COMPREHENSIVE NUMERICAL SIMULATION OF WAVES CAUSED BY TYPHOON
USING A METEOROLOGY-WAVE-STORM SURGE-TIDE COUPLED MODEL
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The present study focusen the risls of storm surgeaused byuture increases ityphoonintensitydue toclimate
change These risks were analyzed inyegrating weather, wave, storsurge and tide prediction systemso a new
simulation methodologyThis model, which the authors develogBdthemselvesmakes it possible to calculatee
weather fields of typhoons in the pastwell adn the future on the basis of meteorology aadsimulate waves in a
complex geographical areia, contrast withmany previoustorm surgesimulation methodsgvhich werenot based on
accuratemeteorologcal models Themodel was verified t@ccurately reproduce historical typhoarsdwavesand
thusis a useful tool for the analysis of futwrématerisks
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Yoshino et al (2005, 2011)carried out research on howw preciselysimulate a typhoon and
considerablymproved the accuracy of storm surge msdgl integrating MM5 The FifthGeneration
NCAR/Penn StatéMesoscale Modelwhich isa local weather forecasting mogiéhto a storm surge
model.Mase ¢ al. (2005, 2011yesearched how tpreciselyforecast storm surge by integrating WRF
(Weather Research and Forecastimgde| which is considered abke success model ofMM5) anda
wave prediction model. Howevexmethoalogy to simulate future typhoons, together vilie waves
and storm surgassociated witthemis something that has not been researched up to present. Thus, the
present paper attempts to simulate future climate change intensified typhoons by ausing
meteorologicaimodel coupled withwave aml storm surgemodds. The simulation developed by the
authors essentially integrated WRWeather Research and ForecastirgVAN (Simulating Véves
Nearshore: Ver. 40.85), Storm surge stimulation models and the NAO.99b tidal prediction system. This
comprehensive modaiakes it possible to calculate weather fietifstyphoons on the basis of
meteorology and simulate waves (including wind driven surges, pressure surges and tides) in a
complex geographical area.

In addition, the study will considerthe necessity of disaster protection countermeaagasst
future climate change byuantitatively verifying how future wave and storm surge could change
comparingwith present day condition3.yphoonFitow (2007) will be used as a case study, with the
storm surge caused by this typhoon being compared with a typhabapproached treomputational
domain with the same strength at Fitow in 2007, Wwith the climate conditiondor computational
domain being altered to resemble tho$¢he year 2100Tokyo Bay whichis surrounded by land and
hence constitutes a difficult area to accurately foresesather fields was set as the target
computational domaim order to verify the accuracy of the system

NUMERICAL MODEL

Outline of a meteorology-wave-storm surge-tide coupled model

The simulation methodology developed by the authors consists of 4 separate models that are
coupled togetheWWVRF (Weather Research and Forecasting modfar, 3.3.1) SWAN (Simulating
Wave NearshoreVer. 40.85) STOM (STOrM surge model) and Nao99hMatsumoto et al.,
2000) Together, they have been designate®8kS (OhiraShibayama Integrated Storm surge model).
The model flow is showm Figure.1.

Integrating the four modelgmeteorology, wave, storraurge and tidal modeis important to
simulate real waveconditions and to improve the accuracy diie calculation. The reasonfor
integrating wave, storm surge and tide model is that the wave higho thetyphoonconsists ofa
wave and storm surge (pressure surge and wind driven stwgg)onents, together with thile.
Hence, it is important to calculate these 3 elements simultaneously to simulate realasskies/n in
Figure 1

One of the key components of the system &s\WRF elementWRF is an advancedanesascale
weather forecasting model developed jointly B\CAR (The National Center for Atmospheric
Researchand more than 150ther organizationsin the present studyWWRF performsthe weather
predictionby loadingFNL as input datawhich isa 1 degreeeanalysis meteorological dgpablished
by NCAR Regarding FNLwhich is alsca weather forecastingpol, theinitial condition is constructed
with both the observed data 6 hours froime synoptic time and the prediction resulttbé next
calculation cycle which conseout fromthe previous result. Thi&-hour intervaldatacan be found in
the internet (CISL Research Data Archive, 2012Jhe calculation of WRFwas conducted with
supercomputetfH A 8 0 0 OHe Inforfnation Technology Center ithe University of Tokyo It takes
approximatelyone hourof computational timéo calculateonehourof the typhoorsimulationby using
parallel computation with 4 nodesThis WRF modelconsists ofmotion equation mass conservatign
geopotential equatig potentialtemperatureScalar conservatigequation of statand so on.

SWAN is a third generation wave model developed by Delft University of technology that
computes random, shectested winegenerated waves in coastal regions imfehd waters. STOM is a
model that improved the storm surge model of Shibayama et al (189@ading the wind and
pressure field from WRHAt uses thenonlinear long wave equatipwhich is given byecs.(7) and(8),to
simulate the effects dhe pressureand wind driven surge The @ntinuity and notion equatior are
givenbelow, whereh, is the horizontal mixing coefficient
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TheNao.99b modelwhich was developed by National Astronom|cal Observatory of Japan,
globalocean tide modekpresentinghe major 16tidal constituents witta spatial resolution of 0.5°
These werestimated by assimilating about 5 years of TOPEX/POSEIDON altimeter data into
barotropichydrodynamical modelvhich can simulate not onlgast but also future tide
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Figure 1. Model flowi OSIS and composition of typhoon wave
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Target typhoon and calculation conditions
To verify the accuracy of the models the authors attempted to reproduce the storm surge and wave

conditions that took place during the passagéyphoonFitow (2007) Table 1 outlines some of the
key characteristics of this storfhe typhoonpasgd throughthe Kanto regionthat surroundg okyo
Bay, inflicting considerable damage along its patlh made landfall in the southern part dflzu
Peninsula in Shizuoka Pesfture at 3pmon 6™ Sep(UTC)and advanced northward straight throtigé
Kanto region as shown in Figur@. The wave and storm surgaused by the storm caused the collapse
of the Seisho bypass into the sea, amongst other damage.

The different paramete used in the simulation are summarized in Tabl&€h2 simulation was
carried out with a relatively high resolution, using a minimum 900m grid size in all of the models.

Table 1. Outline of target typhoon.
(Reference: JMA)

Typhoon

Developmental period
(UTC)

Minimum central
pressure (hPa)

Maximum peak wind
(m/s)

Typhoon Fitow

0:00. 29. Aug. 2007
0:00. 8. Sep, 2007

965

35
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Figure 2. Track of Typhoon Fitow (left: around Japan, right: around Kanto region)

Table 2. Calculation condition.

Weather model

Time (UTC) Sep. 3 18:00 (2007)  Sep.9" 18:00 (2007)
Area | N34.4366 36.1526 E138.748 140.854
Arean N34.8362 35.7404 E139.476 140.197

Horizontal grid

1: 80x80 mn :139x91

Horizontal resolution

1: 2700m n : 900m

WRF
Projection Mercator
Vertical layer number 27 Layers
Time Step I: 15 (sec) u : 5 (sec)
Topography data USGS
Time (UTC) Sep. 3rd 18:00 (2007)  Sep.9th 18:00 (2007)
Area N34.8 35.7 E139.5 140.2
Time Step 3 (sec)
Wave model Horizontal resolution 900m
SWAN Horizontal grid 139x91
Projection Mercator
Physics model Komen
Topography data GEBCO
Time (UTC) Sep. 3rd 18:00 (2007)  Sep.9th 18:00 (2007)
Area N34.8 35.7 E139.5 140.2
Time Step 3 (sec)
Storm Surge Vertical layer number 2 Layers
STOM Horizontal resolution 900m
Horizontal grid 138x90
Projection Mercator
Topography data GEBCO
Tidal model Time (UTC) Sep. 3rd 18:00 (2007)  Sep.9th 18:00 (2007)
NAO.99b Area Each point

35°30'

35°00'
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Verification of the calculation results

The wind, storm surge and wave caused by typhoon Fivere simulated usinghe method
describedn the previoussectionand compared to data recorded at various stations throughout Tokyo
Bay. This data is available at various internet sifd8A, NOWPHAS, Bureau of Port anidarbour
Tokyo Metropolitan Government).

Figure 3showsthetime series of thevater level at Shibaura throughout the passage of the typhoon
over Tokyq with the horizontal axis(and those in Figure 4-7) showing the Coordinate Universal
Time(UTC). This water level is the result of several intefated phenomena, and includes treves
created by the strong winds, tbrm surgécomposed in turn of theressureand wind driven surgg
andthe tide. This figurealsoshowsa comparison betweethe observed valug during thepassage of
the typhoonthose calculated using a traditional storm surge model and those byTh8ssobserved
values(and those in subsequent figsiré7) are from Bureau of Port and Harbor Tokyo Metropolitan
GovernmentFigure3 highlights how the values obtained from OSIS estimate both the maximum water
level and its evolution through time more faithfully than traditional storm surge models.

The model used is also ableaocurately reproduce both the wind and wave fields associated with
the typhoonFigure 4 shows theobservedand calculated values of wind speed (for WRF and other
models). The line indicated asPrevious Modélin the figure is the calculation value of wind franm
2D experimental typhoon modelGFS_anil is thel degree meshbserved data of weather which is
published byNCEP (National Centers for Environmental Predicliand‘MSM’ is the 5km mesh of
weather data published by JMBapan Meteorological AgencyFrom this figure it is clear that WRF
is able to simulate the wind field more precisely thar Erevious Modél .

Figures 5(a), (b) show thecalculhtedand observed valg®f the significant wave heighdndperiod
at Shibaura, respectivelyn both case the rakés show how the simulation is able to accurately
calculateboth the maximum values and the general trend of both of these parameters throughout the
passage of the typhoon.

Figure 6shows the comparison between sihi@rmsurgecalculatecby STOM, the2D experimental
typhoon model andhe observed data. The observed data from 0:00 to 41®0CBep.7 shows a
substantialvertical drop in height from3.3m to 1.2mwhich isthought to be due tan errorin the
observational equipmergghe typhoon apprroachedt this point he eye of typhoonwas pasing
throughthe northerside of themap shown irFigure 2. In this caseSTOM was not able to accurately
capture the maximum storm surge, though it still reproduces this phenomenon better throughout the
passage of the typhoon thdret2D method, as seen in Figure 6.

Figure 7. shows the comparison between the calculatedsvadube Nao.99b model anthe
observed tidal dataAgain, the observed data showse sharp drop that was probably caused by
equipment malfunctiorAlthoughthere is asignificantdifferencebetween the aderved and calculated
values throughout the passage of the strom (foR#hbours from 12:00 Sep.R4he reasorfor thisis
notacalculationerrorbutthe fact thathe data at this time includes the sea lead hystorm surge

—A— OSIS
—0— Qbservation
2 A ." o A B Previous Model

Figure 3.Total wave height (= wave + storm surge + tide) at Shibaura
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WAVE AND STORM SURGE IN THE YEAR 2100

Calculation procedure

Typhoon Fitow i nwa2 0s8d7a6 ‘a base amaly2eth® possible effects that
climate change by the year 2100 could have on a typical typhoon crossing Tokyo Bay. In order to do
this, thesimulation procedure was altered slighto see how a typhoon of the same characteristics
such as Fitow would change due to the warmer weather condiionad Tokyo Bayexpected in the
year 2100. The storm surge and weather field were also obta@inedler to gain an understanding of
how the damagelue tothese types of events could be amplified in the future.

However, the process to simulate past typhoons and future typhoons is slightly different, as it is
necessaryo creat the weather field irthe year2100 asinput weather dathefore executing WRF.
Merely using the historical data for Fitow danncreasing the temperature of the whole domain,
however, does not produce gomabults, as the typhoon will not necessarily follow the same @ack
that of Fitow in 2007In order tosolve this problem it is thus necessary to use tifferdnttechngues
one forcreatingthe future weather field andnother onedr creating the futurgyphoon(which is often
referredtoi n | i t er at ubogus 3By domng thigthe waatbeo field inthe year2100can be
created, and timethis “typhoonbogus is artificially inserted in th weather field, and made to follow
the same course as the historical event.

To creat the weather field inhe yea 2100the FNL historicaldatafor Typhoon Fitow wadited
to incorporate future increases in global temperatufdd. 3D data is written im type ofbinary code
cal |l ed * gwhichincludes ovwarab0 parameters.the present work2 wayswereused to edit
the original FNL data, one by means of a Fortran program and the other througditiaig ungrib
program(which is one of the progranmesent inWRF). The creation of th100 weathefield uses
the resuk of Northern Pacific Ocean General €itation Model (NPOGCM) A1B scenario (2008)
published bythe Japan Meteorological AgencyMA) as a reference. According toederesults, sea
surface temperature (SS@jound Tokyo Bawill increase by +2.1 degreand see level will increase
by 0.2mby 2100, as shown in Figure 8o the 2100 weather fieldas created by increasing tB&T
by 2.1 degree The total weer level height during the passage of the typhoon in the future would thus
bethe sum othe wave storm surgeandtide plusthe amountof sea level rise in Tokyo Bagccording
to thisA1B scenario

The second steptso ¢ r typhdoebogus “by using a certain simulatiol
optionin WRF afterversion3.3T he “typhoon bogus” that esastheused had
hi stori cal typhoon “Fitow”, i . e. the central press.
before it reached the computational domain (in contrast to what other authors usually do, such as
Takagi et al. 2011 or Esteban et al., 2009jus, the purpose of the present simulation was to study
what would be the effect of an increase in SST around Tokyo Bay on the strength of a present day
typhoon (as opposed to one which would have increased in intensity, according to what is shown in
Knutson et al. 2010)
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Figure 8. Increasein SST an SLR by the year 2100 for different regions of Japan

Results

By using the methodology described in the previous section it is possible to compare the damage

potential between the preserag Fi t ow typhoon (“Fitow2007") and th
where SLR and SST ar e hi g)hgure 9shbves the @mpansondaveeent ( “ Fi t o

the maximumwatess level (which results from the addition of the wave, storm surge, tideSaR)
betweenFitow2100 and Fitow200%at different points throughout Tokyo Bayhe wave height at
Shibaura, Edogawa, Funabashi and Chidaich arelocatal in the inrer side of the bay, areigher
thanthose afFuttsu and Tateyamahich are situateth the entrance othe bay.

Figure 9 shows how for the entire extension of ToBay the water levels that result frotine
conditions inFitow2100are aboutl.5m higherthan those irfFitow2007. Much of these increases in
water levels come frorhigher wave height. Seawave are caused bwind soas this increases in
strength so do the waves increase in heiglithough the present simulation did not increase the
intensity (and hence wind speed) of typhoon Fitow before it reached the computational dbenain,
increase in SST inside tlagea studiedesults in a strongdlyphooncompared to the historical event
leading to stronger winds and thus higher waves.

Figure 10showsthe wind speed calculatetbr Fitow2100 byWRF at ShibauraThe peakwind
speedis higher than that ofFitow2007 as SST increases will lead to higher quantity of seawater
evaporationThe latent heg which is source of energy of typhamrncreaseslong withthe quantity
of evaporationleading to an intensification of the typhodtigure 11shows theesults of the SWAM
simulation for thesignificant wave height angberiods at ShibauraAs a result of these increases in
wind speedHhe significant wave height becomes firBeshigherthan in thecase of Fitow2007, while
the significant periods 1.2 second longer

Figure13 shows the result ache STOM mode| showing how the storm surge for Fitow2100 is only
0.1m higher than in the case of Fitow20UTe reasorfor this small increase is that, while for the case
of the wind there is a big difference between Fitow2100 and Fitow2007, foaskeot the atmospheric
pressure the difference between the future aedgmt events is very small. This indicattgat most of
the increase in storm surge is due to the increase imititedriven surge rather than the pressure surge.

Finally, all these components, together with the tide prediction obtained Nimm®O9h are put
together in Figure 9This figurealsohighlights how most of the increases in storm surge in the future
will be down to increases in wave heights that result from the stronger winds that will take place due to
the passage ahetyphoon.
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Figure 10. WRF, Wind speed of Typhoon Fitow2100 at Shibaura
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Figure 12. STOM, Storm surge of Fitow2100 at Shibaura

DISCUSSION
There are a number of problems associated with the present methodology, all of which can help to

explain some of the lack of accuracy in the calculations. One of the main problems relates to the size of
the target domain, which included only the Kanto rediahdid not cover the point where the typhoon
originated or were it dissipated. Due to this, the central pressure of the typhoon and its track could not
be analysed in as much detail as would have been desirable. This can lead to-astimegon of the
central pressure of the typhoon, and which can explain the lack of accuracy in this element of the
calculation, as shown in Figure 6. It is important to remember that by using the simulation parameters
shown in the present work each hour of typhoon sitinuliaalso required one hour of sugmmmputer
time. In order to calculate a larger domain it would be necessary to use multiple nests, though even
under these conditions the computational time can be prohibitive. Thus, the authors chose not to use a
more alarged simulation area, as this would have made the computational time unrealistically long.

Regarding the climate change simulation, there is much uncertainty regarding some of the
parameters used. During the 20th century the global average sea bavdédyran average of around
1.7mm per year, with satellite observations showing that since 1993 sea level has been rising at a rate
of around 3mm per year, according to theAésessment Report of the Intergovernmental Panel on
Climate Change, otPCC 4AR Future projections of sea level rise by the IPCC 4AR show that sea
level could be between 0.18 and 0.59m higher than present by the end of the 21st century. In this
respect, the 0.2m level rise used in the present work, which was derived fravorthen Pacific
Ocean General Circulation Model (NPOGCM) A1B scenario (2008) published by diibe seen as
conservativeSome authors, such as Vermeer and Rahmstorf (2009), argue that sea level rise could be
in the range of 0.81 to 90m by 2100, which wouldnean that the amount of potential damage that
typhoons cause to Tokyo bay would be much greater than shown in the present simulation (a
perspective shown for example in Hoshino et al. 2012). Thus, although Figure 9 shows that most of the
future increase invater levels due to the passage of a typhoon will be due to stronger winds, if higher
SLR levels are considered (such as those by Vermeer and Rahmstorf (2009) then this could greatly
increase the level of the water during the passage of the typhooey fimtreasing the threat they pose
to the cities around Tokyo Bay.

I't is also worth noting that the strength of the
the simulation area. In the future, if SSTs increase they will do so throughout tie¢ pllad thus it is
likely that a typhoon with the same return period as that of Fitow2007 will be much stronger even
before it arrives close to Tokyo Bay (as it would have encountered higher SSL temperatures throughout
it life, and not only close to theomt where it dissipates after making landfall). Thus, the present
simulation in essence is showing the effect of a typhoon with a lower return period (i.e. more frequent)
than Fitow2007, which would be arriving close to Tokyo Bay with the same intesskitav2007,
but then increasing in strength relative to this historical event. It could thus be said that typhoons in the
future will preserve (or even increase) their strength for longer as they approach Tokyo Bay, and this
can have severe consequenaethe damage these events can cause, requiring coastal defences to be
built to a higher level than they are today.

CONCLUSION

In present study new simulation methodology to calculate storm surges, based on an accurate
simulation of a typhoon’'s wind, wave and pressure f
comparing it to the storraurge that took place during the passage of typhoon Fitow through Tokyo
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Bay in 2007. Good agreement was obtained between the observed and simulated water levels in the
Bay, especially when compared to traditional storm surge simulation models.

In addition, tle modelwas extended to allow for the simulation of future typhoonsaking into
account the effects of climate change and sea level rise. Foyfitison Fitow in 200Tvas compared
to a similar event arriving in the same computational dormathe year2100, but taking into account
increases in SLR and SST inside this dom#iind speeddue to typhoonss expected to become
higherby the year 200 irsidethe Tokyo Bayarea due to these increases in SST. As a consequence,
the wave heightsral the storm surges are also expected to become higher, and through the model
proposed it was possible to quantitatively compare the wave and storm surge between present day and
future events. When sdavel riseis taken into account, the surface of thatav is likely to bel.5m
higherduring the passage of a typhoon that arrives to the vicinity of Tokyo Bay with the same strength
as Fitow in 2007¢compaed with the height of the historical event. This will require the strengthening
of storm surge defems throughout Tokyo Bay, as they are unlikely to be able to cope with such
increased water levels (as outlined also in Hoshino et al. 2012).

An important consequence of this increased in typhoon strength is that the wave heights due wind
will increased cosiderably, and these make up for around 80% of the increase in water eledkstion
the significant wave period wilecome Isecond longethan2007.1f the wave period becomes higher,
it is possible that damage to coastal structures due to long peaees will increasesuch asthe
collapseof Seisho Bpassin Kanagawa Pref., Japan by typhoon Fitow in 200Wus, a more detailed
assessment of the available countermeasures and how they can withstand long wave periods will also
be needed in the future.

In present studypnly one climate change scenardlB) wasused to modify the SSTs and sea
level rise around Tokyo Bay in the year 2100, matny scenarioghat predictfuture climate change
have been proposed by a number of authbris. possible to also use the current methodology for a
variety of other scenarios by taking into account a range of changes to the local weather, sea conditions
and temperature, and thus it can prove a good procedure to identify the consequencesesfichang
typhoon intensity to coastal areas around the world.

ACKNOWLEDGMENTS
The authors would |Iike to acknowledge the kind fi
and Proposal for Rehabilitation Process for the Toh

Research on Reconstruction from the Great EastnJeprthquake/Composed Crisis Research Institute
from Waseda University Research Initiatives.

REFERENCES

Bureau of Port and Harbor Tokyo Metropolitan Government (win, wave and titie)/micos
sa.jwa.or.jp/metro/tokyop/topframe.htfccessed 11 November 2012.

CISL Research Data Archive (201 R}tp://rda.ucar.edu/datasets/ds083@¢essed 11 November
2012.

Esteban, M., Webersik C. , Shi bayama, T. (2009) “Methodology fo
Time Loss Due to Future | ncr eadaurnalafClimatiopi c al Cycl
Change Volume 102,Numbers3-4,pp. 555578

Esteban M. and Longar@a | n ar e s , Ev@uatiorf a2 thelP@ojluctiVity Decrease Risk due to a
FutureIncrease n Tr opi cal Cyc | doumal of Riskedmalydigp. 17891802 apan”

Hoshino, S., Esteban., M., Shibayama, T., Mikami, T. and Takabatake, T. (Z0i@xate Change and
Coastal Defences in Tokyo Bagroc. of 32nd IntConf. sn Coastal Engineering (ICCE 2@},

Santander, Spain.

JMA (wind): http://www.data.jma.go.jp/obd/stats/etrn/index.php. Accessed 11 November 2012

Kato, H. (2005 - A , Paper of National Institute for Land and
Infrastructure Managemeiih JapaneseNo.275, http://www.nilim.go.jp/lab/bcg/siryou/tnn/
tnn0275.htm

Knut son, T. , Mc Br i de, J ., Chan, J ., Emanuel , K.,
Srivastava, A., &Sugi , M. (20 INm)t.GeTorsocp3ed®ale ,cycl on
15763 DOl 1038/ ngeo779



http://micos-sa.jwa.or.jp/metro/tokyop/topframe.htm
http://micos-sa.jwa.or.jp/metro/tokyop/topframe.htm
http://rda.ucar.edu/datasets/ds083.2/
http://www.springerlink.com/content/0165-0009/102/3-4/
http://www.data.jma.go.jp/obd/stats/etrn/index.php.%20Accessed%2011%20November%202012
http://www.nilim.go.jp/lab/bcg/siryou/tnn/

12 COASTAL ENGINEERING 2012

Mase H., Katsui S,. Yasuda Tracey H.TomandOgawa K(2006): Verification of GFSWRFSWAN
Wa v e prediction system b Jounal hof 8SEE, Sex.aB3 o(@ivil s compar
Engineering in the Oceai) Japanes&®2, 109-114.

Mase H,.Muto, R,.Mori, N,. Kim. S,. Yasuda, T2011): Storm Surge Simulation due to Isewan
Typhoon using Detailed Meteorological fealysis DataJournal of Japan Society of Civil
Engineers, Ser. B2 (Coastal EngineerintCEin Japanese/-2, 401—-405
NOWPHAS (wave and tidehttp://www.mlit.go.jp/kowan/nowphas/index_eng.htAdcessed 11

November 2012.

Yoshino, & Murakami, T,. Hayashi, M,. Yasuda, T2005): - %1 —v
E— - A Journal of Japan Society of CiEngineers, Ser. B2
(Coastal EngineeringJSCEin Japanesé&7, 1226— 1230

Yoshino, J,. lwamoto, S,. Murakami, T,. Yasuda, (B011): Dynamic Estimation of the Maximum
Potential Wind Speed in the Bay of Tokyo Based on the Typhoon PotentitityBogussing
System Journal of Japan Society of Civil Engineers, Ser. B2 (Coastal EngineeriWigl) 67-2,
pp. 411-415.

Matsumoto K., Takashi T., an@oe M. (2000) : Ocean Tide Models Developed by Assimilating
TOPEX/ POSEIDON Altimeter Data into ydrodynamical Model, A Global Model and a
Regional Model Around Japadgurnal of Oceanographyol.56, pp.567581.

Mikami, T., Shibayama, TEsteban, Mand Matsumaru, R., (201Zyield Survey of the 2011 Tohoku
Earthquake and Tsunami in Miyagi and Eskima PrefecturesCoastal Engineering Journal
(CEJ) Vol. 54, No. 1

Mori, N., Takahashi T., Yasuda T., Yanagisawa2011):Survey of 2011 Tohoku earthquake tsunami
inundation and ruup, GeophysicaResearch_etters Vol. 38, LO0G14, 6p.

HoshinoS,, EstebarM., Mikami T.,Takabatakd ., Shibayamal. (2011): Effect of sea level rise and
increase in typhoon intensity on coastal structures in Tokyo Bageedings of 6th International
Conference on Coastal Structuygp. 4344.

Pi el k.e, R. A. (2007) Future Economic Damage from Tr
Climate Changes, Phil osophical Transactions
DOI : 10. 1098/ rsta.2007.2086. PiL&BNcer malR.zed. Handi cLaa
Dames in the UmMbSWeadt Iferatensd AOGRSEOEXR<t i ng

Sasakli o JKSukUt amiWi Ronod@A, YKayama¥X &t,au FKu.t, aa KAa.g i
H. (2B&aBAavobhx0lahdEar t h gsuuankaemi@le s u IDia anmaigrdo k y o
BayCoast al EngineerivVondg .Jdudrndlo. ( CQEJ)

Shibayama T., Okayasu A. and Toki M. (1990): Storm surge calculation by udsivgl2model in
Tokyo bay.Jornal of JSCE, Ser. B3 (Civil Engineering in the Ocaarapanese, 6, 7782.

SWAN (Simulating Waves Nearshore): A numerical wave model forobtaining realistic estimates of
wave parameters in coastal areas,lakes and estuaries from given, viottom, and
currentconditions (online),, Delft University of Technology,
http://fluidmechanics.tudelft.nl/swadéfault.ntm Reference May. 20. 2012

Takagi H., Kashiwabaya H., and Tomoya S.(2009): Quantitative Evaluation of Vulnerabilities in
Coastal Structures due to Climate ChanGase Studies for Breakwaterdournal of coastal
engineeringJSCEin Jpanese651, 891895

Takagi, H., Kashihara, H., Esteban, M. and Shibayama, T. (20449essment of Future Stability of
Breakwaters under Climate Chan@mastal Engineering JournaV/ol. 53, No. 1

Ver mdlearnd RahSmé 2 OMMAS 2009 ;-20%3 21527

WRF (Weather Research and Forecasting): A mesoscale numericalweather prediction model (online),
NCAR (the National Center for Atmospheric Researhtth://wrf-model.org/ Reference May. 20.

2012


http://www.mlit.go.jp/kowan/nowphas/index_eng.html
http://fluidmechanics.tudelft.nl/swan/
http://wrf-model.org/

