WAVE DYNAMICS AND ITS IMPACT TO WAVE CLIMATE PROJECTION
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Impacts and adaptations of climate change have been studied in variouslfieddder to assess the impaofs
climate change onoastal areas, it is necessary to evaluate how wave changettieeltmate changesProjections
of global wave climate have been carried out by some research groups for next IPCCPrejextion of wave
climate contains uncertainties, such as scenamizertainty GCM uncertainty and wave modehcertainty The
uncertainties need to be estimafed reliable projectionsin this study, wave model uncertainty was evaluated.
Global wave hindcast were conducted using SWANth four different models of aarce terns andtheimpacts of
different wave modslon globallongtermwave statistis were made clear. Furthermotke global characteristics of
differences inong-termwave statisticslue to different modelwerecompared with the result of global waelimate
projection (Mori et al., 2010)Globallongtermwave statistics are varied depending on choidemfula of S, and
Suc rather tharthat of Sy4. The uncertaintyis larger in eastern lower latitude ofean especiallin the Pacificwhere
swells dominateOn the other handhe uncertainty ofuture wave climate change due to wave modetegligibly
small in higher latude wtrerewind-waves dominate
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INTROCUTION

Impacts and adaptations thfe climate change have been studied in various fields. Sea level rise
greatly impacts human activity near coastal zones (IPCC, 2007), and amplifies the vulnes&bility
coastal regiond=rom 1870 to 2004, globaka levehasrisenby 1.# 0.3 mmiyear(IPCC, 2007)0On
the otherhand ocean wavegive more complexdynamicimpacts than sea level rise to coastad
ocean structures, beach morphologgosystemrand so onlIn order to assess the impaofsclimate
charge on coastal areas, it is necessary to evaluate how wave climates changethduelitmate
changes

Wave climate habngtermtrend or variabilitydecadal or muktecadallassociated with climate
change Longterm change of past wave climate hasbeeportedby several researcherd/ang and
Swail (2002)showedthat trend of annual maxima of wave height in North Atlantic past four decades
was 5 cm/year. Menéndez et al. (2008) reported significant podsitingeterm trends in observed
extreme wave heigh between 3B45°N latitude near western coaststibé USA. Wave climate can be
expectedcontinuouslyto change corresponding to climate change.

Projections of global wave climate have been carried out by some research groups for next IPCC
reportin 2013 Wang and Swail (2006) projected global wave climate charsjygg @ statistical
downscaling methadViori et al. (2010)carried out projection of global wave climate at the end of 21st
century using dynamical downscaling method, ahdwed clear future chge in averaged wave
heights Hemer et al. (2011) comparedbgal wave projections carried out by 5 international groups
each other. Thensemble projection of future change in averaded up toabout0.3 m. The increase
in significantwave heighd overthe AntarcticOceanseems to be robudtiowever,standard deviatian
in ensemblavave climateprojections are larger than projected future change over the vast area except
for the AntarcticOcean

Each global wave projection is based on different scegatifferent Global Climate Modsl
(GCM) and different downscaling approastior wave climateThese choices of scenario, GCM and
wave model lead to variations for wave climate projectibhis is uncertainty ofwave climate
projection andneedto be ewaluated.The uncertainty in scenario for wave climate projectioas been
evaluated (Wang and Swail, 2006; Charles et al., 2012). They indibatéature changes under higher
and lower emission scenario are similar in spatial pattern but different phitade. Uncertaintyin
GCM is larger thathe scenario uncertainfyvVang and Swail 200615CM uncertainties are differences
in amplitude and spatial patterks for uncertainty in downscaling approach for wave climate, there is a
previous study evaluatinghe difference between physical and statistical wave model, however,
uncertaintyby different physical wave models is not cle@herefore the objectivein this study is to
estimate uncertaii@sin wave projection by different physitn wave modesud assource terms
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METHODOLOGY

Global wave hindcasts were carried out based oswgacewind (U,g) from EuropearCenter for
Mid-Weather Forcaé& (ECMWFG) ERA-40 reanalysis (Uppala et al., 2006) and wave model SWAN
version 40.85 (Booij etla 1999) changingwave physical settings. Computations were conducted in
periods of 1995 to 1997 and 1999 to 2001, using a spherical coordinate with 1 degree spatial resolution,
driven by 6hourly ERA40G U,owhose spatial resolution is 2.5 degree. Spectral spaseliscretized
with 25 frequencies from 0.04 Hz to 0.5 Hz and 36 directions.

In deep water, the spectral ene(g§y balancewhich isgoverningequation of SWANSs written as

DE
ﬁ:Sn-'-SNc-FSnM (l)
wheres,, SycandS,srepresent the processafswave generation by wind, dissipation by wkiggpping

and quadruplet waveiave interactionrespectivelyS, and S,careformulated under several empirical
assumptions Therefore, processesof S, and S, are treated in several formujashich require
combinationof differentsource termsln this study, two major formulas f&, andS,.are adoptedor

the evaluation One isS, modeled by Komen et al. (198®)jith S, of WAM Cycle 1lI formulation

(Komen et al., 1984)which isdefaultcombinationin SWAN model The other isS, involving wave

wave interactioa(Janssen, 1994ith S,.of WAM Cycle IV formulation(Guntheret al, 1992. These

two formulas forS,, andS,. are denoted as KOM and JAireafterrespectively.

On the other handthe wave mteractionprocessof S, is mathematicallywell understood.
However, the exact computation 8f, requires hugeomputationakost.In operational wave model,
approximateexpression of5,,is usedgenerally Discrete Interaction Approximation (B) proposed
by Hasselmann (1984s used commonljor many wave model$Global Oceanis strongly dominated
by swell wavegSemedo et al., 2018nd swell requires the accurate computation oflim@ar wave
wave interactiorbecause existence of swell makes shafpgave spectrum become compl&hus, in
addition to DIA, more accurate approximation methodsgf Multiple DIA (MDIA; Hashimoto and
Kawaguchi, 2001) was applied for global wave simulatibine computation offull nonlinear wave
interactions (XNL) igyetting popular for research but it is still expensive toinggobal scale

Global wave simulations were conducted using SWAN vidgbr different model settings
consisting of two formulas fdg, andS,., of JAN and KOM,and two approximation methsdf S,,, of
DIA and MDIA. Fourdifferent model settings are denoted as JAN+DIA, JAN+MDIA, KOM+DIA and
KOM+MDIA, respectivelyTarget wave statistics alengtermaveraged significant waveeight(Hs),
mean wave periodTf), mean wave directionDfr) and 99%quantile of Hs. The® wave statistics
computed byifferent settings are compared with each other. There are several studies investigated the
differences in wave statistics due to different model settingbamnt period such as a few days during
tropical storm passingln order to estimate the uncertainty of wave climate projectimmg-term
(annual) wave statistics are focused.

Finally, the globhcharacteristics of differencés longtermwave statisticslue to different model
settingsare compared ith the result of global wavelimate projection (Mori et al., 2010and the
uncertainty of global wave climate projection is evaluated.

Table 1. List of source terms for validation

Source term Model Notation

Sn Komen et al. (1984) KOM
Janssen (1991 JAN

S Hasselman (1984) DIA
Hashimoto and Kawaguchi (2001)] MDIA

RESULTS AND DISCUSSION
At first, averagedHs, T,, and Dir for 3 years from 1995 to 1997simulated by SWAN with
JAN+DIA setting are shown iRigure 1i 3 respectivelyThe spatial charaeristicsof averageHs, T,
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andDir and difference of source terms fille long-term wave climate projection will be discussed in
this section.

H, are larger at higher in latitudeorrespondingo strong westerly windRjgure 1). Hs in the
Antarctic Oceararethe largest, which is about 3.5 i, are longer irthe Antarctic, lower latitude and
eastern part ofhe rorth Pacific because of swell propagating from higher latitdelgute 2). In
Atlantic, T are shortecomparingwith the Pacific. T, at westernsea of Mexicaare the longestvhich
is about &. Waves propagatavestvard in 40°S i 40°N and eastvard in higher latitude than 40
(Figure 3).

Difference in Hg

Figure 4 shows differences in averaged, by JAN+DIA and KOM+DIA. Over the globe,
average; by JAN+DIA have tendency to be larger than thbg&KOM+DIA. Especially, in eastern
part ofthe Pacific Ocean, the differences aignificantand up to 0.8m. These differences ar@nly
caused byan accuracy ofswell. Simplefetch limited numerical experimentshows that spectrum of
wave calculated by JAN hawesteeper peak at longer wave pertbdn those of KOM (not shown),
which can generate larger and less dispersive sWadrefore, the differences become larger in eastern
of oceanbasn due toeffect oflarger swellcomponentsSpatial distribution of difference§igure 4) is
similar to that offiswell poob in Chen et al. (2002)Therefore, differences are remarkable in lkwe
dominantregionwhich is the eastern part of ocean basin

height JAN-DIA 19951997

L

Figure 1. 3 years averaged Hs simulated by SWAN with JAN+DIA setting
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period JAN-DIA 19951997

Figure 2. 3 years averaged Ty, simulated by SWAN with JAN+DIA setting

direction JAN-DIA 19951997

-150 -100 -50 0 50 100 150

Figure 3. 3 years averaged Wave direction simulated by SWAN with JAN+DIA setting (nautical coordinate)
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Average 1995t01997 O1to12
JAN-DIA - KOM-DIA

Figure 4. Differences in 3 years (1995-1997) averaged Hs calculated by JAN+DIA and KOM+DIA
(JAN+DIA i KOM+DIA)

For extreme wave climate,ifftfrences in 99%quantile of Hs calculated by JAN+DIA and
KOM+DIA are similar to those of averaged value spatiétigt shown).The differences are up tor
at lower latitude inthe eastern PacificOn the other hand, averaged value and fifdntile of Hg
calculated by DIA are similaio thoseby MDIA. Itwasf ound t hat MDI A Wnge snodt i nf
termwave statists such aHs, T,andDir significantlyin global scalecomparing with DIA Therefore,
differencesf wind energy inpubetween KOM and JAN are focused hereafter.

For the validation, the simulated wave heights were compared with buoy observatimsn
example, the results of comparison with buoyhet northwestof Hawaii (#51001),0btainedfrom
National Oceanic and Atmospheric AdministratisiNational Data Buoy CentéNOAA, NDBC), is
shown inFigure 5. The comparison was conducted by Quar@ienile plot of 1 to 99 percentils in
1995 Althoughthe simulated valug are underestimatetbtally, but wave heiglstcalculatedby JAN
show better agreement with observatithhan those of KOM. The ®mparisos with other buoy
observatios showedthe similarresults.

Difference in T,

Figure 6 shows differences in geas averagedr,,. T,, by JAN+DIA is clearly bngerthan that of
KOM+DIA especially inthelower latitudeandthe eastern part of ocean basin which is swell dominant
area. 3year (1995 1997) aveagedT,, of buoy observation ahe rorthwest of Hawaii (NOAA/NDBC
#51001),the eastern North Pacific (#460Q03and east of Florida (#41010) are 6.8s, 7.2s and 5.6s
respectively (obtained fromiThe KNMI/ERA-4 0 WAV E  Abkth/AvSvaknmi.nl/waveatlgds T,
by JAN+DIA at the three locations are 7.2s, 7.2s and 5.2s. Those of KOM+DIA are 4.6s, 4.7s and 3.6s.
Therefore,T,,, by JAN+DIA is plausible rather thallOM+DIA, considering observation.

Difference in Dir

Figure 7(a) shows 3years averagedir by JAN+DIA and KOM+DIA. Differences iir are also
significantat swell dominant regionghich arelower latitude in eastern part thfe Pacific. Figure 7(b)
shows 3year averagedir, focusingon lower latitude in easterpart of the Pacific Ocean In the
Antarctic Ocean directions by JAN and KOMre almost sameHowever, i lower latitude wave
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directionsby JAN are more eastwarthan those of KOM. \&ve directionsby JAN are closer to
direction of swellpropagation whiclis generated ithe Antarctic Ocearand propagatenortheastward
On the other hand, wave directions by KOM correspaeltito wind direction which is westward

Difference in Periodic change of Hs

The wave statistics itself are important but also thenghs of wave statistics are important for
projection of future wave climat&herefore, we evaluate the periodic changes of avéta®m the
period 19951997 tothe period 1999 to 20QPeriodic change of averageld by JAN+DIA is shown in
Figure 8. The H; increass at higher latitude and lower latitude ihe Pacific, and decrease at mid
latitude inthe Northern HemisphereThe range of change is abo25 m to +0.25 m. Figure 9
indicates the differences in periodic changdéigbetween JAN+DIA and RM+DIA. The differences
are larger in eastern part tife Pacific Gcean and those are abe0t02 to +0.06 cm. Differences at
eastern lower latitude in the Pacifizeancorrespond to 100% qferiodicchangeby JAN+DIA. This
difference is also caused by ellveffect. Increases in averagét] in higher latitude ofthe Pacific
(Figure 8) reads to increase in swell heights in eastern lower latitude. The increase in swell height by
JAN+DIA is larger than KOM+DIA. This is why the differences in periodic deaae largerin the
swell dominantegion.Neverthelessthe periodicchangeis relatively larger in higher latitudewhich is
wind-wave dominant areghedifferences in periodic changeenegligibly small

Comparing with projection of future wave climate

Mori et al., (2010) conducteprojection of future wave climatie the end of 21st centyrunder
global warming conditiorusingMRI Atmospheric @neralCirculation Model (MRI-AGCM-3.19 for
CMIP5 andSWAN. Figure 10is the result ofprojected future chrage of average#s from the period
1979to 2003 tothe period 20750 2099.This projection was based on SWAN witAN+DIA setting.
This future changaevasup to 0.3 m. This future change is characterized by incraasthe Antarctic
Oceanand decreasm the mid-latitudearea This future change is almost same order ashiortterm
periodic change as shownhigure 8. Even though this future chanfféigure 10) is based on 25 years
average andhe periodic changdFigure 8) is based on 3 years averagfgis future change can be
considered to beconsmalker especially at eastern lower latitudetlud Pacific Oceanby about 0.05m,
if using KOM+DIA instead of JAN+DIA becausehe increase in wave heights thie Antarctic Ocean
reads tdess increase in sweikight at lower latitude than that of JAN+DI@n the otler hands, irthe
wind-wave dominantregion which is higher latitude, future change is not expected to be varied
depending on KOM+DIA or JAN+DIA.

JAN-DIA

JAN-MDIA
KOM-DIA
e KOM-MDIA |
0 1 i i i 1 ! 1 1 1 I 1 1
0051 152253354455 556
Sim. [m]

Figure 5. Quantile-Quantile plot for comparison with buoy at Northwest of Hawaii (NOAA/NDBC #51001)
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Average 1995t01997 O1to12
JAN-DIA - KOM-DIA

Figure 6. Differences between 3 years (1995-1997) averaged Tr calculated by JAN+DIA and KOM+DIA
(JAN+DIA i KOM+DIA)

Average 1995t01997 01to12
JAN-DIA - KOM-DIA
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(a) Global view
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(b) Focusing on the south eastern Pacific Ocean

Figure 7. 3 years (1995-1997) averaged Dir calculated by JAN+DIA and KOM+DIA

Average JAN-DIA(99-01) - JAN-DIA(95-97)

-0.25 -0.2 -0.15 -0.1 -0.05 O 005 01 0.15 0.2

Figure 8. Changes of average Hs by JAN+DIA from period 1995-1997 to period 1999 to 2001
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Figure 9. Difference between Changes of average Hs from period 1995-1997 to period 1999 to 2001 calculated
by JANL+DIA and KOM+DIA (JAN+DIA i KOM+DIA)

Figure 10. Projected future change of Hs from period 19791 2003 to period 2075 - 2099



