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Abst et .i mpact of natur al hazards such as stormysurogqes
events can be amplified by t hentciatsactaidvien ge setfifneacttiso no fo fmutlt
joint probability distribution of storm surges and wave
ri sks. I n this study, the depenidtatievéleywaesessod musiumg

(Eva@and Copula function for the Leizhou Peninsula and Ha
heis§l®ddH and significaggt fwavevieeygBOs Wl8WHEhef sbmp&9ofibrtd
protection standards in scalar values are also demadnstr
Gumbel Copula function are suitabl e ftoer ifsittitcisngo ft hteh emas
respectively,Seamon dli gs hsdtvuahyiSgéhreera.val ues as | ocations get
become higher further from the cosanhdi B&NHsL uméieg ntdt hei «
periods can be elsitnenan eglr agri ammit heg metmhod. This study sh
function in evaluating the probability for ditheederst ga
engineering protection standards.

Keywoddsnt probability analysis, Storm surge and wave,
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1 Introduction

Tropical cy cdammde swadvaelradnsseew e ge | os s  oifo fl fi § eo raen da m(dCdgera gayad
Yu, 2017; Marcos et ,ahidtt 2918f dMabdat et mporftrac2édedsn) oy qruaelna
of storm surges and waves, i n ofhdegrartdo rrxpd eme{ Zlydh ¢ he s |

Wang, 2021; Galiat.satou and Prinos, 2016)

I n the past, many studies have analyzed the si(nlgilr dtaza
2010; Shi et al . ,, 200f2t0en Tweietnha ocehts earlv.ed 2t0iln2¢) series dat a
(Petroliagkis et al., 2016; Bil skill, e20ak) j n2@h6&; tHuam

height (SH) or significant wave hei ghbtasfeBIWH)h e 0 & xtah esqreyc v

(EV@OTJeena 2t MLralgédharan et al ., 2007; Mor.&d d an diihregidy ,
estimated probabilities of single hazards, such as SH o
argadBomers et al ., 2019; Perk et al ., 2019; Lee and Jun,

Howevemg strorm surges and waves often occur concurrent!]
i mpact thanwegsahismagée omaryate due thaztahescasgoadiexg mef fee
near the laacastaltomlge sgrong storm surges, the overtoppi ng

i nundation and sever e Rlaaomaegte alo. ,c 02a01 2a;l Huagch d 9).t d SeismiNlaara

rising sea |l evels due to storm sur ge(sPawoudtd almp,r o2v0el Beh eL
concurrent interactionmagt aehers @ e b tnn Bhtaszuarrgdess waintdh wsaivgensi f i
Some studies have investigated the physical interaction

storm surge dXdewaveamodel2916; Kifmfr speali fjc2@Y¥&ntBrown
Statistical tools such as joint probability an(aHsyusiet haa
2018)Si nce ftithrectCioppruldoes not restrict the marginal di str

multiple di mensions, it is often usgedNeltveron2300@ctChemnn
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There are a variety of applications with Copul § Jfaamngdct i o

Chang,, 2wi2n2d) an d Tsrteopram i seu,r2¢gEinsdp st or m ( Cwomr de |l d md amalv St r et

al .,. 2012)
| n sctoaal protection standard design, it i s essermthienl etto ac
(2008 d the Copahal ymacthengotnt probabil ig(ySWHfs) extnrde rse

hei q9Hs) at nine representatiGa¢i ataatons amnitlvargti iChatnedd? Ot

probabéextitegmefwave hei gghtd mand-ysmommmavygbiaarciost etam@mpr

statistically assessed the dependence between extreme ¢
outputs of numerical nboadbei |1 si .t yMossttu dpi reesv ioonu ss tjoorimm ts uprfgoe s &
specific rawihekee drmalny sieg.i olnn addition, even with the joi

curve can be obtained edei menst balant apdudoibtaiboene,n sayd i telewa icadntde h
theimultaneous pdomebbslibohpl aseecthicems, at ha girwes return
a specific scale vabteSHsoaallectdghbls nbbepuaskabidliirtexct |l y as
engi neeoi esgttainolnar dr der t o obtain two specific saal ahegi f
preferred simultaneo@Xuretuah. pe20?2p are needed

I n this study, we aim to explore the joint probatoialsittayy c
areas and to investigate the methods and steps for sel
dstribowtdi €Copul amddienicdd g iof the study | ameanminse rfiictatledy bsa
tropical cyclone SH and SWH €CopmuagdadPone a0De@3seNegtedth
based olnmotghé&mikron-&y ¢E€st, AI C, and BI C. Then, the correl:
the Copula function to calculate the probladve¢l té¢c @stbaumatei
change i n ubrirveanrcieatper odbcacbi | i ty a fptreort edctianodmaarsd nfgort heihsee n§ H
guantitateidverliynaddsyessvith the maxi mum bivariate amidlel t a
bivariate joindcomettmuainntperti e @aptitmem engi areer s otlgvee @nsobng r

' inear programming method.
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2 Study area and data

2.1Best tracks of TCs

The best track dataset of historical TCs CynwcltbeeNDat awe€:
the China Meteorological Administration (CMA). The CMA |
mont h, day, hour ), ce#fmirmalt emiarnséeennatgeep meegsiumem aundWRi f e d

everhyoud track point of(lumceht Tl Theed2nis)if ma¢ ¢ DI49TCs in C

sout heast coast, especially iFm gtialm e hcoowass ttahle asrpeaatsi aolf dtihset
and maxi mum sustained wind speed of 86 historical TCs s
105°E 110°E Il?‘lj IZ(?"E ]()E?”l;' II(?"L-' H.?"'Ij Ilf"!;'
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Figure 1: Best track and MSW of 86 TCs in this study from 1949 to 2013 (a) and the study area for the joint probability analysis of
storm surges and waves of TCs (b).

2.2 Surge heights

The SHs dataset is obtained from tARv®Oreadh ChROEelr stitgn om

simulations, which includes the SHs of 86 TCs affecting
1949 t(oLi2uwW 1e3t al ., 2T0hle8 ;prlLeivieotusals.t,ud2y0 1pér)ovi des( lai wadtera
201Bhe ADCI RC model integrates the effects of wvarious bo
with different resolutions, making it more cdmpusamudaa
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resultthse atroet al water | evel after the superposition of t

and the time step is 30 minutes.
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Figure 2: The bathymetry of storm surge modeling area (a) andtudy area (b).

Td mprove the simulation accuracy and computing speed of
smadnd -haepgegrids, and the resolutions of different ar ea
The calcul ation-aregi 081206525 AE Ré6mdd4ghl® .NB,A a\nd t he cal-cul at
area i s1U@.55/45 AE E2a8 d1RAi4gRarfe NAnd a gradient resolution is
regional griadea Imodehe -d&rheeaq echoonteailnasr g%, 331 triangular g
resolution of the Zhlorijdlair@e 18n OwlWe&lAar eheneasol u ikom. ilnn
the -amabhl model , -darheea whodteaisrmal41, 153 triangular grid no

shoreline near ZHarmhlearmngspbuti os 6f 00B &@AdcIpheen fbuoluln ddaornya iins
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by atmospheric forcing at the surface and surge elevat
boundary. ADCI RC computoemn oMattelre | Revredrsa lviizae d hWa vseo | Quotnit i n

combined and differentiated form of the continuity and

[ RV TTU. "Yr‘l’% w(%l T @)

s T o T _
antdhe currents are obbhbegedt Eédomombaéet umréequati gns:
Y LY Y 0 t 5 T i t 0 ©

v N v B B - _ 2
o Y\/'T o Qon QY - g | 0 S @)
T . .Jo 1Te. . 1 0 t w T o t 0 ©

b N NN T v - _ 3
o YJT= 90T %o owm | "0 0 ©

wheiOe- MQis total —watehedaptvihati on of t Hea swaotadrh ysnémfra ce d
Wéifoéiies a spherical coor de nat ea croenfveerfésaicogna Ifeatcit eofr ¢ garnadt e
currentos ainm tdhe ecti ons ) r'¢@apnelict W&l ¢ ; f | uxes hQiex tumd tConrii
param@tergravitati 0niasl aatcntoeslpehreartiico npt e sss utrhee arte ftelree nscwer fd:
—is the Newtonian equilliivribhe efdatt ipwd re dafatnhdl; ebhasei ci
surface stresses due t divei rbdost tadmalrseralesstse;r ale Ogmte red sneo egennat du
di spersiofitsemaman,umamd c al parameter that geDgteitmiizérs etthealnp
The boundary condition to force the surge in the sitbdome
includes both the tide elevation of 8 major constituent
Prdd cti on Software and the surge e(lleiviateto@alrmxd rdalcl8eltdh ¢ r DI
values with the measured surge height at the obselravtaitvieor
standard error is 22%, and the simul ati oTlnhurse s utlhtes daartea ss
used to assess the FhiaggBarreshoWws TENnséwamplsergkst he siT@ul at

NashlaD: 1117) at a specific moment.
2.3 Significant wave heights

The SWHs dataset is also obtained from the Ocean Uni vel
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( SWAN) model , and includes the SWHKHs fofom8d 90® d&we.RA0EN3a f2f
SWAN model has the advantage of high computational acc
simulations of offshersalwatéems.] ullilre i nidinclada toiren such as ¢
wave direction, and the time step is 1 hour.

The model also uses a tarndnpgadgagrgirdsd awid hg rnedu aeld rsamsad |l u
| ocahs differ from those of the stor-ar sariRe AMSNY eMLNDT B ¢
E, which has a spatial step of 0. Oa8r3eda TIi-B0.2288 A 1 aH®Ac E|
whi csh ehaspatial ste@i gRor)@. 0T0Oh3e3 ASWANO .no0d3e3 A i ncludes | and

which need to be set up hsaep arhaet ellayn.d Tbhoeu nndoadreyl daosessu nmeost ¢

l and boundary can fully absorb waves that cross or- |l eav
area model are open boundarhiieh ard tdree ffoaxrusf crdmtthhes sh a
the open boundaeiaesmodel|tbkbanl &egeégnored, and-atlkea apenchld.

from t-heehbha(mgidedt .Bhe ,gewdmwni ng equations of the SWAN mo
- T Y

v L I v B I3 v T oo oo
— — O YU wEi-s W WOwéd — wol w0 — 4
T (0] T = T ° T - T ” ”

The wave adtihfhhdiennsadaltlyowed t o, egebgeapimi andpepapectral sy

relative ,farnedq udeinrde(celidi o ss t he gr GYwpi v el e i ambi enank areent
the propagati onrawgbpacebest hgY heerrees etndr nmvsav € Dgreo wi lt hb e
2012)

Comparing the observed data of buoy stations with ¢he s
wave variatilbea seaditnoaddinhi on, the mean absolute and
l ocally encrypted unstructured triangular grid are the
di stribution ldounreisn.g Ittr osphaclall kceycnoted that the effect o
during the SWH simulation, which wil!/ influence the acc

paper, we choosetioohe o$SWHrapi aal Fioglbt esrheo wsa vaen heaxzaamrpd .e o
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wave heiNMadhlod: TICL70) at a specific moment .
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Figure 3: Distribution of surge height (a) and significant wave height (b) at a specific moment of T@Blasha (ID: 1117) (UTC:
2011.9.29 6:00:00)

2.4 Study area

Based on the | ocation of the nodes29?2 anmlde wavieanZZpdihasmwegr
select thedearegd oci smirtihbwti on of Dboth as the sitlu3dAE, arle8aA N
22 AMi dibr)e Thi s ar eahéd sLdioxhdw dPemisnts wifa tand Hainan | sl a
of the most frequently affected areas by tropical <cycl ol
hi storical TC events thdy siemalteoeomol849 df2@1&df dhej i

of storm surge and wave.

3 Methods

Skl(ark |l are/l ulc9i7d3a)t es the role that Copula play in the rela
mar gdiinsst ri utsit@amesamnhat any multivariate joint distribut
function and a couple describing (theel sdeenp, el@i0ednbd>do e rulkc ¢ u
marginal dié&anibbit s5on$eofCOuml ad Owdid®d , whDérse the bivari
distributi oan®dyuBeti oal dfTherR®flé&ne, the Copul a fharzatidon oi

8
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probability anal y€henoétnaturakOlipsakeereset al ., 2013)

3.1 Marginal function

The marginal function means that the probability densit

unirvate ar e consftrreugecuteendc yb ya nianltyesnissi ttyo refl ect the probal

intensities. The method is widely wutilized in natural
ear tkhegsua We sel ect five commonly employed marginal funct
surges and waves, including the Gumbel, Weibull, damma,
this studw |Itikel mmadoxiomu method is used to estimate the fu

functions for SHs and SWHs ar e secvraeleunee dofbiytelieh ek § ol s ®avi t
whet her each nootdhee sriesj etchtast tthhee hsyapmpl| es obey a certain fu
for each node is screahed -Bfyt the, KArée aned-vBilt@G.e BHda edhrbg ll
Al C, and Bl C,dhkesbeftéitthehgeodeter mi ni ng itnhael ¢oppttiimad Il

function is selected as the wunivariate margi nal functio

3.2 Bivariate Copula function

There are a vfaamieltiye so,f i&lodplugpdaisc@l| M&€Ctogpul as (nor mal and t

Gumbel , Fr-MinkhHaiagn d AEIxit r e me Val ue -R®apsusl,a sGa(l Gumiiboes) ,,, Taduwndnl,te
ot her famil i es-Gumlbld krpsttté Cahnedn Eagnrdl2i@&@A9Mong t hese Copul as,
Copula is more popular for hydrologic applications. The

Cl ayton, Taarbl) eFrwahnikc h( are selected to analyze the joint

tropical Tlyeh onke maxi mum | i kelihood method is Nextd, twe
fit theofgobdotsf€opula functions for the tropical5 tegst ol
According toof heth ptaekssti nagt rtahtee sampl e nodes, an opti mal f

nodes ofli mbest woal vari abl es, and the PDF and CDF are ¢
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Table 1 Formulas and parameter ranges for three typesf bivariate Archimedean Copula functions.

Name of Copula Bivariate Copula Parameter P
Clayton 6 o aow v pmp T — pitb, T
Frank 6 o Pae D) Q , p O P —NY

— Q p
Gumbel 6 6l  Qan aem aeQ —N phtb

Not éandare uniform (0,Nelrsemdo®O0W&ri abl es

3.3 Joint probability of storm surges and waves

3.3.1Univariate return period

The return period (RP) indicates the period of natdur al
|l evel, which is widely wutilized in hazard anal ysiosss.The
- (0] (0]
YL S e 5
v p Ow p LO W ©)
wheY&@is the return p&rowod0df dtihse tume vmaarrigaitneal fd;ncaidon o
denotes the time interval wfthhkevabmpl essénkes af tthéenu

3.3.2Bivariate probability and return period

Based on the Copula function, it can quantinathamel g ept¢
threshold. The bivariate probability refers to threi dti & el
return period refers to the average time intlkawvad cemqualir
The definitions of three types of joint probabilities

formula. The first type is when two variabhed asmuhetasin
pr obabi(lEiﬁ).yand simultan'\éfn(uléq).r.etTlhren seeroinad t ype is that
given threshold, which Us(EH8.fanddj asntybg &@Bo.i nTthoep rtohbidrbd |t

conditionalds( EgPpbabidl conditi Yo@EGY etwher @ewho®nd one of th

10
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given threshold, the other variabl e al(sSoerrienaaclhdeis, a2 Ocle5r)t

0 0O O, ® ® p OB O VO O VO dd ®

X 6)
p Ow Ow 0 aw
Y0 o O o
SV A T WA B p Ow Ow "0 aw
bTo e B o p 0o WD O p O i ®
-Y’?‘ 'O 'O (9)
0 ————— _ _
L W W W p Op ww
e e 0 ofd @ p 0O w 0O & 06 o o
05 0 @ ® & ® _  ®
LW ® p 0 o
A (10)
p Od 06 'O ¢hw
p Ow
> O 02p O
'Yg p a

0 O ® & ® p Ow ©Ow 'O cw
wheiOew an®Ww are the marginal f Wnacntdi 0 n B e 9P e Ahiehw el myi , vt darai daj t oe

distribution -fiumensioonadwyaei awbes
3.3.3Combined scenario probability

To cartrhye dutopi cal cyclone storm surge and wave combinat
five dbhdd eby (ef&echmigcab dheectives for riskKkPagdeds m&i t
Sur(ggMNR, 2m0M@®0r)t 2 (MNR/R2028)8Ve <cal cul ate the bivariate proba
combination scenarios based on the margi nal and Copul a
o Do @ o & &

0O Oohd & 00 ohd & 06 ohd © 06 ohd o (12

"Op, ® ho O, ® f O, ® ho O, o o

Table 2 Hazard level classificationthresholdsfor combined scenarios of tropical cyclone surgeeight and significant wave height

Hazard | ¢ Surge height Significant wav
[2.5, +D) [14.0, +D)
[2.0, 2.5) [9.0, 14.0)

11
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3.4 Design of protectionstandards for storm surge and wave
3.4.1Probability changes under increased storm surge and wave protection standards

I n actual engineering protection design, if the protect

it can ochamdeéeé ankeus bidyariodatng ri olaab iadtnet yrombda b ii lointay b

Os. I n this paper, we try to estimate the change vadrmue of
wave. niuhlea fiosr as f ol l ows:
0 0 O d® O 0O ., O

00 o @ 00 o 06 ohd © 06 13

0. 0 & ® ® ®© 0 O ® ® ® 0O o o 06 o w
14
Or whd "Op whd
f)% 0 @ & & 0 O ®@ O O
0 ol & 00 o 060 o ® 0 o
P 0O 15
O hw Ow Op whw O
p Ow
whebve 0., afmgdare the changes of tdhe tshiemujlaiainte opunsd bpr boebl aichd i

probabiafitey the wunivariate aned are pkeiodt ésns it josre alli uf e sed

return perveldyg,n wlkkepect
3.4.2Design surge sights and significant wave heightsr joint return period scenarios

Based on the binary Copula function, the bivariate join

return peailbdkl &és I n order to achieve the opti mal prote

12
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bivariate simultaneous probability of SH and SWH as tar
17) .
ada a®VYD Q& ° a Q& o (16)

' ' 0 ® w, ® O p Ow Ow 'O ahw

. 0 (e} O
" YO —— — = = @n

D ® O ©® ® p LW o ®w p O aw

rr N T TT
Vg oM TIT T

Accordingl itoeahepmnoagr(aBranzi anrga ameetth aadl .3 QMBI )ned event of

seri elf) oHal |l bemiiniemiag ecd ®ow for a given joint return p.
benefit effect. Therefore, the optimal FvagldueSi mde Swe ama
estimation of the joint probability for the studyamdea
SWHs for all the eastern coasts of tahteed.ei zhou Peninsul
E— 1000
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400
w_
200
E
E
D 0 -
o o T 0
© (SHoplimaJv S“'(Hoptimaj} ;
g
€
S < -
=}
c
2
n
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T | | T |
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Figure 4: Diagram of determining design surge height and significant wave height based on their joint and simultaneous return

periods (red curves are joint return periods @ “E), black curves are simultaneous returnperiods (f "E), and black dots
{ % =< Al 3 =< o isethe optimal design value for SH and SWH).

4 Results and discussion

4.1 Optimal marginal function

Since the different densities and anodc awa voen smoodfe [tsh,e wvier iuas

triangular grid nodes as the benchmark and the wave node
on the nearest neighbor method. Theremorrymlaerdadmdeltood
is reconstructed, containing 1665 nodes in the study

In this paper, based on the reconstructed storm surge

nodedbdés annual extrreanelsy ,oft hSeH tainmde SswHr.i efss of t he bi vari at
five marginal functions, including Gumbel, Weibull ; gam
val ue «f titedste K t o detrertnnien eh ywhoetthhreesi s t hat the sample ol

a

rejected. Threumodwe dpeassusnitn$t Htehet Kf or each functiofRiaadtdl yh

the number of node$ emdhibai bepegceetagéed as opti mal

optimal functioB.(Bah3eeti on in Section

Table 3 Frequency and percentage of five functions passing the-8 test and the optimal function for all nodes of SH and SWH

Surge height Significant wave height
Marginal Frequency Percentage Frequency Percentage Frequency Percentage Frequency Percentage
function of K-S test of K-S test of optimal of optimal of K-S test of K- S test of optimal of optimal

passed passed (%) function function (%) passed passed (%) function function (%)
Gamma 1508 90.57 183 10.99 1464 87.93 159 9.55
Exponential 1567 94.11 216 12.97 1076 64.62 95 5.71
Gumbel (right) 1615 97.00 350 21.02 1629 97.84 149 8.95
Weibull (max) 1469 88.23 416 24.98 300 18.02 494 29.66
GEV 1665 100.00 500 30.04 1657 99.52 768 46.13

14
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Figure 5: Fitting results of the PDF and CDF of the surge sight and significant wave heigbised on the GEV function (using node

(110.5142°E, 20.2768°N) as an example)

Based on the statistical resus ttse,sti tofi st hfeo uGhEdv tfhuentcet €i borno |
rate of 100%, and trtae i ®omwrass Bdn Didg et iIGEaAI i s set as tr

255 For the SWH fitting, the numbdresdaf ofodesx WEtVh frum crta joec tii

15
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of the totalandmbke o0d6rpeseendage oli pherf etrleanrc etshdts a@fl s
apply the GEV function to fit the marginal function of

Fi gbshrows an example of the PDF and CDF of the SH and S\

4.2 Distribution of univariate return periods

Based on the wunivaria)e toeuSH padi 88%Hkat mpkeab({ Bgeddr ho
29 -5030@ngeavOall nodes. To analyze the distribution ch
area, we chose the cubic spline | matlarepolaat iecanc hmentohdoed wi
periods into a rastErgtanfd gadlreesol ution of 1 km (

As shdwmg6irrt he SH shows a significant i nTchree a®HaNng ttrheen de a
coast of the drbd ghemo ®thhiems uvldgiecgqmeeant IC TCr @V ig@me d
poc-kbaped coasf(Fdalgdtrepmogralphyf avorable factaoAsottlherwadree a
highisStlesat eddagdto dfheHaiBieasni dle3sGaffridesqs ueernea ansi at ohheone fro

shel f to the, cwlnetidnyeeldtaantgaepsi dpg and can bring strong sto
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270 Figure 6: Spatial distribution of surge heights of tropical cyclones for six typical return periods

As shoFwng dirret he SWHs near the shore are generally small

decreasing trend in SWH as it gets closeretdephé,coatsahd

wave breaking, and seabed friction attenuation. Among t
of other seas, which is mainly influenced obrye tsheec tciuornv.e dT
275 are influenced by the frequency, duration, and intensit
than in the north. The east side of Hainan laslwawde afkri org
effect and dissipation caused by the dramatic chanrege i n
i n SWH. l'int asiialtli odbresagyt ebce timatr oduced during tdhueevdet i m

l i mited number of TC events
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Figure 7: Spatial distribution of significant wave heights of tropical cyclones for six typical return periods

4.3 Optimal Copula function

The optimal GEV functionhiiosn d@ibirlthedT&sstbemmaugigeal ahdr
functions are applied to the bivariate joint fittoondg of
met hod, -@intdegthei K used tgygpdethersmisne hathet her stampl ke obeys
rejected. Next, we count - htee sntu niboerr tohfe ntohdreese tthyapte sp aosfs Q
of the totalTahmbd eTrh e fs tnaotdiest i(cal resul ts sShotwe stth aftort hteh ¢
Copula function is 1603, accountthiengopftoirmalé .Qopu load fadnn c tni

function is applied to the bivariate joint fitting of S
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