001
Golbuu oL aly, 2007) Thu growth aof Acropora poliyps ot Oklnnwu Islund i the Ryukyu I! ands was sighificantiy reduced by
ocoarn acidification (Suwn ot al, 2010). Locul strasses, including sedimant drscharge, also hove 8 negaotive impagt on tho
SpoCcIE (Burka at ol 2011 Hongo and Yu'nnnc, 2013) |n Pnlnu I:ﬂulld:\. the loss of moturo coral colonins on the eostorn roagfl
slopas may hpve decronsed coral recruitmaonts and led to the aponing of aprca Ffar turf algne around the isiands aftorf Typhoon
Boplm n 2012 and Typhuon Hmynn i (’0]3 (Gouuzo oL al., 2015) % hero waos a mogor deshine in juveoniie
acroporidne corals pt the reef slope on Mulukuok hnd nlong tho ecastern roof siopoes im Pnlnu Islnrlus aftor Typhnon Bcphn In
2012 ana Typnoon Haiyan in 2013 (Gouwszo ot ar., 2015). Our cateutntions ror cose 9 (TC: 870 m SWH_, 130 SWP_; SLR
074 m) show thot far 4 hoolthy reasfl, 0 74 ml’kyr of upward growth producad o reduction of 0.23 Moen SWH, in 2100 |I’ Lhay
roaf growth roke docreansos to 37 mlhy--, n roduction of 005 moin SWH, would bo expasted (unpubllshnd dm.n). Dosputu thae
decrease 1n jJjuvenile acroporidaoe cornls ot Pn au Is ands, early succossional corals, evaspecially pocslloporidoe, rocruited 6
months after ?yphnnn Hnlynn n 2013 (Gouuzo at ok, 2015) Thur-u ia= no snformation for upward roof growth by
pociiioporidse in the (slands Tc understand the role in constal riak reductions, an estimation of reaf production by

pociiioporidoe will nced to be consigarad.
44 Ruduf.tion of globnl disaster risk bnsed on tho heolth of coral roofs

Ttu-:. study bighiights tha smportance of maimtaining renf growth (ns n function of coral cuvur‘) 1N the future, to reduce the risk
of constnl damoge arsming from wove nction. Thﬂruroru, it 13 necessary to monitoer the covar of reef "building corals, the
rocruitmaent of cornd iorvae, and the eccurronce of various sLros50rs, For axampie, tho Pnlnu |slunds hos o Prola:u)q Aruns
Nntw:!rk (PAN), which consisls of marine and terrostnial breas estobhished for the protoction of important bralogical habatats
Tn roduce future risks, warmings defived from monitoring such areas con indicate the neod to remove or readuce stressors, anad
to cansider smpiemaonting rmrf‘F(Dustorauon affores (e.g.; coral trnﬂsplnn[n[icn) Addatnonnlly. we recognize thot o ground

b

-
slevatson of construstion varies oach Bulldlm’\;. To cvocunte the people from the flooding aron, an snvestigation of ground
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elevation ot sash E@anstruction “w\'lha signboard of alavutlon.-w It be raqulrud, Furthurmore, to evolunte the impact of
hydrodynamic farces ot ©castal orens in the istands, establishment of /0 s/t observation systems of waove height, wave period,
and water leveael shaéuld be cEnsidered For exnample, estabhshment of ultrasonicwave boased wove gouges, Gbservation buoys
and rodoar’based wove meters ore recommended t& pradict Accurately the ocean wave heights and periods to alert paople.7
&
disnaters such as flaoding during TCs
Muro than 150 000 km of shaoreline in 100 countries ond territories is thought to receive pretection from reefs,
which reduce wove snergy (Burku at al., 2011) More than 100 miliion people in Snuthaast Asln live n reaf "associnted areas
(i.u s Within 10 km af the coost and within 30 km of o rear), where fringing reefs predominate (Burk st al., 2011) By 2100
this area ond itz peaple ore likely to be at risk from wave action because of the increasing Intensity of TC:, aond from SLR
and storm surges, and this ia likely to have negative ecanomic ond social affects, Thls study focused on Mﬂleknok reef in tha
Pnlnu siands, but cur results ore applicable to other reaelfs in the Indo'PucIri: and Cnrlhbann ragions The naoturol breakwatar
formed by raafs is more cost“effective in coastal protection than the construction of artificiol defances (Ferrnrlo at al., 2014)
NMexpeansive but effective pians for coastal protection will be needed by amall islond nations and developing countrias, Raa(
growth is self‘adapting to long“term environmental change including SLR, It also providas a habitat for morine organisams
and societnl benelits including marinea products, touriam, ond recreation Furthor research (s neaded to develop o policy of

disnster risk reduction bosed on coral reef growth I1n the |ndc'Pucifu: and Cnrinbann regions

5 Conclu:lun

This study predicted the risk of conatal damage ot Melakaok resf in thae Pulnu Islund: in the cpasa of Intensified TC:. and
incrensed SLR and starm surges that are likely to ocecur during the 21 At cantury. Our redulid, bosed on waova halght and woter
level using the CADMAS'SURF waove simulation model, snd past coral pasemblage nnd reefl growth rotes estimaoated from a
drillcore, indicote that the present day reef is highly effactive at diasipating incoming waves, Huwaver, morea intense TCs
and increasad SLR and storm surges rfesulting from climate change will ingrease waove height ot the study site reef fiat and
water level at the shore, Thi! will increase the risk of beoch arcsion, anltwater intrusion inte groundwater, nnd damage to
infrastructure, Howevar, our sedimentological pnalysis suggests that reef formation by key reef-building corots; Including
corymbose Acropara (a.g., A dlglcdfera), moy respond to future SLR The upward reef growth will decrease the wave height
on the reef flot, ancd reduce the risk of coastal dnmage, Tha use 'ol' cornl reefs for disaster risk reduction 13 o cost"affective
approach and includes cther benefits derived from the various ecological services provided by living reafs, Fur.ura research
such os that described in this study will be required for designing ecosyastem~bnsed disaster risk reduction policies for amall
Island naotions and for developing ond developed countries alike,

Our raseorch would be useful in predicting wave height and water level on coral reefs in the preasent chimate ond in o
future climata. Howevur. the resenarch haos uncertainties of the results and requires the rallowing improvements, The preasent

study emphasizes that further rescarch is required regarding o short*term variatlon 1n sea leve Durmg the EI Nlnn of early
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1998. menn sen level was ca 0 20 m iowar than normanl 1n Pnlnu Islunds (Colln. 2009) Thls wos quickly followed by the Lu
Nlnu of Inte 1998. during this perigod the maon sea level waoas 035 m above narmal (Colln. 2009) Thls wos o half"mataer
changa 1n muan sen level over Just a few months Su::h rnformation will alicw us to better undaerstond chonges sn wave hoight
and watar iuval in the Pulnu Ialunda by 2]00 Morucvor. tha CADMASSURF wave simulation model can contribute to our
projecting of wave height and wator lovel Huwuvur. our study showad that there was n fow of differsnces In wave height
nnd water levael betwoen 0 s moeosuromaents and colculations on the reef flat undaer non TCs conditions To nccurotnly
volidate for the maodoel, further /f St Medsuroments of wave height and water [evel undor TCs conditiens wili be neoded
Raur consts are aften influenced by Interal flows such as diffrocted woves due Lo topographic aoffocts N order to undarstond
the complax bohanwvior of woves, 3D wove analysia as wall ns 3D'Lapogrnpl1y meansurament will b2 regquired Thn presont
study ossumed a significont wove height and o signaficant waoave period ns o rogular wove under TCs'. noweover, coral reefs
during TCs aro affected by irfegulnr waoaves. Consequuntly, It '8 NECUSSOry to 3ot irregulaor waves for various TCB conditions
using the CADMAS SLJRF modanl nnd!or other 3D'wnvu moda Flﬂnily. the snput paorameters faor the CADMAS SURF
maodebl are obtnined ot 27 km resolution using the GFS modaol To pProcisn’y estimatae SWH ond WL_. i3 Situ observed datn of

wave hoight, wave period, and woter laeve! should be collected

Supplum ant

Tnbln S.l El‘fm:ts of intensificotion of tropical cyclones, and increpsed soo loavel fise snd Storm surgoes on wave height on tho
roof fiat ot the study sito.

Tnblu 52 Efracts of intenaification of tropicnl cyclones, and increasod soan level riseo and 3Lorin 3urges on water leval ot the
ahore at the study aite,
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