
Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment A: Page 1 of 4

ATTACHMENT A: Results of FUNWAVE-TVD verification (Purpose A)
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Figure A-1. FUNWAVE--VD spherical version results (red lines) and laboratory data (blue
lines) in the benchmark of solitary wave on a composite beach. Breaking wave case, H=d =
0:2578 initial wave.
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Figure A-2. FUNWAVE-IVD Cartesian version results (red lines) and laboratory data (blue
lines) in the benchmark of solitary wave on a composite beach. Breaking wave case, H=d =
0:2578 initial wave.



Progress Energy, Florida
Levy Nuclear Plant, Units 1 & 2
Probable Maximum Tsunami (PMT) Flood Level at LNP Site

Calc. No: LNG-0000-X7C-051, Rev. 0
Project No. 11945-103

Appendix 1
Attachment A: Page 3 of 4

0.5

x (m)

Figure A-3. Solitary wave calculated by FUNWAVE-TVD in the large domain at Time = 25s,
50s, 75s, 100s, 125s, 150s, 175s, and 200s. The red dashed line represents the nesting
boundary.
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Figure A-4. Solitary wave calculated by FUNWAVE-TVD in the nested small domain at Time = 50s,
75s, 100s, 125s, 150s, 175s, and 200s.
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ATTACHMENT B: Results of NHWAVE verification (Purpose B)
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Figure B-1. Vertical cross section for numerical setup of tsunami landslide.
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Figure B-2. Comparisons between numerical (solid lines) and experimental (dashed lines) free
surface elevation for landslide-generated waves at three wave gauges with d = 61 mm. Gauge
coordinates (r, q,)(mm, deg): (a) (1,510,13.4); (b) (1,929,0); (c) (1,992,14.5), where r is radial distance
and (p is the azimuth.
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Figure B-3. Comparisons between numerical (solid lines) and experimental (dashed lines) free
surface elevation for landslide-generated waves at three wave gauges with d = 120 mm. Gauge
coordinates (r, Cp)(mm, deg): (a) (1,510,13.4); (b) (1,929,0); (c) (1,992,14.5), where r is radial distance
and cp is the azimuth. Note that experimental data are not available in the middle panel.



Progress Energy, Florida
Levy Nuclear Plant, Units 1 & 2
Probable Maximum Tsunami (PMT) Flood Level at LNP Site

Calc. No: LNG-0000-X7C-051, Rev. 0
Project No. 11945-103

Appendix 1
Attachment C: Page 1 of 6

ATTACHMENT C: Results of verification of bathymetryltopography files (Purpose C)
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Figure C-1. Direct comparison between the data downloaded from ETOPO 1
file for Grid A, Venezuela case.
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Figure C-2. Direct comparison between the data downloaded from ETOPO 1 and FUNWAVE input
file for Grid A, landslide cases.
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Figure C-3. Direct comparison between the data downloaded from ETOPO 1 and FUNWAVE input
file for Grid B.
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Figure C-4. Direct comparison between the data downloaded from CRMV and converted Grid C with
the MVSL reference.
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Program C-i: mkbathy a_2m.f

program adj ust bathymetry
parameter (m=2500,n=2500)

character aa
real depthl(m,n) ,x(m) ,y(n)
open (l, file=' fyshiO01-4652 .asc')

read (l, *) aa,ml
read (l,*)aa,ni
read (l,*)aa,xstart
read (, *) aa,ystart
read(l,*)aa,size
read(l,*)aa,nothing

xstart=360+xstart

do i=l,ml
x(i) =xstart+ (i-l) *size

enddo
do j=l,nl
y (j) =ystart+ (j-l) *size

enddo

do j=nl,l,-l
read(l,*)(depthl(i,j),i=l,mll)

enddo

open (2, file= 'largegrid.txt')
do j=l,nl
write(2,100) (-depthl(i,j) ,i=l,ml)

enddo
100 format(1500fi0.2)

close (2)
end

Program C-2: mkbathy_alm.f

program adj ust bathymetry
parameter (m=2500,n=2500)

character aa
real depthl(m,n) ,x(m) ,y(n)
open(i,file='fyshi001-1718.asc')

read (l, *) aa,ml
read (C, *) aa, ni
read(l, *) aa, xstart
read(l, *) aa, ystart
read (l, *) aa, size
read (1, *) aa,nothing

xstart=360+xstart

do i=l,ml
x(i) =xstart+ (i-l) *size

enddo
do j=l,nl
y(j) =ystart+ (j -1) *size
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enddo

do j=nl,l,-l
read(l,*)(depthl(i,j),i=l,ml,l)

enddo

open (2, file= ' gulfgrid')
do j=l,nl
write (2,100) (-depthl(i,j),i=l,ml)

enddo
100 format(1500fi0.2)

close (2)

end

Program C-3: mkbathy bl15s.f

program adj ust bathymetry
parameter (m=2500,n=2500)

character aa
real depthl(m,n) ,x(m) ,y(n)
open (1, file=' fyshiO01-9328 .asc')

read (l,*)aa,ml
read (l,*)aa,ni
read (, *) aa,xstart
read (, *) aa,ystart
read(l,*)aa,size
read(l,*)aa,nothing

xstart=360+xstart

do i=l,ml
x(i) =xstart+ (i-l) *size

enddo
do j=l,nl

y (j) =ystart+ (j -1) *size
enddo

do j=nl,l,-1
read(1,*)(depthl(i,j),i=l,ml,i)

enddo

open(2,file='grid_b')
do j=l,nl-l
write (2,100) (-depthl(i,j) ,i=l,ml-l)

enddo
100 format(1500fi0.2)

close (2)

end

Program C-4: mksite_3s.f

program adjust bathymetry
parameter (m=2500,n=2500)

character aa
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real depthl(m,n),x(m),y(n)
open(l,file='fyshi0O1-4161.asc')

read (l,*)aa,ml
read (1, *) aa, nl
read (l,*)aa,xstart
read (l,*)aa,ystart
read(l,*)aa,size
read(l,*)aa,nothing

xstart=3 60+xstart

do i=l,ml
x (i) =xstart+ (i-l) *size

enddo
do j=l,nl

y (j) =ystart+ (j-i) *size
enddo

do j=nl,i,-i
read(l,*)(depthl(i,j),i=1,ml,l)

enddo

open(2,file='site grid.txt')
do j=l,nl
write(2,100) (-depthl(i,j),i=l,ml)

enddo
100 format(1500flO.2)

close (2)

end

Program C-5: intp.m

clear all
raw=load('XYZ coordinates ft and m.txt');
x=raw(:,5);
y=raw(:,6);
z=raw(:,7);

xl=[min(x) :30:max(x)];
yl=[min(y) :30:max(y)];
[X,Y] =meshgrid(xl,yl);

Z=griddata(x,y,z,X,Y);

save -ASCII z30m.txt Z;
save -ASCII x3Om.txt X;
save -ASCII y30m.txt Y;

Program C-6: navyconvert.m

clear all
xO=-82;
yO=24.3333333333333;

xl= -082.6466616;
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y1=29.0609705;
x2=-082.6018743;
y2=29.0939305;

Xnav=load('x30m.txt');
Ynav=load('y30m.txt');
Znav=load('z30m.txt');

[m,n] =size(Xnav);

Xg= (Xnav-Xnav(l, 1)) /(Xnav(m,n) -Xnav(1, 1)) * (x2-xl) +xl;
Yg= (Ynav-Ynav(i, 1)) / (Ynav(m,n) -Ynav(1, 1)) * (y2-yl) +yl;

save
save
save

-ASCII Xg30m.txt Xg;
-ASCII Yg30m.txt Yg;
-ASCII Zg30m.txt Znav;

Program C-7: processsite.m

clear all
fdir=''-
zlow=5;
zhigh=25.0;
[B,Xl,Yl]=readbatfile([fdir

Xl=Xl-360.0;
B=-B;
[X,Y]=meshgrid(Xl,Yl);

'site 3s most.txt']);

set(gcf,'units','inches','paperunits','inches','papersize', [8
3], 'position', [1 1 9 4],'paperposition', [0 0 8 3]);

Xs=load('Xg30m.txt');
Ys=load('Yg30m.txt');
Zs=load('Zg30m.txt');
Zs=Zs-0.07 ! 0.07 is based on

[m,n]=size(Zs);

Zs90m=griddata(Xs,Ys,Zs,X,Y);

zl=Zs9Om;
zl(isnan(zl))=0.0;
z2=Zs9Om;
z2(isnan(z2))=B(isnan(z2));

pcolor(X,Y,z2),shading flat
xlabel('Longitude (^\circ) );
ylabel('Latitude (^\circ)' ;

caxis([zlow, zhigh])
colorbar
axis([-83 -82.5 28.5 29.2])
save -ASCII Xsmall.txt X
save -ASCII Ysmall.txt Y
save -ASCII ZsmallMSL.txt z2

NOAA Cedar Key FL, ID: 8727520;
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ATTACHMENT D Results from verification of FUNWAVE-TVD input files from NHWAVE outputs
(Purpose D)
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Figure D-1. Direct comparison between NHWAVE output file and FUNWAVE-TVD input file for
Mississippi Canyon case.
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Figure 0-2. Conversion between output data from NHWAVE and input data for FUNWAVE-TVD for
Florida escarpment case.
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Program D-1: interpolation2global.m

clear all
xO=-86.0;
yO=2 5.0;
R_earth = 6371000.0;
z=load('eta_0048');
u=load('u_0048');
v=load('vL0048');
u1=u(1:400,:);
u2=u(401:800,:);
u3=u(801:1200,:);
v1=v(1:400,:);
v2=v(401:800,:);
v3=v(801:1200,:);

uu=(ul+u2+u3)/3.0; % get averaged value
w=(vl+v2+v3)/3.0;

[nl ,ml]=size(z);
dx1 =500. 0/(R earth*cos(yO*pi/1 80. 0)*pi/l 80.0);
dyl =500.0/(R earth*pi/1 80.0);
x1=x0+[0:m1-1]*dx1;
yl=y0+[0:nl-1]*dyl;

[Xl,Y1 ]=meshgrid(xl,yl);

m2=1291;
n2=901;
dx2=1/60;
dy2=1/60;
x2=-99.5+[0:m2-1 ]*dx2;
y2=1 7.0+[0:n2-1]*dy2;
[X2,Y2]=meshgrid(x2,y2);

Z2=griddata(Xl ,Y1 ,z,X2,Y2);
U2=griddata(X1 ,Y1 ,uu,X2,Y2);
V2=griddata(X 1,Y1 ,vv,X2,Y2);
Z2(isnan(Z2))=0.0;
U2(isnan(U2))=0.0;
V2(isnan(V2))=0.0;

save -ASCII madefz.txt Z2;
save -ASCII madefu.txt U2;
save -ASCII madefv.txt V2
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ATTACHMENT E Results from verification of datum conversions (Purpose E)

Q&A

PMWW Gurh
Cetoty cis

TO-SNp I Ran..
Tomn LWd WV

r-dinsm Grift

state Plaft
Ca*WWt coo
hMch C~w*

hued Tean
Fono

Tý Umd Sar.wV

Utm Plae

mg~f is

-00016-C

waf tbr mom..
i - dm foril -t..

A ~sst mc*outt Ai Oe needed fWr the fsatoroo W this webn PAWe.

Ims MWe UtWyU uUSed Stans fets P15*4 aWdeW" to 4W owdeg "itonw rr ffWe
kvnfftrmug ebmet Ow soft Oamm wowen wla15edl h asn Ki.WSGW Detai.

Co...aSSM tskien to Leetmfte .ed Legfted.

&W(e OWn Zmt, Eboetoq aMW Wotdsen Vihew the .* muf Ow -.b pap arftl the. Wn tiage SEoit.

093 @2-6 a-W XV Wnt 1*a~o

X (nn~mhe Y (."var) US SLMW? fiW (360 W 3937 MUMt)
137SUM 520 I~tVntnWnhe F4.t (I f.st .. 3045 nd.t-)

(:flý ýag..Wd F- U- un-n~nnnnnnn.*Wn

P~eop0902 13702M 5l2g0eee

20e on02- Flodo a-
leave us SUNIWY efet Iwroend" fent

X t1274136AM 449M7.552 449S71401
V S23960.=0 171982SA3L 17t403LB?

CakWjAW Vrgnrn- hanse we Cegin Lot Long toes.. dommWn riesan
kteqe T?"e sots P~mw - nwide ote
DO- Let L&Aft 3* 06097W5, -24". -- 61.

-ar Pant. 2gngAW" .4382 74*70
begree ea-mb 9VY319.49W.O51r 7 i

ftft XV (MU- 0902 137O0090Mm MM3g0.ooo
X Y (Us OWve FV t 0902O 446572J#2rdJS 17lOSAi3ftiS
X V (b*eWsuedeee Ped2 OM0 4495f491ft 1704MAPIR
UT" 17R l390gens 3215g60.nN

v7ALMaueISMe
ONelwt C1

680OW CHHQ2

fa Se.*dtim o- Um to nwot a hetsrnohsn .wrtmghnt..Ok

a - Q-i~t

Figure E-1. Horizontal datum conversion between Florida State Plane Coordinates, West Zone, NAD
83 and global Latitude/Longitude coordinates.
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Data Rctrieval Page 1 of 1
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Figure E-2. Data at NOAA Cedar Key station used for vertical datum conversion.
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ATTACHMENT F Backup of FUNWAVE-TVD Directory Listing (Purpose F)

........... .......... ... .... .. .....

[fysht@darkstar levy]$ Is
nest-process resulttflo-st
postprocessing result-large
result-b-cari resulttmsc-conserv
resulttb-flo resulttmsc-conserv.frc2
resulttb-flo-st result-msc-longtime
resulttb-less-frc resulttmsc-ma
resulttb-msc-ma slope-test
resulttbusc-st src
resulttcari-longtime src-coupling
resulttc-cart_10 src-coupiongtime
resulttc-flo-ja work-b-cari
resulttc-flo-st work-b-flo
resulttcjsc-ma-LB work-b-flo.st
resulttcusc-st-LS work-b-less-frc
resulttc-uv-cari work-b-msc-ma
resulttc-uv-flo work-b-usc-st
resulttc-uv-mo work-car-l ongtime
result-flo work-carri
result.flo-longtime work-c-cari-10
[fyshi@darkstar levy]$ I

U

work-c-flo-ma
work-c-fltost
workcuma-sm-wet
work-cumsc-ma_10
work-c-msc-stJ0
work-c-uv-cari
work-c-uv-flo
work-c-uv-la
work-flo
work-flo-cor
work-floTongtime
work-flo-st
work-frcTarge
work-large
work-msc-conserv
work-msc-conserv.frcO•l
work-msclongtime
work-mscuma

A

V

Figure F-1. The structure of FUNWAVE-TVD program folders on DARKSTAR
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ATTACHMENT G Backup of NHWAVE Directory Listing (Purpose G)

.... ... • ~ i~ i! •J ii i i • i i !¸ ¸¸ ¸¸ i !¸ • • ¸¸ . . .. .. • . .. . . . > i i , • • i i i . . i¸¸ i •i ;i ! i i~ i~ i~ ii-; . .. .

[gua@darkstar Land5Iidegou]$ Is
LandSlidaFLO LandStide.JIIS
[gumadarkstar LandSIidegom]$

U

A

V

Figure G-1. The structure of NHWAVE program folders on DARKSTAR
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Attachment H. Program for Calculation of Earthquake Magnitude (Purpose H)

Program H-1

clear all

L=750.0*1000;
W=50.0*1000;
mu=4.0*10A10; % pa
uO=23.0;
MO=mu*u0*L*W
Mw=(Iog 10(M0)-9)/log 10(32)

WWRC . .....................
File Edit Debug Parallel Desktop Window Help

! 9- P- 0 I /IUsers/fengymnshilwork/CONSULTING_201l/postprocessing

I Shortcuts A Howto Add PI W'• ,s Fw

>> clear all

L-7S0.0*10005
V-SO. 0*100I)
m"-4.010^10; I pa
u0-23.0;

Mw-(loglO(KO)-9)/ogl0(32)

NO -

3.4S00..22

8.9943

Figure H-1. Validation of earthquake magnitude using parameters in Reference 13.
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Attachment 1: Verification of Post Processing of FUNWAVE-TVD and NHWAVE
(Purpose I)

Figure 1
v~eEit !4e__kued _ Tools Desktop _ _Wndim Help __

'J J bil '. )a r 1UM a

21LO4

I

File Edt Debug Parallel Desktop Vlndow "e

mOwcuts A Now= AMdl A eWo Nmw

-82.9167 26.5$33

*I.(168,1001

4.0004

>" IX200O,40O|.YI6OO.45003

-52.6107 29.0000

>> .10(600,400)

3.98103

> 1X(300.300),Y(300,300)l

-42.7500 20.7500

.> e1.130,0300)

3.1243

[ XI(3X.,350.,T(390,3SOl

-12.7083 2S.7917

>> e1.2350,3501

3.1531

75

-6±8
Leoultud.()

0 1 3 4 5

Ad

I !"In,

Figure I-1. Comparisons between modeled maximum magnitudes at four locations (marked in
the left panel) and approximate values color-scaled in the left figure.
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Contents of this DVD are listed as follows.

1. FUNWAVE-TVD Version 1.0

1) Directory listing
DVD/FUNWAVETVD
result-b cari
result b flo
result b flo st
result b msc ma
result b msc st
result c cari 10
result c floma
result c flo st
result c msc ma 10
result c msc st 10
result flo
result-flost
result large
result msc conserv
result msc ma
src
src coupling
work b cari
work b flo
work b flo st
work b msc ma
work b msc st
work c cari_10
work c flo ma
work c flo st
work c msc ma_10
work c msc st 10
work carri (not used)
work flo
work-flost
work large
work msc conserv
work msc ma

2) Users' manual
DVD/Manuals/funwave tvd_1.0_manual.pdf
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3) Computer programs
DVD/FUNWAVETVD/src/* - source files (*.F) and executive file (mytvd,
compiled without nesting option)
DVD/FUNWAVETVD/srccoupling/* - source files (*.F) and executive file
(mytvd, compiled with nesting option)

4) Input files
DVD/FUNWAVETVD/worklarge/input.txt - for Venezuela case, grid A
DVD/FUNWAVETVD/work b cari/input.txt - for Venezuela case, grid B
DVD/FUNWAVETVD/work c cari 10/input.txt - for Venezuela case, grid C
DVD/FUNWAVETVD/workmsc ma/input.txt - for MC case, grid A, NHWAVE

source
DVD/FUNWAVETVD/work b msc_ma/input.txt - for MC case, grid B, NHWAVE

source
DVD/FUNWAVETVD/work c mscma_10/input.txt - for MC case, grid C,

NHWAVE source
DVD/FUNWAVETVD/workmsc_conserv/input.txt - for MC case, grid A, static

source
DVD/FUNWAVETVD/work b mscst/input.txt - for MC case, grid B, static source
DVD/FUNWAVETVD/work c msc st_10/input.txt - for MC case, grid C, static

source
DVD/FUNWAVETVD/workflo/input.txt - for FE case, grid A, NHWAVE source
DVD/FUNWAVETVD/work b flo/input.txt - for FE case, grid B, NHWAVE

source
DVD/FUNWAVETVD/work c flo ma/input.txt - for FE case, grid C, NHWAVE

source
DVD/FUNWAVETVD/work flo st/input.txt - for FE case, grid A, static source
DVD/FUNWAVETVD/work b flo st/input.txt - for FE case, grid B, static source
DVD/FUNWAVETVD/work c flo st/input.txt - for FE case, grid C, static source

5) Output files
DVD/FUNWAVETVD/result_Iarge/* - for Venezuela case, grid A
DVD/FUNWAVETVD/result b cari/* - for Venezuela case, grid B
DVD/FUNWAVETVD/result c carinl 0/* - for Venezuela case, grid C
DVD/FUNWAVETVD/resultmscma/* - for MC case, grid A, NHWAVE source
DVD/FUNWAVETVD/result b mscma/* - for MC case, grid B, NHWAVE

source
DVD/FUNWAVETVD/result c mscma_10/* - for MC case, grid C, NHWAVE

source
DVD/FUNWAVETVD/resultmsc conserv/* - for MC case, grid A, static source
DVD/FUNWAVETVD/result b mscst/* - for MC case, grid B, static source
DVD/FUNWAVETVD/result c msc st_10/* - for MC case, grid C, static source
DVD/FUNWAVETVD/resultflo/* - for FE case, grid A, NHWAVE source
DVD/FUNWAVETVD/result b flo/* - for FE case, grid B, NHWAVE source
DVD/FUNWAVETVD/result c flo ma/* - for FE case, grid C, NHWAVE source
DVD/FUNWAVETVD/result flobst/* - for FE case, grid A, static source
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DVD/FUNWAVETVD/result b flobst/* - for FE case, grid B, static source
DVD/FUNWAVETVD/result c flo st/* - for FE case, grid C, static source

NHWAVE Version 1.0

1) Directory listing

DVD/NHWAVE/LandSlide FLO
DVD/NHWAVE/LandSlideMIS

2) NHWAVE documentation

DVD/Manuals/nhwavedocumentation.pdf

3) Computer programs
DVD/NHWAVE/LandSlide FLO/*.f90 - for FE case
DVD/NHWAVE/LandSlide MIS/*.f90 - for MC case

4) Input files
DVD/NHWAVE/LandSlideFLO/input.txt - for FE case
DVDiNHWAVE/LandSlideMIS/input.txt - for MC case

5) Output files
DVD/NHWAVE/LandSlideFLO/* 0048, *_0055 - for FE case
DVD/NHWAVE/LandSlideMIS/*_0016 - for MC case

Bathymetric/Topographic Data Files

DVD/BathyTopo/fyshiOO 1-4161 .asc, GRID C from CRM
DVD/BathyTopo/fyshiOO-9328.asc, GRID B from CRM
DVD/BathyTopo/fyshiO01 -1718.asc, GRIDA1 from ETOPO I
DVD/BathyTopo/fyshi001-4652.asc, GRIDA from ETOPO 1

Grid Generation (Programs C-1 through C-7)

DVD/Gridgeneration/mkbathy a 2m.f, Program C-1
DVD/Gridgeneration/mkbathy a Im.f, Program C-2
DVD/Grid generation/mkbathy b 15s.f, Program C-3
DVD/Gridgeneration/mksite_3s.f, Program C-4
DVD/Gridgeneration/intp.m, Program C-5
DVD/Gridgenerationlnavconvert.m, Program C-6
DVD/Gridgeneration/process_site.m, Program C-7
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Post Processing MATLAB Programs

DVD/Postprocessing/
gulf b hmax-floma.m
calmaxrunupcari.m
gulf b hmax flost.m
cari eta.m
cari_gulf eta.m
gulf b hmax-ma.m
cari_gulf hmax.m
gulf b hmaxst.m
depth b.m
gulf eta.m
depthgulf.m
gulf eta conserv.m
depthlarge.m
gulf eta flo.m
gulf eta flobst.m
gulf eta ma.m
gulf hmax.m
gulf hmax conserv.m
gulf hmax flost.m
gulf hmaxma.m
flood cari.m
maxrunup_l dcari.m
flood cari hmax.m
max-runup_ld-cari-miles.m
flood flohmax.m
maxrunup_ld-flo.m
flood flohmax st.m
maxrunupd flo miles.m
flood flo ma.m
maxrunup_ld flo st.m
flood flobst.m
maxrunupd flo st miles.m
flood msc hmax.m
maxrunup_l dmsc.m
flood msc hmax st.m
maxrunup_ld-mscmiles.m
flood msc ma.m
maxrunupl d_mscst.m
flood msc st.m
maxrunup ld-mscst miles.m
gulf b eta cari.m
maxrunupcontour cari.m
gulf b eta-flobma.m
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max runup_contourflo.m
gulf b eta flost.m
max runup_contour fibost.m
max runup_contour_msc.m
max runupcontourmsc st.m
gulf b eta ma.m
msc-ma-grid-a.m
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Shock-capturing Non-hydrostatic Model for Fully
Dispersive Surface Wave Processes

Gangfeng Ma 1 , Fengyan ShiI and James T. Kirby1

1 Center for Applied Coastal Research, University of Delaware, Newark DE 19716 USA

Abstract

This paper describes NHWAVE, a shock-capturing non-hydrostatic model

for simulating wave refraction, diffraction, shoaling, breaking and landslide-

generated tsunami in finite water depth. The governing equations are the

incompressible Navier-Stokes equations in conservative form, written in sur-

face and terrain-following form using a a coordinate. In order to apply a

Godunov-type scheme, the velocities are defined at cell centers. The dy-

namic pressure is defined at vertically facing cell faces so that the pressure

boundary condition at free surface can be precisely imposed. The HLL Rie-

mann approximation is employed to estimate fluxes at horizontal cell faces.

The nonlinear strong stability-preserving (SSP) Runge-Kutta scheme is used

to obtain second-order accuracy in time. The model is validated using six

test cases based on analytical solutions and experimental data. The com-

puted results show that the model can well predict wave propagation over

submerged bar, wave refraction and diffraction over an elliptical shoal as well

as wave breaking and run-up on a plane beach using relatively few (three to

five) vertical layers. The model is also shown to provide accurate reproduc-

Preprint submitted to Ocean Modelling June 14, 2011
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tion of a generated tsunami wave resulting from a solid translating bottom

feature.

Keywords: non-hydrostatic model, shock-capturing, Godunov-type

scheme, nearshore wave processes, landslide generated tsunami

1. Introduction

Wave propagation from deep water to coastal region is subject to wave

refraction, diffraction, shoaling and breaking. Accurate prediction of these

phenomena is crucial to studying nearshore hydrodynamics and solute trans-

port in the coastal area. Boussinesq-type wave models with improved nonlin-

earity and dispersion characteristics provide an efficient and well-tested tool

for the simulation of wave propagation, especially in shallow water regions

(Madsen and Sorensen, 1992; Nwogu, 1993; Wei et al., 1995). Means for

extending these models to higher order in dispersion have been developed

(see Gobbi et al (2000), Lynett and Liu (2002) and Agnon et al (1999), for

example), and more recently, extensions to the model formulation to account

for turbulent structure of the flow field and the resulting effects on depth-

averaged solute or contaminant transport have been developed (Kim et al,

2009; Kim and Lynett, 2011). All of these extensions lead to a great deal of

complexity in the resulting model equations.

An alternative approach is to solve the Navier-Stokes equations directly

with proper free surface tracking techniques, such as the marker-and-cell

(MAC) method (Harlow and Welch, 1965), the volume-of-fluid (VOF) method

2
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(Hirt and Nichols, 1981) and the level-set method (Osher and Sethian, 1988).

These approaches have wide applications on the simulations of wave shoal-

ing and breaking in the surf zone; see, for example, Lin and Liu (1998a,b),

Watanabe et al. (2005), Christensen (2006), Shi et al. (2010) and Ma et

al. (2011). The main drawbacks of these types of models are: (1) They are

computationally expensive, making applications to large-scale domains infea-

sible; (2) The free surface normally crosses the computational cell arbitrarily,

which brings the difficulty of applying the pressure boundary condition pre-

cisely on the free surface and may eventually affect the accuracy of velocity

computation (Lin and Li, 2002); and (3) The grid resolution in the surf zone

and swash zone, where the water depth is relatively shallow, is usually poor

due to the use of Cartesian grid system on most of applications.

A direct simplification of the above-mentioned approach is to assume

that the free surface elevation is a single value function of the horizontal

coordinates. By doing so, the free surface is always located at the upper

computational boundary and can be determined by applying the free surface

boundary conditions. It is computationally more efficient with the lack of

free surface tracking. The pressure boundary condition at the free surface can

be accurately prescribed with some proper treatments. This simplification

leads to a new set of non-hydrostatic models, which are not only suitable

for modeling short wave propagation but also for the simulation of turbu-

lence and solute transport in the surf zone. To solve the non-hydrostatic

equations, the pressure is decomposed into hydrostatic and non-hydrostatic

3
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components. The governing equations can be discretized by finite difference

method (Casulli and Stelling, 1998; Casulli, 1999; Namin et al., 2001; Casulli

and Zanolli, 2002; Lin and Li, 2002; Chen, 2003; Stelling and Zijlema, 2003;

Zijlema and Stelling, 2005; Yuan and Wu, 2004; Lee et al., 2006; Young

et al., 2007, 2009, 2010; Wu et al., 2010), finite element method (Walters,

2005) and finite volume method (Bradford, 2005; Ai and Jin, 2010; Lai et al.,

2010). A major concern addressed in recent developments of non-hydrostatic

models is the accurate prediction of wave dispersion characteristics with rel-

atively few vertical grid points. It has been recognized that 10 - 20 vertical

layers are normally required to describe wave dispersion up to an acceptable

level with some simple treatments of pressure boundary conditions at the

top layer, for example, Casulli and Stelling (1998), Casulli (1999), Casulli

and Zanolli (2002), Li and Fleming (2001), Namin et al. (2001), Lin and

Li (2002), Chen (2003). To address this issue, Stelling and Zijlema (2003)

proposed the Keller-box method to replace the staggered grid in the vertical

direction, which enables the pressure to be located at the cell faces rather

than the cell centers. The pressure boundary condition at the free surface

can be exactly assigned to zero without any approximation. Yuan and Wu

(2004a,b) proposed an integral method to remove the top-layer hydrostatic

assumption using a staggered grid framework. Young and Wu (2010) used

the Boussinesq-type-like equations with the reference velocity to provide an

analytical-based non-hydrostatic pressure distribution at the top layer. All

of these methods significantly reduce the errors in dynamic pressure estima-

4
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tion and allow for use of a very small number of vertical layers for accurate

simulation of dispersive waves.

It is non-trivial to apply non-hydrostatic models to the simulation of

breaking waves in the surf zone and wave run-up in the swash region, because

the numerical scheme involved must treat shock propagation adequately in

order to model broken waves (Zijlema and Stelling, 2008). Shock-capturing

schemes based on Godunov-type approach, which can deal with discontinu-

ous flow, are well-suited for breaking wave simulations. These schemes are

able to track actual location of wave breaking without requiring any crite-

rion that tells the model when and where the wave breaking happens. An

application of this approach to simulation of breaking waves in the surf zone

was given by Bradford (2011). It was showed that the non-hydrostatic model

with Godunov-type scheme can predict wave height distribution, turbulence

and undertow under breaking waves at least as accurate as the VOF model.

However, eight or more vertical layers are needed in his model to accurately

predict the surface elevation around the outer surf zone as well as velocity

profiles within the surf zone.

In this paper, we describe a new nonhydrostatic model (called NHWAVE,

for Non Hydrostatic WAVE model) based on a Godunov-type scheme. NHWAVE

solves the incompressible Navier-Stokes equations in terrain and surface-

following a coordinates. Bottom movement is included in order to simulate

tsunami generation by three-dimensional underwater landslides. To apply

Godunov-type scheme, the velocities are defined at cell centers. The dy-

5
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namic pressure is defined at vertically-facing cell faces as in the Keller-box

method, allowing the pressure boundary condition at the free surface to be

precisely imposed. The hydrostatic equations are solved by a well-balanced

finite volume method. The fluxes at cell faces are estimated by HLL Rie-

mann approximation. To obtain second-order temporal accuracy, the nonlin-

ear Strong Stability-Preserving (SSP) Runge-Kutta scheme (Gottlieb et al.,

2001) is adopted for adaptive time stepping.

The paper is organized as follows. In section 2, the governing equations

in conservative form are presented. The numerical method, boundary condi-

tions and wetting-drying scheme are introduced in section 3. Finally, six test

cases are given in section 4 to show the model's capability of simulating wave

refraction, diffraction, shoaling, breaking and landslide tsunami generation.

2. Governing Equations

The incompressible Navier-Stokes equations in Cartesian coordinates (Xl, x*, X3),

where x1 = x*, x2 = y* and x. = z* and time t* are given by

oui
-o 0 (1)

1ui Oui _ Op (2)3o + uj ox - -- +g,+ (2)

where (i,j) = 1, 2, 3, ui is velocity component in the x* direction, p is total

pressure, p is water density, gi = -g5i 3 is the gravitational body force and

,t = ,(Oua/&rx! + Ouj/Ox*) is viscous stress with v the kinematic molecular

6
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viscosity.

In order to accurately represent bottom and surface geometry, a ur-coordinate

developed by Phillips (1957) is adopted in this study.

z*+h(3
t=t* X=x* y=y* 0- D (3)

D

where D(x,y,t) = h(x,y,t) + q(x,y,t), h is water depth, rq is surface ele-

vation. This coordinate transformation basically maps the varying vertical

coordinate in the physical domain to a uniform transformed space where a

spans from 0 to 1. Using the principle of chain differentiation, the partial

differentiation of a variable f = f(x*, y*, z*, t*) in the physical domain is

transformed as follows.

Of Of Of au
Ot* Ot Oa Ot*
Of Of Of Oau
Ox* Ox Oa Ox*
Of _ Of + _ u
ay* Oy Oau y*
Of Of Oacr
Oz* Oa Oz*

Plugging equation (4) into (1) and (2), we obtain the governing equations

in the new coordinate (x, y, u) and time t.

OD ODu ODv Oaw
at+ ax (5)

7



Progress Energy, Florida
Levy Nuclear Plant, Units 1 & 2
Probable Maximum Tsunami (PMT) Flood Level at LNP Site

Calc. No: LNG-0000-X7C-051, Rev. 0
Project No. 11945-103

Appendix 1
Attachment K: Page 8 of 55

OU OF OG OH
-+ - +- + a -Sh±+SP+ST

where U = (Du, Dv, Dw)T. The fluxes are

(6)

Duu + -•g

Duv

Duw I Duv

Dvv + !gD 2

Dvw

H =(vw

ww

The source terms are given by

SgD!LhSh= gD!

0

r 7 • + a-cy2ax-) DSTx

_ , (P + ý ) S,= DSY

1 ap DS

where the total pressure has been divided into two parts: dynamic pressure

p (use p as dynamic pressure hereinafter for simplicity) and hydrostatic pres-

sure pg(r7 - z). w is the vertical velocity in the a coordinate image domain,

given by

(Oc Ocr Oc Ocr Nw=D -U +U-u +V-y, uW

( at* ax* 0~y* + O-z *,
(7)

8
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with

0c( 1 Oh

Ot* D at
0o _ 1 Ah

Ox* D ax

Oy* D ay

Oz* D

oOD
D at

OD
D Ox
a OD

D Oy

(8)

The diffusion terms are given by

S.- O+

S'ry - 'Y +

aTý' Ora OTaY

Oau Ox* + Oy
Owr Oc OT* y
Ocr Ox* + -Oy

+ OTiy Oau + OTxz O9r
Oacr y* Oa Oz*

OTyy Ocr O~z Ocr
+ 

+
Oc Oy* Oc Oz*

+ OTzy Oa7 OTzz Oc9
Oa Oy* Oacr Oz*

(9)

OTz1 OTz• O+ a
- Ox + Oc Ox*

OTzy+0S

Integrating equation (5) from o = 0 to 1 and using the boundary condi-

tions at the bottom and surface for w, we get the governing equation for free

surface movement.

OD 0

jt +Ox D 1Iud) + a-- (D vdor) = 0 (10)

3. Numerical Method

A combined finite-volume and finite-difference scheme with a Godunov-

type method was applied to discretize equations (6) and (10). It is straight-

forward to define all dependent variables at cell centers to solve Riemann

9
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problem. However, this treatment results in checkerboard solutions in which

the pressure and velocity become decoupled when they are defined at the

same location (Patankar, 1980). Therefore, most existing models use a stag-

gered grid in which the pressure is defined at the centers of computational

cells and the velocities are defined at cell faces (Bradford, 2005). However,

staggered grids do not lend themselves as easily as co-located grids to the use

of Godunov-type schemes. Meanwhile, difficulty in treating the cell-centered

pressure at the top layer may arise when applying the pressure boundary

condition at the free surface (Yuan and Wu, 2004).

With these considerations, a different kind of staggered grid framework

is introduced, in which the velocities are placed at the cell centers and the

pressure is defined at the vertically-facing cell faces as shown in figure 1.

The momentum equations are solved by a second-order Godunov-type finite

volume method. The HLL approximate Riemann solver (Harten et al., 1983)

is used to estimate fluxes at the cell faces. As in Stelling and Zijlema (2003),

the pressure boundary condition at the free surface can be precisely assigned

to zero.

3.1. Time Stepping

To obtain second-order temporal accuracy, the two-stage second-order

nonlinear Strong Stability-Preserving (SSP) Runge-Kutta scheme (Gottlieb

et al., 2001) was adopted for time stepping. At the first stage, an intermediate

quantity U(1) is evaluated using a typical first-order, two-step projection

10
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method given by

t- + + s+ S. (11)

U(1) - U*-
At S(1) (12)

where U' represents U value at time level n, U* is the interim value in the

two-step projection method, and U(1) is the final first stage estimate. In the

second stage, the velocity field is again updated to a second intermediate level

using the same projection method, after which the Runge-Kutta algorithm

is used to obtain a final value of the solution at the n + 1 time level.

U*- U(1) _ (OF + G + H) (1) + S()+S(l) (13)

At OX O9y 49a/
U(2) - U* (14)

AtU•I 1 1
Un4 i = 1U + U(2) (15)

Each stage of the calculation requires the specification of the nonhydrostatic

component of the pressure force as expressed through the quantities Sp. The

pressure field needed to specify these is based on the solution of the Pois-

son equation described below. Also at each stage, the surface elevation is

obtained by solving equation (10) explicitly. The time step At is adaptive

during the simulation, following the Courant-Friedrichs-Lewy (CFL) crite-

11
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rion

At= Cmin min AX min Am /Dim (16)[=IJk IVi,j,kI + ,gDi,' IWiJj kI

where C is the Courant number, which is taken to be 0.5 to ensure accuracy

and stability in the current model.

3.2. Spatial Finite Volume Scheme

Equation (11) and (13) essentially represent the shallow water equations

based on a hydrostatic pressure distribution. We discretize them using a

second-order Godunov-type finite volume method. It is noticed that applying

a naive finite volume Godunov-type scheme directly to the equation does not

lead to an automatic preservation of steady state (Zhou et al., 2001; Kim et

al, 2008; Liang and Marche, 2009). Therefore, It is desirable to reformulate

the equation so that the flux and source terms can be automatically balanced

at the discrete level in the steady state. In this study, the method by Liang

and Marche (2009) is employed. Taking the x component source term as an

example, notice that the total water depth is D = h + 77. The source term

can be rewritten as

g(h + 77)• Oh gh2 + g77-ax (17)
Ox x 2 (17)

in which the first term in the right hand side can be combined together with

the flux terms.

12
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Based on this, the flux and source terms may be expressed as

Duu + -1 + gh1 Duv gra

F Duv Gi =j Dvv + ± g2 + ghrj Sh jgrLJ

Duw Dvw 0

The main advantages of the above formulation are that they maintain the

hyperbolicity of the original formulation and are mathematically balanced for

the flux and source terms so that the steady state motionless water surface is

automatically preserved for wet-bed applications (Liang and Marche, 2009).

To solve equation (11) and (13), fluxes based on the conservative vari-

ables are required at the cell faces. In high-order Godunov-type methods,

the values of the conservative variables within a cell are calculated using

a reconstruction method based on the cell center data (Zhou et al., 2001).

Usually a piecewise linear reconstruction is used, leading to a second order

scheme. For U in the cell i, we have

U = U2 + (x - xj)AUi (18)

where AU, is the gradient of U, which is calculated by

AUi= avg (,i+ i 'ji, I i) (19)

i Xi+i -c Xi Xi suXi- o

in which avg is a slope limiter which is used to avoid spurious oscillations in

13
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the reconstruction data at the cell faces. In this study, the van Leer limiter

is adopted, which is given by

avg(a, b) = albl + Ialb
Ial + IbI (20)

The left and right values of U at cell face (i + 1) are given by

uL =XU+ AxAU, UR = -

(21)

The flux F(UL, UR) is calculated by solving a local Riemann problem at

each horizontally-facing cell face. In the present study, HLL Riemann solver

is employed. The flux at the cell interface (i + 1) is determined by

F(UL, UR) = IF(UL)

F*(UL, UR)

F(UR)

if SL >__0

if SL < 0 < SR

if SR <•O

(22)

where

F*(ULUR) = SRF(UL) - sLF(UR) + SLSR(UR - UL)

SR - SL

with wave speed SL and SR defined by

SL = min(uL -_ gDLgUL, u_- gD-)

SR = max(uR + VgDR, us + gD/)

(23)

(24)

(25)
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where u, and V/gD 8 are estimated by

=1 (uL uR) + gDL- gDR

g/__ \I: g -L + VgDR+ -
2 4

(26)

(27)

To obtain the non-hydrostatic velocity field, the dynamic pressure p has

to be calculated first. From equation (12) and (14), we get

At (/O+ op ao_ (k)

p (k = -- (28)

At ('+p 0OO (k)

(k) At 1 0 p(k) (30)
p D(k) wow

where k 1, 2 represents the kth stage in the Runge-Kutta integration.

Applying equation (3) and (4), the continuity equation (1) is transformed

as
Ou Ou 'O v Oy
Ox Ox* + -&y

OV ca 1 Ow
+---+ --D 0oa. Oy* D Ou. (31)

Substituting equation (28) - (30) into (31), we obtain the Poisson equa-

15
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tion in (x, y, o) coordinate system

a [p Dp-au 1 + [p ap 1 & /p 0o7[DH-DD~~Y~2 [D Diy*j Da ODX, OX*ox [x + 0(7 O N + y[a 0(7 + 1 -1x* ) +I

a (/p) a7 + IaU• 2 + , 2 i & (p') =32
19U aDy D9y* OX Dx/ y* / jD a 2a (go (32)

p (Du* +u* Da Ov* +v* OD 1+ w*
At D9x Dy D*y a* D+-u+

The above equation is discretized with the second-order space-centered finite

difference method. The velocities of (u*, v*, w*) at vertical cell faces are

interpolated from adjacent cell-centered values. The resulting linear equation

is given by

alpi,j-1,k-1 + a2pi-1,j,k-1 + a3Pi,j,k-1 + a4Pi+1,j,k-1 + a5pi,j+lk-l+

a6Pi,j-l,k + a7pi-,j,k + a8pi,j,k + a9pi+l,j,k + alopi,j+1,k + aIpi,j-1,k+1+ (33)

a12Pi-1,j,k+1 + al3Pi,j,k+l + al4Pi+l,j,k+l + al5Pi,j+1,k+1 = R-p

where

a,= _ (cry)iJ-1,k + ((7y)i,j,k
(2Ay(ACTk + An(kl) 2Ay(A--k + A7k-l)

a ( A x )i-lj,k( +())iJ,k )
2A((Aak + Aak-l) 2Ax(Ao-k + A(7k_1)

(C7±2 + 1)ijk

a3  -0.5(A(7k + A(7k-1)A(7k-l

( (7x)i+l,j,k ( Tx )i,j,k
a 4 = 2Ax(Ak + A(k_1 ) + 2Ax(AO7k +a itk1l)

16
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a5(UCy )i 'j-1 l k (aOy )i,j,k¢

a5  2Ay(Aak + Aak_,) + 2Ay(AOk + AOk-1)

1 1a6 = alo -- /y a7 --- a9 -- x
AY 2  AX2

2 2 ( + D)i,j,k (0 + U -+ -L)i,j,k
a8 - + - +

AX2  Ay2  O.-5(Aa7k + A~k-1)AL~k O .5(AOak + AO~k-1)AL~k-1

all = (Uy)i,j-l,k _ + (Aly)i,j,k

2A/y(Ack + AO'k-1) 2A/y(ACk + AO-k-l)

a 1 2 = (x) i-l,j,k + (Ox)i,j,k

a 2Ax(AO-k + Aok)- 2Ax(Aok + AOk-l)

(o -2 + 1y ____)i,j,k

a3= 0.5(/AOrk +• AorkI)AOrk

a 1 4 = _ (o-x)i+l,j,k +( -x)i,j,k

(2Ax(AOk + Aok-l) 2AX(AOrk + AO'k-1)

Rp - p (0au* + u* 1c + v* + r* l Ow*At + Of *+ -9-y + o- ay* D acr

Uniform gridding is used in the horizontal direction while gridding in the

vertical direction is generalized to be non-uniform in order to capture the

bottom and surface boundary layers when desired. The coefficient matrix

is asymmetric and has a total of 15 diagonal lines. The linear system is

solved using the preconditioned GMRES scheme. With p solved, the non-

hydrostatic velocities at each stage can be updated from equation (28) to

(30).

17
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3.3. Boundary Conditions

To solve the governing equations, boundary conditions are required for

all the physical boundaries. At the free surface, the continuity of normal

and tangential stresses is enforced. With wind effects absent, the tangential

stress equals zero, resulting in

Ou Ov O -- _77 = 0 (34)

The vertical velocity w at the ghost cells is obtained to ensure that w at free

surface satisfies the kinematic boundary condition.

+ -+ + V (35)

The zero pressure condition on the free surface is applied when the Poisson

equation is solved.

PIZ=? = 0 (36)

At the bottom, the normal velocity and the tangential stress are pre-

scribed. The normal velocity w is imposed through the kinematic boundary

condition.
Dh Dh Dh

Wlz=-h -- Dt Uf - v -O (37)

The free-slip boundary conditions are used to estimate horizontal velocities

at the ghost cells.
Du Dv

lIz=-h = alz=-h = 0 (38)

18



Progress Energy, Florida Caic. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment K: Page 19 of 55

The Neumann boundary condition is used for dynamic pressure.

OP Iz1=-h =-Ddw l=h(39)
au dw

where w at z = -h is given by (37). In the application to an underwater

landslide in section 4.6 below, we linearize the resulting boundary condition

which gives

__ Iz=-h = pD a2h (40)
__ z=h t2

At the closed boundaries or vertical walls, free-slip boundary conditions

are imposed, so that the normal velocity and the tangential stress are set to

zero. The normal pressure gradient is zero. At inflow, both free surface and

velocities calculated from the analytical solutions are specified.

3.4. Wetting-Drying Treatment

It is straightforward to use a wetting-drying scheme for modeling moving

boundaries. In the present study, a simple wetting-drying scheme is imple-

mented. The wet and dry cells are judged by total water depth D. If a cell has

the total water depth D greater than Dmi,, it's a wet cell with Maski,j = 1.

Otherwise it's a dry cell with Maski,j = 0. Drin is the minimum water depth

allowed for computation. The surface elevation in the dry cells are defined

as ri,j = Dmin - hi,j. For a dry cell surrounded by wet cells, Maskij has to
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reevaluated as

Maskij = 1 if 1i7j ?lneighbor (41)

Maskij = 0 if 'Ii,j > ?]neighbor

In the dry cells, the normal flux at cell faces are set to zero. The wave

speed of equation (24) and (25) for a dry bed are modified as (Zhou et al.,

2001)

SL = UL - gDL SR = +L +2 9DL (right dry bed) (42)

SL = U - 2VgDR S = UR + gDR (left dry bed) (43)

4. Numerical Results

The numerical method presented in the above section has been tested

with several analytical solutions and laboratory experiments. Six test cases

are given in this section: (1) standing wave in closed basin; (2) solitary wave

propagation in constant depth; (3) periodic wave over submerged bar; (4)

wave transformation over an elliptical shoal on a sloped bottom; (5) break-

ing solitary wave runup; (6) tsunami generation by three-dimensional rigid

underwater landslides. These test cases have been widely used to validate

non-hydrostatic models.
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4.1. Standing wave in closed basin

The numerical model was first tested by the analytical solution of a stand-

ing wave in closed basin with length of L = 20 m and depth of D = 10 m.

This test case has been studied by various researchers, for example, Casulli

and Stelling (1998), Casulli (1999) and Chen (2003). They used more than 20

vertical layers in order to correctly simulate wave dispersion. With Keller-box

scheme, Stelling and Zijlema (2003) obtained good agreement with analyt-

ical solution by using two layers. These models are all solved in Cartesian

coordinate system. In this section, we have shown that the present model

in a coordinates can reproduce accurate waves with relatively few vertical

layers.

The initial surface elevation is given by

7Fx

acos(-) (44)
10

where y is the surface elevation in meters, a = 0.1 m is the amplitude of

the standing wave. The wave length equals the length of the basin. Since

kD = Ir > 1, the wave is highly dispersive. From the dispersion relationship

a 2 = gk tanh(kD), where a = 27r/T, k = 2ir/L, we can calculate wave period

T = 3.59 s. The analytical solution for this standing wave is

77 = a cos(kx) cos(at) (45)

For the numerical setup, a uniform grid spacing of 0.2 m was used in
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the horizontal direction. In the vertical direction, five layers are employed.

Figure 2 shows the comparisons of numerical and analytical surface elevations

at x = 0.1 m and x = 17.5 m. The computed surface elevations agree

very well with the analytical solution. The amplitude of the wave has no

significant change. Figure 3 gives the numerical errors at x = 17.5 m as

a function of vertical layers and wave dispersion parameter kD, which is

obtained by varying water depth D. The numerical error is defined as error =

V1 1-- 1 (1a - ?j)2, where N is the number of data that are compared,

r7a is the analytical solution, H is the wave height at x = 17.5 m. The

simulation time is 30 s. As expected, the numerical errors are decreased

by increasing the number of vertical layers. The numerical results are less

accurate for higher dispersive wave with the same vertical layers. Therefore,

more vertical layers are required to obtain sufficiently accurate predictions

for highly dispersive waves.

4.2. Solitary wave propagation in constant depth

The second test case is the solitary wave propagation in constant water

depth. The computational domain is two-dimensional with length of 200

m and water depth of 1.0 m. The solitary wave is initially at x = 8.0 m.

An exact solution of the fully nonlinear equations, obtained using Tanaka's

(1986) method, was used to specify the initial surface elevation and velocity

field (t = 0 s at figure 4 and 5). The solitary wave has the wave height to the

still water depth ratio H/h = 0.5, indicating that the solitary wave is highly
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nonlinear. The domain is discretized by a uniform grid in the horizontal

direction with Ax = 0.1 m and three layers in the vertical direction. The

time step At is adjusted during the simulation based on the Courant number,

which is taken as 0.5.

Figure 4 shows the comparisons of simulated surface elevations and Tanaka

solutions at t = 10, 20, 40 s. We can see that the agreements are almost per-

fect. As the wave propagates to the right, the wave shape hardly change.

Figure 5 shows the comparisons of horizontal and vertical velocities at the

middle elevation between numerical results and Tanaka solutions. The good

agreement of vertical velocity indicates that the dynamic pressure has been

well simulated by the model with three vertical layers.

4.3. Periodic wave over submerged bar (Beji and Battjes, 1993)

In this section, the model is applied to simulate wave shoaling over a

submerged bar. The experimental data by Beji and Battjes (1993) is used

to validate our non-hydrostatic model. This case has been used to verify a

number of non-hydrostatic free surface models including Casulli (1999), Lin

and Li (2002), Chen (2003), Stelling and Zijlema (2003), Yuan and Wu (2004)

and Bradford (2005). The data has also frequently been used as a test of

Boussinesq models, as the case falls outside the range of typical Q(p 2) models

such as Wei et al (1995), but is handled by various higher order approaches

such as Gobbi and Kirby (1999) or Lynett and Liu (2002).

The model setup and bottom geometry is shown in figure 6. The wave
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flume has a length of 30 m. The still water depth is 0.4 m, which is reduced to

0.1 m at the bar. The offshore slope of the bar is 1/20 and the onshore slope

is 1/10. Periodic waves with period 2.02 s and amplitude 1.0 cm are incident

at the left boundary. The computational domain is 35 m long with 10 m of

sponge layer at the right end. To discretize the computational domain, 1750

constant horizontal grids and three vertical layers are used to ensure that the

free higher harmonics can be properly calculated.

Figure 7 shows the comparisons of free surface elevation at six mea-

surement locations between numerical results and experimental data. Wave

shoaling at station a and propagation over the bar at station b are well simu-

lated by the model. The bound higher harmonics generated by the nonlinear

shoaling wave on the upward slope of the bar become free on the downward

slope, resulting in irregular wave pattern at station c to f. The model gen-

erally predicts free surface evolution at these stations well, indicating that

the dispersion for higher frequency components is well simulated with three

vertical layers.

4.4. Wave transformation over an elliptical shoal on a sloped bottom

This example is to test the model's capability of simulating wave refrac-

tion and diffraction over a 3D uneven bottom. The corresponding experiment

was conducted by Berkhoff et al. (1982). The model setup and bottom ge-

ometry is shown in figure 8. An elliptical shoal is located on a plane beach

with a slope of 1/50. Let (xI, y') be the slope-oriented coordinates, which are
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related to (x, y) coordinate system by means of rotation over -20'. The still

water depth without shoal is given by

h = 0.45 x' < -5.84
(46)

h = max(O.07,0.45 - 0.02(5.84 + x')) X' > -5.84

Since the minimum water depth is 0.07 m, the wave is non-breaking. The

boundary of the shoal is given by

) ( 1 (47)

where the thickness of the shoal is

d =-0.3 +0.5 1--(8

Regular wave with wave period of 1.0 s and wave height of 4.64 cm are

incident at the left boundary x = -12 m. At the right end, waves are

completely absorbed by a sponge layer with L = 5 m. Two walls are located

at y = -10 m and 10 m, where free-slip boundary conditions are imposed.

To well simulate wave refraction and diffraction, a fine grid with Ax =

0.025 m and Ay = 0.05 m is used. Five vertical layers are used in the

vertical direction. The time step is adjusted during the simulation, with

courant number 0.5. The simulation period is 30 s. The final five waves are

employed to estimate wave height. Figure 9 shows the comparisons of wave
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height between numerical results and experiment data at eight measurement

sections. Due to refraction, wave focussing occurs behind the shoal with a

maximum wave height of approximately 2.2 times the incident wave height

(around x = 5 m, y = 0 m). The model slightly under-predicts the peak

wave height at section 3 and 5. In other sections, the numerical results

and experiment data agree quite well. These results demonstrates that wave

refraction and diffraction can be well simulated by the model.

4.5. Breaking solitary wave run-up

To show the model's capability of simulating breaking waves and wetting-

drying, we applied the model to study breaking solitary wave run-up and

run-down in a slope beach. The corresponding laboratory experiment was

conducted by Synolakis (1987). The beach slope is 1/20. The still water

depth varies from 0.21 mn to 0.29 m. A solitary wave which has a wave height

to still water depth ratio of 0.28 was incident on the left. Wave gauges were

used to record the free surface displacement during the run-up and run-down.

In the numerical simulation, the solitary wave is initially at 1.5 mn on

the left from the toe of the beach. An exact solution of the fully nonlinear

equations, obtained using Tanaka's (1986) method, was used to specify the

initial surface elevation and velocity field, see figure 10. The computational

domain extends to a location beyond the maximum run-up point. The entire

domain is discretized by 550 uniform grid in the horizontal with Ax = 0.02

mn. Three layers are used in the vertical direction. The minimum water
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depth is 5 mm, which determines wetting-and-drying of the computational

cells. A Smagorinsky subgrid model is employed to dissipate wave energy

during wave breaking, which is given by

/t = (C, A) 2 I SiSi (49)

where C, is the Smagorinsky coefficient, which is taken as 0.1, A is the filter

width, which is calculated as A = (AxAyAoD)1 / 3 , and Sij = R(L + ±0-

is the stress tensor.

The numerical results were compared with the experimental data after

normalization. The length scale is normalized by the still water depth d

and the time scale is normalized by vg/d. Figure 11 shows comparisons

of simulated and measured free surface profile during wave shoaling, break-

ing, run-up and run-down. Panels (a) and (b) show the shoaling process of

the solitary wave. The wave becomes more asymmetric and the wave height

increases as water depth decreases. Around tV/g/d = 20, the wave starts

to break as shown in panel (c), the surface profile is dramatically changed

and the wave height is rapidly reduced. The wave continuously breaks as

its turbulent front moves towards the shoreline. After the wave front passes

the still-water shoreline, it collapses and the consequent run-up process com-

mences. The run-up process is shown in the panel (d) and (e). After reaching

the maximum run-up point, the front starts to run-down which is shown in

the panel (f). The comparisons between the simulation and experiment data

27



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment K: Page 28 of 55

are fairly good. The shoaling, breaking, run-up and run-down processes of

the solitary wave are well reproduced. In figure 11, we also shown the nu-

merical results without subgrid turbulence model. During wave shoaling and

breaking, the predicted surface elevation is seldom impacted by neglecting

turbulence. This result is consistent with the findings by Bradford (2011)

and Zijlema and Stelling (2008). However, the model without turbulence

model slightly overpredicts wave runup as shown in panel (e) and (f).

4.6. Tsunami generation by three-dimensional underwater landslides

Submarine landslides are one of the most dangerous mechanisms for

tsunami generation in the coastal areas. In this section, we applied the model

to simulate tsunami generation by an idealized three-dimensional underwa-

ter landslides. Experiments have recently been performed by Enet and Grilli

(2007) in a 3.7 m wide, 1.8 m deep and 30 m long wave tank with a plane

underwater slope with 0 = 150 angle. This data set has also been used re-

cently by Fuhrman and Madsen (2009) to test the accuracy of a higher-order

Boussinesq model.

The vertical cross section of the landslide is shown in figure 12. The

geometry is defined using truncated hyperbolic secant functions.

TT [sech(kbx)sech(ky) - c] (50)

where kb = 2C/b, k, = 2C/w and C = a cosh(1/c). The landslide has length

b = 0.395 m, width w = 0.680 rn and thickness T = 0.082 m. The truncation
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parameter E = 0.717. The landslide is initially located at the submergence

depth d. The movement of the landslide is prescribed as

s(t) = so In(cosh ) (51)
to

with
SOto =-(52)

ao a0

where ut and a0 are the landslide terminal velocity and initial acceleration,

respectively. To represent the landslide, the horizontal domain is discretized

by a uniform grid with Ax = 0.02 m and Ay = 0.02 m. Three vertical layers

are employed in the simulation. The landslide parameters are ut = 1.70 m/s

and a0 = 1.12 m/s 2.

Three wave gauges are located at (x,y) locations (1469,350),(1929,0)

and (1929, 500), where all distances are in mm and where x denotes distance

from the still water shoreline and y denotes distances off the centerline axis

of the sliding mass. Model results are presented as time series in comparison

to measured data at each of the three gages, with two representative tests

chosen. Figure 13 shows model/data comparisons for the case of an initial

submergence of the landslide center of d = 61 mm. The model is seen to

represent the amplitude and the phase structure of the generated wave train

well. As would be expected, wave heights are highest at the gage lying along

the axis of the landslide motion and drop off with distance away from the

centerline axis. Figure 13 also displays the results of a hydrostatic model
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simulation, which are obtained by neglecting the pressure correction steps

indicated in the equation (12) and (14). These results are markedly different

from the non-hydrostatic model results, indicating the great importance of

dispersion in this test. The hydrostatic result basically consists of a strong

drawdown of the water column immediately behind the sliding mass. This

drawdown first grows in magnitude and then decreases as the relative depth

of submergence becomes larger. In contrast, the nonhydrostatic model result

consists of a packet of dispersive waves which lag behind the relatively faster

moving slide as the slide accelerates. This behavior is further illustrated in

snapshots of the generated wave trains at times t = 1, 2 and 3 s shown

in figure 14 and 15, with nonhydrostatic behavior shown in the sequence

of panels in figure 14 and hydrostatic behavior shown in the sequence in

figure 15. The absence of dispersion in the generated waves in figure 15

is clear, emphasizing the importance of frequency dispersion in the present

example. We note that the results of Fuhrman and Madsen (2009), obtained

using a higher-order Boussinesq model, showed comparable capabilities in

predicting wave phase structure as the nonhydrostatic model here, but tended

to overpredict crest and trough heights to some degree in comparison to the

results here; see their figure 14.

Figure 16 illustrates similar results for the case of an initial depth of

submergence of d = 120 mm. Generated wave heights are lower here than in

the previous case due to the greater depth of submergence, but the pattern of

sea surface response is qualitatively similar to the previous case. Hydrostatic
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results for this case have not been computed as the problem is in relatively

deeper water than the previous case.

5. Conclusions

In this paper, NHWAVE, a shock-capturing non-hydrostatic model for

nonlinear free-surface wave processes is presented. The governing equations

are solved in a a coordinate system and discretized by a combined finite

volume and finite difference scheme with a Godunov-type method. In or-

der to apply Godunov-type scheme, the velocities are collocated at the cell

center. The dynamic pressure is defined at the vertical cell faces, which

ensure that the pressure boundary condition at the free surface can be pre-

cisely prescribed. The HLL approximate Riemann solver was employed to

estimate fluxes at horizontal cell faces. The second-order nonlinear Strong

Stability-Preserving (SSP) Runge-Kutta scheme were adopted for adaptive

time stepping.

The model was tested using six benchmarks based on analytical solutions

or experimental data. Unlike some other non-hydrostatic models which need

10 ,- 20 vertical layers to well simulate short waves well, the present model

can achieve good predictions of wave shoaling, wave dispersion, refraction

and diffraction using 3 - 5 vertical layers. With the Godunov-type scheme,

which is suitable for solving discontinuous solutions, the model can be used

to study complex problems such as wave breaking in the surf zone. For

the landslide generated tsunami, the model predicts the evolution of surface
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elevation generally well.

Acknowledgements This work was supported by the Office of Naval Re-

search (Coastal Geosciences Program), the National Science Foundation (Phys-

ical Oceanography) and the Delaware Sea Grant College Program.

32



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment K: Page 33 of 55

References

Agnon, Y., Madsen, P. A. and Schdffer, H. A., 1999, A new approach to

high order Boussinesq models, J. Fluid Mech., 399, 319-333.

Ai C. and Jin S., 2010, Non-hydrostatic finite volume method for non-linear

waves interacting with structures, Comp. Fluids, 39, 2090-2100

Beji S. and Battjes J.A., 1993, Experimental investigation of wave propa-

gation over a bar, Coastal Engineering, 19, 151-162

Berkhoff J.C.W., Booy N. and Radder A.C., 1982, Verification of numeri-

cal wave propagation models for simple harmonic linear water waves,

Coastal Engineering, 6, 255-279

Bradford S.F., 2005, Godunov-based model for nonhydrostatic wave dynam-

ics, J. Waterway, Port, Coastal and Ocean Engineering, 131, 226-238

Bradford S.F., 2011, Nonhydrostatic model for surf zone simulation, J. Wa-

terway, Port, Coastal and Ocean Engineering, doi:10.1061/(ASCE)WW.1943-

5460.0000079

Casulli V. and Stelling G.S., 1998, Numerical simulation of 3D quasi-hydrostatic

free-surface flows, J. Hydr. Engnrg., 124, 678-686

Casulli V., 1999, A semi-implicit finite difference method for non-hydrostatic,

free-surface flow, Int. J. Numer. Meth. Fluids, 30, 425-440

33



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment K: Page 34 of 55

Casulli V. and Zanolli P., 2002, Semi-implicit numerical modeling of nonhy-

drostatic free-surface flows for environmental problems, Math. Comp.

Modeling, 36, 1131-1149

Chen X., 2003, A fully hydrodynamic model for three-dimensional, free-

surface flows, Int. J. Numer. Meth. Fluids, 42, 929-952

Christensen E.D., 2006, Large eddy simulation of spilling and plunging

breakers, Coastal Engineering, 53, 463-485

Enet F. and Grilli S.T., 2007, Experimental study of tsunami generation

by three-dimensional rigid underwater landslides, J. Waterway, Port,

Coast. Ocean Engrng., 133, 442-454.

Fuhrman, D. R. and Madsen, P. A., 2009, "Tsunami generation, propaga-

tion and run-up with a high-order Boussinesq model", Coastal Engrng.,

56, 747-758.

Gobbi, M. F. and Kirby, J. T., 1999, Wave evolution over submerged sills:

tests of a high-order Boussinesq model, Coastal Engrng., 37, 57-96.

Gobbi, M. F., Kirby, J. T. and Wei, G., 2000, A fully nonlinear Boussinesq

model for surface waves. II. Extension to O(kh4 ), J. Fluid Mech., 405,

181-210.

Gottlieb S., Shu C.-W. and Tadmor E., 2001, Strong stability-preserving

high-order time discretization methods, SIAM Review, 43, 89-112

34



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment K: Page 35 of 55

Harlow F.H. and Welch J.E., 1965, Numerical calculation of time-dependent

viscous incompressible flow of fluid with free surface, Phys. Fluids, 8,

2182-2189

Harten A., Lax P. and van Leer B., 1983, On upstream differencing and

Godunov-type schemes for hyperbolic conservation laws, SIAM Review,

25, 35

Hirt C.W. and Nichols B.D., 1981, Volume of fluid (VOF) method for the

dynamics of free boundaries, J. Comp. Phys., 39, 201-225

Kim D.-H., Cho Y.-S. and Kim H.-J., 2008, Well-balanced scheme between

flux and source terms for computation of shallow-water equations over

irregular bathymetry, J. Engnrng. Mech., 134, 277-290

Kim, D. H., Lynett, P. J. and Socolofsky, S. A., 2009, "A depth-integrated

model for weakly dispersive, turbulent, and rotational fluid flows",

Ocean Modelling, 27, 198-214.

Kim, D. H. and Lynett, P. J., 2011, Turbulent mixing and scalar transport

in shallow and wavy flows, Phys. Fluids, 23, 016603.

Lai Z., Chen C., Cowles G.W. and Beardsley R.C., 2010, A nonhydrostatic

version of FVCOM: 1. Validation experiments, J. Geophys. Res., 115,

doi: 10. 1029/2009JC005525

Lee J.W., Terbner M.D., Nixon J.B. and Gill P.M., 2006, A 3-D non-

hydrostatic pressure model for small amplitude free surface flows, Int.

35



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment K: Page 36 of 55

J. Numer. Meth. Fluids, 50, 649-672

Li B. and Fleming C., 2001, Three-dimensional model of Navier-Stokes

equations for water waves, Journal of Waterway, Port, Coastal, and

Ocean Engineering, 16-25

Liang Q. and Marche F., 2009, Numerical resolution of well-balanced shal-

low water equations with complex source terms, Advances in Water

Resource, 32, 873-884

Lin P. and Li C.W., 2002, A a-coordinate three-dimensional numerical

model for free surface wave propagation, Int. J. Numer. Meth. Fluids,

38, 1045-1068

Lin P. and Liu P.L.-F., 1998, A numerical study of breaking waves in the

surf zone, J. Fluid Mech., 359, 239-264

Lin P. and Liu P.L.-F., 1998, Turbulent transport, vorticity dynamics, and

solute mixing under plunging breaking waves in surf zone, J. Geophy.

Res., 103, 15677-15694

Lynett, P. and Liu, P. L.-F., 2002, A two-layer approach to wave modelling,

Proc. Roy. Soc. A, 460, 2637-2669.

Ma G., Shi F. and Kirby J.T., 2011, A polydisperse two-fluid model for surf

zone bubble simulation, J. Geophys. Res., 116, doi: 10.1029/2010JC006667

36



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment K: Page 37 of 55

Madsen P.A. and Sorensen O.R., 1992, A new form of the Boussinesq equa-

tions with improved linear dispersion characteristics. Part A slowly-

varying bathymetry, Coastal Engineering, 18, 183-204

Namin M., Lin B. and Falconer R., 2001, An implicit numerical algorithm

for solving non-hydrostatic free-surface flow problems, Int. J. Numer.

Meth. Fluids, 35, 341-356

Nwogu 0., 1993, Alternative form of Boussinesq equations for nearshore

wave propagation, Journal of Waterway, Port, Coastal and Ocean En-

gineering, 119, 618-638

Osher A. and Sethian J.A., 1988, Fronts propagating with curvature-dependent

speed: Algorithms based on Hamilton-Jacobi formulations, J. Comput.

Phys., 79, 12-49

Patankar S.V., 1980, Numerical heat transfer and fluid flow, McGraw-Hill,

New York

Phillips N.A., 1957, A coordinate system having some special advantages

for numerical forecasting, J. Meteor., 14, 184-185

Shi F., Kirby J.T. and Ma G., 2010, Modeling quiescent phase transport of

air bubbles induced by breaking waves, Ocean Modelling. 35, 105-117

Stelling G. and Zijlema M., 2003, An accurate and efficient finite-difference

algorithm for non-hydrostatic free-surface flow with application to wave

propagation, Int. J. Numer. Meth. Fluids, 43, 1-23

37



Progress Energy, Florida Caic. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment K: Page 38 of 55

Synolakis C.E., 1987, The runup of solitary waves, J. Fluid Mech., 185,

523-545

Tanaka M., 1986, The stability of solitary waves, Phys. Fluids, 29, 650-655

Watanabe Y., Saeki H. and Hosking R.J., 2005, Three-dimensional vortex

structures under breaking waves, J. Fluid Mech., 545, 291-328

Walters R.A., 2005, A semi-implicit finite element model for non-hydrostatic

(dispersive) surface waves, Int. J. Numer. Meth. Fluids, 49, 721-737

Wei G., Kirby J.T., Grilli S.T. and Subramanya R., 1995, A fully nonlinear

Boussinesq model for surface waves. Part 1. Highly nonlinear unsteady

waves, J. Fluid Mech., 294, 71-92

Wu C.H., Young C.-C., Chen Q. and Lynett P.J., 2010, Efficient nonhy-

drostatic modeling of surface waves from deep to shallow water, J.

Waterway, Port, Coastal, and Ocean Engineering, 136, 104-118

Young C.-C., Wu C.-H., Kuo J.-T. and Liu W.-C., 2007, A higher-order

a-coordinate non-hydrostatic model for nonlinear surface waves, Ocean

Engineering, 34, 1357-1370

Young C.-C., Wu C.-H., Liu W.-C. and Kuo J.-T., 2009, A higher-order

non-hydrostatic a model for simulating nonlinear refraction-diffraction

of water waves, Coastal Engineering, 56, 919-930

38



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment K: Page 39 of 55

Young C.-C. and Wu C.-H., 2010, A a-coordinate non-hydrostatic model

with embedded Boussinesq-type-like equations for modeling deep-water

waves, Int. J. Numer. Meth. Fluids, 63, 1448-1470

Yuan H. and Wu C.-H., 2004, A two-dimensional vertical non-hydrostatic

a model with an implicit method for free-surface flows, Int. J. Numer.

Meth. Fluids, 44, 811-835

Yuan H. and Wu C.-H., 2004, An implicit three-dimensional fully non-

hydrostatic model for free-surface flows, Int. J. Numer. Meth. Fluids,

46, 709-733

Zhou J.G., Gauson D.M., Mingham C.G. and Ingram D.M., 2001, The sur-

face gradient method for the treatment of source terms in the shallow-

water equations, J. Comp. Phys., 168, 1-25

Zijlema M. and Stelling G.S., 2005, Further experiences with computing

non-hydrostatic free-surface flows involving water waves, Int. J. Nu-

mer. Meth. Fluids, 48, 169-197

Zijlema M. and Stelling G.S., 2008, Efficient computation of surf zone waves

using the nonlinear shallow water equations with non-hydrostatic pres-

sure, Coastal Engineering, 55, 780-790

39



Progress Energy, Florida
Levy Nuclear Plant, Units 1 & 2
Probable Maximum Tsunami (PMT) Flood Level at LNP Site

i-1/2

Calc. No: LNG-0000-X7C-051, Rev. 0
Project No. 11945-103

Appendix 1
Attachment K: Page 40 of 55

+1/2

z

p

u,v,w

k+1/2

k

k-i1/2

Figure 1: Layout of computational variables. Velocities (u, v, w) are placed at cell center
and dynamic pressure (p) is defined at vertical cell face.
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Figure 2: Comparisons between numerical (solid line) and analytical (circles) surface ele-
vations at x = 0.1 m (upper panel) and x = 17.5 m (lower panel) for the standing wave
in closed basin.
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Figure 3: Numerical errors at x = 17.5 m as a function of the number of vertical layers
and wave dispersion parameter kD.
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Figure 4: Comparisons between simulated surface elevations (solid line) and Tanaka solu-
tions (circles) at t = 0, 10, 20,40 s for solitary wave propagation in constant depth.
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Figure 5: Comparisons between simulated velocities (solid line) and Tanaka solutions
(circles) at t = 0, 10, 20, 40 s for solitary wave propagation in constant depth.
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Figure 6: Bottom geometry and location of wave gauges used in the computation (a)
x = 10.5 m; (b) x = 12.5 m; (c) x = 13.5 m; (d) x = 14.5 m; (e) x = 15.7 m; (f) x = 17.3
m.
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Figure 7: Comparisons between numerical (solid line) and experimental (circles) surface
elevations at (a) x = 10.5 m; (b) x = 12.5 m; (c) x = 13.5 m; (d) x = 14.5 m; (e) x = 15.7
m; (f) x = 17.3 m.
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Figure 8: Bottom geometry for periodic wave propagation over an elliptical shoal, experi-
mental setup by Berkhoff et al. (1982)
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Figure 10: Computational domain and model setup. The beach slope is 1/20. The still
water depth is 0.21 m. The amplitude of solitary wave is 0.0588 m.
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Figure 11: Comparisons between numerical (with subgrid model: solid line; without sub-
grid model: dashed line) and experimental (circles) free surface elevation for breaking
solitary wave run-up and run-down at (a) tVg/d = 10; (b) tvg/d = 15; (c) t g/d = 20;
(d) tv/l = 25; (e) tg/-d = 30; (f) tv/g/d = 50
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Figure 12: Vertical cross section for numerical setup of tsunami landslide. The gaussian
shape landslide model has length b = 0.395 m, width w = 0.680 m and thickness T = 0.082
m and is initially located at submergence depth d. The beach slope has an angle of 0 = 15'.
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Figure 13: Comparisons between nonhydrostatic numerical results (solid lines), hydro-
static numerical results (dash-dot lines) and experimental data (dashed lines) for free
surface elevation for landslide-generated waves at three wave gauges with initial depth
of submergence d = 61 mm. Gauge coordinates (x,y): (a) (1469, 350)mm; (b) (1,929,
0) mm; (c) (1929, 500) mm, where x is distance from shoreline and y is perpendicular
distance from the axis of the shore-normal slide trajectory.
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Figure 14: Snapshots of landslide-generated waves simulated using nonhydrostatic model
at times (a) t = 1.0 s; (b) t = 2.0 s and(c) t = 3.0 s after release of the sliding mass.
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Figure 15: Snapshots of landslide-generated waves simulated using hydrostatic model at
times (a) t = 1.0 s; (b) t = 2.0 s and(c) t = 3.0 s after release of the sliding mass.
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Figure 16: Comparisons between numerical nonhydrostatic results (solid lines) and exper-
imental data(dashed lines) for free surface elevation for landslide-generated waves at three
wave gauges with initial depth of submergence d = 120 mm. Gauge coordinates (x, y):
(a) (1469, 350) mm; (b) (1929, 0) mm; (c) (1929, 500) mm. Experimental data are not
available for (b).
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A High-Order Adaptive Time-Stepping TVD Solver for
Boussinesq Modeling of Breaking Waves and Coastal

Inundation
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Abstract

We present a high-order adaptive time-stepping TVD solver for the fully

nonlinear Boussinesq model of Chen (2006), extended to include moving ref-

erence level as in Kennedy et al (2001). The equations are reorganized in

order to facilitate high-order Runge-Kutta time-stepping and a TVD type

scheme with a Riemann solver. Wave breaking is modeled by locally switch-

ing to the nonlinear shallow water equations when the Froude number ex-

ceeds a certain threshold. The moving shoreline boundary condition is im-

plemented using the wetting-drying algorithm with the adjusted wave speed

of the Riemann solver. The code is parallelized using the Message Pass-

ing Interface (MPI) with non-blocking communication. Model validations

show good performance in modeling wave shoaling, breaking, wave runup

and wave-averaged nearshore circulation.

Keywords:

Boussinesq wave model, TVD Riemann solver, breaking wave, coastal
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inundation

1. Introduction

2 The Boussinesq wave model has been a useful tool for modeling surface

3 waves from deep water to the swash zone, as well as wave-induced circula-

4 tions inside the surfzone. FUNWAVE, the fully nonlinear Boussinesq model

5 developed by the University of Delaware group (Kirby et al.,1998), has come

6 into fairly wide usage in the coastal community. FUNWAVE was based on

7 the fully nonlinear Boussenesq equations derived by Wei et al. (1995) and

8 used the high-order finite difference numerical method.

9 Since the initial version of FUNWAVE was developed, there were sev-

10 eral updates in both theory and numerics for the fully nonlinear Boussinesq

11 model. Gobbi et al. (2000) extended Wei et al. (1995) to higher order, which

12 improved predictions of near-bed kinematics in deeper water. Chen (2006)

13 pointed out missing terms in Wei et al. (1995) which represent the vertical

14 vorticity on a sloping bed. Kennedy et al. (2001) introduced a concept of

15 reference elevation in the derivation of the extended Boussinesq equations to

16 imporve nonlinear performance. Shi et al. (2001) extended the fully nonlin-

17 ear Boussinesq equations into a non-Cartesian coordinate system.

18 In the aspect of numerics, Wei and Kirby (1995) initially described a

19 numerical scheme in which time stepping is treated using a fourth-order

20 Adams-Bashforth-Moulton scheme, while spatial differencing is handled us-

21 ing a mixed-order scheme, employing fourth-order accurate centered differ-

2
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22 ences for first derivatives and second-order accurate derivatives for third

23 derivatives. The choice is made in order to move leading truncation er-

24 rors to one order higher than the 0(p 2) dispersive terms, while maintaining

25 the tridiagonal structure of spatial derivatives within time-derivative terms.

26 A non-staggered grid system was used in Wei and Kirby (1995). Shi et al

27 (2001) used similar numerical schemes but a staggered grid approach which

28 has less apparent sensitivity to treatment of boundary conditions. The stag-

29 gered grid scheme has become the preferred approach in later developments

30 of the Delaware Boussinesq models such as in FUNWAVE 2 (Long and Kirby,

31 2006).

32 The moving shoreline condition in FUNWAVE was treated using a so-

33 called slot technique (Kennedy et al., 2000, Chen et al., 2000). In the slot

34 method, deep and narrow slots are added to each grid row, extending down

35 at least to the lowest elevation that will be experienced during shoreface

36 rundown. Recent model tests on the solitary wave runup measured at Oregon

37 State University's O.H. Hinsdale Wave Research Laboratory (ISEC/NEES

38 Workshop, Oregon State University, July, 2009) have raised a concern about

39 considerable errors induced by the slot method. Slots which are too wide

40 relative to the model grid spacing admit too much fluid before filling during

41 runup, and cause both a reduction in amplitude and a phase lag in modeled

42 runup events. At the other extreme, slots which are too narrow tend to

43 induce a great deal of numerical noise, leading to the need for intermittent

4 or even fairly frequent filtering of swash zone solutions.

3
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45 Wave breaking in FUNWAVE was approached with the eddy viscosity

46 method by Kennedy et al. (2000) following an early eddy viscosity model by

47 Zelt (1991). Kennedy et al. used a model which involves a time history in

48 order to allow the slope of the breaking wave crest to relax after the onset

49 of breaking. Similar approaches were used by other Boussinesq model devel-

so opers such as Nwogu and Demirbilek (2001) who used a more sophisticated

51 eddy viscosity model in which the eddy viscosity is expressed in terms of

52 turbulent kinetic energy and a length scale.

53 Recent progress in the development of Boussinesq-type wave models using

.5 a hybrid method combining the finite-volume and finite-difference TVD-type

s5 schemes (Toro, 2009) have shown robust performance of the shock-capturing

56 method in simulating breaking waves and coastal inundation (Tonelli and

57 Petti, 2009, Roeber et al., 2010, Shiach and Mingham, 2009, Erduran et

58 al., 2005, and others). The shock-capturing scheme makes the treatment

59 of wave breaking straightforward without an artificial viscosity adopted in

60 some breaking wave models such as in Kennedy et al. (2000). The scheme is

61 also able to capture the sharp wave front occurring in the swash zone. The

62 combined finite-volume and finite difference scheme also makes it easy to

63 implement a wetting-drying moving shoreline condition. Recent applications

64 of using such a wetting-drying method have shown to be quite accurate in

65 modeling of wave runup (e.g., Lynett et al., 2002).

66 This work was motivated by recent needs to model the surfzone and

67 swash zone dynamics and associated breaking wave-induced processes such

4
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68 as optical properties and sediment transport in a 10 km-scale computational

69 domain, and to model tsunami waves in both a regional/coastal scale for

70 prediction of coastal inundation and a basin scale for wave propagation. We

7, are pursuing a version which is stable and robust in model efficiency and

72 accuracy in a long time wave simulation in a large computational domain.

73 In this version, we start with a more complete set of fully nonlinear Boussi-

74 nesq equations developed by Chen (2006), extended to incorporate a moving

75 reference elevation following Kennedy et al (2001). The use of a moving

76 reference elevation is more consistent with a time-varying representation of

77 elevation at a moving shoreline in modeling of a swash zone dynamics and

78 coastal inundation. A conservative form of the equations are derived in order

79 to use a hybrid numerical scheme. Dispersive terms were reorganized with an

80 aim to construct the tridiagonal structure of spatial derivatives within time-

81 derivative terms. The surface elevation gradient term was also rearranged

82 to obtain a numerically well-balanced form which is suitable for any numeri-

83 cal order. In contrast to previous high-order temporal scheme which usually

84 requires uniform time-stepping, we used adaptive time stepping using the

85 third-order Runge-Kutta method. Spatial derivatives were discretized using

86 a combination of finite-volume and finite-difference methods. A fourth-order

87 MUSCL reconstruction technique was used in the Riemann solver. The wave

88 breaking scheme followed the approach of Tonelli and Petti (2009) who used

89 the ability of the nonlinear shallow water equations with a TVD solver to

90 simulate moving hydraulic jumps. Wave breaking is modeled by switching

5
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91 Boussinesq to NSWE at cells where the Froude number exceeds a certain

92 threshold. A wetting-drying scheme was used to model a moving shoreline.

93 The model was parallelized using the domain decomposition technique.

94 The Message Passing Interface (MPI) with non-blocking communication is

95 used for data communication between processors.

96 The paper is organized as follows. Section 2 shows derivations of the

97 conservative form of theoretical equations with a well-balanced pressure gra-

98 dient term. The numerical implementations, including the hybrid numeri-

99 cal schemes, wetting-drying algorithm, boundary conditions and code par-

lo0 allelization, are described in section 3. Section 4 illustrates four model's

lol applications to problems of wave breaking, wave runup and wave-averaged

102 nearshore circulations. Conclusions are made in section 5.

103 2. Fully-nonlinear Boussinesq equations

104 In this section, we describe the development of a set of Boussinesq equa-

105 tions which are accurate to O(ft2) in dispersive effects. Here. it is a parameter

106 characterizing the ratio of water depth to wave length, and is assumed to be

107 small in classical Boussinesq theory. We retain dimensional forms below but

108 will refer to the apparent 0(/t2) ordering of terms resulting from deviations

109 from hydrostatic behavior in order to identify these effects as needed. The

110 model equations used here follow from the work of Chen (2006). In this and

1ii earlier works starting with Nwogu (1993), the horizontal velocity is written

6
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112 as

U = U, + U 2 (z) (1)

113 Here, u. denotes the velocity at a reference elevation z = z•, and

u 2 (z) = (z, - z)VA + 1 (z2 - z 2 ) VB (2)

114 represents the depth-dependent correction at O(p 2), with A and B given by

A = V-(hu,)

B =•V ,U (3)

115 The derivation follows Chen (2006) except for the additional effect of letting

116 the reference elevation z, vary in time according to

z, = (h + /37 (4)

117 where h is local still water depth, r7 is local surface displacement and ( and

118 3 are constants, as in Kennedy et al (2001). This addition does not alter the

119 details of the derivation, which are omitted below.

12o 2.1. Governing equations

121 The equations of Chen (2006) extended to incorporate a possible moving

122 reference elevation follow. The depth-integrated volume conservation equa-

7
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123 tion is given by

(5)

124 where

M = H {u +u%2 } (6)

125 is the horizontal volume flux. H = h + rj is the total local water depth and

126 U2 is the depth averaged O(y2) contribution to the horizontal velocity field,

127 given by
1 7 z 12 + (q2(h

lii2 =-HjU 2 (z)dz= •(h - h+ B+ (Z+ -q) VA

(7)

128 The depth-averaged horizontal momentum equation can be written as

Uc•,t + (u . V)U 0 + gViq + V1 + V 2 + V 3 -R=O (8)

129 where g is the gravitational acceleration and R represents diffusive and dissi-

130 pative terms including bottom friction and subgrid lateral turbulent mixing.

131 V, and V 2 are terms representing the dispersive Boussinesq terms given by

V 1 = VB + zVA} V [-h Bt +?]At) (9)

2 12 11 0

V 2  V V( -)u.V)A +- -r)( V)B±+-[A+ B 10
L~ 2 FIJfU

8
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132 The form of (??) allows for the reference level z, to be treated as a time-

133 varying elevation, as suggested in Kennedy et al (2001). If this extension is

134 neglected, the term reduced to the form given originally by Wei et al (1995).

135 The expression (??) for V 2 was also given by Wei et al (1995), and is not

136 altered by the choice of a fixed or moving reference elevation.

137 The term V 3 in (??) represents the O([12) contribution to the expression

138 for w x u = wiz x u (with iz the unit vector in the z direction) and may be

139 written as

V 3 = w0 iz x U2 + w 2iz x Ua (11)

140 where

wO = (V x u') V - (12)

W2 = (V x P2) i = z,,.(dy + z•By) - zay(Am + zBx) (13)

141 Following Nwogu (1993), z,, is usually chosen in order to optimize the

142 apparent dispersion relation of the linearized model relative to the full linear

143 dispersion in some sense. In particular, the choice a = (zl/h)2/2 + zn/h =

144 -2/5 recovers a Pad6 approximant form of the dispersion relation, while the

145 choice a = -0.39, corresponding to the choice z, = -0.53h, minimizes the

146 maximum error in wave pahse speed occuring over the range 0 < kh < 7r.

147 Kennedy et al (2001) showed that allowing z, to move up and down with the

148 passage of the wave field allowed a greater degree of flexibility in optimizing

149 nonlinear behavior of the resulting model equations. In the examples chosen

9
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150 here, where a great deal of our focus is on the behavior of the model from

151 the break point landward, we adopt Kennedy et al's "datum invariant" form

z, = -h +f3H = (/3 - 1)h +±07 = (h + (1I + () (14)

152 with • = -0.53 as in Nwogu (1993) and /3 = 1 + ( = 0.47 This corresponds

153 in essence to a a coordinate approach which places the reference elevation at

154 a level 53% of the total local depth below the local water surface. This also

155 serves to keep the model reference elevation within the actual water column

156 over the entire wetted extent of the model domain.

157 2.2. Treatment of the surface gradient term

158 The hybrid numerical scheme requires a conservative form of continuity

159 equation and momentum equations, thus requiring a modification of the lead-

160 ing order pressure term in the momentum equation. A numerical imbalance

161 problem occurs when the surface gradient term is conventionally split into an

162 artificial flux gradient and a source term that includes the effect of the bed

163 slope for a non-uniform bed. To eliminate errors introduced by the traditional

164 depth gradient method (DGM), a so-called surface gradient method (SGM)

165 proposed by Zhou et al. (2001) was adopted in the TVD based-Boussinesq

166 models in the recent literatures. Zhou et al. discussed an example of SGM in

167 1-D and verified that the slope-source term may be canceled out by part of

168 the numerical flux term associated with water depth, if the bottom elevation

169 at the cell center is constructed using the average of bottom elevations at

10
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170 two cell interfaces. Zhou et al. also showed a 2D application but without

171 explicitly describing 2D numerical schemes. Although this scheme can be

172 extended into 2D following the same procedure as in 1D, it was found that

173 the 2D extension may not be trivial in terms of the bottom construction for

174 a 2D arbitrary bathymetry. Kim et al. (2008) pointed out that the water

175 depth in the slope-source term should be written in a discretized form rather

176 than the value obtained using the bottom construction, implying that their

177 revised SGM is valid for general 2D applications.

178 For the higher-order schemes such as the fourth-order TVD-MUSCL scheme

179 (Yamamoto and Daiguji, 1993, Yamamoto et al., 1998) used in the recent

18o Boussinesq applications, the original SGM and the revised SGM may not be

181 effective in removing the artificial source. This problem was noticed by some

182 recent authors such as Roeber et al. (2010) who kept a first-order scheme

183 (second-order for normal conditions) for the numerical flux term and the

184 slope-source term in order to ensure well-balanced solution without adding

185 noise for a rapidly varying bathymetry.

186 In fact, the imbalance problem can be solved by a reformulation of this

187 term in terms of deviations away from an unforced but separately specified

188 equilibrium state (see general derivations in Rogers et al., 2003 and recent

189 application in Liang and Marche, 2009). Using this technique, the surface

190 gradient term may be split into

gHVrq = V [ +g(772 + 2hr)] - gqVh (15)

11
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191 which is well-balanced for any numerical order under an unforced stationary

192 condition (still water condition).

193 2.3. Conservative form of fully nonlinear Boussinesq equations

194 For Chen's (2006) equations or the minor extension considered here, Hu,

195 can be used as a conserved variable in the construction of a conservative

196 form of Boussinesq equations, but resulting in a source term in the mass

197 conservation equation such as in Shiach and Mingham (2009) and Roeber et

198 al. (2010). An alternative approach is to use M as a conserved variable in

199 terms of the physical meaning of mass conservation. In this study, we used

200 M, instead of Hue, in the following derivations of the conservative form of

201 the fully nonlinear Boussinesq equations.

202 Using M from (??) together with the vector identity

V. (uv) = Vu.v + (V. v)u (16)

203 allows (??) to be rearranged as

Mt +V(-H)+gHVrl

=H {u 2,t + ua. V12 +t VU - V1 - V 2 - V 3 - R•} (17)

204 Following Wei et al. (1995), we separate the time derivative dispersion

205 terms in V1 according to

V1 = V, V11 (18)

12
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206 where

V1 B + z,VA - V -•B + 7A (19)
2 [2 j1

207 and

V" = V [rit(A + r/B)] (20)

208 Using (??), (??) and (??), the momentum equation can be rewritten as

M +V- +V [9g(r2 + 2h) = (21)

=Hf{2 ,t + UV .V2 + %. VU, - VJ~- V11 - V[ -V 3 - R} + g7Vh

209 A difficulty usually arises in applying the adaptive time-stepping scheme

210 to the time derivative dispersive terms i22,t and V', which are usually cal-

211 culated using values stored in several time levels in the previous Boussinesq

212 codes such as in Wei et al. (1995) and Shi et al. (2001). The equation can

213 be re-arranged by merging the time derivatives on the right hand side into

214 the time derivative term on the left hand side, giving

Vt +V . -M- + V I[g(rq2 + 2hr) = 7t(V'l - U2) (22)

+H (u, • U2 + % - Vu, - Vi' - V 2 - V3 - R) + g7Vh

215 where

V = H(u + V'i) (23)

216 In (??) 27t can be calculated explicitly using (??) as in Roeber et al. (2010).

13
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217 Equations (??) and (??) are the governing equations solved in this study.

218 As V is obtained, the velocity u, can be solved by a system of tridiagonal

219 matrix equation formed by (??) in which all cross-derivatives are moved to

220 the right-hand side of the equation.

221 3. Numerical schemes

222 3.1. Compact form of governing equations

223 We define

u =(ul v),

%2 = (U4, V4),

M = (PQ) = H[u+ U4 ,v + V4],

V1= (U1', IV)I
V// (uI,/, Vl,,),

V 2 =(V, V2),

V= (U, v) = H [(Ku + Ul), (V + V)]

224 The generalized conservation form of Boussinesq equations can be written as

Ot

14
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225 where %F and 0(IV) are the vector of conserved variables and the flux vector

226 function, respectively, and are given by

( ( Pi +Qj
'F U 0, ~ = [ g(772±+277h)]i±+ Qj (25)

227

0

g7Lh + *v + HR I (26)

228 where

, = ,t(U; - U4 ) + H (uU4,. + vU4,, + U4u. + V4 uy - U- U2 - U3 ) (27)

Cy = rh(Vl'-V4)+g(uV4, +vV4, + U4v +V4v,- U"-V2-V3) (28)

229 The expanded forms of (Ul, VP'), (Ul', VI"), (U2, V2), (U3, V3) and (U4 , V4)

230 can be found in Appendix A. For the term R, the bottom stress is approxi-

231 mated using a quadratic friction equation. A Smagorinsky (1963)-like subgrid

232 turbulent mixing algorithm is implemented following Chen et al. (1999).

15
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233 3.2. Spatial discretization

234 A combined finite-volume and finite-difference method was applied to the

235 spatial discretization. For the flux terms and the first-order derivative terms,

236 a fourth-order TVD-MUSCL scheme (Yamamoto and Daiguji, 1993) is used

237 to construct the interface values. For example, in x-direction:

¢i+1/2 = i-+ 6 (A* i-1/2 + 
2

A*Oi+1/2), (29)

¢i+1/2 = Oi+1 - 6(2A*¢i+1/2 + A¢ýi+3/ 2 ), (30)

238 where

A*ýi-1/2= minmod(A*Oi-l/ 2, bA*Oi+ 1/ 2), (31)

A*ýi+l/2= minmod(A*Oi+l/ 2, bA*Oi-1/2), (32)

A*ýi+1/2 = minmod(/*Oi+l/ 2, bA*Oi+ 3/ 2 ), (33)

A* =i+3/2= minmod(A*¢i+3/2, bA*Oi+1/ 2), (34)

A*Oi+1/2 = A~i+1/2 - I'A3 i+1/2, (35)

A3 Oi+1/2 - /i-1/2-- 2A(i+1/ 2 + A~i+3/2, (36)

A¢_1/2 = minmod(A4i- 1 /2, blA ±i+1/2 , b 1 A~i+3/ 2 ), (37)

/~i+1/2= minmod(A~i+1 / 2 , bl/Aki+ 3/ 2, b1A~i-1 / 2 ), (38)

IA¢i+3/2= minmod(A¢i+ 3/2, blA~i-l/ 2, b1A¢i+1/2), (39)

minmod(i, j) = sign(i)max[0, min{fil, sign(i)j]}], (40)

minmod(i, j, k) = sign(i)max[O, min{IiI, sign(i)j, sign(i)k}], (41)

16
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239 in which the coefficients bl = 2 and 1 < b < 4.

240 The numerical fluxes are computed using HLL approximate Riemann

241 solver.

o(qIL, ,pR) = I
e(%pL) ifsL >Ž 0

E,*(LXqLR) ifSL < 0 < SR (42)

E(qIR) ifsR •< 0,

242 where

e*(qL, xFR) = SRE ) - SL el(') + SLS e(%R - pL)
SR -- SL

243 The wave speeds of the Riemann solver are given by

SL = min(Vn - \/g(h + ?r)L, us- ),

244

SR = max(V n + g(h + 7)R, us + V ),

245 in which us and Os are estimated as

u, = I(VL + VR)•n q(± + h)n - V/g(r1 + h)R
2 LhL~gr~)

(43)

(44)

(45)

(46)

(47)

246

vlg(r +h)L + Vg(ý i+h)R (VL _ vR).n
VOK 2 + 4

247 and n is the normalized side vector for a cell face.

248 Higher derivative terms in 0. and 0, were discretized using the central

17
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249 differential schemes at the cell centroids as in Wei et al. (2005). No dis-

250 cretization of dispersion terms at the cell interfaces is needed due to using M

251 as a flux variable. The Surface Gradient Method (Zhou et al, 2001) was used

252 to eliminate unphysical oscillations. Because the pressure gradient term is

253 re-organized as in section 2.2, there is no imbalance issue for the high-order

254 MUSCL scheme.

255 3.3. Time stepping

256 The third-order Strong Stability-Preserving (SSP) Runge-Kutta scheme

257 for nonlinear spatial discretization (Gottlieb et al., 2001) was adopted for

258 time stepping. The scheme is given by

q -(1) = +In + At(-V . O('Vn) + S(±))

Ip (2) 3 3jn + 1 [,p (1) + At (-V. E (qI (1)) + S(2)) (48)

,iFn+1 !I n +2 [/(2) At (-V. E(l( 2 )) + S_~ l)1

3 -3

259 in which AJn represents IF value at time level n. %(1) and 4,(2) are values

260 at intermediate stages in the Runge-Kutta integration. As IF is obtained

261 at each intermediate step, the velocity (u, v) can be solved by a system of

262 tridiagonal matrix equation formed by (??). S need to be updated using

263 (u, v, ,) at the corresponding time step and an iteration is needed to achieve

264 convergence.

265 A adaptive time step is chosen, following the Courant-Friedrichs-Lewy
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266 (CFL) criterion:

At = m (mi Ax mi Ay (49)
t uijI + ý/g(hij + =?,j) Iui,jI + Irg(hij + 7i,

267 where C is the Courant number and C = 0.5 was used in the following

268 examples.

269 3.4. Wave breaking and wetting-drying schemes for shallow water

270 The wave breaking scheme follows the approach of Tonelli and Petti

271 (2009) who successfully used the ability of NSWE with a TVD scheme to

272 model moving hydraulic jumps. The fully nonlinear Boussinesq equations

273 are switched to NSWE at cells where the Froude number exceeds an certain

274 threshold. Following Tonelli and Petti, the ratio of wave height to total water

275 depth is chosen to the criterion to switch from Boussinesq to NSWE. The

276 threshold value is set to be 0.8 as suggested by Tonelli and Petti.

277 The wetting-drying scheme for modeling of a moving boundary is straight-

278 forward. The normal flux n M at the cell interface of a dry cell is set to

279 zero. A mirror boundary condition is applied to the fourth-order MUSCL-

280 TVD scheme and discretization of dispersive terms in 0=, 0. at dry cells. It

281 may be noted that the wave speed of the Riemann solver (??) and (??) for

282 a dry cell are modified as

SL= VL.n- g(h + ?)L, SR = VL.n+2vlg(h + ,q)L (right dry cell) (50)
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283 and

SL = VR'n- /g(h + 77)R, SR = VR'n+2V/g(h + r7)R (left dry cell) (51)

284 3.5. Boundary conditions and wavemaker

285 We implemented various boundary conditions including wall boundary

286 condition, absorbing boundary condition following Kirby et al. (1998) and

287 periodic boundary condition following Chen et al. (2003).

288 Wavemakers implemented in the study include Wei and Kirby's (1999)

289 internal wavemakers for regular waves and irregular waves. For the irregular

290 wavemaker, an extension was made to incorporate the alongshore periodicity

291 into wave generation in order to eliminate a boundary effect on wave simu-

292 lation. The technique exactly follows the strategy in Chen et al. (2003) who

293 adjusted the distribution of wave directions in each frequency bin to obtain

294 alongshore periodicity. This approach is effective in modeling of breaking

295 wave-induced nearshore circulation such as alongshore currents and rip cur-

296 rents.

297 3.6. Parallelization

298 In parallelizing the computational model, we use the domain decompo-

299 sition technique to subdivide the problem into multiple regions and assign

300 each subdomain to a separate processor core. Each subdomain region con-

301 tains an overlapping area of ghost cells with three rows deep, as dictated

302 by the fourth order MUSCL-TVD scheme. The Message Passing Interface
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303 (MPI) with non-blocking communication is used to exchange the data in the

304 overlapping region between neighboring processors. Velocity components are

305 obtained from Equation (??) by solving tridiagonal matrices using the par-

306 allel pipelining tridiagonal solver described in Naik et al. (1993).

307 To investigate performance of the parallel program, numerical simula-

308 tions of an idealized case are tested with different number of processors of a

309 linux cluster located at University of Delaware. The test case is set up in a

310 numerical grid of 1800 x 1800. Figure ?? shows the model speedup versus

311 number of processors. It can be seen that a linear speedup is obtained with

312 a slight decrease with more processors due to the communication cost.

313 4. Model tests

314 The model has been validated extensively using laboratory experiments

315 for wave shoaling and breaking as in the FUNWAVE manual by Kirby et al.

316 (1998), and a suite of benchmark tests for wave runup. The interested reader

317 is referred to Shi et al. (2011) and Tehranirad et al.(2011). Here, in this pa-

318 per, we will present four cases with a focus on examining the shock-capturing

319 scheme for modeling wave breaking, the wetting-drying algorithm for wave

320 runup and the model capability in predicting wave-induced nearshore circu-

321 lation. The effect of using adaptive time stepping is demonstrated in the

322 wave runup case.
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323 4. 1. Breaking waves on a beach

324 Hansen and Svendsen (1979) carried out laboratory experiments of wave

325 shoaling and breaking on a beach. Waves were generated on a flat bottom

326 at a depth of 3.6 m, and the beach slope was 1:34.26. The experiments

327 included several cases including plunging breakers, plunging-spilling breakers

328 and spilling breakers. In this paper, we simulate two typical cases, a plunging

329 breaker and a spilling breaker, respectively. The wave height and wave period

330 are 4.3 cm and 3.33 s, respectively, for the plunging case, and 2.0 cm and 3.6

331 s for the spilling case.

332 Although the shock-capturing breaking algorithm used in Boussinesq

333 wave models has been examined by previous researchers (e.g., Tonelli and

334 Petti, 2009, Shiach and Mingham, 2009 and others), there is a concern about

335 its sensitivity to grid spacing. In this study, we adopted three grid sizes,

336 dx = 0.05 m, 0.025 m and 0.0125 m, respectively, for each cases. Figure ??

337 shows comparisons of wave height and wave setup between measured data

338 and numerical results from model runs with different grid sizes. The wave

339 breaking location of wave setup/setdown predicted by the three models are in

34o agreement with the data, however, the predicted maximum wave heights are

34, slightly different. The results from the former two models with dx=0.25 m

342 and 0.0125 m are very close, indicating a convergence of grid refinement. All

343 three models underpredict the peak wave height at breaking and overpredict

344 wave height inside of the surfzone. This prediction trend was also found in

34 Kennedy et al. (2000, Figure 2). About 10% underprediction of peak wave
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346 height can be found in our tests with dx = 0.025 m and 0.0125 m, which is

347 similar to Kennedy et al. (2000). The model with a coarse grid (dx = 0.05

348 m) underpredicted the maximum wave height by 20%.

349 To find the cause of the large underprediction of peak wave height by the

350 coarse grid model, we show snapshots of surface elevation from the models

351 with dx = 0.025 m and 0.050 m at different times in Figure ??. The model

352 with finer grid resolution switched from the Boussinesq equations to NSWE

353 around t = 19.9s (the model with the coarse grid switched slightly later)

354 at the point where the ratio of surface elevation to water depth reached the

355 threshold value of 0.8. Then, a wave is damped at the sharp front and gen-

356 erates trailing high frequency oscillations. The comparison of wave profiles

357 at an early time (i.e. t= 18.6 s) shows that the coarse grid model underpre-

358 dicted wave height before the Boussinesq-NSWE switching, indicating that

359 the underprediction is not caused by the the shock-capturing scheme, but by

360 the numerical dissipation due to the coarse grid resolution.

361 For the case of spilling breaker, the models with three different grid sizes

362 basically predicted slightly different wave peaks as in the plunging wave case,

363 but the differences are less obvious due to the longer waves in the plunging

364 case. Figure ?? shows results with dx = 0.25 m, where the model provides

365 very good predictions of wave shoaling to near the breaking limit. Once

366 again, the model overpredicts wave height inside the surf zone.
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367 4.2. Random wave shoaling and breaking on a slope

368 To study random-wave properties of shoaling and breaking, Mase and

369 Kirby (1992) conducted a laboratory experiment of random wave propagation

370 over a planar beach. The experiment layout is shown in Figure ??, where a

371 constant depth of 0.47 m on the left connects to a constant slope of 1:20 on

372 the right. Two sets of random waves with peak frequencies of 0.6 Hz (run

373 1) and 1.0 Hz (run 2) were generated by the wavemaker on the left. The

374 target incident spectrum was a Pierson-Moskowitz spectrum. Wave gauges

375 at depths h = 47, 35, 30, 25, 20, 17.5, 15, 12.5, 10, 7.5, 5, and 2.5 cm collected

376 time series of surface elevation.

377 Wei and Kirby (1995) carried out a simulation of run 2 without wave

378 breaking. Later, Kirby et al. (1998) and Kennedy et al. (2000) carried

379 out the same simulation with wave breaking. The present model was set up

380 following Kirby et al. (1998), who used an internal wavemaker located at

381 the toe of the slope where surface elevation is measured (gauge 1). A FFT

382 was used to transform between the time domain and frequency domain data

383 required by the wavemaker. The low and high-frequency cutoffs are 0.2 and

384 10.0 Hz, respectively. The simulation time is the same as the time length of

385 data collection. The computational domain is from x = 0 m to 20 m with a

386 grid size of 0.04 m. The toe of the slope starts at x = 10 m. A sponge layer

387 is applied at the left side boundary to absorb reflected waves, but no sponge

388 layer is needed at the right boundary, which differs from Kirby et al. (1998)

389 who used the slot method combined with a sponge layer at the end of the
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39o domain.

391 We present the model results for run 2 and compare with the experimental

392 data measured at the other 11 gauges as shown in Figure ??. Figure ?? shows

393 model results (dashed lines) and measured data (solid lines) from t = 20 s to

394 t = 40 s at those gauges. Both model and data show that most waves start

395 breaking at the depth h= 15 cm. Except for small discrepancies for wave

396 phases, the model reproduces the measured waveform quite well.

397 To further demonstrate the applicability of the model, we performed third

398 moment computations of the resulting time series of surface elevation. Nor-

399 malized wave skewness and asymmetry were calculated for both measured

400 and modeled time series of surface elevation according to the following for-

401 mulations,

skew = -<72 >3
< 77 2 >3/2

asym = H() >< r72 >3/2

402 where H denotes the Hilbert transform, <> is the mean operator, and the

403 mean has been removed from the time series of surface elevation.

404 Figure ?? shows the comparisons of skewness and asymmetry between

405 the model results and experiment data. The model predicted skewness and

406 asymmetry reasonably well with a slightly overprediction of wave skewness

407 inside the surf zone.

408 It is worth mentioning that Kirby et al. (1998) employed more frequent
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409 use of numerical filtering, especially after wave breaking, so that the model

410 run was stable over the entire data time series. The present model did not

411 encounter any stability problem without filtering.

412 4.3. Solitary wave runup on a shelf with an island

413 To examine the wetting-drying method used in the present model versus

414 the slot method used in Kennedy et al. (2000) and Chen et al. (2000), we

415 performed a simulation of the solitary wave runup measured recently in a

416 large wave basin at Oregon State University's O.H. Hinsdale Wave Research

417 Laboratory. The basin is 48.8 m long, 26.5 m wide, and 2.1 m deep. A

418 complex bathymetry consists of a 1:30 slope planar beach connected to a

419 triangle shaped shelf and a cylinder structure on the shelf as shown in Figure

420 ??. Solitary waves were generated on the left side by a piston-type wave-

421 maker. Surface elevation and velocity were collected at many locations by

422 wave gauges and ADV's in alongshore and cross-shore arrays (See Swigler,

423 2011 for details). Figure ?? shows three wave gauges (circles) and three

424 ADV's (triangles) used for model/data comparisons in the present study.

425 Gauge I - 3 were located at (x,y) = (7.5, 0.0), (21.0, 0.0) and (13.0, 5.0),

426 respectively. ADV 1 - 3 were located at (13.0 0.0), (21.0, 0.0) and (21.0,

427 -5.0), respectively.

428 The modeled bathymetry was constructed by combining the measured

429 data of the shelf and the analytical solution of the cylinder which was used

430 for the design of the island in the experiment. The computational domain
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431 was modified by extending the domain from x = 0.0 m to -5.0 m with a

432 constant water depth of 0.78 m in order to use a solitary wave solution as an

433 initial condition. The width of the computational domain in the y direction

434 is the same as the basin. Grid spacing used in the model is 0.1 m in both

435 directions. A solitary wave solution based on Nwogu's extended Boussinesq

436 equations was used with centroid located at x = 0. The wave height is 0.39

437 m as the same as that used in the laboratory experiment.

438 Figure ?? demonstrates modeled water surface at t= 6.4 s, 8.4 s and 14.4

439 s, respectively. The wave front becomes very sleep as the wave climbs on the

44o shelf, which was well captured by the model. The wave scattering pattern is

c1 Clearly seen in the bottom panel of Figure ??. Wave breaking on the shelf

442 was observed in the laboratory experiment and was also seen in the present

443 model. Figure ?? shows the variation in time stepping during the simulation.

444 The time step dropped to a minimum around t = 6.5 s as the wave collided

445 with the island (top panel of figure ??). The local Froude number reached a

446 maximum at t = 6.5 s, reducing the value of the time step based on (??).

447 Figure ?? shows the time series of modeled surface elevations and mea-

448 surements at Gauge 1 - 3 (from top to bottom). Good agreement between

449 model and data can be found at the gauge in front of the island (Gauge 1,

450 top panel), as the model successfully predicted the solitary wave propaga-

451 tion and its reflection from the shore. The model also captured the collision

452 of waves from two sides of the island as indicated at the gauge behind the

453 island (Gauge 2, middle panel). The model predicted the timing of wave
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454 collision well but over-predicted the peak of wave runup. The model/data

455 comparison at Gauge 3 (bottom panel), which is located at the north-side

456 shelf, indicates that the model predicted wave refraction and breaking on the

457 shelf reasonably well.

458 Figure ?? shows model/data comparisons of the velocity time series in

459 the x-direction at ADV 1 (top) and ADV2 (bottom). The model predicted

460 the peak velocity and the entire trend of velocity variation in time at both

461 locations. An underprediction of the seaward velocity can be found at ADV

462 2. The velocity in the y-direction was not compared at ADV 1 and ADV2

463 because the measured values are too small. Figure ?? shows the u and v

464 velocity components in the x and y directions at ADV 3, and shows that the

465 model predicted the velocity components in both x and y directions well.

466 4.4. Wave-averaged nearshore circulation

467 Boussinesq models have been used to model rip currents (Chen et al.,

468 1999; Johnson and Pattiaratchi, 2006 ) and alongshore currents (Chen et al.,

469 2003) in field surfzone situations. Most recently, Feddersen et al. (2011) com-

470 pared results of waves and currents from the Boussinesq model FUNWAVE-C

471 with observations during five surfzone dye release experiments. The compar-

472 isons indicated that the Boussinesq model reproduced the observed cross-

473 shore evolution of significant wave height, mean wave angle, bulk directional

474 spread, mean alongshore current, and the frequency-dependent sea-surface el-

475 evation spectra and directional moments. Geiman et al. (2011) conducted a
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476 numerical study on wave averaging effects on estimates of the surfzone mix-

477 ing using the phase-resolving Boussinesq model FUNWAVE and the wave

478 averaged model Delft3D. Results from both models are compared to field

479 observation at the RCEX field experiment (Brown et al., 2009; MacMahan

480 et al., 2010). Their study shows that each model is able to reproduce 1-hour

481 time-averaged mean Eulerian velocities consistent with field measurements at

482 stationary current meters. However, the spatial distribution of wave height

483 inside the surfzone was different between the two models, due to the different

484 mechanisms for wave breaking.

485 To check the breaking scheme used in the present model and its conse-

486 quences to wave-induced currents, we set up the present model in the same

487 way as in Geiman et al. (2011), except that no sponge layer was applied for

488 the presnet model at the shoreline positon. Both models used a grid size of

489 dx = dy = 2 m and a north-south periodic boundary condition in a compu-

490 tational domain of 1000 m x 400 m, as shown in Figure ?? (the bathymetry

491 is also north-south periodic, the figure only shows part of computational do-

492 main). An internal wavemaker for directional spectral wave generation was

493 located at 350 m away from the shoreline. It generated waves with wave

494 height Hrm = 0.92 m and period Tmo = 10.5 s , which were from wave data

495 observed at 13 m water depth during the instrument deployment.

496 Figure ?? shows wave-averaged currents calculated by 1-hour averaging

497 over modeled (u,, v,). The mean circulation pattern was tied to the rip

498 channels.
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499 The cross-shore and alongshore distribution of wave height Hrm, was cal-

500 culated (1-hour averaged) at the measurement locations marked in Figure

s5o ??. The top panel in Figure ?? shows the cross-shore distribution of mod-

502 eled Hrs at y= 65 m in comparison with data (circles). A fairly good

503 agreement is obtained from the model/data comparison. The model/data

504 comparison of alongshore distribution of Hrms at x =100m is shown in the

505 bottom panel of Figure ??. The model predicted a fairly constant along-

506 shore distribution of Hrms as the same as in Geiman et al. (2011). Both

507 the present model and the model used by Geiman et al. show less variance

508 than the distribution calculated by Delft3D due to the two different types

509 of wave breaking parameterizations (Geiman et al., 2011). Figure ?? shows

510 comparison of wave-averaged cross-shore velocity (top panel) and alongshore

511 velocity (bottom panel) between model (solid lines) and data (circles). The

512 alongshore variation in cross-shore velocity is very correspondent with the

513 rip-channel system. The model shows a good agreement with the data.

514 The present model basically produced similar results compared to the

515 FUNWAVE version used by Geiman et al. (2011) and a similar agreement

516 with the data, suggesting that the shock-capturing breaking scheme is anal-

517 ogous to the artificial eddy viscosity in modeling breaking wave-induced cir-

518 culations.
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519 5. Conclusions

520 A new version of the FUNWAVE model was developed and is based on a

521 more complete set of fully nonlinear Boussinesq equations with the vertical

522 vorticity correction derived by Chen et al. (2006) and a time-varying ref-

523 erence elevation introduced by Kennedy et al. (2001). The equations were

524 reorganized in order to facilitate a hybrid numerical scheme which include

525 the third-order Runge-Kutta time-stepping and the fourth-order MUSCL-

526 TVD scheme with the Riemann solver. Wave breaking is modeled by locally

527 switching to the nonlinear shallow water equations where the Froude number

528 exceeds an certain threshold. The wetting-drying method was implemented

529 to model a moving shoreline, instead of the slot method used in the previous

530 FUNWAVE model. The code was parallelized using MPI with non-blocking

531 communication.

532 Benchmark tests verified the model's capability in simulating wave shoal-

533 ing, breaking, and wave-induced nearshore circulations, and suggested the

534 following advantages of the new model versus the previous version of FUN-

535 WAVE:

536 (1) The adaptive time stepping is more efficient in a simulation where

537 the local Froude number varies in a large range. The time step used as a

538 constant in the previous FUNWAVE version is usually on an ad hoc basis

539 due to unpredictable supercritical fluid conditions.

540 (2) The shock capturing scheme is robust not only in the treatment of

541 wave breaking, but also in the suppression of numerical instability, especially
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542 in modeling of wave breaking. No filtering is needed in the present model.

543 (3) The wetting-drying method is more proper than the slot method in

544 modeling of the swash zone and coastal inundation.

545 In addition, the model accurately predicted wave runup against a suite

5M6 of benchmark test data (Tehranirad et al., 2011).
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552 Appendix A. Expansions of V', Vs', V 2, V 3 and V 4

553 The expanded forms of (U, VI'), (U', VI"), (U2, V2), (U3, V3) and (U4, V 4 )

554 can be written as

U= 1 (1 _-)2h2(uxx + Vxy) - (1- -3)h [(hu)xx + (hv)xy]
2122]
- 0(1 - Ol)h 7 - 3 77 2] (U .. + Vx Y) + O q [(hu) xx + (hv) xy]

- {-(uX + vy) + q [(hu)x + (hv),]

14 1 (1 - f0) 2 h2 (uXY + vYY) - (1 - 3)h [(hu)xy + (hv),y]
2

(53)

- [o(1- fO)h? - 1032 12] (uxy + vyy) + Oqi [(hu)xy + (hv),y]

- {-(uX + vy) + 77 [(hu)x + (hv)]} (54)

U('= {f rt(ux + vy) + 7 [(hu)x + (hv)y]}I

Vi '= {fr7t(ux + vy) + r [(hu)x + (hv)y]}1

(55)

(56)

U2 = {(i( - 1)(h +±q) [u ((hu)x + (hv)y)x + v ((hu)x + (hv)y)y]
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-2 1)72] [u (u + v V) + v (U. +÷

(57)

V2 = {(0 - 1)(h + n) [u ((hu). + (hv)y). + v ((hu). + (hv)y)yI

+ ['(I )2h2 - 0(1÷ -)h 7 +1(2_1) 772 ] [U(ux+vy):+V(u.+vy)1

1+1 [(hu). + (hv)y + 77(u. + Vy)]2
2 y

(58)

U3 -VW i - WO - )(h + 77)] [(hu). + (hv)y]y

0+ lo2)h2 + (61
+ + 2)77h + (!/32

(59)

6 1> ] (u, + )}

V3 -VWi - WO - +)(h+q) [(hu) +(hv)y]+

+ [C /±l32) h2 + ~-0/02 3)77h + (1/32

(60)

- 1)72] (U + V)x}

555 where

WO =Vx - Uy (61)
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556

L= (1-f3)hx {[(hu). + (hv)y]y + b2h (u +vy)y

-(1 - 3)hy {[(hu)x + (hv)y]x + b2h (ux + v±)} (62)

11 13 (X VY
U4 = 3+ -Q)h 2 (~ ~)+( -)h [(hu)x., + (hv)xy]

3 2 2

+{[3(+ ,2)h77 + (12 1)772] (U.. +VXY)

1 )77 [(hu)x. + (hv)x,]} (63)

V4 = ( 0- + 102)h2(uXY + vYY) + a2h [(hu),y + (hv)yy]

+(• -•)+ [ 2()h? + (1f32 }1772 (U' ±

1-, [(hu).y + (hv)yy]} (64)
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Figure 1: Variation in model performance with number of processors for a 5400 x 3600
domain. Straight line indicates arithmetic speedup. Actual performance is shown in the
curved line.
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Figure 2: Comparisons of wave height (upper panel) and wave setup (lower panel) between
measured data and model results from grid resolutions of dx = 0.0125 m, 0.025 m and
0.050 m, respectively. Case: plunging breaker.
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Figure 3: Snapshots of surface elevation at t = 17.4, 18.6 and 19.9 s from models with
grid resolutions of dx = 0.025 (solid lines) and 0.050 m (dashed lines).
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Figure 7: Comparison of skewness (o) and asymmetry (x) at different water depths. Solid
lines are experiment data ( Mase and Kirby, 1992). Dashed lines are numerical results
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Figure 8: Bathymetry contours (in meters) and measurement locations used in model/data
comparisons. Circles: pressure gauges, triangles: ADV.
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Figure 9: Modeled water surface at (top) t = 6.4 s, (middle) t =8.4 s, (bottom) t =14.4 s.
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Figure 10: Time step variation.

0.4

0.2

...................

.............

q

5 10 15
Time (s)

20 25 30

0.4

0.2t ................ .................

-412
5 10 15

Time (s)
20 25 3 0

(J
2

r(].2,

0.1 .. ......... .. .. .. .. ....... .. .. .. .. .. . .. .. .. ...

..........

-0.1 F

0 5 10 15
Time (s)

20 25 30

Figure 11: Model/data comparisons of time series of surface elevation at (top) Gauge 1,
(middle) Gauge 2,and (bottom) Gauge 3. Solid line: model, stars: data.
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Figure 12: Model/data comparisons of time series of velocity at (top) ADV 1 and (bottom)
ADV 2. Solid line: model, stars: data.
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Figure 13: Model/data comparisons of time series of velocity in (top) x direction and
(bottom) y direction at ADV 3. Solid line: model, stars: data.
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Figure 14: Wave-averaged current, water depth contours and locations of in situ instru-
mentation (red dots).
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Figure 15: Comparison of Hms between data (circles) and model (solid lines) at y = 65 m
as a function of cross-shore location (top) and Hm. as a function of alongshore location
at x = 100 m inside the surfzone (bottom).
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Figure 16: Comparison of wave-averaged cross-shore velocity (top) and alongshore velocity
(bottom) between model (solid lines) and data (circles).
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Abstract

The report documents a new version of the fully nonlinear Boussinesq wave model (FUN-
WAVE) initially developed by Kirby et al. (1998). The development of the present version was
motivated by recent needs for modeling of surfzone-scale optical properties in a Boussinesq
model framework, and modeling of Tsunami wave in both a regional/coastal scale for predic-
tion of coastal inundation and a basin scale for wave propagation. This version features several
theoretical and numerical improvements, including 1) a more complete set of fully nonlinear
Boussinesq equations; 2) MUSCL-TVD solver with adaptive Runge-Kutta time stepping; 3)
Shock-capturing wave breaking scheme; 4) wetting-drying moving boundary condition with
incorporation of HLL construction method into the scheme; 5) an option for parallel compu-
tation. The documentation provides derivations of the conservation form of theoretical equa-
tions, re-arrangement of pressure gradient term in order to obtain a numerically well-balanced
form, detailed numerical schemes, users' manual and examples.
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1 Introduction

The Boussinesq wave model has been a useful tool for modeling surface waves from deep water
to the swash zone, as well as wave-induced circulations inside the surfzone. FUNWAVE, the fully
nonlinear Boussinesq model developed by the University of Delaware group (Kirby et al.,1998),
has come into fairly wide usage in the coastal community. FUNWAVE was based on the fully non-
linear Boussenesq equations derived by Wei et al. (1995) and used the high-order finite difference
numerical method.

Since the initial version of FUNWAVE was developed, there were several updates in both
theory and numerics for the fully nonlinear Boussinesq model. Gobbi et al. (2000) extended Wei
et al. (1995) to higher order, which improved predictions of near-bed kinematics in deeper water.
Chen (2006) pointed out missing terms in Wei et al. (1995) which represent the vertical vorticity on
a sloping bed. Kennedy et al. (2001) introduced a concept of reference elevation in the derivation of
the extended Boussinesq equations to imporve nonlinear performance. Shi et al. (2001) extended
the fully nonlinear Boussinesq equations into a non-Cartesian coordinate system.

In the aspect of numerics, Wei and Kirby (1995) initially described a numerical scheme in
which time stepping is treated using a fourth-order Adams-Bashforth-Moulton scheme, while spa-
tial differencing is handled using a mixed-order scheme, employing fourth-order accurate centered
differences for first derivatives and second-order accurate derivatives for third derivatives. The
choice is made in order to move leading truncation errors to one order higher than the O(g 2)
dispersive terms, while maintaining the tridiagonal structure of spatial derivatives within time-
derivative terms. A non-staggered grid system was used in Wei and Kirby (1995). Shi et al (2001)
used similar numerical schemes but a staggered grid approach which has less apparent sensitivity
to treatment of boundary conditions. The staggered grid scheme has become the preferred ap-
proach in later developments of the Delaware Boussinesq models such as in FUNWAVE 2 (Long
and Kirby, 2006).

The moving shoreline condition in FUNWAVE was treated using a so-called slot technique
(Kennedy et al., 2000, Chen et al., 2000). In the slot method, deep and narrow slots are added
to each grid row, extending down at least to the lowest elevation that will be experienced during
shoreface rundown. Recent model tests on the solitary wave runup measured at Oregon State Uni-
versity's O.H. Hinsdale Wave Research Laboratory (ISEC/NEES Workshop, Oregon State Univer-
sity, July, 2009) have raised a concern about considerable errors induced by the slot method. Slots
which are too wide relative to the model grid spacing admit too much fluid before filling during
runup, and cause both a reduction in amplitude and a phase lag in modeled runup events. At the
other extreme, slots which are too narrow tend to induce a great deal of numerical noise, leading to
the need for intermittent or even fairly frequent filtering of swash zone solutions.

Wave breaking in FUNWAVE was approached with the eddy viscosity method by Kennedy et
al. (2000) following an early eddy viscosity model by Zelt (1991). Kennedy et al. used a model
which involves a time history in order to allow the slope of the breaking wave crest to relax after
the onset of breaking. Similar approaches were used by other Boussinesq model developers such
as Nwogu and Demirbilek (2001) who used a more sophisticated eddy viscosity model in which

1
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the eddy viscosity is expressed in terms of turbulent kinetic energy and a length scale.
Recent progress in the development of Boussinesq-type wave models using a hybrid method

combining the finite-volume and finite-difference TVD-type schemes (Toro, 2009) have shown
robust performance of the shock-capturing method in simulating breaking waves and coastal inun-
dation (Tonelli and Petti, 2009, Roeber et al., 2010, Shiach and Mingham, 2009, Erduran et al.,
2005, and others). The shock-capturing scheme makes the treatment of wave breaking straight-
forward without an artificial viscosity adopted in some breaking wave models such as in Kennedy
et al. (2000). The scheme is also able to capture the sharp wave front occurring in the swash
zone. The combined finite-volume and finite difference scheme also makes it easy to implement
a wetting-drying moving shoreline condition. Recent applications of using such a wetting-drying
method have shown to be quite accurate in modeling of wave runup (e.g., Lynett et al., 2002).

This work was motivated by recent needs to model the surfzone and swash zone dynamics and
associated breaking wave-induced processes such as optical properties and sediment transport in a
10 km-scale computational domain, and to model tsunami waves in both a regional/coastal scale
for prediction of coastal inundation and a basin scale for wave propagation. We are pursuing a
version which is stable and robust in model efficiency and accuracy in a long time wave simulation
in a large computational domain.

In this version, we started with a more complete set of fully nonlinear Boussinesq equations
combined with equations of Wei et al. (1995) and some terms for the vertical vorticity correction
reported by Chen (2006). A datum invariant form of the equations introduced by Kennedy et al.
(2001) was applied, which is more consistent with a time-varying representation of elevation at a
moving shoreline in modeling of a swash zone dynamics and coastal inundation. A conservative
form of the equations was derived in order to use a hybrid numerical scheme. Dispersive terms
were reorganized with an aim to construct the tridiagonal structure of spatial derivatives within
time-derivative terms. The surface elevation gradient term was also rearranged to obtain a numer-
ically well-balanced form which is suitable for any numerical order. Different from the previous
high-order temporal scheme which usually requires uniform time-stepping, we used adaptive time
stepping using the third-order Runge-Kutta method. The spatial derivatives were discritized using
a combination of finite-volume and finite-difference methods. A fourth-order MUSCL reconstruc-
tion technique was used in the Riemann solver. The wave breaking scheme followed the approach
of Tonelli and Petti (2009) who used the ability of the nonlinear shallow water equations with a
TVD solver to simulate moving hydraulic jumps. Wave breaking is modeled by switching Boussi-
nesq to NSWE at cells where the Froude number exceeds an certain threshold. The wetting-drying
scheme was used to model a moving shoreline.

The model was parallelized using the domain decomposition technique. The Message Passing
Interface (MPI) with non-blocking communication is used for data communication between pro-
cessors. This report provides derivations of the conservation form of theoretical equations with
a well-balanced pressure gradient term, numerical schemes, and users' manual. The last part of
report illustrates the model's applications to problems of wave breaking and runup in the context of
a standard suite of benchmark tests. In addition, we include a brief documentation of the spherical
Boussinesq model used for Tsunami wave simulations. The spherical Boussinesq model was based

2
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on Kirby (2004) and implemented in the same model framework. A detailed documentation for the
spherical code will be reported separately.

2 Theory

2.1 Governing equations

Chen (2006) derived fully nonlinear Boussinesq-type equations for waves and currents over porous
beds. The equations for the fluid layer are actually equations of Wei et al. (1995) with additional
terms representing the second-order effect of the vertical vorticity. In this study, a time-varying
reference elevation introduced by Kennedy et al. (2001) is applied to equations of Chen (2006).

The mass equation can be written as

0?]0---q + 1 • M = 0,(1
at(1

where

M (h±+ ){uo+ [(L-1(h2-h?] +r2))V(V.ua)

+ z,+ 1h- T)) V7(V (hu2)] } (2)

u, represents horizontal velocity vector at a time-varying reference elevation

za = -h + a(h + q) (3)

in which h is still water depth, 7 is the surface elevation, a = V"1i/5 for Pad6 [2,2] dispersion
(Note that Kennedy et al. used the symbol /0 to distinguish it from 01 defined by Nwogu, 1993).
The reference elevation will always be a fixed fraction of the water column from the bed, which is
an advantage in situations where water levels change significantly over time (Kennedy et al., 2001).

The momentum equation can be written as

+(u, . V)u, + gVr7+ V1 + V 2 + V 3 + R = 0 (4)

where g is the gravitational acceleration, R represents diffusion terms including bottom friction
and subgrid lateral turbulent mixing. V1 and V 2 are terms representing the dispersive Boussinesq
terms given by

V,= {uV(V.u) + z,,V[V. (hu,)]}

-VV -v" ua,t + V . (huat) (5)

3
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V2 = V {(Z. 7)(. - V) [V - (hu.)] + 1 (z2 _ 772)( V(V" U')}

+Iv {[V- (hue) + r/V _u] 2 }. (6)

Note that, when the time-varying reference is applied, the only difference between (5) and the
original expression of Wei et al. (1995) is in the first part of (5), where the temporal derivative
originally found only as u,,t encompasses the entire term. V 3 in (4) represents additional terms
accounting for the second-order effect of the vertical vorticity (Chen, 2006) and may be written as

V 3 = (U3 , V3) (7)

in which

U3 = VcW i WO{[zat (77 -h)] a[V -(hua,)]{[ 12 1 a
+ 1 l 2 (0 z -77h } h)(8)

+. +u h)(Vu) (9)

In (8) and (9), w0 and Wl represent the vertical vorticity in the first- and second-order, respectively.
They may be expressed by

Ova , Ua (10)
Ox Oy

and

Wi = 2OZ { [V (hu,)] + z, (V. u,)
ax• { aoy a }

- [V. (hua)] + z, -(V. Ua) (11)

2.2 Treatment of surface elevation gradient term

The hybrid numerical scheme requires a conservative form of continuity equation and momentum
equations, resulting in the source terms associated with bottom slope in the momentum equations
such as

g(h + rj)Vrj = V (2gh2) - glVZb (12)

4
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where Zb is the bottom elevation from the datum. The numerical imbalance problem occurs when
the surface gradient term is conventionally split into an artificial flux gradient and a source term that
includes the effect of the bed slope for a non-uniform bed. To eliminate errors introduced by the
traditional depth gradient method (DGM), a so-called surface gradient method (SGM) proposed by
Zhou et al. (2001) was adopted in the TVD based-Boussinesq models in the recent literatures. Zhou
et al. discussed an example of SGM in 1-D and verified that the slope-source term may be canceled
out by part of the numerical flux term associated with water depth, if the bottom elevation at the
cell center is constructed using the average of bottom elevations at two cell interfaces. Zhou et al.
also showed a 2D application but without explicitly describing 2D numerical schemes. Although
this scheme can be extended into 2D following the same procedure as in 1D, it was found that the
2D extension may not be trivial in terms of the bottom construction for a 2D arbitrary bathymetry.
Kim et al. (2008) addressed the problem raised from general applications. They pointed out that
the water depth in the slope-source term should be written in a discretized form rather than the
value obtained using the bottom construction, implying that their revised SGM is valid for general
2D applications.

For the higher-order schemes such as the fourth-order TVD-MUSCL scheme (Yamamoto and
Daiguji, 1993, Yamamoto et al., 1998) used in the recent Boussinesq applications, the original
SGM and the revised SGM may not be effective in removing the artificial source. This problem
was noticed by some recent authors such as Roeber et al. (2010) who kept a first-order scheme
(second-order for normal conditions) for the numerical flux term and the slope-source term in
order to ensure well-balanced solution without adding noise for a rapidly varying bathymetry.

"In fact, the imbalance problem can be solved by a reformulation of this term in terms of devi-
ations away from an unforced but separately specified equilibrium state (see general derivations in
Rogers et al., 2003 and recent application in Liang and Marche, 2009). Using this technique, the
surface gradient term may be split into

g(h + r7)Vrj = V [lg(rq2 + 2hr?) - gqVh (13)

which is well-balanced for any numerical order under an unforced condition.

2.3 Conservation forms of the fully nonlinear Boussinesq equations

For Nwogu's (1993) and Wei et al's (1995) equations, (h+±7)u,, can be used as a conserved variable
in the construction of a conservative form of Boussinesq equations, but resulting in a source term
in the mass conservation equation such as in Shiach and Mingham (2009) and Roeber et al. (2010).
An alternative approach is to use M as a conserved variable in terms of the physical meaning of
mass conservation. In this study, we used M, instead of (h + r)u,, in the following derivations of
the conservative form of the fully nonlinear Boussinesq equations.

We split M into two parts as follow

M = (h + 7) (u, + V4) (14)

5
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where

v4 L- - - (h2 - hq +T12)) (.u')

+ (zc, + (h- q)) V(V. (hua)) (15)

Using the tensor operator

V (uv) = Vu.v + (V-v)u (16)

yields

a- + V. 1MM
at (h +q

au,=(h + 77)--- + (h + 77) u, Vu,

+(h + ±7) a-•4 + ua. VV 4 +'V 4 Vu, . (17)

Following Wei et al. (2005), we separate the time derivative dispersion terms in VI:

V 1 = Vl -Vl (18)

where

z 2

v/ = 1V(V . u,) + zV[V- (hu,)]

-V [72V. u, +± -V. (hue) (19)

and
V"' = V [7TtV .u, + ,ItV. (hu,)] (20)

Using (17) and (18), the mass and momentum equations can be rewritten as

0-- +V. M = 0. (21)
at

at+ V + MM + 1  g(712 + 2hr7)
at °v v 4vhat + )2

=(h + (h) --- + U, • VVa + V4 • VU - V1 - V2 (V2

+g77Vh + (h + rq)R (22)

6
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A difficulty usually arises in applying the adaptive time-stepping scheme to the time derivative
dispersive terms (V 4,t and V•,t) which are usually calculated by values stored in several time levels
in the previous Boussinesq codes] such as in Wei et al. (1995) and Shi et al. (2001). The equation
can be re-arranged by merging the time derivatives on the right hand side into the time derivative
term on the left hand side:

at 1h + MM 1  F2O-- [ 1. M + V ±(/ 2hrl)J

= 7t(V• - V 4 ) + (h +- 7) (U, " VV 4 + V 4 " Vu, - V'1' - V 2 - V 3 )

+gqlVh + (h + r7 )R (23)

where
V = (h + 77) (u, + V') (24)

?It can be calculated explicitly using (21) as in Roeber et al. (2010). (21) and (23) are the governing
equations solved in this study.

3 Numerical schemes

3.1 Compact forms of governing equations

We define

u" = (u, v),
M =(P, Q) = [(h + •/)u + (h + 71)U4, (h + ij)v + (h + 7/)V4],

V--- (U1, V11),
= (PiVi),

V 2 =(U2, 2),

V 4 =(U4, 4),

V = (U, V) = [(h + 7)(u + ul), (h + 7)(v + vl')]

The generalized conservation form of Boussinesq equations can be written as

-- t-+ V. 0(,) = S (25)
at

where %P and 6(%P) are the vector of conserved variables and the flux vector function, respectively,
and are given by

77 ~Pi +Qj

,,=( ) p[19(772 +277h) i + I__(26)tIh + 7 2 t10=q - • \ - h + 77 J (2 6 )
V 0+i + [ Q2h+• -!•g(772, + 271h)]

7
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/ 0
S =+ V) + (h + 77)R , (27)

grja + O + (h + 7I)Rv

where

x= t(u; - U4 ) + (h + 77) (uU 4 ,x + vU 4,y + U4u. + V4 u, - Ul' - U2 - U3 ) (28)

y y=rTt(V1 - V 4) + (h + I) (uV4,x + vV4,y + U4vx + V4vy - Ul" - V2 - V3) (29)

The expanded forms of (Ul, V1'), (U•', V1"), (U 2 , V2 ), (U3 , V3 ) and (U4 , V4 ) can be found in
Appendix A. For the term R, the bottom stress is approximated using a quadratic friction equation.
A Smagorinsky (1963)-like subgrid turbulent mixing algorithm is implemented following Chen et
al. (1999).

3.2 Spatial discretization

A combined finite-volume and finite-difference method was applied to the spatial discretization.
For the flux terms and the first-order derivative terms, a fourth-order TVD-MUSCL scheme (Ya-
mamoto and Daiguji, 1993) is used to construct the interface values. For example, in x-direction:

Li+1/2 - Oi + 6( *i-1/2 + 2A*Oi+1/2), (30)

I¢i+1/2 = +i+1 - + A*¢i+ 3 / 2 ), (31)

where

A* =i-l/2 = minmod(A*oi-l/ 2 , bA*Oi+ 1 / 2 ), (32)

A*Oi+1/2 = minmod(A*Oi+i/ 2 , bA*Oi- 1 / 2 ), (33)

A* =i+l/2 = minmod(A*Oi+l/ 2 , bA*~i+ 3/ 2 ), (34)

A* =i+3/2 = minmod(A*Oi+3/ 2 , bA*Oi+l/ 2 ), (35)

A*Oi+1/2 = A~i+1/2 - 1A3 i+1/2, (36)

A3 i+1/2 = Aqi-1/2 - 2A~i+1/2 + A~i+ 3 / 2 , (37)
A ~i-1/2 = minmod(A~i- 1 /2 , b, Aki+ 1/ 2 , bAUi+ 3/ 2), (38)

A ~i+12 = minmod(A~i+U1 2 , b1 Aki+ 3/ 2 , blA, il/ 2), (39)

A ~i+3/2 = minmod(Aki+ 3/ 2 , blAi-1/ 2 , blA~i+1/ 2 ), (40)

minmod(i, j) = sign(i)max[0, min{f il, sign(i)j}], (41)

minmod(i, j, k) = sign(i)max[0, min{f ii, sign(i)j, sign(i)k}], (42)

8
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in which the coefficients b, = 2 and 1 < b < 4.
The numerical fluxes are computed using HLL approximate Riemann solver.

{ 0(4PL) ifsL > 0
0(IIL, qlR) E *(,IJL' %p R) ifsL < 0 < SR (43)

a(,pIR) ifsR <_ 0,

where

,*(qL, qR) = SReO(IL) - SLE(TR) + SLSR( IR - XL) (44)
SR - SL

The wave speeds of the Riemann solver are given by

SL = min(VL. n - •g(h + ý)L, Us - V ) (45)

SR = max(VR n + /g(h +7r)R, us + V/5 8), (46)

in which u, and 0, are estimated as

u, = 2(vL + VR).n + /g(77 + h)L - /g( + h)R (47)

- / g(77 + h)L + Vg(,q _+h)R (VL - VR)'n
2 + 4 (48)

and n is the normalized side vector for a cell face.
Higher derivative terms in 0. and 0y were discretized using the central differential schemes at

the cell centroids as in Wei et al. (2005). No discretization of dispersion terms at the cell interfaces
is needed due to using M as a flux variable. The Surface Gradient Method (Zhou et al, 2001) was
used to eliminate unphysical oscillations. Because the pressure gradient term is re-organized as in
section 2.2, there is no imbalance issue for the high-order MUSCL scheme.

3.3 Time stepping

The third-order Strong Stability-Preserving (SSP) Runge-Kutta scheme for nonlinear spatial dis-
cretization (Gottlieb et al., 2001) was adopted in time stepping. The scheme is given by

,p(i) . qn + At(-V .O(,n) + S(1))

,p'(2) = 3n4 + 1i[,p(1) + At (_V . O(1)) + S(2))] (49)

q~nl =1 n +2 [p() +At(_V . O(q,(2)) + Sn+1)=3 +3

in which %In represents ,L, value at time level n. %I(1 ) and Xp(2) are values at intermediate stages
in the Runge-Kutta integration. As %F is obtained at each intermediate step, the velocity (u, v) can

9



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment M: Page 14 of 56

be solved by a system of tridiagonal matrix equation formed by (24). S need to be updated using
(u, v, 77) at the corresponding time step and an iteration is needed to achieve convergence.

A adaptive time step is chosen, following the Courant-Friedrichs-Lewy (CFL) criterion:

At 0 Cmin min iu j. + + ? mm luiji + A(Yh + (50)

where C is the Courant number and C = 0.5 was used in the following examples.

3.4 Wave breaking and wetting-drying schemes for shallow water

The wave breaking scheme follows the approach of Tonelli and Petti (2009) who successfully used
the ability of NSWE with a TVD scheme to model moving hydraulic jumps. The fully nonlinear
Boussinesq equations are switched to NSWE at cells where the Froude number exceeds an certain
threshold. Following Tonelli and Petti, the ratio of wave height to total water depth is chosen to the
criterion to switch from Boussinesq to NSWE. The threshold value is set to be 0.8 as suggested by
Tonelli and Petti.

The wetting-drying scheme for modeling of a moving boundary is straightforward. The normal
flux n • M at the cell interface of a dry cell is set to zero. A mirror boundary condition is applied
to the fourth-order MUSCL-TVD scheme and discretization of dispersive terms in 0, Oy at dry
cells. It may be noted that the wave speed of the Riemann solver (45) and (46) for a dry cell are
modified as

SL=VL-n- Vg(h+r7)L, SR VL.fn+2 g(h+77)L (rightdrycell) (51)

and

SL VR -n--vg(h+7)R, SR VR n+2 vg(h+r7)R (left dry cell) (52)

3.5 Boundary conditions and wavemaker

We implemented various boundary conditions including wall boundary condition, absorbing bound-
ary condition following Kirby et al. (1998) and periodic boundary condition following Chen et al.
(2003).

Wavemakers implemented in the study include Wei and Kirby's (1999) internal wavemakers
for regular waves and irregular waves. For the irregular wavemaker, an extension was made to
incorporate the alongshore periodicity into wave generation in order to eliminate a boundary ef-
fect on wave simulation. The technique exactly follows the strategy in Chen et al. (2003) who
adjusted the distribution of wave directions in each frequency bin to obtain alongshore periodicity.
This approach is effective in modeling of breaking wave-induced nearshore circulations such as
alongshore currents and rip currents.

10
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3.6 Parallelization

In parallelizing the computational model, we use the domain decomposition technique to subdivide
the problem into multiple regions and assign each subdomain to a separate processor core. Each
subdomain region contains an overlapping area of ghost cells with three rows deep, as dictated by
the fourth order MUSCL-TVD scheme. The Message Passing Interface (MPI) with non-blocking
communication is used to exchange the data in the overlapping region between neighboring proces-
sors. Velocity components are obtained from Equation (24) by solving tridiagonal matrices using
parallel pipelining tridiagonal solver described in Naik et al. (1993).

To investigate performance of the parallel program, numerical simulations of an idealized case
are tested with different number of processors (16, 24, 36, and 48 processors) of a linux cluster
located at University of Delaware. The test case is set up in a numerical grid of 1800 x 1800.
Figure 1 shows the model speedup versus number of processors. It can be seen that a linear speedup
is obtained with a slight decrease with more processors due to the communication cost.
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Figure 1: Speedup of the parallel version.
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3.7 Implementation of weakly nonlinear Boussinesq equations in spherical coordi-
nates

The weakly nonlinear Boussinesq equations in spherical coordinates are solved in the same model
framework. We used the spherical Boussinesq equations derived by Kirby et al. (2004):

1
Ht + 1 {(Hu)o + (Hv cos0)0} = 0 (53)

ro cos 0
1 1 g

ut - fv + - uu, + -vuo + -ro cos 0 ro ro cos 0

+ 1 cos 2 0 [u¢t + (v cos e)Oet] - h [(hut)e€ + (h cos Ovt)0o]

1
76 + (BFT)O 0 (54)
ro cos 0

1 1 gvt+fu+ r~cosO r0  r

1 c0 cos [ O t + (VhCos_0s)]) - f{(hut)_ + (hc Ovt)O}]o}
0o

- 76 + 1 (BFT)o = 0 (55)
ro

where 0 and ¢ denote latitude and longitude, respectively, ro is the earth radius, f is the Coriolis
parameter, H = h + 71, (u, v) represent the depth-averaged velocity. BFT denotes forcing terms
resulting from motion of the ocean bottom and it is not taken into account in the present program.

To facilitate solving the spherical equations in the same model framework as in the Cartesian
coordinates, we define

x = ro cos 0(4 - 0o) (56)

y = ro(O - 0o) (57)

where (o0, 0o) are the reference longitude and latitude, respectively. The differential (dx.dy) can
be written as

dx = r cos Ode (58)

dy = rdO (59)

do and dO in (53) - (55) are replaced by dx and dy. Detailed derivations for each term are described
below.

1
r0 co 50(Hu)¢ = (Hu)x (60)

12
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1- tan OHv
ro

1

rý0 o UU = UUx

1
-VUO = VUyro

1

ro cos6g =0gr

h 2  1 h2

6 r cos2 0 U0t = 6 UX=t

h2 2 1 (V Cos9 )¢t = VXY6 r1 Cos2 6 - Itan Ovx
ro )t

h 1 h
2 r• Cos2 0 (hu)oot = (hu).x

02

r.h 1 (hvcosO)iot = h [v) -1 tan(hv)]0 COS cos 2 -r(•x o t
1

r0 cos (uv¢ = UVx

1
-VV9 = VVyro

1
-97g9 = 9 7gy7'0

.h2 1 ( u ot 0 h 2 (X t6 1 ZcosOo=-- Iux+--tanOu=

0 r2 CosQ 0 6 \ o
hi 1(u)t rh 1 (h l

_h 1 _ h - (hu)xy + -- tanO(hu)x
2 r2 cos6 0 2 L o X0o t

h2 1 F(vcos6)ot 1 o= 2 F 1 vo
6r[ os 6Ly~ tan Ovy - -rco2OV

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)
h 1 [(hvcosO)ot]

2 [ Cos • - [(hv)y - - tan O(hv)y - hv]- 2 (r) 2 ,oS 0ocs
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The equations in (x, y) coordinates are

Ht + (Hu), + (Hv)u = 1 tan OHv
ro

Ut + UUx + Vuy - fv + gqx +. Ft - Tr + (BFT)z = 0

(76)

(77)

(78)

(79)

Vt + uvX + Vvy + fu + gqy + Gt T6 + (BFT)y

where

F = -UX + h (v'
6 6

1 tanOv)- h-
ro -2

h [(hv)y - 1 tan 0(hv)x]
-2 roI

6
UXY +l tanux

1 tan
yy r-o Ov

1
r2 coO 2S V
r0 co

h x i1 (2 [(hu)xy + -- tan 0(hu)x
2 ~ rOI

h
-2 [ (hv),y

1- tan 0(hv)y
ro r2 co1 2 (hv) (80)

The conservation forms of the spherical equations can be rewritten in the same form of the
Cartesian equations (25) and T ,) and S are defined as

u7
Us
vs ) (Pi+QjE= [h-4- *g'29 + 2,/h)] i + f-J

h+?in I h+--71 ½gT2 + 277h)]

' tan O(h + q7)v
g7. +°f±(h + 77)v + -±bx + O I

g97 - f(h + 71)u + Tb1 + Oy

(81)

(82)s = (
where P = (h + 71)u, Q = (h + 77)v,

Us = (h + 77)(u + F)

Vs = (h + 77)(v + G)

(83)

(84)

(85)

(86)

Ox = 7htF

0, = 77tG
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4 Users' Manual

4.1 Program outline and flow chart

The code was written using Fortran 90 with the c preprocessor (cpp) statements for separation
of the source code. Arrays are dynamically allocated at runtime. Precision is selected using the
selected-realikind Fortran intrinsic function defined in the makefile. The default precision is single.

The present version of FUNWAVE-TVD includes a number of options including (1) choice
of serial or parallel code (2) Cartesian or spherical coordinate (Tsunami propagation mode), (3)
samples, and (4) wave breaking index and aging (bubble and foam mode).

The flow chart is shown in Figure 2.

4.2 Subroutine and function descriptions

ALLOCATE-VARIABLES: allocate variables. It is called by MAIN.

BREAKING: print breaking index and breaking age calculated based on Kennedy et al. (2000).
This option is defined in input.txt.

BOUNDARY-CONDITION: provide boundary conditions at four side boudaries. It is called by
FLUXES.

CAL-DISPERSION: calculate dispersion terms. The first and second derivatives with respect to
x, y are also calculated in this subroutine. In addition, the dispersion values in ghost cells are
updated in this subroutine. It is called by the main program.

CALCULATECmSm: calculate Cm and Sm used in Wei and Kirby's internal wave maker
for irregular waves (TMA). Detailed formulation can be found in Shi et al. (2003). The
subroutine is called by INITIALIZATION.

CALCULATE-SPONGE: setup sponge layer. It is called by INITIALIZATION.

CONSTRUCTION: low order interface construction. It is called by FLUXES. It calls CON-
STRUCTX and CONSTRUCTY.

CONSTRUCTIONJIO: high order interface construction. It is called by FLUXES. It calls
CONSTRUCTHOX and CONSTRUCTHOY.

CONSTRUCT_-ItX: high order interface construction of specific variables in x direction. It is
called by CONSTRUCTIONHO.

CONSTRUCTIO-IY: high order interface construction of specific variables in y direction. It is
called by CONSTRUCTIONHO.

CONSTRUCTX: construct variables in x direction. It is called by CONSTRUCTION.
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Figure 2: Flow chart of the main program.
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CONSTRUCTY: construct variables in y direction. It is called by CONSTRUCTION.

CORRECTOR: corrector time scheme. It was used for a comparison between Predictor-corrector
scheme and Runge-Kutta. It is not suggested using it in the present program.

DelxFun: calculate derivatives with respect to x. It is called by DelxFun.

DelxyFun: calculate derivatives with respect to x and y. It is called by FLUXES when the lower
order construction is applied. It calls DelxFun and DelyFun.

DelyFun: calculate derivatives with respect to y. It is called by DelxyFun.

DERIVATIVEX: calculate first-derivative respect to x in second order. The subroutine is called
by CAL-DISPERSION.

DERIVATIVEXHigh: calculate first-derivative respect to x in higher-order. The subroutine is
called by CAL-DISPERSION.

DERIVATIVEXX: calculate second-derivative respect to x. The subroutine is called by CAL-DISPERSION.

DERIVATIVEXY: calculate cross-derivative. The subroutine is called by CAL-DISPERSION.

DERIVATIVEY: calculate first-derivative respect to y in second order. The subroutine is called
by CAL-DISPERSION.

DERIVATIVEYIigh: calculate first-derivative respect to y in higher-order. The subroutine is
called by CAL-DISPERSION.

DERIVATIVEYY: calculate second-derivative respect to y. The subroutine is called by CAL-DISPERSION.

ESTIMATEDT: evaluate dt based on CFL criteria. It is called by MAIN.

ESTIMATEIUV: Runge-Kutta solver. It is called by MAIN. It calls GETEtaUVHUHV.

EXCHANGE: update 7, u, v, Hu, Hv and MASK in the ghost cells. It is called by MAIN. It
calls PHI-COLL.

EXCHANGE-DISPERSION: update dispersion variables in the ghost cells. It is called by
MAIN. It calls PHI-COLL.

FLUXATINTERFACE: calculate numerical fluxes at four cell interfaces using the averaging
method. It is called by FLUXES.

FLUXATNTERFACEHLLC: calculate numerical fluxes at four cell interfaces using HLLC
scheme. It is called by FLUXES. It calls HLLC.
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FLUXES: calculate numerical fluxes. It is called by MAIN. It calls CONSTRUCTION lower or-
der or CONSTRUCTIONHO for higher order, WAVE-SPEED, DelxyFun (for lower order),
FLUXATANTERFACEHLLC for HLL scheme or FLUXATINTERFACE for averaging
scheme, and BOUNDARY-CONDITION.

GETEta_U_V_HU_HV: calculate q, u, v, Hu and Hv. It is called by ESTIMATEHUV. The
tridiagonal solver is used to get u and v. Froude number cap is applied in this subroutine. It
calls TRIG (wall boundary) or TRIG-PERIODIC (periodic boundary). In the parallel mode,
it calls TRIDx and TRIDy.

GetFile: read data in the global dimension and distribute to all processors in the parallel mode.
Use flag '-DPARALLEL' in Makefile to include this subroutine.

GatherVariable: gather variables from all processors to processor 0 in the parallel mode but with
serial tridiagonal solver. Use flag '-DTRIDNOPARALLEL' to include this subroutine. It
is called by TRIDxyNoParallel.

HLLC: HLLC scheme. It is called by FLUXATANTERFACEHLLC.

INDEX: indexing for ghost cells and MPI subdomains. It is called by MAIN.

INITIALIZATION: initialization subroutine. It is called MAIN. It may call WKWAVEMAKERREGULARWAVE,
WKWAVEMAKERJRREGULARWAVE, CALCULATECmSm, CALCULATE-SPONGE
if applied.

INITIALIOTSTART: initialization when hotstart option is applied. It is called by MAIN. It
may call INITIALUVZ, INITIALSOLITARYWAVE, INITIALNWAVE, INITIAL-RECTANGULAR,
INITIAL-WAVE, WKWAVEMAKERREGULARWAVE, WKWAVEMAKERIRREGULARWAVE,
CALCULATECmSm, CALCULATE-SPONGE if applied.

INITIALNWAVE: sample to provide initial N wave solution. Use flag '-DSAMPLE' in Make-
file to include this subroutine. Parameters are defined in input.txt. The subroutine is called
by INITIALIZATION.

INITIALSOLITARYWAVE: sample to provide initial solitary wave solution. Use flag '

DSAMPLE' in Makefile to include this subroutine. Parameters are defined in input.txt. The
subroutine is called by INITIALIZATION. It calls SUB _SLTRY to get parameters.

INITIAL-RECTANGULAR: sample of given an initial rectangular hump. Use flag '-DSAMPLE'
in Makefile to include this subroutine. Parameters are defined in input.txt. The subroutine is
called by INITIALIZATION.

INITIALUVZ: read initial u, v, and 17 data from files defined in input.txt. It is called by INI-
TIALIZATION. It calls GetFile.
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MINMODLIMITER: function of minmod limiter. It is used in CONSTRUCTHOX, and
CONSTRUCTHOY

MPINITIAL: initialize MPI environment.

PHIEXCH: handle float type data exchange between processors in the parallel mode. It is called
by PHI-COLL. Use flag '-DPARALLEL' to include this subroutine.

PHINTEXCH: handle integer type data exchange between processors in the parallel mode. It
is called by UPDATE-MASK. Use flag '-DPARALLEL' to include this subroutine.

PREDICTOR: predictor scheme. It was used for a comparison between Predictor-corrector
scheme and Runge-Kutta. It is not suggested using it in the present program.

PREVIEW: output subroutine. It is called by MAIN. It calls PutFile.

PutFile: print out output in files. In the parallel mode, it gathers data from all processors into
processor 0 and prints out in the global dimension. Use flag '-DPARALLEL' in Makefile for
the parallel mode. It is called by PREVIEW.

PHI-COLL: update data in ghost cells. It is called by EXCHANGE. in the parallel mode, it calls
PHLEXCH which is a major subroutine to handle data exchange between processors.

READ-INPUT: read input.txt. It is called by MAIN. It calls GETSTRINGVAL, GETLOGICALVAL,
GET-INTEGERVAL, GETFloatVAL. Input data are written out in LOG.txt.

READI-OTSTARTDATA: read saved data for hot start and initialize other variables.

ScatterVariable: scatter variables from processor 0 to all processors in the parallel mode but with
serial tridiagonal solver. Use flag '-DTRIDNOPARALLEL' to include this subroutine. It
is called by TRIDxyNoParallel.

SOLITARYWAVELEFTBOUNDARY: nudging boundary condition of solitary wave at left
boundary. Use flag '-DSAMPLE' in Makefile to include this subroutine. Parameters are
defined in input.txt.

SourceTerms: calculate all source terms including slope term and dispersion terms. It is called
by MAIN.

STATISTICS: calculate statistics of total mass volume, energy, maximum and minimum 7, u, v,
Froude number etc.

SPONGE-DAMPING: use sponge layers to damp waves Parameters are defined in input.txt.

SUBSLTRY: provide solitary wave solution of Nogu's equations. It is called by INITIALSOLITARYWAVE.
Use flag '-DSAMPLE' in Makefile to include this subroutine.
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TRIGE: tridiagonal solver. It allows diagonal variables not equal to unit. It is called by
TRIG-PERIODIC.

TRIG: tridiagonal solver. It is called by GETEtaUVHUHV. It calls TRIGE.

TRIDxyNoParallel: no parallel tridiagonal solver but in the parallel mode. It is only for test-
ing. Use flag '-DTRIDNOPARALLEL' to include this subroutine. It calls GatherVariable,
TRIG and ScatterVariable.

TRIG-PERIODIC: cyclic tridiagonal solver. It is called by GETEtaUVHUHV. It calls
TRIGE.

UPDATE-MASK: update mask according to wetting and drying. Also update mask and mask9
in ghost cells.

VANLEERLIMITER: function of Vanleer limiter. It is used in DelxFun and DelyFun.

WAVE-SPEED: calculate numerical wave speed needed by the TVD scheme. It is called by
MAIN.

WKWAVEMAKERJRREGULARWAVE: calculate source function for Wei and Kirby's in-
ternal wave maker for irregular waves (TMA). Periodic boundary conditions are included.
Parameters are defined in input.txt. The subroutine is called by INITIALIZATION.

WKWAVEMAKERREGULARWAVE: calculate source function for Wei and Kirby's inter-
nal wave maker for regular waves. Periodic boundary conditions are included but for certain
wave angles (will ask during a run). Parameters are defined in input.txt. The subroutine is
called by INITIALIZATION.

WRITEIOTSTARTDATA: write out data used for hot start.

4.3 Permanent variables

Deptho: still water depth h at element point

DepthNodeo: still water depth h at node

DepthX0: still water depth h at x-interface

DepthY0: still water depth h at y-interface

Etao: surface elevation, for dry point, Eta( = MinDepth - Deptho, MinDepth is specified in
input.txt.

EtaO0: 7 at previous time level

20



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment M: Page 25 of 56

MASKO: 1 - wet, 0 - dry

MASKSTRUCO: 0 - permanent dry point

MASK9: mask to switch from Boussinesq equation to SWE, 1 - Boussinesq, 0 - SWE

UO: depth-averaged u or u at the reference level (u,) at element

VO: depth-averaged v or v at the reference level (v,) at element

HUO: (h + 'rl)u at element

HVO: (h + 77)v at element

P0: (h + 1) (u + U4) at x-interface

QO: (h + 71)(v + V4) at y-interface

FxO: numerical flux F at x-interface

FyO: numerical flux F at y-interface

GxO: numerical flux G at x-interface

GyO: numerical flux G at y-interface

Ubaro: U

Vbaro: V

U40: x-component of U4

V40: y-component of V4

Ulpo: x-component of U'

VlpO: y-component of VI'

EtaRxLO: r Left value at x-interface

EtaRxR0: r7 Right value at x-interface

EtaRyLO: r Left value at y-interface

EtaRyRO: r7 Right value at y-interface

HxL0: total depth Left value at x-interface

HxRO: total depth Right value at x-interface
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HyLO: total depth Left value at y-interface

HyRO: total depth Right value at y-interface

HUxLO: (h + iq)u Left value at x-interface

HUxRO: (h + qi)u Right value at x-interface

HVyLO: (h + r7)v Left value at y-interface

HVyRO: (h + 77)v Right value at y-interface

PLO: (h + rq)(u + U4 ), Left value at x-interface

PRO: (h + q)(u + U4 ), Right value at x-interface

QLO: (h + q)(v + V4), Left value at y-interface

QRO: (h + rq)(v + V4 ), Right value at y-interface

FxL = HUxL*UxL + 1/2*g*(EtaRxL 2 + 2*EtaRxL*Depthx)

FxR = HUxR*UxR + 1/2*g*(EtaRxR 2 + 2*EtaRxR*Depthx)

FyL = HyL*UyL*VyL

FyR = HyR*UyR*VyR

GxL = HxL*UxL*VxL

GxR = HxR*UxR*VxR

GyL = HVyL*VyL + l/2*g*(EtaRyL 2 + 2*EtaRyL*Depthy)

GyR = HVyR*VyR + l/2*g*(EtaRyR 2 + 2*EtaRyR*Depthy)

4.4 Installation and Compilation

FUNWAVE-TVD is distributed in a compressed fie. To install the programs, first, uncompress the
package. Then use

> tar xvf *.tar
to extract files from the uncompressed package. The exacted files will be distributed in two new
directories: /src and /work.

To compile the program, go to /src and modify Makefile if needed. There are several necessary
flags in Makefile needed to specify below.

-DDOUBLEPRECISION: use double precision, default is single precision.
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-DPARALLEL: use parallel mode, default is serial mode.

-DSAMPLES: include all samples, default is no sample included.

-DINTEL: if INTEL compiler is used, this option can make use of FPORT for the RAND() func-
tion

CPP: path to CPP directory.

FC: Fortran compiler.

Then execute
> make

The executable file "mytvd' will be generated and copied from /src to /work
To run the model, go to /work. Modify input.txt if needed and run.

4.5 Input

Following are descriptions of parameters in input.txt (NOTE: all parameter names are capital
sensitive).

TITLE: title of your case, only used for log file.

SPECIFICATION OF HOT START

HOT-START: logical parameter, T for hot start, F for cold start.

FileNumber-IOTSTART: number of hotstart file used for a hot start, e.g., 1,2,

SPECIFICATION OF MULTI-PROCESSORS

PX: processor numbers in X

PY : processor numbers in Y
NOTE: PX and PY must be consistency with number of processors defined in mpirun com-
mand, e.g., mpirun -np n (where n = px x py)

SPECIFICATION OF WATER DEPTH

DEPTH-TYPE: depth input type.

DEPTHLTYPE=DATA: from a depth file.

The program includes several simple bathymetry configurations such as

DEPTHTYPE=FLAT: flat bottom, need DEPTH-FLAT

DEPTHTYPE=SLOPE: plane beach along x direction. It needs three parameters: slope,SLP,
slope starting point, Xslp and flat part of depth, DEPTH-FLAT
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DEPTH-FILE: bathymetry file if DEPTHTYPE=DATA, file dimension should be Mglob x Nglob
with the first point as the south-west corner. The read format in the code is shown below.

DO J= 1,Nglob

READ( 1,*)(Depth(I,J),I= 1 ,Mglob)

ENDDO

DEPTH-FLAT: water depth of flat bottom if DEPTHTYPE=FLAT or DEPTHTYPE=SLOPE
(fiat part of a plane beach).

SLP: slope if DEPTHTYPE=SLOPE

Xslp: starting x (m) of a slope, if DEPTHTYPE=SLOPE

SPECIFICATION OF RESULT FOLDER

RESULT-FOLDER: result folder name, e.g., RESULT-FOLDER = /Users/fengyanshi/tmp/

SPECIFICATION OF DIMENSION

Mglob: global dimension in x direction.

Nglob: global dimension in y direction.

SPECIFICATION OF TIME

TOTAL-TIME: simulation time in seconds

PLOTINTV: output interval in seconds (Note, output time is not exact because adaptive dt is
used.)

SCREENINTV: time interval (s) of screen print.

PLOTINTVSTATION: time interval (s) of gauge output

HOTSTARTNTV: time interval (s) to save hot start data.

SPECIFICATION OF GRID SIZE

DX: grid size(m) in x direction.

DY: grid size(m) in y direction.

SPECIFICATION OF INITIAL CONDITION

INT_UVZ : logical parameter for initial condition, default is FALSE
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ETAFILE: name of file for initial 77, e.g., ETAFILE= /Users/fengyanshi/work/input/CVVH.grd,
data format is the same as depth data.

UFILE: name of file for initial u, e.g.,UFILE= /Users/fengyanshi/work/input/CVVU.grd, data
format is the same as depth data.

VFILE: name of file for initial v, e.g., VFILE= /Users/fengyanshi/work/input/CVVV.grd, data
format is the same as depth data.

SPECIFICATION OF WAVEMAKER

WAVEMAKER: wavemaker type.

WAVEMAKER = INILREC: initial rectangular hump, need Xc,Yc and WID

WAVEMAKER = LEFSOL: left boundary solitary, need AMPDEP, and LAGTIME

WAVEMAKER = INISOL: initial solitary wave, WKN B solution, need AMP, DEP, and
XWAVEMAKER

WAVEMAKER = INIOTH: other initial distribution specified by users

WAVEMAKER = WK-REG: Wei and Kirby 1999 internal wave maker, need XcWK, Tpe-
riod, AMPWK, DEPWWK, ThetaWK, and Time-ramp (factor of period)

WAVEMAKER = WKIRR: Wei and Kirby 1999 TMA spectrum wavemaker, need XcWK,
DEPWK, Time-ramp, DeltaWK, FreqPeak, FreqMin,FreqMax, Hmo, GammaTMA, Theta-
Peak

WAVEMAKER = WKTIMESERIES:ffi a time series to get each wave component and then
use Wei and Kirby's (1999) wavemaker. Need input WaveCompFile (including 3 columns:
per,amp,pha) and NumWaveComp,PeakPeriod,DEPWK, XcWK,YwidthWK

AMP: amplitude (m) of initial r, if WAVEMAKER = INIREC, WAVEMAKER = INISOL,

WAVEMAKER = LEFSOL.

DEP: water depth at wavemaker location, if WAVEMAKER = INISOL, WAVEMAKER = LEFSOL.

LAGTIME, time lag (s) for the solitary wave generated on the left boundary, e.g., WAVEMAKER
= LEFSOL.

XWAVEMAKER: x (m) coordinate for WAVEMAKER = INISOL.

Xc: x (m) coordinate of the center of a rectangular hump if WAVEMAKER = INIREC.

Yc: y (m) coordinate of the center of a rectangular hump if WAVEMAKER = INLREC.

WID: width (m) of a rectangular hump if WAVEMAKER = INLREC.

Time-ramp: time ramp (s) for Wei and Kirby (1999) wavemaker.
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DeltaWK: width parameter J for Wei and Kirby (1999) wavemaker. J = 0.3 - 0.6

DEPWK: water depth (m) for Wei and Kirby (1999) wavemaker.

XcWK: x coordinate (m) for Wei and Kirby (1999) wavemaker.

YwidthWK: width (m) in y direction for Wei and Kirby (1999) wavemaker.

Tperiod: period (s) of regular wave for Wei and Kirby (1999) wavemaker.

AMPRWK: amplitude (m) of regular wave for Wei and Kirby (1999) wavemaker.

ThetaWK: direction (degrees) of regular wave for Wei and Kirby (1999) wavemaker. Note: it
may be adjusted for a periodic boundary case by the program. A waming will be given if
adjustment is made.

FreqPeak: peak frequency (I/s) for Wei and Kirby (1999) irregular wavemaker.

FreqMin: low frequency cutoff (i/s) for Wei and Kirby (1999) irregular wavemaker.

FreqMax: high frequency cutoff (i/s) for Wei and Kirby (1999) irregular wavemaker.

Hmo: Hmo (m) for Wei and Kirby (1999) irregular wavemaker.

GammaTMA, TMA parameter -y for Wei and Kirby (1999) irregular wavemaker.

ThetaPeak: peak direction (degrees) for Wei and Kirby (1999) irregular wavemaker.

Sigma-Theta: parameter of directional spectrum for Wei and Kirby (1999) irregular wavemaker.

SPECIFICATION OF PERIODIC BOUNDARY CONDITION

( Note: only south-north periodic condition was implemented)

PERIODIC: logical parameter for periodic boundary condition, T - periodic, F - wall boundary
condition.

SPECIFICATION OF SPONGE LAYER

SPONGE-ON: logical parameter, T - sponge layer, F - no sponge layer.

Sponge-west-width: width (m) of sponge layer at west boundary.

Sponge-east-width: width (m) of sponge layer at east boundary.

Sponge-south-width: width (m) of sponge layer at south boundary.

Sponge-north-width width (m) of sponge layer at north boundary
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R-sponge: decay rate in sponge layer. Its values are between 0.85 - 0.95.

A-sponge: maximum damping magnitude. The value is - 5.0.

SPECIFICATION OF OBSTACLES

OBSTACLEFILE: name of obstacle file. 1 - water point, 0 - permanent dry point. Data dimension
is (Mglob x Nglob). Data format is the same as the depth data.

SPECIFICATION OF PHYSICS

DISPERSION: logical parameter for inclusion of dispersion terms. T - calculate dispersion, F -
no dispersion terms

Gammal: integer parameter for linear dispersive terms. 1 - inclusion of linear dispersive terms, 0
- no linear dispersive terms.

Gamma2: integer parameter for nonlinear dispersive terms. 1 - inclusion of nonlinear dispersive
terms, 0 - no nonlinear dispersive terms.

Gammal=l.0, Gamma2=0.0 for NG's equations. Gammal=1.0, Gamma2=1.0 for the fully
nonlinear Boussinesq equations.

Beta-ref: parameter 3 defined for the reference level. f3 = -0.531 for NG's and FUNWAVE
equations.

SWEETADEP: ratio of height/depth for switching from Boussinesq to NSWE. The value is
0.80.

Cd: bottom friction coefficient.

SPECIFICATION OF NUMERICS

Time-Scheme: stepping option, RungeKutta or Predictor-Corrector (not suggested for this ver-
sion).

HIGH-ORDER: spatial scheme option, FOURTH for fourth-order, SECOND for second-order
(not suggested for Boussinesq model).

CONSTRUCTION: construction method, HLL for HLL scheme, otherwise for averaging scheme.

CFL: CFL number, CFL - 0.5.

FroudeCap: cap for Froude number in velocity calculation for efficiency. The value could be 5
10.0.

MinDepth: minimum water depth (m) for wetting and drying scheme. Suggestion: MinDepth =

0.00 1 for lab scale and 0.01 for field scale.
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MinDepthFrc: minimum water depth (m) to limit bottom friction value. Suggestion: MinDepth-
Frc = 0.01 for lab scale and 0.1 for field scale.

SHOW-BREAKING: logical parameter to calculate breaking index. Note that breaking is calcu-
lated using shock wave capturing scheme. The index calculated here is based on Kennedy et
al. (2000).

Cbrkl: parameter CI in Kennedy et al. (2000).

Cbrk2: parameter C2 in Kennedy et al. (2000).

SPECIFICATION OF OUTPUT VARIABLES

NumberStations: number of station for output. If NumberStations,0, need input i,j in STA-
TION-FILE

DEPTH-OUT: logical parameter for output depth. T or F.

U: logical parameter for output u. T or F.

V: logical parameter for output v. T or F.

ETA: logical parameter for output 77. T or F.

MASK: logical parameter for output wetting-drying MASK. T or F.

MASK9: logical parameter for output MASK9 (switch for Boussinesq/NSWE). T or F.

SourceX: logical parameter for output source terms in x direction. T or F.

SourceY: logical parameter for output source terms in y direction. T or F.

P: logical parameter for output of momentum flux in x direction. T or F.

Q: logical parameter for output of momentum flux in y direction. T or F.

Fx: logical parameter for output of numerical flux F in x direction. T or F.

Fy: logical parameter for output of numerical flux F in y direction. T or F.

Gx: logical parameter for output of numerical flux G in x direction. T or F.

Gy: logical parameter for output of numerical flux G in y direction. T or F.

AGE: logical parameter for output of breaking age. T or F.
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4.6 Input for the spherical code

All input parameters, except the following grid information, are the same as for the Cartesican
code.

Lon-West: longitude (degrees) of west boundary.

LatSouth: latitude (degrees) of south boundary.

Dphi: dob (degrees)

Dtheta: dO (degrees)

In addition, there is no Gamma2 (for nonlinear dispersive terms) in the spherical code.

4.7 Output

The output files are saved in the result directory defined by RESULT-FOLDER in input.txt. For
outputs in ASCII, a file name is a combination of variable name and an output series number such
eta_0001, eta_0002 ..... The format and algorithm are consistent with the depth file. Output for
stations is a series of numbered files such as sta_0001, sta_0002 ....

The NetCDF output format is under development.

5 Benchmark Tests

Benchmarking of this numerical model is classified into four categories: 1) Basic hydrodynamic
considerations, 2) Analytical benchmarking, 3) Experimental benchmarking, and 4) Field bench-
marking. Some of the benchmark problems described here were used as benchmark problems in
the (Yeh et al., 1996) and (Liu et al.,2007) Long-Wave Runup Models Workshops in Friday Harbor,
Washington, and Catalina Island, Los Angeles, California, respectively.

5.1 Basic hydrodynamic considerations

Two most basic steps are required in ensuring that this numerical model works for predicting evo-
lution and inundation. The first step is ensuring that the model conserves mass; the second basic
step is checking convergence of this numerical code to a certain asymptotic limit.

5.1.1 Mass conservation

Conservation of mass can be checked by calculating the water volume at the beginning and at the
end of the computation. This should be done by integrating disturbed water depth 77(X, y, t) over
the entire flow domain, i.e., if the flow domain extends from the maximum penetration during
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inundation x = Xmax to the outer location of the source region Xs, and y = Ymax to Y8, then total
displaced volume V(t) is

V(t) = I V(t) = l7(x, y, t)dxdy (87)
JXma. Ya

The integral of 77(x, y, t) should be used instead of the integral of the entire flow depth h(x, y, t) -
77(x, y, t) + d(x, yxt), where d(x, y, t) is the undisturbed water depth, because the latter is likely to
conceal errors in the calculation. Typically, 17 << d at offshore integrating h will simply produce
the entire volume of the flow domain and will mask errors. Note that testing of the conservation
of mass as above involves placing a closed domain within reflective boundaries (Synolakis et al.,
2007).

The code is able to calculate the whole mass of domain and write out the quantity of mass in
LOG.txt for each screening time.

Calculations of conservation of mass has been done for all of the following benchmarks in the
context such that the total initial displaced volume V (t = 0) was within less than 1% of the total
displaced volume at the end of the computation V(t = T) where T represents the computation end
time. It is assumed that the end of the computation is when the initial wave is entirely reflected and
offshore. However with few changes in Ax and Ay the conservation of mass can be improved.

5.1.2 Convergence

The next basic step that has been covered for all of the benchmarks in the following context was
checking convergence of the numerical code to a certain asymptotic limit, presumably the actual
solution of the equations solved. The grid steps Ax and Ay has been halved, and the time step
At automatically reduced appropriately to conform to the CourantFriedricsLevy (CFL) criterion.
Convergence has been checked through the extreme runup and rundown. Figure 3 and table 1
provides convergence of the code due to the conical island test problem which will be discussed in
experimental benchmarks.

Maximum Runup

Grid Size H/d=0.045 H/d=0.091 H/d=181

0.1 0.02302 0.04061 0.06311

0.05 0.02303 0.04063 0.06315

0.01 0.02303 0.04064 0.06316

0.005 0.02303 0.04064 0.06316

Tabel 1. Maximum runup for Gauge 9 for different grid size
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Figure 3: Maximum runup for Gauge 9 for different grid size

5.2 Analytical benchmarking

The shallow water-wave (SW) equations describe the evolution of the water surface elevation and
of the depth-averaged water particle velocity of waves with wavelengths large compared with the
depth of propagation. The equations assume that the pressure distribution is hydrostatic every-
where, i.e., there is no variation with depth of any of the other flow variables. In this section we
present several analytic solutions to the 1+1 version of these equations. As stated in Section 2 of
this report, 1+1 models are generally unreliable for inundation mapping and entirely inadequate
for operational tsunami forecasting, but they are invaluable to the process of testing and validating
models (Synolakis et al., 2007).

In this part following benchmark problems has been studied:
1) Single wave on a simple beach
2) Solitary wave on a composite beach

5.2.1 Single wave on a simple beach

The canonical problem of the shallow water-wave equations is covered here which contains the
calculation of a long wave climbing up a sloping beach of angle /3 attached to a constant-depth
region (Figure 4). The origin of the coordinate system is at the initial position of the shoreline and
x increases seaward.
a) Solitary wave evolution and runup

It is possible to derive exact results for the evolution and runup of solitary waves based on linear
theory (Synolakis, 1986, 1987).Solitary waves have long been used as a model for the leading wave
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Figure 4: Definition sketch for bathymetry

of tsunamis. Russel (1845) defined solitary waves as the great waves of translation, and consists of
a single elevation wave. While capturing some of the basic physics of tsunamis, solitary waves do
not model the physical manifestation of tsunamis in nature, which are invariably N-wave like with
a leading-depression wave followed by an elevation wave. (Synolakis et al., 2007).

The following expression for the maximum runup R has been provided based on slope of the
beach and wave height of the solitary wave:

R = 2.831 VOt/3H
5/4

(88)

The equation (88) is also known as runup law.
The code is able to model this case using the depth format SLOPE in which the slope of the

beach, depth of flat region and starting point of the slope should be defined. The cases that have
been studied here have different depths from 50cm to 1000m. Also, for each depth different slope
and wave heights has been studied. Table 2 provides a list of selected different cases that has
been modeled including their maximum runup and the grid size for each case. Figure 5 defines a
comparison between numerical simulation and runup law.
b) N-wave runup

Most tsunami eyewitness accounts suggest that tsunamis are N-wave like, i.e., they are dipolar,
which means they appear as a combination of a depression and an elevation wave, and frequently
as a series of N-waves, sometimes known as double N-waves (Synolakis et al., 2007). Tadepalli
and Synolakis (1994) described N-wave with leading-elevation and depression waves of the same
height and at a constant separation distance and refer to this wave as an isosceles N- wave with a
surface profile given by
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R/d

d(m) Ax(m) H/d Cot(B) Runup
Law

Numerical calculations Error(%)

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
5
5
5
5
5
5
5
5
5

100
100
100
100
1000
1000
1000
1000

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
5.0
5.0
5.0
5.0
20.0
20.0
20.0
20.0

0.03
0.05
0.05
0.1
0.1
0.2
0.48

0.01

0.03

0.05

0.05

0.1

0.2

0.098

0.294

0.005

0.01

0.05

0.098

0.193

0.01

0.03

0.05

0.05

0.1

10

10

3.3333

3.3333

1

1

1

20

10

10

3.732

3.732

3.732

2.747

2.747

20

20

10

2.747

2.747

20

10

10

3.3333

3.3333

0.112
0.212
0.122
0.291
0.159
0.379
1.131
0.040
0.112
0.212
0.129
0.308
0.731
0.257
1.016
0.017
0.040
0.212
0.257
0.600
0.040
0.112
0.212
0.122
0.291

0.110

0.202
0.130
0.282
0.172
0.356
1.100
0.042
0.112
0.212
0.138
0.315
0.734
0.276
1.056
0.017
0.039
0.202
0.269
0.598
0.040
0.120
0.200
0.133
0.318

1.6
4.6
6.2
3.0
8.0
6.0
2.7
4.9
0.4
0.3
6.4
2.4
0.3
7.3
4.0
1.0
3.0
4.5
4.6
0.4
0.2
7.4
5.5
8.4
9.5

Tabel 2. Runup data from numerical calculations compared with runup law values.
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Figure 5: Numerical Simulation data for maximum runup of nonbreaking waves climbing up dif-
ferent beach slopes. Solid line represents the runup law.

S(X, 0) = 3vH sech2 [,,(x - XN)] tanh['y(x - XN)]
2

where

(89)

(90)
3 3

2 4
The code is able to generate N-waves using parameters H (wave height), XN(distance from

the boundary where the wave generates), and y.
The following expression for the maximum runup of N-waves has been provided based on

slope of the beach and wave height of the N-wave similar to solitary wave problem:

R = 3.86cot,3H5/4 (91)

The code is able to model this case using the depth format SLOPE with the same definitions
mentioned for solitary wave problem. The cases that have been studied here have different depths
from 50 cm to 1000 m. Also, for each depth different slope and wave heights has been studied.
Table 3 provides a list of selected different cases that has been modeled including their maximum
runup and the grid size for each case. Figure 6 defines a comparison between numerical simulation
and runup law for N-wave problem.

5.2.2 Solitary wave on composite beach

In this benchmark a complex topography consisting of three segments and a vertical wall has been
considered (Figure 7). Runup of non-breaking solitary waves on the vertical wall has been simu-
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R/d

d(m) y Ax(m) H/d Cot(B) Runup Law Numerical calculations Error(%)

0.5 0.17 0.1 0.03 10 0.152 0.162 6.3
0.5 0.22 0.1 0.05 10 0.289 0.262 9.2
0.5 0.22 0.1 0.05 3.3333 0.167 0.165 1.0
0.5 0.31 0.1 0.1 3.3333 0.396 0.374 5.6
0.5 0.31 0.1 0.1 1 0.217 0.232 6.9
0.5 0.44 0.1 0.2 1 0.516 0.501 3.0
0.5 0.68 0.1 0.48 1 1.542 1.413 8.4
0.5 0.10 0.1 0.01 20 0.055 0.058 6.2

5 0.54 1.0 0.03 10 0.152 0.157 3.0
5 0.70 1.0 0.05 10 0.289 0.285 1.2
5 0.70 1.0 0.05 3.732 0.176 0.187 6.1
5 0.99 1.0 0.1 3.732 0.419 0.433 3.3
5 1.40 1.0 0.2 3.732 0.997 1.052 5.5
5 0.98 1.0 0.098 2.747 0.351 0.369 5.2
5 1.69 1.0 0.294 2.747 1.385 1.388 0.2
5 0.22 1.0 0.005 20 0.023 0.023 0.2
5 0.31 1.0 0.01 20 0.055 0.056 2.6

100 3.12 5.0 0.05 10 0.289 0.278 3.7
100 4.37 5.0 0.098 2.747 0.351 0.379 8.0
100 6.13 5.0 0.193 2.747 0.818 0.826 0.9
100 1.40 5.0 0.01 20 0.055 0.056 2.6
1000 7.65 20.0 0.03 10 0.152 0.163 7.0
1000 9.87 20.0 0.05 10 0.289 0.275 4.7
1000 9.87 20.0 0.05 3.3333 0.167 0.173 3.8
1000 13.96 20.0 0.1 3.3333 0.396 0.419 5.7

Tabel 2. Runup data from numerical calculations compared with runup law values for N-wave.
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Figure 6: Numerical Simulation data for maximum runup of N-waves climbing up different beach
slopes. Solid line represents the runup law.

a32 mI

15m I 4.4 2.r _MO.Om

17 - 8 9 104
WACIEI:1:1:Jzf=21J0=411 IisI

I
WAVE
WAXER

Figure 7: Definition sketch for the revere beach.
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lated in this case and also, the results have been compared with the analytical solution. Laboratory
data exist for this topography from a U.S. Army Corps of Engineers, Coastal Engineering Re-
search Center, Vicksburg, Mississippi experiment of wave runup on a model of Revere Beach,
Massachusetts. However, the maximum runup for solitary waves propagating up Revere Beach
(Composite Beach) is given by the runup law

R = 2hwl/ 4H (92)

where, hw is the initial depth at the right vertical wall and H is the solitary wave height.
Two different initial depth has been studied here (d=18.8cm, d=21.8cm). For all cases a grid

size of Ax = 0.10m has been considered. Table 4 demonstrates a comparison of runup law with
the numerical data for both depths studied here.

d= 21.8 cm d= 18.8 cm
H R(Runup R(Nuwrwcai Error H R(Runup R(*xne&*c Error

Law) c,,•.,,o) H Law) cacui.,ion) (N)

0.00 0.0146 0.0141 3.7 0.00 0.0152 0.0148 2.5
5 5

0.01 0.0293 0.0288 1.6 0.01 0.0304 0.0310 2.1

0.03 0.0878 0.0850 3.2 0.03 0.0911 0.0871 4.4
0.05 0.1463 0.1390 5.0 0.05 0.1519 0.1440 5.2

Tabel 4. Maximum runup for solitary wave on a composite beach.

5.3 Laboratory benchmarking

In this part different laboratory benchmarks has been studied and the result of the numerical cal-
culations has been compared with the laboratory data. Following tests has been covered in this
part:

1) Solitary wave on a simple beach
2) Solitary wave on a composite beach
3) Solitary wave on a conical island
4) Tsunami runup onto a complex three-dimensional beach; Monai Valley

5.3.1 Solitary wave on a simple beach

In this benchmark, the 31.73 m-long, 60.96 cm-deep and 39.97 cm wide California Institute of
Technology, Pasadena, California wave tank was used with water at varying depths. The tank is
described by Hammack (1972), Goring (1978), and Synolakis (1986, 1987). The bottom of the
tank consisted of painted stainless steel plates. Carriage rails run along the whole length of the
tank, permitting the arbitrary movement of instrument carriages. A ramp was installed at one end
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of the tank to model the bathymetry of the canonical problem of a constant-depth region adjoining
a sloping beach. The ramp had a slope of 1:19.85. The ramp was sealed to the tank side walls. The
toe of the ramp was distant 14.95 m from the rest position of the piston generator used to generate
waves. This set of laboratory data has been vastly used for many code validations. In this modeling
test, the data sets for the -/d = 0.0185 nonbreaking and H/d = 0.3 breaking solitary waves
which are the most frequently used and most appropriate for code validation.

For these cases a grid size of Ax = 0.10m has been utilized. Figure 8 and Figure 9 displays
the accuracy of the model for both nonbreaking and breaking waves. The error for nonbreaking
waves was 3.3% and for breaking waves were 5.8%.

5.3.2 Solitary wave on a composite beach

Revere Beach is located approximately 6 miles northeast of Boston in the City of Revere, Mas-
sachusetts. To address beach erosion and severe flooding problems, a physical model of the beach
was constructed at the Coastal Engineering Laboratory of the U.S. Army Corps of Engineers,
Vicksburg, Mississippi facility, earlier known as Coastal Engineering Research Center.

The beach characteristics are exactly the same as the composite beach described in part 2.2. In
this benchmark a nonbreaking wave has been modeled and the data has been compared with the
laboratory data. Similar to part 5.2 grid size for this case has been considered Ax = 0.10m. The
code was able to calculate the maximum runup within error percentage of 3.8. Table 5 shows the
results.

5.3.3 Solitary wave on a conical island

Motivated by the catastrophe in Babi Island, Indonesia (Yeh et al., 1994), during the 1992 Flores Is-
land tsunami, large-scale laboratory experiments were performed at Coastal Engineering Research
Center, Vicksburg, Mississippi, in a 30 m-wide, 25 m-long, and 60 cm-deep wave basin (Figure 10
and 11).

In the physical model, a 62.5 cm-high, 7.2 m toe-diameter, and 2.2 m crest-diameter circular is-
land with a 1:4 slope was located in the basin (Figure 12). Experiments were conducted at depth of
32cm, with three different solitary waves (H/d=O.045, 0.091, 0.18 1). Water-surface time histories
were measured with 27 wave gages located around the perimeter of the island (Figure 12).

For this case, time histories of the surface elevation around the circular island are given at four
locations, i.e., in the front of the island at the toe (Gauge 6) and gauges closest to the shoreline with
the numbers 9, 16, and 22 located at the 0', 90', and 180' radial lines (Figure 14). A grid size of
Ax = 0.10 m has been considered for this case. Figures 13 - 15 shows the comparison between the
laboratory data with numerical calculations. Table 6 represents the error of the maximum runup
for each gauge for different wave heights.
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Figure 8: Time evolution of nonbreaking H/d=0.0185 initial wave. The solid line shows the nu-
merical solution and dots represent the laboratory data.
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Figure 9: Time evolution of breaking H/d=0.3 initial wave. The solid line shows the numerical
solution and dots represent the laboratory data.
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H/d R/d(Laboratory) R/d (Numerical)

0.038 0.13 0.125

Table 5. Maximum runup for solitary wave on a composite beach.

Figure 10: View of conical island (top) and basin (bottom).
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Figure 11: Definition sketch for conical island. All dimensions are in cm.
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Figure 12: Schematic showing gauge locations around the conical island.
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Figure 13: Comparison of computed and measured time series of free surface for H/d=0.045.
Dashed lines: measured, Solid lines: Computed.
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Figure 14: Comparison of computed and measured time series of free surface for H/d=0.091.
Dashed lines: measured, Solid lines: Computed.
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Gauge Number

H/d 6 9 16 22

0.045 0.3 7.4 14.3 8.6

0.091 5.6 19.5 4.6 0.3

0.181 4.3 19.8 1.7 6.2

Tabel 6. Error percentage of maximum runup calculation for each case.

5.4 Field benchmarking

5.4.1 Tsunami runup onto a complex three-dimensional beach, Monai Valley

The Hokkaido-Nansei-Oki tsunami of 1993 that struck Okushiri Island, Japan, with extreme runup
height of 30 m and currents of the order of 1018 m/sec was a disaster, but provided fortuitous high-
quality data. The extreme tsunami runup mark was discovered at the tip of a very narrow gulley
within a small cove at Monai. High resolution seafloor bathymetry existed before the event and
when coupled with bathymetric surveys following the event allowed meaningful identification of
the seafloor deformation. A 1/400 laboratory model of Monai was constructed in a 205 m-long, 6
m deep, and 3.5 m-wide tank at Central Research Institute for Electric Power Industry (CRIEPI)
in Abiko, Japan and partly shown in Figure 16. The laboratory setup closely resembles the actual
bathymetry. The incident wave from offshore, at the water depth of d = 13.5 cm is known and it
is shown in Figure 18. There are reflective vertical sidewalls at y = 0 and 3.5 m (Figure 19). The
entire computational area is 5.448 m x 3.402 m, and the grid sizes for numerical simulations were
ALx = Ay = 1.4cm. The input wave is a LDN with a leading-depression height of 2.5 mm with
a crest of 1.6 cm behind it (Figure 18). Waves were measured at thirteen locations and complete
time histories are given and compared with numerical simulations at three locations, i.e., (x, y) =
(4.521, 1.196), (4.521, 1.696), and (4.521, 2.196) in meters (Figure 19). Also, table 7 provides the
error for maximum runup computation for each gauge.
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Figure 16: Bathymetric profile for experimental setup for Monai Valley experiment.
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Figure 17: Computational area for Monai Valley experiment.
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Figure 18: Initial wave profile for Montai Valley experiment.
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Standards, criteria, and procedures for NOAA evaluation of
tsunami numerical models

C.E. Synolakis', E.N. Bernard2 , V.V. Titov3 , U. Khnoglu4 , F. Gonzd1ez2

1. Introduction

The National Oceanic and Atmospheric Administration (NOAA) is the fed-
eral agency charged with mitigating tsunami hazards in the United States.
NOAA's National Weather Service operates the two Tsunami Warning Cen-
ters (TWCs) in the U.S., and NOAA has spearheaded the national effort to
develop inundation maps for evacuation planning through the National Tsu-
nami Hazard Mitigation Program (NTHMP). The latter was formed through
a directive of the U.S. Senate Appropriations Committee in 1994 to develop
a plan for a tsunami warning system that reduces the risk to coastal resi-
dents. Following the horrific Indian Ocean tsunami of 26 December 2004, the
U.S. expanded the role of NTHMP to serve as the organizational framework
to implement the recommendations of the National Science and Technology
council report "Tsunami Risk Reduction for the United States: A Frame-
work for Action" (NSTC, 2005):

* Develop standardized and coordinated tsunami hazard and risk assess-
ments for all coastal regions of the United States and its territories.

* Improve tsunami and seismic sensor data and infrastructure for better
tsunami detection and warning.

" Enhance tsunami forecast and warning capability along our coast-
lines (Pacific, Atlantic, Caribbean, and Gulf of Mexico) by increas-
ing the number of Deep-ocean Assessment and Reporting of Tsunamis
(DART) buoys, tide gauges, and seismic sensors feeding real-time data
into on-line forecast models.

" Ensure interoperability between the U.S. national system and other
regional tsunami warning systems.

" Provide technical expertise and assistance, as appropriate, to facilitate
development of international tsunami and all-hazard warning systems,
including for the Indian Ocean.

1 Viterbi School of Civil Engineering, University of Southern California, Los Angeles,
CA 90089-2531, USA

2 NOAA/Pacific Marine Environmental Laboratory, 7600 Sand Point Way NE, Seattle,
WA 98115-6349, USA

3 Joint Institute for the Study of the Atmosphere and Ocean (JISAO), University of
Washington, Box 357941, Seattle, WA 98195-4235, USA

4Department of Engineering Sciences, Middle East Technical University, 06531 Ankara,
TURKEY
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" Encourage data exchange and interoperability among all regional tsu-
nami and all-hazard warning systems, such as the Intergovernmental
Oceanographic Sub-commission for the Caribbean (IOCARIBE).

" Promote development of model mitigation measures and encourage
communities to adopt construction, critical facilities protection, and
land-use planning practices to reduce the impact of future tsunamis.

" Increase outreach to all communities, including all demographics of
the at-risk population, to raise awareness, improve preparedness, and
encourage the development of tsunami preparedness plans.

" Conduct an annual review of the status of tsunami research and de-
velop a, strategic plan for tsunami research in the United States.

Since standards for modeling tools do not currently exist, and given the
increased number of states in the Atlantic, the Pacific, and territories in
the Caribbean that will need to develop tsunami mitigation plans, there
is the risk that forecast products may be produced with older or untested
methodology. This is not just a U.S. problem, but worldwide, as UNESCO's
plans are to build local capacity for developing maps in most member nations
facing tsunami hazards. Incorrectly assessing possible inundation can be
costly both in terms of lives lost, or in unnecessary evacuations in areas
larger than warranted that may put lives at risk and reduce the credibility
of the system, even in areas that were not directly affected. Standards axe
urgently needed to ensure a minimum level of quality and reliability for
forecasting and inundation products.

To calculate tsunami currents, forces and runup on coastal structures,
and inundation of coastlines, one must numerically calculate the evolution
of the tsunami wave from the deep ocean to its target coastal community. No
matter what the numerical model, both validation (the process of ensuring
that the model solves the parent equations of motion accurately) and veri-
fication (the process of ensuring that the model used represents geophysical
reality appropriately) are an essential part of the model development. Vali-
dation ensures that the model performs well in a wide range of circumstances
and is accomplished through comparison with analytical solutions. Verifi-
cation ensures that the computational code performs well over a range of
geophysical problems. Many existing numerical models have been validated
through comparison with analytical solutions. Very few have also been ver-
ified with laboratory and field measurements. Even fewer have been tested
in an operational forecast setting. Numerical models that have been tested
under all three conditions represent the gold standard for both inundation
mapping and real-time forecasting.

In the last ten years, the process of model validation and verification has
shown that terminal effects of tsunamis can be described by depth-averaged
equations. Interest in these equations has arisen because comparisons with
both large-scale laboratory data and field data have demonstrated a remark-
able and perhaps surprising capability to model complex evolution phenom-
ena, and in particular the maximum runup and inundation, extremely well
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over wide ranges of tsunami waves. In the current state of knowledge, the
main uncertainty arises from the ambiguities of the initial condition, pre-
suming that the solution methodology solves the equations of motion satis-
factorily. With the increasing deployment of tsunameters that monitor the
tsunami evolution in the deep ocean and allow for real-time updates of the
initial data, this remaining uncertainty is rapidly diminishing.

While equation solvers for more comprehensive approximations of the
parent Navier-Stokes equations now exist, they are presently too compu-
tationally intensive for inundation mapping or operational forecasting, and
are generally used for free-surface flows of very limited geographical extent.
These models remain largely unvalidated over wide ranges of tsunami events.
Further, the rapid development of packaged numerical modeling tools that
allow for the production of high-end animations even by untrained users,
underscores the issue of validating specific calculation tools used in tsunami
inundation and forecasting to avoid producing mathematically correct, but
physically unrealistic solutions.

In this report, benchmark tests for validating and verifying computa-
tional tools for predicting the coastal effect of tsunamis are discussed. State-
of-the-art methods for validation of tsunami codes are reviewed. Standards
and guidelines for validation and verification are recommended for opera-
tional codes used for inundation mapping and tsunami forecasting.

2. Model Evaluation Standards

Tsunami inundation models have evolved in the last two decades through
careful and explicit validation through comparisons of their predictions with
1+1 (one directional and time) and 2+1 (two directional and time) analytical
solutions, laboratory experiments, and field measurements. (See Synolakis
and Bernard (2006) for a comprehensive discussion of the evolution of tsu-
nami hydrodynamics.)

Numerical codes often include terms with "friction" factors in an at-
tempt to model physical dissipation, but primarily to stabilize what is an
inherently marginal inundation computation, given the small flow depths
and large velocities. Large friction factors make calculations more stable,
but may under-predict inundation distances and runup heights. Smaller
friction factors (or just relying on the inherent numerical dissipation of any
numerical calculation) result in more realistic predictions, but they tend to
be less stable, depending on the particular differencing scheme used. Thus it
is recommended that any code used for modeling tsunami inundation at geo-
physical scales be tested with all three types of validation data: analytical
solutions, laboratory measurements, and field measurements.

While there is in principle no absolute certainty that a numerical code
that has performed well in all the benchmark tests will also produce realistic
inundation predictions with any given source motions, validated codes largely
reduce the level of uncertainty in their results to the uncertainty in the
geophysical initial conditions. Further, when coupled with real-time free-
field tsunami measurements from tsunameters, validated codes are the only
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choice for realistic forecasting of inundation; the consequences of failure are
too serious to take chances with less-validated numerical procedures.

In what follows, the steps for validating 2+1 codes are discussed leaving
the details of the benchmark problems to Appendix A. Although 1+1 codes
were used two decades ago for developing early inundation maps, are gener-
ally unreliable for inundation mapping and entirely inadequate for tsunami
forecasting. Nonetheless, analytic solutions to the corresponding 1+1 hy-
drodynamic equations are invaluable to the process of model validation, and
several are presented in Appendix A. Specific steps are recommended for the
approval of modeling tools, their further development, and their transfer to
operations. These steps can be classified into six categories: basic hydrody-
namic considerations, analytical benchmarking, laboratory benchmarking,
field data benchmarking, scientific evaluations, and operational evaluations.

2.1 Basic considerations

Two basic steps are required before benchmarking the numerical codes: mass

conservation and convergence.
Mass conservation: The first basic step in ensuring that a numerical

model accurately simulates tsunami evolution is ensuring that the model
conserves mass. While the conservation of mass equation is one of the equa-
tions of motion that are solved in any numerical procedure, cumulative nu-
merical approximations can sometimes produce results that violate mass
conservation. This is particularly true when friction factors or smoothing to
stabilize inundation computations are used. Calculations of conservation of
mass should be such that the total initial displaced volume should be within
5% of the total displaced volume at the end of the computation, i.e., when
the initial wave is entirely reflected and offshore.

Convergence: The next basic step is checking convergence of the numer-
ical code to a certain asymptotic limit, ideally the actual solution of the
equations solved, if one exists. The optimal locations to check convergence
are the extreme runup and rundown. The numerical predictions should be
seen to converge to a certain value, and further reductions in step sizes should
not change the computed results.

2.2 Analytical benchmarking

Why is analytical benchmarking important? To calculate tsunami currents,
forces, and runup on coastal structures and coastal inundation, one must
calculate the evolution of the tsunami wave from deep ocean to its target.

Exact solutions of the shallow water-wave equations are useful for vali-
dating the complex numerical models that are used for final design. These
often involve ad-hoc assumptions, particularly during inundation computa-
tions when grid points are introduced and withdrawn as the shoreline re-
cedes and advances. Comparisons of numerical predictions with analytical
solutions can identify systematic errors, as when using friction factors or
dissipative terms to augment the idealized equations of motion.

Here, we only present certain common 1+1 propagation problems. The
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waves evolve over constant-depth and then over plane or composite beaches.
Even though most results are derived for idealized waveforms often used in
tsunami engineering to describe the leading wave of a tsunami, the gener-
alization to realistic spectral distributions of geophysical tsunamis is trivial
with the closed-form integrals provided.

It is important to note that validation should take place with non-
periodic waves. During runup, individual monochromatic waves reflect with
slope-dependent phase shifts. Whereas a code may model a periodic wave
well, it may not model wave superposition well. This was a problem of
earlier shallow water-wave formulations that did not account for reflection.
While their predictions for the Carrier-Greenspan (Carrier and Greenspan,
1958) sinusoids was correct, they exhibited significant errors when modeling
solitary waves or N-waves.

Further, the analytical solutions allow for using cyber-waves of the same
scale as geophysical tsunamis. This is in contrast to laboratory experiments
that require modeling of small-scale experiments.

Analytical solutions for three problems are presented for analytical bench-
marking:

Single wave on simple beach: Solitary and N-wave propagation first over
the constant-depth then sloping beach is considered. Details of the analyti-
cal solutions are given in Appendices A2.1.1, A2.1.2, and A2.1.3. Numerical
models should calculate the maximum runup of nonbreaking solitary and
N-waves within 5% of the calculated value from the analytical solution. Nu-
merical experiments should be undertaken in a range of depths from 50 cm
to 1000 m, and the initial waves scaled appropriately, i.e., for a !H/d = 0.02
initial solitary wave; at 50 cm the initial height should be 1 cm, at 1000 m
it should be 2 m. In addition, the initial value problem solution of the non-
linear shallow water-wave equations is described and runup/rundown and
velocity quantities for shoreline are presented in Appendix A2.1.4 for bench-
marking. Any well-benchmarked code should produce results within 5% of
the calculated value from the analytical solution.

Solitary wave on composite beach: 1+1 models that perform well with
the solitary wave experiments must still be tested with the composite beach
geometry, for which an analytical solution (Appendix A2.2) exists, with soli-
tary waves as inputs. Numerical predictions should not differ by more than
5% in predicting maximum runup for non-breaking waves.

Subaerial landslide on simple beach: Inundation computations are ex-
ceedingly difficult when the beach is deforming as a landslide is occurring.
Numerical predictions of the runup from an idealized landslide of translating
Gaussian shaped mass should not differ from the analytical model by more
than 10% (Appendix A2.3).

2.3 Laboratory benchmarking

Why is laboratory benchmarking important? It is quite clear from the ear-
lier discussion that numerical methods have evolved only through careful
validation accomplished through comparisons with analytic solutions and
laboratory measurements. Long before the availability of numerical codes,
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physical models at small scale have been used to visualize wave phenomena
in the laboratory and then predictions were scaled to the prototype. Even
today, when designing harbors, laboratory experiments-scale model tests--
are used to confirm different flow details and validate the numerical model
used in the analysis.

For the purpose of validating inundation models, the scale differences
are not believed to be important. Numerical codes developed in the last
decade that consistently produce predictions in excellent agreement with
measurements from small-scale laboratory experiments have been shown to
model geophysical-scale tsunamis well. For example, a numerical code that
adequately models the inundation in a 1 m-deep model is also expected
to model the inundation in the 1 km-deep geophysical geometry, as the grid
sizes are adjusted accordingly and in relationship to the scale of the problem.
Scale models, in general, do not have bottom friction characteristics similar
to real ocean floors or sandy beaches, but this has proven not to be a severe
limitation. Tsunamis are such long waves that bottom friction tends to be
less important than the inertia of the motion. Friction may be important
in cases of extreme inundation, as observed during the 2004 Boxing Day
tsunami in Banda Aceh with 3 km inundation distances. However, it has
been observed that even with numerical codes that use friction factors within
reasonable limits, the predictions are not sensitive to the first order.

Experimental results from five laboratory tests are described as labora-
tory benchmarking:

Single wave on simple beach: Given a small number of 2+1 wave basin
laboratory measurements, 1+1 versions of the 2+1 models should be tested
with 1+1 directional laboratory models. The solitary wave experiments on
the canonical model-waves propagating over a constant-depth region and
running up a 1:20 sloping beach-should be used first. Numerical models
should calculate the maximum runup of nonbreaking solitary waves within
5% of the measured values in the laboratory. For breaking waves, the models
should produce predictions within 10% of the measured values, and they
should consistently predict the runup variation described in Appendix A3.1.

Solitary wave on composite beach: 1+1 models that perform well with
the solitary wave experiments must still be tested with the composite beach
geometry (see Appendix A3.2 for details). This additional test will ensure
that the code is stable enough for large waves that are near the breaking
limit offshore (!H/d = 0.696). Numerical predictions should not differ by
more than 5% from the experimental values, and the numerical procedure
should be capable of predicting the entire runup variation.

Conical island: 2+1 dimensional calculations should be tested with the
conical island geometry of 1:4 slope (Appendix A3.3). The numerical method
should stably model two wave fronts that split in front of the island and
collide behind it. Predictions of the runup on the back of the island where
the two fronts collide should not differ by more than 20% from the laboratory
measurements.

Monai Valley: 2+1 numerical computations should then be tested with
the laboratory model of Monai Valley, Okushiri Island, Japan (Appendix
A3.4). The initial condition is a leading depression N-wave, and the entire
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simulation shows how well the code performs in a rapid sequence of with-
drawal and runup. Comparison of results from different codes has shown
that the maximum runup in these experiments can be calculated within
10%, which is thus the standard.

Landslide: As discussed, landslide wave generation remains the frontier
in terms of numerical modeling, particularly for aerial slides. These involve
not only the rapid change of the seafloor, but also the impact of the slide
on the shoreline. Therefore numerical codes that will be used to model
landslide-generated tsunamis need to be tested against three-dimensional
landslide experiments given in Appendix A3.5. It is expected to estimate
maximum runup predictions within 10% of the experiments.

2.4 Field data benchmarking

Why is field data benchmarking important? Verification of a model in a
real-world setting is an important part of model validation, especially for
operational models. No analytical or laboratory data comparisons (or any
limited number of tests, for that matter) can assure robust model perfor-
mance in the operational environment. Test comparisons with real-world
data provide an additional important step in the validation of a model to
perform well during operational implementation. The main challenge of
testing a model against real-world events is to overcome uncertainties of the
tsunami source. While the source of the wave is deterministic in the con-
trolled setting of the laboratory experiment and can be usually reproduced
precisely, field data always have uncertainties in the source. For tsunamis,
deep ocean measurements are the most unambiguous data quantifying the
source of a tsunami.

Only a very limited number of high-quality deep-ocean tsunami mea-
surements exist and these do not include data for Pacific tsunamis that
have been destructive or caused inundation (Titov et al., 2005). No DART
tsunameters existed in the Indian Ocean at the time of the megatsunami,
since DART had only been deployed in the Pacific Ocean. Satellite altimetry
measurements of the Indian Ocean tsunami do not provide enough quality
and coverage to constrain the tsunami source. Hydrodynamic inversion re-
mains an ill-posed problem and criteria for its regularization are lacking.
Deep ocean measurements allow for more defensible inversions, since they
are not affected by local coastal effects. Several events have been recorded
by both deep-ocean and coastal gages in the Pacific that allow reasonably
constrained comparison with models. The expanded DART system array
will be providing more tsunami measurements for future events, expanding
the library of well-constrained propagation scenarios for testing.

The 10 June 1996 Andreanov Islands (Tanioka and Gonz6lez, 1998) and
the 4 October 1994 Kuril Islands (Yeh et al., 1995) events were recorded
by several research tsunameters (without real-time data transmission) at
similar locations offshore of Alaska and the U.S. West Coast. The offshore
model scenario for the Andreanov Island event was obtained from the fore-
cast database by inverting data from research Bottom Pressure Recorders
(BPRs) as described in Titov et al. (2005). The inversion of the Kuril Islands
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data was performed using BPR gages in similar locations. The 17 November
2003 M, = 7.8 Rat Islands tsunami was recorded in real time by the DART
tsunameter system and provides a good operational test of field data.

High quality bathymetry/topography data, source definition, and field
runup measurements suggest using Okushiri Island, Japan, tsunami data as
one of the field benchmarks (Appendix A4.1). In addition, the Rat Islands,
Alaska, offshore model scenario constrained by the deep-ocean measurement
can be used as input for testing high-resolution inundation models for Hilo
Bay, Hawaii, where tide gage recording provides data for model comparison
(Appendix A4.2).

Okushiri Island: 2+1 computations of the field measurements from the
Hokkaido-Nansei-Oki tsunami around Okushiri Island, Japan (Appendix
A4.1). The initial condition to be used is DCRC-17a (Takahashi, 1996),
which is a composite fault with three segments. The bathymetry and mea-
surements are provided in Appendix A4.1. Predictions for the maximum
runup at Aonae, Okushiri Island, Japan, should not differ by more than
20% from the measurements.

17 November 2003 Rat Islands tsunami: For operational codes, testing
should invert the tsunameter signal of the 17 November 2003 Rat Islands
tsunami to improve the initial estimate of sea surface displacement derived
from a seismic deformation model, then use the results as input to a Hilo,
Hawaii, inundation model to hindcast the tide gage record. This is the most
difficult but most realistic test for any operational model, for it involves
a forecast (now hindcast) and has to be done much faster than real time.
Here, at least the first four waves must be simulated and compared with the
observations, with amplitudes and periods accurate to within 25%, maximum
amplitude accurate to within 10%, and an arrival time error less than 3 min.
Details of the problem are given in Appendix A4.2.

2.5 Scientific evaluation

Peer-review documentation: Model validation and verification is a continu-
ing process. Any model used for inundation mapping or operational forecasts
needs to be presented in peer-reviewed scientific journals with impact fac-
tors greater than 0.5. One or more of these publications should include
benchmark comparisons identical or similar to those described above.

Formal scientific evaluation: A formal evaluation process of individual
models needs to be established to avoid ad hoc decisions as to the suitability
of any given model. This process may include solicitation of additional
reviews of the model's veracity by experts, or the requirement that additional
testing be performed. This process will set the standard for the best available
practice at any given time, and it will hopefully eliminate the liability to
NOAA, universities, states, engineers, and geophysicists who collaborate on
the development of inundation maps.
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2.6 Operational evaluation

The operational evaluation should be done by a test-bed consisting of re-

search and operational parts of NOAA. While the scientific evaluation pro-

cess may identify models that are realistic and computationally correct, some

models may still not be appropriate for operational inundation mapping or

forecasting applications. An additional evaluation process must be estab-
lished to assess a number of model features that bear on important opera-

tional factors, such as special implementation hardware/software issues, ease
of use, computation time, etc.

Operational evaluation of candidate real-time forecast models should in-

clude the following steps:

Step 1-Meet Operational Forecasting and Inundation Mapping Require-
ments and Objectives: Operational requirements include: basic forecasting
computation, analysis and visualization tools; integration with operations

(vs. separate, stand-alone applications); basic data assimilation techniques;

computational resources needed to meet milestones; etc. If a candidate
model does not meet specified NOAA forecasting or inundation mapping

requirements and objectives, it should be rejected at this point.

Step 2-Meet Modular Development Requirements: Various pieces of the

forecast model must be developed in parallel based on the overall objectives

defined in Step 1.
Step 3-Meet Test Bed and Model Standards: In this step, the candidate

model is tested against operational standards, with special attention given
to the models ability to simulate previous, major tsunamis with the required

speed and accuracy. Based on these test results, forecast model development
may return to Step 2, proceed, or the candidate model may be rejected for

operational use.

Step 4-Meet Operational Testing Requirements: The candidate model

is integrated into the operational setting for testing. Potential sources are

defined and the model is tested in a forecasting mode on an operational
platform. Graphical interfaces are developed and forecast models are applied

to a few cases to test operational integration and important individual factors

such as speed, accuracy, and reliability (see Section 3, below). Operational
testing and feedback is provided by the TWCs at this point, and adjustments

are made as necessary.

Step 5-Implement Operationally: The model is fully integrated into the

operational setting and procedures to provide operational products.

3. Criteria for Evaluating Operational
Forecasting and Inundation Mapping Models

Given the accumulated experience in the tsunami community in the past 50

years, it is now possible to describe the requirements for an ideal tsunami
model. Given an earthquake fault mechanism and tsunameter data, the ideal

model should accurately predict tsunami inundation of at-risk coastlines in
a sufficiently short time. Sufficiently short is defined as the time interval
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between the initiation of the tsunami and the calculation of the inundation
forecast that allows for evacuation of the target communities. For example,
the State of Hawaii needs about 3 hr for a complete and orderly evacuation.

An ideal model would accurately forecast inundation at least 3 hr before the

tsunami impact is expected anywhere in Hawaii.

What are the requirements for building such an ideal model, and what
constraints need to be imposed for model selection and/or further develop-

ment? The following sections define and provide rationale for these con-

straints.

3.1 Model computational time constraints

The forecast speed will always depend on the distance from the source to the
forecast community. However, an ideal forecast would provide a real-time

forecast which, after being transmitted to local authorities, allows at least a
few minutes before the tsunami impacts the nearest target community. This
time interval would allow sirens to trigger the evacuation of beaches and

coastal residents and give emergency personnel time to mobilize resources
and prepare for search and rescue.

Further, an ideal model would correctly predict the duration of the event.
Tsunamis are a series of waves. Tsunamis often get trapped in closed bays

or on the continental shelf, resulting in sea level oscillations that may per-
sist for several hours. During the 1993 Okushiri Island, Japan, inundation,

bay oscillation at Aonae trapped the tsunami for over 30 min, and a large
portion of Aonae remained submerged for a large portion of this time. The
Crescent City, California, harbor oscillated for more than 4 hr following the
15 November 2006 tsunami. An operational forecast must ideally provide an
estimate of the time that it is safe for search and rescue operations to begin
without endangering the lives of responders.

Computational speed standards for inundation maps and real-time fore-
casts can be different. The current best-practice standard in the U.S. is
to use a combination of real-time forecast models at coarse resolution and
integrate real-time tsunameter measurements to update the initial sea sur-

face forecast (Titov et al., 2005; Whitmore, 2003). Then a fine-resolution
inundation model, developed beforehand and placed on stand-by, ready to

be run, uses the output of the fast coarse-resolution computation to produce
a quick but physically realistic inundation forecast. The latter is referred to
as a Stand-by Inundation Model (SIM).

A long-term forecast for inundation map production is produced months

or years before a tsunami strikes; computational time is not the limiting step
here. When conducting inundation mapping, the effort is concentrated on
acquiring the best available bathymetry/topography and initial conditions

to produce the most accurate model results. The objective is to provide
guidance for evacuation planning and other hazard assessment products.
Inundation mapping is performed at the highest resolution the available
resources allow. The current standard is 50 m grid resolution, but site-

specific features may demand even finer resolution. Successful computations
at resolutions down to 5 m have been performed.
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3.2 Model accuracy constraints

The accuracy of any given model depends on how well the computational

procedure represents the correct solution of the parent equations of motion.

When exact solutions exist (as, for example, for certain cases of the linear and

nonlinear shallow water-wave equations), the determination of the accuracy

of a solution algorithm is straightforward, i.e., through comparisons of the

numerical results with the analytical predictions. Determining maximum

runup numerically within 5% of the analytical solution is now possible with

a handful of models.

For most bathymetries of geophysical interest, analytical solutions do not

exist, and it is unlikely that they will ever be determined, due to the com-

plexity of the physical terrain. However, a few laboratory models at smaller

scale than the prototype exist: for example, the scale model of Okushiri

Island, as described earlier. The Catalina Island, Los Angeles, 2004 model

validation workshop of the National Science Foundation identified a hand-

ful of models that could predict the laboratory measurements within 10%.

While greater compliance with measurements is hoped for in the next decade,
10% accuracy is achievable now and should be considered a standard.

While a numerical model may be validated through comparisons with an-

alytical results and laboratory data, this does not necessarily imply physical

realism for tsunamis of geophysical scales. One example is wave breaking.

While a numerical model may realistically approximate the solution of the

Navier-Stokes equations at laboratory scales, it may not do so at large scales.

Calculating the evolution of breaking waves involves calculating turbulent

shear terms and invoking turbulence closure constraints which axe scale de-

pendent. Therefore a reliability constraint needs to be applied, and this is

discussed in the next subsection.

For operational forecast models, propagation accuracy of 5% is now pos-

sible (Titov et al., 2005). For inundation models, accuracy of 10% with

respect to analytical results and laboratory data is also now possible. Both

should be considered as standards.

An associated accuracy constraint is grid resolution. This depends on

the complexity of the shoreline. On a fairly plane and very long beach such

as those of Southern California, a 100 m grid resolution may be sufficient.

The smallest offshore and onshore features likely to affect tsunami impact

on a coastal community should be reflected in the numerical grids. If a

community is fronted by a sand spit of width 100 m, at least four grid points

are needed to provide accurate resolution of the flow over the spit, implying

a resolution of less than 25 m. If a coastline is sparsely populated, a 100 m

resolution may be sufficient for satisfactory inundation maps, even when the

shoreline is complex.

3.3 Model reliability and realism constraints

Model reliability refers to how well a given model predicts inundation con-

sistently and realistically from a geophysical point of view. Linear theory

may predict wave evolution consistently, but unfortunately not always in
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a realistic manner. Linear theory predicts that waves during shoaling will
keep growing in height, whereas in reality waves will eventually break, if
large enough and when exceeding threshold height-to-depth and height-to-
wavelength ratios.

The issue of reliability is crucial. Several numerical models now widely
used include ad hoc friction factors. Given that these factors were developed
not to model the physical manifestation of frictional dissipation, but simply
to stabilize what is by its very nature a marginally stable computation,
it is not possible to know a priori how well a model that has been fairly
successful in a small number of cases performs in more general cases. For
example, a model developed and calibrated for stability with examples from
steep coastlines with less than 200 m inundation distances may not perform
equally well when employed to forecast the inundation from a tsunami that
penetrates more than 3 km inland, as the 26 December 2004 Boxing Day
tsunami did in Banda Aceh.

It is clear that any numerical model for inundation predictions needs to be
tested over a variety of scales from the laboratory to prototype to ensure both
reliability and realism. Ideally, inundation models should be continuously
tested with every new set of laboratory data or tsunami field data that
becomes available. This will also allow for their further improvement. On
the other hand, operational propagation forecasting is by its nature less
dependent on scale. Some of the existing methods to test for model accuracy,
reliability, and realism are discussed in Appendix A.

4. Summary of Model Evaluation Procedures

State-of-the-art inundation codes in use today have evolved through a pains-
taking process of careful validation and verification, while operational codes
have been developed through extensive verification with measurements from
real tsunamis, to the point that every new event poses a diminishing chal-
lenge. Mining this experience, procedures for approval and application of
numerical models for operational uses are proposed as follows:

1. Establishment of standards for model validation and verification;

2. Scientific evaluation of individual models;

3. Operational evaluation of individual models;

4. Development of operational applications for forecasting;

5. Procedures for transfer of technology to operations.

Only through parallel testing of models under identical conditions, as
when there is a tsunami emergency and an operational forecast is performed,
can the community determine the relative merits of different computational
formulations, an important step to further improvements in speed, accuracy,
and reliability.

Figure 1 illustrates the process of model development and evaluation for
operational use. The process of operational model development should be
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Figure 1: Flowchart illustrating the process of NOAA operational model development.

as inclusive as possible, to ensure the active participation of the geophysical,
oceanographic, engineering, and NOAA research communities. Currently,
scientific evaluation of a tsunami model takes the form of peer-reviewed
publications and NSF tsunami model benchmark workshops. NOAA re-
search and operations will evaluate the tsunami model operationally. The
Community Modeling Activity will solidify these evaluations into a sustain-
able developmental effort that will feed NOAA operations with new and
refreshed models. NOAA's responsibility is to test benchmarked models for
operational suitability to define if a model fits the NOAA operational stan-
dards. This evaluation is done by operational and research components of
NOAA as a part of the Research-to-Application implementation plan. The
models-those that fit NOAA's operational standards-may be implemented
for operations. The models that do not fit the standards (due to accuracy,
speed, or robustness deficiencies) will stay in the research community mod-
eling activity for improvement and further development.

It is emphasized again that model testing must remain a continuous pro-
cess. Operational products produced in real time during an actual event
must be thoroughly reviewed, and the operational models systematically
tested in hindcast mode after each tsunami strikes. The results must be
documented and reported to assist the community in developing and im-
plementing improvements, through the identification and resolution of any
serious problems or inadequacies of the models and/or products.

While this process may appear onerous, it reflects our state of knowledge
as of December 2006, and is the only defensible methodology when human
lives are at stake.
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Appendix A: Existing Methods for Model
Validation and Verification

Benchmarking of numerical models can be classified into four categories:
Basic hydrodynamic considerations, analytical benchmarking, experimental
benchmarking, and field benchmarking. Here, specific benchmark problems
for validating and verifying computational tools for predicting the coastal
effect of tsunamis are described in detail. Some of the benchmark problems
described here were used as benchmark problems in the 1995 (Yeh et al.,
1996) and 2004 (Liu et al., 2007) Long-Wave Runup Models Workshops in
Friday Harbor, Washington, and Catalina Island, Los Angeles, California,
respectively.

1 Basic hydrodynamic considerations

Two most basic steps are required in ensuring that a numerical model works
for predicting evolution and inundation. While the first step is ensuring that
the model conserves mass, the second basic step is checking convergence of
the numerical code to a certain asymptotic limit.

1.1 Mass conservation

The conservation of mass equation is part of the equations of motion that
are solved in any numerical procedure, but cumulative numerical approxima-
tions can sometimes produce results that violate mass conservation. This is
particularly the case when friction factors are used, or smoothing to stabilize
inundation computations for breaking waves.

Conservation of mass can be checked by calculating the water volume at
the beginning and at the end of the computation. This should be done by
integrating disturbed water depth 77(x, y, t) over the entire flow domain, i.e.,
if the flow domain extends from the maximum penetration during inundation
X = Xmax to the outer location of the source region XS, and y = Ymax to
YS, then total displaced volume V(t) is

XS YS

f f r1(xy,t)dxdy. (Al)
Xmx Yma_

The integral of 71(x, y, t) should be used instead of the integral of the
entire flow depth h(x, y, t) = 77(x, y, t) + d(x, y, t)-where d(x, y, t) is the
undisturbed water depth-because the latter is likely to conceal errors in the
calculation. Typically, q < d at offshore integrating h will simply produce

the entire volume of the flow domain and will mask errors. Note that testing
of the conservation of mass as above involves placing a closed domain within
reflective boundaries.

Numerical models use absorbing boundaries to allow the wave to radiate
outwards. While some loss of mass may in theory occur due to the differenc-
ing at the boundary, placing the computational boundaries far enough from
the source ensures this loss is minimal. Nonetheless, testing conservation
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of mass with open boundaries and monitoring the volume fluxes over the
corresponding boundaries at x = Xb and y = Yb is computationally possible.
The net flux needs to be added or subtracted to the total displaced volume.

The calculation of the entire volume of the wave motion of the flow do-
main at the beginning and end of the computation-to ensure that mass is
conserved-is very important in code validation. Once the associated mass
fluxes at the boundaries are considered, numerical errors can be highly addi-
tive, and mass invariably decreases in numerical computations. It is essential
that codes self-monitor the entire volume; if the difference between start and
finish is greater than 5%, the grid needs to be readjusted. Usually with few
changes in Ax, Ay, and At, the conservation of mass can be improved.

Calculations of conservation of mass should be such that the total initial
displaced volume V(t = 0) should be within 5% of the total displaced volume
at the end of the computation V(t = T) where T represents the computation
end time. It is assumed that the end of the computation is when the initial
wave is entirely reflected and offshore.

1.2 Convergence

The next basic step is checking convergence of the numerical code to a
certain asymptotic limit, presumably the actual solution of the equations
solved. The grid steps Ax and Ay need to be halved, and the time step At
reduced appropriately to conform with the Courant-Friedrics-Levy (CFL)
criterion. The optimal locations to check convergence are the extreme runup
and rundown. A graph needs to be prepared presenting the variation of the
calculated runup and rundown (ordinate) with the step size (abscissa). As
the step size is reduced, the numerical predictions should be seen to converge
to a certain value, and further reductions in step size should not change the
results.

2 Analytical benchmarking

The shallow water-wave (SW) equations describe the evolution of the water-
surface elevation and of the depth-averaged water particle velocity of waves
with wavelengths large compared with the depth of propagation. The equa-
tions assume that the pressure distribution is hydrostatic everywhere, i.e.,
there is no variation with depth of any of the other flow variables. In this
section we present several analytic solutions to the 1+1 Version of these
equations. As stated in Section 2 of this report, 1+1 models are generally
unreliable for inundation mapping and entirely inadequate for operational
tsunami forecasting, but they are invaluable to the process of testing and
validating models.

2.1 Single wave on a simple beach

The so-called canonical problem of the shallow water-wave equations is the
calculation of a long wave climbing up a sloping beach of angle j3 coupled to
a constant-depth region (Fig. Al). The origin of the coordinate system is at
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Figure Al: Definition sketch for canonical bathymetry, i.e., sloping beach con-
nected to a constant-depth region.

the initial position of the shoreline and x increases seaward. Dimensionless
variables are introduced as follows:

x=-, (q, ho) -
d d' I u / and t= (A2)

Here quantities with tilde are dimensional and q is the amplitude, u is the
depth-averaged horizontal velocity, h0 is the undisturbed water depth, d is
the depth of the constant-depth region, and • is the gravitational accelera-
tion. The topography is described by ho(x) x tan 3 when x < Xo = cot/3
and ho(x) = 1 when x > X0 = cot/3. Even though dimensionless variables
are not preferred in engineering practice, here they have distinct advantages
as everything scales simply with an offshore characteristic depth. In numer-
ical solutions, dimensional variables are most often used.

Consider a tsunami evolution problem described by the 1 + 1 nonlinear
shallow water-wave (NSW) equations:

ht + (uh)x = 0,
Ut+UUx±+'x = 0,

(A3)

with h(x, t) = ,(x, t)+ho(x). Through elementary manipulations, neglecting
nonlinear terms, (A3) reduces to

Tqtt - (r7ho). = 0, (A4)

an equation known as the linearized shallow water-wave (LSW) equation.
Over constant-depth h0 = 1, then

l7tt - ?7xx = 0, (A5)

the classic one-dimensional wave equation.
The solution follows directly from the Fourier transform of the equation

when a boundary condition for the wave amplitude i7 (X1 , t) is specified, i.e.,
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when the incident wave 7(x, t) at the constant-depth region is known at some
x = X1 , and can be described by a Fourier integral of the form

7(X 1 , t) = j 4(w)e-iWtd&. (A6)

Consider the canonical problem of a constant-depth region of depth h0 = 1
joined to a sloping beach of angle /3, with the toe of the beach at x = X 0 .
Synolakis (1986, 1987) matched the linear theory solution at the constant-
depth with the solution over the sloping beach as derived by Keller and
Keller (1964) to derive the solution over the sloping beach for a wave with
a transform as given by (A6),

q(x,t) = 21 (w) • --7-O dw, (A7)

where X 0 = cot /3. This solution is only valid when 0 < x < X0 ; when x < 0,
(A4) does not reduce to Bessel's equation. Notice that the integral (A7) can
be evaluated with standard numerical methods; however, the advantage of
this form is that it allows calculation of the solution for many physically
realistic tsunami waveforms simply by plugging in the D(w) of the incoming
wave, hopefully known at some offshore location X1.

2.1.1 Solitary wave evolution and runup As discussed in Syno-
lakis (1986, 1987) it is possible to derive exact results for the evolution and
runup of solitary waves based on linear theory. Solitary waves have long
been used as a model for the leading wave of tsunamis. Solitary waves were
first described by Russel (1845) as the great waves of translation, and con-
sist of a single elevation wave. While capturing some of the basic physics
of tsunamis, they do not model the physical manifestation of tsunamis in
nature, which are invariably N-wave like with a leading-depression wave fol-
lowed by an elevation wave. A solitary wave centered offshore at x X, at
t = 0 has the following surface profile,

q(x, 0) = Hsech2'y(x - X,), (A8)

where y = V/-3H/4 and H is the dimensionless wave height, i.e., H = H/d.
The function P(w) associated with this profile is derived in Synolakis (1986)
and it is given by:

2 iw Ys
4)(w) = -wcosech(aw)e " , (A9)

3

where a = w/(2'y).
In the context of water-wave theory, the solitary wave (A8) is an ex-

act solution of the Korteweg-de-Vries (KdV) equation; therefore, a KdV
solitary wave propagates over constant-depth without any change in shape.
The KdV theory is both dispersive and nonlinear, and solitary waves are
the only waves with this unique property of unchanging shape. However,
(A8) can be used as an initial condition for other wave theories, without,
of course, a priori expectation that the SW model will preserve the classic
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soliton properties, which include their ability to go through each other (in-
teract) without any change in shape through nonlinear interactions. This
having been said, since the LSW is nondispersive and linear, hence all waves
propagate over constant-depth without any change in shape. However, in
the range of wave steepness and amplitudes relevant for tsunamis, it is now
well established that, at least for the 1 + 1 problem far from the shoreline,
the LSW theory, which also preserves the wave shape for propagation over
constant-depth, is quite adequate (Liu et al., 1991) and useful when the
engineering problem has simple geometry.

The derivation of the amplitude evolution for solitary waves is not as
straightforward as often assumed. When superposing sinusoids, there is a
frequency w-dependent phase shift. It is therefore not obvious that linear su-
perposition will produce a similar amplitude variation given this frequency-
dependent phase shift.

To describe the evolution of a solitary wave up a plane beach, Synolakis
(1986, 1987), substituted (A9) into (A7) to obtain

O(x, t) = 4 [+00 wcosech(acw) Jo(2wV )e-w(XOXs+) dw, (A10)
3 ... J0(2XOuw) - ili(2Xow)

where, as earlier, a = 7r/v/"3iI. This integral can be evaluated directly
through contour integration. In the region where the wave evolves on the
sloping beach far off the shoreline, x is large, and (A10) becomes

47r 2 X0 1/ 4+0'ý

r/(x, t) = 37V (-x) y -(1)n+lne(lt/a)O'n' (All)

n=1

with 0' = X0 - X, - t - 2V/Xo. The maximum of the power series is
1/4, therefore the maximum local value of the wave amplitude 7lmax is given
explicitly by

7/max = X0 1/4 1 /4(A2
W-_ (__ To I 14 A2

this is an amplitude variation similar to Green's law.
The region over which (A12) applies is the region of gradual shoaling; the

region of rapid shoaling is often identified with the Boussinesq result, i.e.,
ilmax - h. The fact that both evolution laws may coexist was first identified
by Shuto (1973). Synolakis and Skjelbreia (1993) also present results which
show that Green's law type evolution is valid over a wide range of slopes and
for finite-amplitude waves at least in the region of gradual shoaling.

The results (A10) can now be readily applied to derive a result for the
maximum runup of a solitary wave climbing up a sloping beach. Writing
R(t) = 71(O, t), i.e., R(t) is the free-surface elevation at the initial shoreline;
in the LSW theory, the shoreline does not move beyond x = 0. The maxi-
mum value of R(t) is the maximum runup 7R, arguably the most important
parameter in the long-wave runup problem, and it is the maximum vertical
excursion of the shoreline. Per Synolakis (1986), from equation (A10), it can
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be deduced that

+00 ( 1)n+lne_ 2y(XsýXo-t)n

R(t) = 8H E Io(4-Xon) + I](4yXon) (A13)
n=1

The series can be simplified further by using the asymptotic form for large ar-
guments of the modified Bessel functions. The resulting series is of the form
s = -n'LI(-1)n+ln 3/ 2xn; its maximum value Smax occurs at X = 0.481 =

e-0.732 with Smax = 0.15173. Then the following expression results for the
maximum runup 7Z:

-k = 2.831 V/-co H5 4 . (A14)

This result is formally correct when V/' >» 0.288 tan /3-the assumption
implied when using the asymptotic form of the Bessel functions. Equation
(A14) was first derived by Synolakis (1986) and has since been referred
to as the runup law and shown in Fig. A2. As will be apparent in later
sections, this methodology is quite powerful to find the maximum runup and
it allows calculation of the runup of other waveforms such as N-waves, not
to mention the runup of waves evolving over piecewise-linear bathymetries.
Recent results suggest that the dependence of the runup on the slope and on
the offshore wave height in a two-dimensional problem of idealized conditions
is often quite similar to this one-dimensional power law.

The asymptotic result (A14) is valid for waves that do not break during
runup, suggesting that it is appropriate to use the qualifier nonbreaking for
waves that do not break during runup but may or may not break during run-
down. The real usefulness of any asymptotic result is how well it identifies
the scaling, i.e., it can identify the solution dependence on the problem pa-
rameters; numerical solutions will invariably produce more accurate specific
predictions, but they can rarely provide useful information about the prob-
lem scaling. To check if the runup law (A14) provides the correct scaling,
Synolakis (1986, 1987) examined the classic laboratory data set of Hall and
Watts (1953), Fig. A2. That study includes both breaking and nonbreak-
ing wave data without identifying them as such, clearly because there was
no realization of the differences; the empirical runup relationships derived
by Hall and Watts (1953) are not directly applicable when determining the
runup of nonbreaking waves. To perform a posteriori identification of those
data, the breaking criterion H < 0.479(cot 0)-10/9 was used.

2.1.2 N-wave runup Most tsunami eyewitness accounts suggest that
tsunamis are N-wave like, i.e., they are dipolar, which means they appear
as a combination of a depression and an elevation wave, and frequently as
a series of N-waves, sometimes known as double N-waves. Up until the late
1990s, the solitary wave model was used exclusively to evaluate the runup
of tsunamis. The N-wave model was motivated by observations from earth-
quakes in Nicaragua [1 September 1993], Flores, Indonesia [12 December
1992], Okushiri, Japan [7 July 1993], East Java, Indonesia [6 June 1994],
Kuril Islands, Russia [4 October 1994], Mindoro, Philippines [14 Novem-
ber 1994], Manzanillo, Mexico [9 October 1995], Chimbote, Peru [3 March
1996], Papua New Guinea [17 July 1998], Vanuatu [26 November 1999], and
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Figure A2: Laboratory data for maximum runup of nonbreaking waves climbing
up different beach slopes: U 1:19.85 (Synolakis, 1986), 0 1:11.43 (Hall and Watts,
1953), El 1:5.67 (Hall and Watts, 1953), * 1:3.73 (Hall and Watts, 1953), A 1:2.75
(Pedersen and Gjevik, 1983), + 1:2.14 (Hall and Watts, 1953), x 1:1.00 (Hall and
Watts, 1953). Solid line represents the runup law (A14).

Caminade, Peru [20 June 2001], all of which produced tsunami waves which
caused nearby shorelines to first recede before advancing. The most specific
description was during the 9 October 1995 Manzanillo, Mexico earthquake.
One eyewitness saw the shoreline retreat beyond a rock outcrop which was
normally submerged in over 5 m depth and at a distance of about 400 m
from the shoreline, suggesting a leading-depression wave. Before the megat-
sunami of 26 December 2004, this was the only photographic evidence of
these leading-depression waves (Borrero et al., 1997). Recall that the megat-
sunami manifested itself first with a rapid withdrawal of the water surface
in most locales east of the rupture zone.

Modeling tsunamis with solitary waves cannot possibly explain these ob-
servations, because a solitary wave is technically a leading-elevation wave.
Therefore, and to reflect the fact that tsunamigenic faulting in subduction
zones associated with both vertical uplift and subsidence of the sea bottom,
Tadepalli and Synolakis (1994) conjectured that all tsunami waves at gener-
ation have an N-wave or dipole shape. Tadepalli and Synolakis (1994, 1996)
proposed a general function as a unified model for both near-shore and far-
field tsunamis as generalized N-waves. When a wave propagates with the
trough first it is referred to as a leading depression N-wave or LDN. When
the crest arrives first, it is a leading-elevation wave or LEN. Also, Tade-
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palli and Synolakis (1994) defined another type of N-wave of this class with
leading-elevation and depression waves of the same height and at a constant
separation distance and refer to this wave as an isosceles N-wave with a
surface profile given by

q(x, 0) = 23 Hsech2 [y(x - XN)]tanh[-y(x - XN)], (A15)

with•y - 3H. Wave profile (A 15) is an LDN and has a maximum wave

amplitude H. The function 4)(w) associated with this profile is derived in
Tadepalli and Synolakis (1994) using contour integration and it is given by:

-
2 i 2 7w iWXN (A16)4)()= Wcosech(-.. O)e .(A6
3Wj- y 2-)'

Now, the maximum of R(t) = 77(O, t) can be evaluated for LEN using the
symmetry of the profile given in (A15) and one can find that

RN-wave = 3.86/,/VWtH 5/ 4 . (A17)

Comparing the runup of the Boussinesq solitary wave (A14) with the runup
of an isosceles N-wave, RN-wave = 1. 3 6 4 RSolitary. Because of the symmetry
of the profile, this is also the minimum rundown of an isosceles leading-
depression N-wave. Tadepalli and Synolakis (1994) showed that the normal-
ized maximum runup of nonbreaking isosceles LEN is smaller than the runup
of isosceles LDN, and that both are higher than the runup of a solitary wave
with the same wave height, and the latter is known as the N-wave effect
(Fig. A3).

The two-dimensional character of the generation region limits the direct
application of the N-wave and solitary wave models. However, N-wave theory
does provide a conceptual framework for analysis and for explaining certain
field observations qualitatively.

2.1.3 Boundary value problem To solve the nonlinear set (A3) for
the sloping beach case, ho(x) = xtan Q, Carrier and Greenspan (1958) in-
troduced the hodograph transformation known as Carrier-Greenspan trans-
formation:

(A18)

4) 2

t = cot/3(¢°a - A), (A20)
u2

or2  VPA U 2

x = cot'a -( + .- ), (A21)
16 4 2

into (A3), and they derived the following second-order ordinary differential
equation:

Or, = COA (A22)
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Figure A3: Maximum runup of isosceles N-waves and solitary wave. Top and
lower set of points are results for the maximum runup of leading-depression and
-elevation isosceles N-waves, respectively. Dotted line represents the runup of soli-
tary wave (A14). Lower and upper insets compare a solitary wave profile to a
leading-depression and -elevation isosceles N-waves, respectively.

Note that the original Carrier-Greenspan transformation does not include
cot /3 in (A20) and (A21) because of a different scaling as given in (A25) in
section A2.1.4. Note also the similarity with the linear form of the shallow
water-wave equation (LSW), (71.ho). = ritt. Also, notice the conservation
of difficulty. Instead of having to solve the coupled nonlinear set (A3), one
now has to solve a linear equation, but the transformation equations which
relate the transformed variables with the physical variables are nonlinear,
coupled, and implicit. Yet, a redeeming feature is that in the hodograph
plane, i.e., in the (a, A)-space, the shoreline is always at o = 0. This al-
lows for direct analytical solutions without the complications of the moving
shoreline boundary.

In general, it is quite difficult to specify initial or boundary data for the
nonlinear problem in the physical (x, t)-space coordinates without making
restrictive assumptions; a boundary condition requires specification of the
solution at (Xo, Vt), and an initial condition specification at (to, Vx), but, in
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practice, the wave approaching the beach is only known offshore for (X0 _>
cot 13, t < to), where to is the time that the wave reaches the x-location X 0 .
Even when boundary or initial conditions are available in the (x, t)-space,
the process of deriving the equivalent conditions in the (oa, A)-space is not
trivial.

These difficulties have restricted the use of this transformation to prob-
lems that can be reduced directly to those solved by Carrier and Green-
span (1958). Synolakis (1986) revived the Carrier-Greenspan formalism by
developing a method to specify a boundary condition including reflection.
Synolakis (1986) used the solution of the equivalent linear problem, as given
by (A7), at the seaward boundary of the beach, i.e., at x = X0 = cot/3
corresponding to a = a0 = 4. Then, equation (A19) implies that 71(Xo, t)

OA (4, A). Assuming that 4(ao, A) -4 0 as A -- ±oo, Synolakis (1986, 1987)
showed that the Carrier-Greenspan potential is given by

16i + 1(n) Jo(anXo/2)e-i'XO(1-A)
x0 ro , JO(2,XO) - iJi(2KXo) ds. (A23)

Even though the solution now can be obtained in the (a, A)-space using
(A18) and (A19) and can be converted to the solution in the (x, t)-space
through (A20) and (A21), the problem with this transformation is deriving
a solution for a particular-time t* or at a particular-location x*. Synolakis
(1986) and later Khnoglu (2004) evaluated the solution either for given t* or
at given x* using the Newton-Raphson iteration algorithms, respectively;[i1ýA t' - t(A) Fru~ r i* - (Oa)

AA [t*- t(A)] Ai [ x* - X()]

(A24a, b)

Here t(A) and x(a) are given with (A20) and (A21), respectively.
An astonishing feature of the NSW is that the predictions for the max-

imum runup are identical to those of the LSW, when identical boundary
conditions are specified at Xo = cot/3. The maximum runup according to
LSW is the maximum value attained by the wave amplitude at the initial po-
sition of the shoreline, while the maximum runup is given by the maximum
value of the amplitude at the evolving shoreline 71(x,, A), where xs is the
x-coordinate of the shoreline tip and corresponds to a = 0. Carrier (1966)-
without reflection-and Synolakis (1987)-including reflection-have shown
that the linear and nonlinear theory produce mathematically identical pre-
dictions. Nonlinear analytical evolution of solitary wave with H = 0.0185
over a sloping beach of 1:19.85 is given in Fig. A4.

2.1.4 Initial value problem The nonlinear evolution of a wave over
a sloping beach is theoretically and numerically challenging due to the mov-
ing boundary singularity. Yet, it is important to have a good estimate of
the shoreline velocity and associated runup-rundown motion, since they are
crucial for the planning of coastal flooding and of coastal structures. As
explained in the previous section, Synolakis (1987) solved this problem as a
boundary value problem considering canonical bathymetry. Kinoglu (2004)
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Figure A4: Time evolution of H = 0.0185 initial wave over a sloping beach with cot/i = 19.85 from t = 25
to 65 with 10 increments. Constant depth-segment starts at X0 = 19.85. While markers show experimental
results of Synolakis (1986, 1987), solid lines show nonlinear analytical solution of Synolakis (1986, 1987).
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h(x)

Figure A5: Definition sketch for the initial value problem.

solved nonlinear evolution of any given wave form over a sloping beach as an
initial value problem (Fig. A5). It is proposed that any initial waveform can
first be represented in the transform space using the linearized form of the
Carrier-Greenspan transformation for the spatial variable, then the nonlin-
ear evolutions of these initial waveforms can be directly evaluated. Later,
Kanoglu and Synolakis (2006) solved the similar problem considering a more
general initial condition, i.e., initial wave with velocity.

Kanoglu (2004) considers NSW equations (A3) with slightly different
nondimensionalization than (A2), i.e., using the reference length 1 as a scal-
ing parameter, the dimensionless variables are introduced as

x= , (h, 1)- ,u- and t . (A25)l tanf 0' -T :7tan 8' /rl/• tan,3)

Using the original Carrier-Greenspan transformation-without cot / co-
efficient in (A20) and (A21)-it is possible to reduce the NSW equations to
the following single second-order linear equation the same as (A22):

00\ - (90,), = 0, (A26)

using the Riemann invariants of the hyperbolic system (Carrier and Green-
span, 1958). The Carrier-Greenspan transformation not only reduces the
nonlinear shallow water-wave equations into a second-order linear equation,
but also fixes the instantaneous shoreline to a = 0 in the (a, A)-space as
explained previously. Furthermore, a bounded solution at the shoreline com-
bined with a given initial condition in terms of a wave profile at A = 0 in the
(a, A)-space, 77(a, 0) implies the following solution in the transform space,

¢(a, A) = - 1 l2i2D(ý)j°(wa)j, (wc) sin(wA)dwdo, (A27)

where 4)(a) = u,\(a, 0) = 4% (a, 0)/a. Further, given the initial waveform
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77(a, 0), the evolution of the water-surface elevation is now given by
1 1u

rqc, A) = --

- 1 {0•2() [j J(War) J sin(wA)dw dý}2 (A28)2 o

where, again, 4(a) = 4 % (a, 0)/a.
Since it is important for coastal planning, simple expressions for shoreline

runup-rundown motion and velocity are useful. Considering the shoreline
corresponds to a = 0 in the (ar, A)-space, (A28) reduces to the following
equation for the runup-rundown motion:

1 1
IS(A) =7 (0, A) = OA- -u2

4 2
-1 {j 2ý()) [ j Jl(w{)cos(wA)dw] dc}

1 {,2)()[j lwJi(L,.k)sin(wA)dw] dl}2. (A29)

Here u,, and 7s represent shoreline velocity and motion, respectively. The
singularity of the u = 01ao, at the shoreline (a = 0) is removed with the

consideration of the lim,_ 0 [J1(wa)/a] = 1w.

The difficulty of deriving an initial condition in the (a, A)-space is over-
come by simply using the linearized form of the hodograph transformation
for a spatial variable in the definition of initial condition. It is proposed that
any initial waveform can first be represented in the transform space using
the linearized form of the Carrier-Greenspan transformation for the spa-
tial variable ((A21) without cot/3 coefficient), then the nonlinear evolutions
of these initial waveforms can be directly evaluated. Once an initial value
problem is specified in the (x, t)-space as q(x,0), the linearized hodograph
transformation x - 61 a 2 is used directly to define the initial waveform in the
(a, A)-space, 7(jloa2 , 0). Thus 4)(a) = 477,(1 a 2 , 0)/1o is found, and 0(a, A)
follows directly through a simple integration, as in (A28). Then it becomes
possible to investigate any realistic initial waveform such as Gaussian and
N-wave shapes employed in Carrier et al. (2003) and the isosceles and gen-
eral N-waves defined by Tadepalli and Synolakis (1994). Again, solution in
the physical space can be found using the Newton-Raphson algorithm pro-
posed by Synolakis (1987) and later used by Kanoglu (2004), as presented
in (A24a, b).

The shoreline runup-rundown motion and velocity are presented for one
of the initial profiles given by Carrier et al. (2003):

i7(x, 0) = Hi exp(-cl (x - Xl) 2 ) - H2 exp(-c 2 (x - x2) 2 ). (A30)

The following initial profile can be obtained in the transform space after
using the linearized form of the transformation for the spatial variable:1 1

T1(cr, 0) ; H, exp(- 2•Cl (a 2 _ or12) 2 ) - H2 exp(- C2 (a"2 _- a02) 2), (A31)
256 12562
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Figure A6: (a) The leading-depression initial waveform (A30) presented by Carrier et al. (2003) with H,
= 0.006, cl = 0.4444, X1 = 4.1209, H2 = 0.018, c2 = 4.0, and X2 = 1.6384 (solid line) compared with the one
resulting from approximation (evaluated through (A28)) (dots), (b) shoreline wave height, and (c) shoreline
velocity.

which leads to the definition of the initial condition 4)(a):

11 Cl(2 2)1
16(a) = 1  cl (a2 - or exp(- I- c1( 2 

- 0 2 )2 )
16 12561

1IH2 C2 (O2 
- 2) 1 C a 2 )2 ) (A32)

1e6p2 c25 (a 2

Figure A6a compares the initial waveforms defined in the physical space
as in (A30) with the one resulting from the approximation of it, i.e., (cal-
culated through (A28)). The linearized form of the spatial variable in the
definition of the initial waveforms gives satisfactory comparison. Figures
A6b and A6c present the shoreline runup-rundown motion and velocity, re-
spectively, calculated from equation (A29) using the corresponding parts.
It should be added that the solution presented here cannot be evaluated
when the Jacobian of the transformation, J = x, t,\ - x,\ t,, breaks down.
Even though the transformation might become singular at certain points,
the solution can still be obtained at other points, since local integration can
be performed without prior knowledge of the dependent variables, unlike in
numerical methods. This feature is discussed in detail in Synolakis (1987)
and Carrier et al. (2003), and is not explained further in here.

2.2 Solitary wave on composite beach

Most topographies of engineering interest can be approximated by piecewise-
linear segments allowing the use of LSW to determine approximate analytical
results for the wave runup of more complicated waveforms, in closed form.
In principle, fairly complex bathymetry can be represented through a com-
bination of positive and/or negative segments and constant-depth segments.
Solutions of the LSW (A4) at each segment can be matched analytically at
the transition points between the segments, and then the overall amplifica-
tion factor and reflected waves can be determined, analytically. We consider
here an application to check this assertion with a complex topography con-
sisting of three segments and a vertical wall (Fig. A7). Laboratory data
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Figure A7: Definition sketch for Revere Beach. Not to scale. Transition points
and segments are numbered from shoreward to seaward, i.e., segment numbers 1, 2,
3, and 4 show 1/13, 1/150, 1/53, and constant-depth segments, transition points 1,
2, and 3 show transition points between 1/13 and 1/150, 1/150 and 1/53, and 1/53
and constant-depth segment, respectively.

exist for this topography from a U.S. Army Corps of Engineers, Coastal En-
gineering Research Center, Vicksburg, Mississippi experiment of wave runup
on a model of Revere Beach, Massachusetts. This beach profile and the lab-
oratory data are discussed in greater detail in Yeh et al. (1996), Kanoglu
(1998), and Kinoglu and Synolakis (1998). The profile of the model consists
of three piecewise-linear slopes of 1:13 (1st segment), 1:150 (2nd segment),
and 1:53 (3rd segment) from shoreward to seaward. At the shoreline there is
a vertical wall. In the laboratory experiments, to evaluate the overtopping
of the seawall, the wavemaker was located 23.22 m and tests were done at
two depths, at 18.8 cm and at 21.8 cm.

Kanoglu (1998) and Khnoglu and Synolakis (1998) associated constant-
depth segment of depth h, with the matrix:

jWP WXy

ie- v -ie V
Dp a.XX (A33)

and the linearly varying depth region with positive slope m, is associated
with the matrix:

Q =[ Jo(2wV~hp/mr) Yo(2w hp/mr) 1 (A34)

[J=(2wVfi~/m,) Yi(2w Vhp/mr)

Above, in equations (A33) and (A34), the first subscript p identifies the
transition point, and the second subscript r identifies the segment, i.e., if a
segment has two transition points, there are two associated 2 x 2 matrices.
Here nondimensional quantities are defined as in (A2) using the depth of the
4th segment h4 as the characteristic length scale.

Using (A33) and (A34), continuities of water surface elevation and its
spatial derivative at the transition points lead to the following matrix equa-
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tions:

QllV1 = Q12 V2 , Q22 V2 = Q23 V3 , and Q33 V3 = D 34 V4 , (A35)

for each transition point. Here column vectors Vr = [Vrl, V,2 ]T identify
unknowns for each segment. One additional condition must be consid-
ered at the vertical wall, i.e., perfect reflection. Boundary condition at
the wall requires V] to be a column vector considering perfect reflection,
i.e., Q. = [1,-Jl(2wv'-7w/rnl)/Yi(2wv'-h-w/mi)] T . V1 = QwVn with h" is
the dimensionless water depth at the wall. Combining (A35) with perfect
reflection gives

QV]]= Q 1 l -2 Q 1 ,Q23 Q- 1 D34 V4  (A36)

To evaluate time histories of the surface elevation, the following integral
must be evaluated

±0 /f VrlJ( mr +))--Vr2Yo(2w ) -iwtdw,

'qr(X, t) JMr). __ewd

-00 V4 1e v + V4 2 eVh/

(A37)

where r = 1, 2, 3 and V4 1 and V4 2 represents incident and reflected wave
amplitudes, respectively. The temporal variation of the water surface eleva-
tion can be calculated through (A37) evaluating the unknowns in terms of
V41 through (A36) and (A35).

More interestingly, following analysis of Synolakis (1986) the maximum
runup of solitary waves over Revere Beach can be calculated analytically
given D(w) as in (A9). The amplitude at the shoreline is

mh1  [+0 cosech (cw ) eiw( x - X 3- t)

R(t) = 71(0, t) = -(4/3) - .m J__ c (w) +ei((w) dw. (A38)

Here p(w) + i¢l(w) is a complicated but determinable quite easily from ex-
pression (A35) and (A36) in terms of Bessel functions of zero and first or-
der, using symbolic mathematical tools. Khnoglu (1998) conjectured that
p(z) + io(z) is an entire function in the upper half plane, and derived the
Laurent series expansion and its asymptotic form as

+00

R(t) = 8h.1/ 4 H E(--)n+InXn, (A39)
n=1

w e -(X,--X 3 --t+2{+ \VI})Tl T _+ 2 __

whereX= e m3 .This is a power
series of the form Z(-1)n+lnXn and its maximum is equal to 1/4. Therefore
the maximum runup for solitary waves propagating up Revere Beach is given
by the runup law,

IZ = 2h- 1/ 4 H. (A40)
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Figure A8: Comparison of maximum runup values for the linear analytical solution
(A39) and laboratory results for two different depths, i.e., d = 18.8 cm and d =

21.8 cm.

The runup law above suggests that the maximum runup only depends on
the depth at the seawall fronting the beach, and it does not depend on any
of the three slopes in front of the seawall. The runup law (A40) predicts the
nonbreaking data surprisingly well (Fig. A8).

Note that no Jacobian regularization conditions as yet exist for wave
evolution on composite beaches, and this theory can only be applied with
caution. For lack of a better method, it is recommended that a limiting
height be determined for applying this methodology on a composite beach,
by finding the limiting height for the single beach with slope equal to the
least steep slope in the composite topography under consideration. This
practice will produce adequate validity thresholds for bathymetries such as
Revere Beach, but it should not be used when abrupt changes in bathymetry
exist. In most cases, for the range of wave-steepness and beach slopes rele-
vant in tsunami studies, this method will give good results with fairly small
computational effort.

2.3 Subaerial landslide on simple beach

Liu et al. (2003) considered tsunami generation by a moving slide on a uni-
formly sloping beach, using the forced linear shallow water-wave equation as
in Tuck and Hwang (1972);

a2 7 tano3 0 977 0 2 h 0  (A41)
,-(X-) 2

Aax ax a
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in the dimensionless form. Here z = q(x, t) is the free surface elevation and
z = -h(x, t) the sea floor. On a sloping beach h(x, t) = H(x) - ho(x, t) with
H(x) = xtanfl/p; tan/3 is the beach slope, ho(x,t) is the time-dependent
perturbation of the sea floor with respect to the uniformly sloping beach,
6 and L are the maximum vertical thickness of the sliding mass and its
horizontal length, respectively, and p = 6/L. Normalization is done as

(q, h,, H, ho) x = , and t= -- (A42)
L L

Here again quantities with tilde represent dimensional quantities. The fo-
cus is on thin slides where p/ = 6/L < 1. Since the shallow water-wave
assumption requires that tan/3 <K 1, then tanf3// - 0(1).

Consider a translating Gaussian shaped mass, initially at the shoreline
as in Liu et al. (2003), i.e., the seafloor can be described by ho(x,t) =

exp [-( - with = 2 /lx/tanrif. Once in motion, the mass moves

at constant acceleration. Solution of (A41) under this translating Gaussian
shape is given as

70,t) =. Jo(P{)P a(p)cos(pt) + Ib(p)sin(pt) dp+ (ho - h),

(A43)

in Liu et al. (2003) with

a(p) = j Jo(p) [-l(ho - Oh°) d,, (A44)ý( ) =• "o 1 - ý o __
o• [1 •Oho O')2h°"t0 , -;d' A5

b(p) = TO J0 (P;) 1 (2-i- + ; a~ht ) d(. (A45)

Two specific examples are presented in Figs. A9 and A10. Maximum runup
estimates, maximum wave height at x = 0, from the analytical solution
(A43) and the numerical solution of Liu et al. (2003) are given in Fig. All.

3 Laboratory benchmarking

As a preamble, and before describing the benchmark laboratory tests, waves
are generated in the laboratory by moving vertical paddles. While other gen-
eration methods exist, hydraulic paddles allow for the precise and repeatable
specification of arbitrary trajectories. In one-dimensional wave channels-
also known as wave flumes and sometimes wave tanks-there is usually only
one paddle, perpendicular to the water surface. As the paddle displaces hor-
izontally, free-surface waves are generated. In two dimensional wave basins,
there are often multiple paddles that can move horizontally. The experi-
ments to be described were conducted in wave basins with multiple paddles.
This kind of generator is known as the snake generator. When the pad-

dles move independently, its motion resembles the ophite motion of a snake.
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Figure A9: Spatial snapshots of the analytical solution at four different times for a beach slope, 0 = 5',
and landslide aspect ratio, p = 0.05 (tan,3/p = 1.75). The slide mass is indicated by the light shaded area,
the solid beach slope by the black region, and 7 by the solid line (Liu et al., 2003).

0.3

0.2

Y 0.1

0.

-0.1

t = 0.25

1 2 3

0.8.

Y

0.6

0.4

0.2

0

f \ t = 1.5

-5

-10

-15

0 280 2 4 6 8 10 -20

Figure A10: Spatial snapshots of the analytical solution at three different times for a beach slope, 3 = 10',
and p = 0.05 (tan //p = 3.5). The slide mass is indicated by the light shaded area, and the solid beach
slope by the black region. In the lower right panel, the water depth and landslide profile is shown at t = 1.5,
the same time as shown in the lower left plot (Liu et al., 2003).
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Figure All: Maximum runup as a function of log(tanO/3/). The analytical so-
lutions are shown by the solid line, and the various symbols are from NLSW sim-
ulations of Liu et al. (2003), corresponding to different slopes ranging from 2' to
200.

They are also known as Directional Wave Spectrum Generators (DWSGs).
In the U.S., such DWSGs exist at the Coastal and Engineering Laboratory
of the U.S. Army Corps of Engineers in Vicksburg, Mississippi, at the Texas
A&M University in College Station, Texas, and at Oregon State University
in Corvallis, Oregon.

Here five sets of experiments will be described in detail for laboratory
benchmarking data: solitary wave experiments on a 1:20 sloping beach (Syn-
olakis, 1987), solitary wave runup over a composite beach (Kdnoglu, 1998;
Kdnoglu and Synolakis, 1998), conical island experiments (Liu et al., 1995;
Khnoglu, 1998; Khnoglu and Synolakis, 1998), and tsunami runup onto a
complex three-dimensional beach (Takahashi, 1996), and tsunami genera-
tion and runup due to three-dimensional landslide (Liu et al., 2005).

3.1 Solitary wave on a simple beach

In this set of experiments, the 31.73 m-long, 60.96 cm-deep, and 39.97 cm-
wide California Institute of Technology, Pasadena, California wave tank was
used with water at varying depths. The tank is described by Hammack
(1972), Goring (1978), and Synolakis (1986, 1987). The bottom of the
tank consisted of painted stainless steel plates. Carriage rails run along
the whole length of the tank, permitting the arbitrary movement of instru-
ment carriages. A ramp was installed at one end of the tank to model the
bathymetry of the canonical problem of a constant-depth region adjoining
a sloping beach. The ramp had a slope of 1:19.85. The ramp was sealed to
the tank side walls. The toe of the ramp was distant 14.95 m from the rest
position of the piston generator used to generate waves.
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A total of more than 40 experiments with solitary waves running up the
sloping beach were performed, with wave depths ranging from 6.25 cm to
38.32 cm. Solitary waves are uniquely defined by their maximum height H,
to depth d ratio and the depth, i.e., H/d and d are sufficient to specify the
wave. H/d ranged from 0.021 to 0.626. Breaking occurs when H/d > 0.045,
for this particular beach. This is the same set of experiments used to validate
the maximum runup analytical predictions presented in section A2.1.1.

Initial location, X, in the analytical consideration (A8), changes with
different wave heights. The reason X, distance varies is that solitary waves
of different heights have different effective "wavelengths." A measure of
the "wavelength" of a solitary wave is the distance between the point xf
on the front and the tail xt where the local height is 1% of the maxi-
mum, i.e., 71(xf, t = 0) = rI(xt,t = 0) = (H/d)/100. The distance X, is
at an offshore location where only 5% of the solitary wave is already over
the beach, so that scaling can work. Therefore, in the laboratory experi-
ments initial wave heights are identified at a point X, = Xo + (L/2) where

L/2 = (l/-y) arccosh v/ 2 with - = ý/3(H/d)/4. In the laboratory, even soli-
tary waves can dissipate. If the wave height is measured far offshore and
used as an initial condition for non-dissipative numerical models, the com-
parisons will be less meaningful, as the solitary wave will slightly change as it
propagates in the laboratory. By keeping the same relative offshore distance
for defining the initial condition, meaningful comparisons are assured.

While only 10 wave gages were used in each experimental run, the gener-
ation was extremely repeatable. As experiments were repeated for each wave
height, the wave gages were moved to different locations, and the same H/d
wave was generated again until a sufficient number of data points existed to
resolve the entire wave profile. In Synolakis (1987) two different comparisons
are presented: one is the amplitude variation at specific x-locations, and the
second is the amplitude variation at specific t-times, the latter resembling
the image that a photograph from the side with a large depth of field and
angular range would show.

This set of laboratory data has been used extensively for code validation:
refer to Synolakis (1987), Zelt (1991), Titov and Synolakis (1995, 1997,
1998), Titov and Gonzdlez (1997), Grilli et al. (1997), Li and Raichlen (2000,
2001, 2002). In particular, the data sets for the H/d = 0.0185 (Fig. A4)
nonbreaking and H/d = 0.3 (Fig. A12) breaking solitary waves seem the
most often used and most appropriate for code validation.

3.2 Solitary wave on a composite beach

Revere Beach is located approximately 6 miles northeast of Boston in the
City of Revere, Massachusetts. To address beach erosion and severe flooding
problems, a physical model of the beach was constructed at the Coastal
Engineering Laboratory of the U.S. Army Corps of Engineers, Vicksburg,
Mississippi facility, earlier known as Coastal Engineering Research Center.

The model consists of three piecewise-linear slopes of 1:53, 1:150, and
1:13 from seaward to shoreward. At the shoreline there is a vertical wall
(Fig. A7). In the laboratory, to evaluate the overtopping of the seawall,
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Figure A12: Time evolution of H = 0.3 initial wave over a sloping beach with cot /3 = 19.85 from t = 10
to 30 with 5 increments. Constant-depth segment starts at X0 = 19.85. Markers show a different realization
of experimental results of Synolakis (1987).
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the wavemaker was located at 23.22 m and tests were done at two depths,
at 18.8 cm and at 21.8 cm. Water surface elevations were measured with
10 wave gages, and LDV measurements were performed at two different
locations. The maximum runup on the vertical wall was measured visually.

In the experiments, solitary waves of different heights were generated,
and the runup variation for solitary waves striking a vertical wall was deter-
mined experimentally. The results were used as benchmark data to validate
1+1 numerical codes in the 1995 Friday Harbor, Seattle, Washington work-
shop, as discussed in Yeh et al. (1996), and by Kinoglu (1998) and K~noglu
and Synolakis (1998) in validating their analytical formulation.

In terms of specific measurements, time histories of the water surface
elevations exist for H/d = 0.038 at i = 12.22 m, H/d = 0.259 at i = 13.96 m,
and for Hid = 0.681 at i = 14.37 m. These are the locations where the
solitary waves of the given Hi/dare centered for the same reason explained for
the solitary wave experiments over a 1:19.85 beach. In all cases, d = 21.8 cm.
x = 0 is at one end of the wave flume, i.e., the initial shoreline where the
vertical wall is at i = 23.22 m. Other water-surface elevation time series
were measured midway in each sloping segment, i.e., at Y = 17.22 m and
d = 17.7 cm, at Y = 20.86 m and d = 12.5 cm and iF = 22.80 m and d = 8.1 cm.
Time histories of water surface elevations are given in Figs. A13, A14, and
A15 for three different wave heights. The measured maximum runup values
are given in Table Al for the three cases presented here. Maximum runup
measurements for the whole experiments are presented in Fig. AS.

Table Al: Maximum runup measurements on
the laboratory model of Revere Beach.

H/d 7 k kl
0.038 2.7 cm 0.13
0.259 45.7 cm 2.10
0.681 27.4 cm 1.26

When modeling these experiments, care is needed in calculations in the
near-wall region. As the depth goes to zero, the wave breaks closer to the
shoreline. The breaking wave collapses on the wall, and the air void explodes
producing a splash which cannot be modeled effectively, except with very
high resolution codes.

3.3 Solitary wave on a conical island

Motivated by the catastrophe in Babi Island, Indonesia (Yeh et al., 1994),
during the 1992 Flores Island tsunami, large-scale laboratory experiments
were performed at Coastal Engineering Research Center, Vicksburg, Missis-
sippi, in a 30 m-wide, 25 m-long, and 60 cm-deep wave basin (Fig. A16).
Waves were realistically created in the tank by a horizontal wave generator
with 60 different paddles each 46 cm-wide and moving independently. These
experiments provided runup observations for validating numerical models
and supplemented comparisons with analytical results (KAnoglu and Syno-
lakis, 1998).
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Figure A13: Comparison of the time histories of the free surface elevations midway
in each sloping segment for the analytical solution of KAnoglu and Synolakis (1998)
and the laboratory data for /Hd = 0.038 solitary wave.
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Figure A16: View of conical island (top) and basin (bottom).

The detailed experiments are described elsewhere in greater detail (Liu
et al., 1995; Briggs et al., 1995; K.noklu, 1998; Khnoglu and Synolakis,
1998). Briefly, a Directional Spectral Wave Generator (DSWG), located
at Y = 12.96 m from the island, generated waves with an initial solitary
wave-like profile. The 27.42 m-long DSWG consists of sixty 46 cm-wide and
76 cm-high individual paddles, each of which can be driven independently.
This allowed performance of experiments with different wave crest lengths.
However, the cases presented here were performed using all the paddles.
Experimental results for different wave crest lengths are given in Briggs et
al. (1995) and Kinoglu (1998).

In the physical model, a 62.5 cm-high, 7.2 m toe-diameter, and 2.2 m
crest-diameter circular island with a 1:4 slope was located in the basin
(Fig. A17). Experiments were conducted at two different water depths,
32 cm and 42 cm, but presented here with dimensionless solitary wave heights
H/d equal to 0.045, 0.091, and 0.181 at 32 cm. Each experiment was re-
peated at least twice and maximum runup heights around the perimeter of
the island were measured at 24 locations. Wavemaker signals were presented
in Fig. A19 for these cases to allow direct implementation of these solitary
waves as a wavemaker motion in the numerical models. Water-surface time
histories were measured with 27 wave gages located around the perimeter of
the island (Fig. A18). However, here, time histories of the surface elevation
around the circular island are given at four locations, i.e., in the front of the
island at the toe and gages closest to the shoreline with the numbers 9, 16,
and 22 located at the 00, 90', and 180' radial lines, respectively (Figs. 20
and 21).

These experiments were used as benchmark tests for validating 2+1 nu-
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Figure A20: Laboratory data for the time histories of
surface elevation for a Hi/d = 0.045 solitary wave at four
gages and d = 32 cm. Gage 6 is located at the toe of
the conical island on 00 radial line. Gages 9, 16, and 22
are the gages closest to the shoreline on the 0', 90', and
1800 radial lines, respectively. Initial wave is defined half-
wavelength (L/2, i.e., gages 1 to 4) away from the toe of
the conical island.
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Figure A21: Laboratory data for the time histories of
surface elevation for a H/d = 0.091 solitary wave at four
gages and d = 32 cm. Gage 6 is located at the toe of
the conical island on 0' radial line. Gages 9, 16, and 22
are the gages closest to the shoreline on the 0', 90', and
180' radial lines, respectively. Initial wave is defined half-
wavelength (L/2, i.e., gages 1 to 4) away from the toe of
the conical island.
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Figure A22: Laboratory data for the time histories of
surface elevation for a !H/d = 0.181 solitary wave at four
gages and d = 32 cm. Gage 6 is located at the toe of
the conical island on 0' radial line. Gages 9, 16, and 22
are the gages closest to the shoreline on the 0', 900, and
180' radial lines, respectively. Initial wave is defined half-
wavelength (L/2, i.e., gages 1 to 4) away from the toe of
the conical island.
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Figure A24: Bathymetric profile for experimental setup for Monai Valley experi-

ment.

merical codes in the 1995 Friday Harbor, Seattle, Washington Long-Wave
Runup Models Workshop (Yeh et al., 1996).

3.4 Tsunami runup onto a complex three-dimensional beach; Monai
Valley

The Hokkaido-Nansei-Oki tsunami of 1993 that struck Okushiri Island, Japan,
with extreme runup height of 30 m and currents of the order of 10-18 m/sec
was a disaster, but provided fortuitous high-quality data. The extreme tsu-
nami runup mark was discovered at the tip of a very narrow gulley within
a small cove at Monai. High resolution seafloor bathymetry existed before
the event and when coupled with bathymetric surveys following the event
allowed meaningful identification of the seafloor deformation.

A 1/400 laboratory model of Monai was constructed in a 205 m-long, 6 m-
deep, and 3.5 m-wide tank at Central Research Institute for Electric Power
Industry (CRIEPI) in Abiko, Japan and partly shown in Fig. A24. The
laboratory setup closely resembles the actual bathymetry. The incident wave
from offshore, at the water depth dW= 13.5 cm is known. There are reflective
vertical sidewalls at -= 0 and 3.5 m (Fig. A25). The entire computational
area is 5.448 m x 3.402 m, and the recommended time step and grid sizes
for numerical simulations are Ax = Ay _= 1.4 cm and At = 0.05 sec.

The input wave is a LDN with a leading-depression height of -2.5 mm
with a crest of 1.6 cm behind it (Fig. A26). Waves were measured at
thirteen locations and complete time histories are given at three locations,
i.e., (I,• = (4.521, 1.196), (4.521, 1.696), and (4.521, 2.196) in meters
(Fig. A27). These experiments were used in the 2004 Catalina Island, Los
Angeles, California NSF Long-Wave Runup Models Workshop.
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Figure A27: Time series of surface elevation at three different gages. Gages 1,
2, and 3 are located at (4.521, 1.196), (4.521, 1.696), and (4.521, 2.196) meters,
respectively.
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Figure A28: Picture of part of the experimental setup.

3.5 Tsunami generation and runup due to three-dimensional land-
slide

As discussed, landslide wave generation remains the frontier in terms of
numerical modeling, particularly for aerial slides. These involve not only
the rapid change of the seafloor, but also the impact of the slide on the
shoreline. Details and more experimental results can be found in Liu et al.
(2005).

Large-scale experiments have been conducted in a wave tank with a
104 m-long, 3.7 m-wide, and 4.6 m-deep wave channel with a plane slope
(1:2) located at one end of the tank; part of the experimental setup is shown
in Fig. A28. A solid wedge was used to model the landslide. The triangular
face had a horizontal length of b = 91 cm, a vertical face with a height of
a = 45.5 cm, and a width of w = 61 cm (Fig. A29). The horizontal surface of
the wedge was initially positioned either a small distance above or below the
still water level to reproduce a subaerial or submarine landslide. The block
was released from rest, abruptly moving downslope under gravity, rolling on
specially designed wheels (with low friction bearings) riding on aluminum
strips with shallow grooves inset into the slope. The wedge was instrumented
with an accelerometer to accurately define the acceleration-time history and
a position indicator to independently determine the velocity and position
time histories. Wedge positions are given in Fig. A30 for the two cases
presented here.

A sufficient number of wave gages were used to determine the seaward
propagating waves, the waves propagating to either side of the wedge, and
for the submerged case, the water surface-time history over the wedge. In
addition, the time history of the runup on the slope was accurately measured.
Time histories of the surface elevations and runup measurements for two
cases are presented in Figs. A31 and A32 for the submerged cases with
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Table A2: Fault parameters of DCRC-17a.

Subfault North Central South

Width (km) 25 25 25
Length (km) 90 30 24.5
Strike (deg) 188 175 163
Dip angle (deg) 35 60 60
Slip angle (deg) 80 105 105
Depth (km) 10 5 5
Dislocation (m) 5.71 2.50 12.00
Origin (0) 139.40 0 E 41.13'N 139.250 E 42.34°N 139.30'E 42.10 0 N
M 0 (X 10 27 dyn cm) 3.85 0.56 2.21

A = -0.025 m and A = -0.1 m, respectively. While a total of more
than 50 experiments with moving wedges, hemispheres, and rectangles were
conducted, the wedge experiments were used as benchmark tests in the 2004
Catalina Island, Los Angeles, California workshop.

4 Field benchmarking

Verification of a model in a real-world setting is an important part of an
operational model validation. No analytical or laboratory data comparisons
(or any limited number of tests, for that matter) can assure robust model
performance in the operational environment. Test comparisons with real-
world data provide an additional important step in the validation of a model
to perform well during operational implementation.

4.1 Okushiri Island

Okushiri Island, Japan, data was the benchmark problem for the 2nd Inter-
national Long-Wave Runup Models Workshop, Friday Harbor, Washington
(Takahashi, 1996). The magnitude M, = 7.8 Hokkaido Nansei-Oki, Japan,
earthquake occurred on 12 July 1993 with the hypocenter located at 37 km
depth at 42.76°N and 139.32'E off the southwestern coast of Hokkaido,
Japan. The Disaster Control Research Center (DCRC), Japan, digitized
the bathymetric and topographic data from several sources (Fig. A33).

DCRC constructed initial wave profile DCRC-17a with 4.9 m and 2.2 m
uplift and 1.1 m subsidence (depression) as shown in Fig. A34 and given
in Table A2. There are several observations which need to be explained by
numerical modeling:

" Arrival of the first wave to Aonae 5 min after the earthquake should be
estimated with the numerical model. Also, a numerical model should
reveal two waves at Aonae approximately 10 min apart; while the first
wave came from the west, the second wave came from the east. In
addition, two tide gage records at Iwanai and Esashi given in Fig. A35
need to be estimated.

" Maximum runup distribution around Okushiri Island should compare
well with the field measurements (Fig. A36). High runup height at
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the block motion for the submerged case with
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Figure A31: Time histories of the surface elevation and runup measurements for
the submerged case with A = -0.025 m.
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Figure A32: Time histories of the surface elevation and runup measurements for
the submerged case with A = -0.1 m.
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Figure A33: Bathymetric data provided by the Disaster Control Research Center,
Japan.

Hamatsumae, located to the east of Aonae, needs to be explained since
Hamatsumae is sheltered against the direct attack of the tsunami by
the Aonae point. Also, topography does not suggest any tsunami am-
plification mechanism at this location.

* The highest runup of 31.7 m in a valley north of Monai needs to be
approximated with the numerical model (Fig. A37).
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Figure A35: Tide gage data at Iwanai and Esashi.
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Figure A36: Maximum runup measurements around Okushiri Island.
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Figure A37: Detailed runup distribution at Hamatsume and north of Monai.
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4.2 Rat Islands tsunami

Observation data from the expanding tsunami observation network will con-
tinue to provide more data for model verification. NOAA's National Geo-
physical Data Center (http://www.ngdc.noaa.gov/seg/hazard/tsu.
shtml), NOAA's Tsunami Warning Centers (http://wcatwc.arh.noaa.
gov/), and NOAA's Center for Tsunami Research websites provide updated
information on the latest tsunami data. Here, we present the data used for
the first real-time model forecast test as an example of data use for model
verification.

The magnitude Mw = 7.8 earthquake was located on the shelf near Rat
Islands, Alaska, on 17 November 2003 and generated a tsunami. This tsu-
nami provided good data for testing operational models, since the tsunami
was detected by three tsunameters located along the Aleutian Trench and
was recorded at many coastal locations (Titov et al., 2005). This was the
first real-time tsunami detection by the newly developed tsunameter system
(DART). In addition, for the first time, tsunami model predictions were ob-
tained during the tsunami propagation, before the waves had reached many
coastlines. Here, the combined use of tsunami propagation and inundation
models is required for simulation of tsunami dynamics from generation to
inundation. The test requires matching the propagation model data with
the DART recording to constrain the tsunami source model (Fig. A38). If a
finite-difference method on a structured grid is used, several nested numerical
grids would allow "telescoping" from a coarse-resolution propagation model
into a high-resolution inundation model with a model grid of at least 50 m
resolution. If an unstructured grid method is used, a single grid may include
enough resolution near the coast. The data-constrained propagation model
should drive the high-resolution inundation model of Hilo Harbor. The inun-
dation model is to reproduce the tide gage record at Hilo (Fig. A39). Since
this benchmarking is required for the forecasting models, it is essential to
model 4 hr of Hilo Harbor tsunami dynamics in 10 min of computational
time.
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Figure A38: Propagation of the 17 November 2003 Rat Islands tsunami. Star indicates epicen-
ter location of the earthquake. Yellow dots are locations of DART systems. White lines near the
DART locations show recorded tsunami signal (detided) at corresponding tsunameter, arrows indi-
cate tsunami arrival on the recordings. Filled colors show example of computed maximum tsunami
amplitudes of a model propagation scenario.

Figure A39: Location of Hilo tide gage and the recording of the 17 November 2003 Rat Islands
tsunami.
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Abstract

This report describes tsunami benchmark testing of the Boussinesq model FUNWAVE-
TVD, carried out in conjunction with the National Tsunami Hazard Mitigation Program, MMS
Tsunami Inundation Model Validation Workshop, March 28 - April 1, 2011. The results
presented here represent testing of Version 1.0 of the code, and will be updated online at
http://chinacat.coastal.udel.edu/ kirby/funwave.html with each version change for the publicly
distributed code.

This work was supported by the National Tsunami Hazard Mitigation Program.
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1 Introduction

This report describes the benchmark testing of the Boussinesq model FUNWAVE-TVD which has
been carried out as part of the Benchmark Workshop exercise for the National Tsunami Hazard
Mitigation Program. The benchmark tests described here are taken from Synolakis et al (2007).
The report is organized as follows. Section 2 provides a description of the model equations and
numerical scheme. Section 3 provides basic information on hydrodynamic considerations used to
judge basic model validity. Sections 4 and 5 describe benchmark tests for analytical and laboratory
cases, respectively.

Data for each benchmark are obtained from http://nctr.pmel.noaa.gov/benchmark/
FUNWAVE-TVD is distributed as open source code. General users may obtain the most recent

tested version from the web site

http://chinacat.coastal.udel.edu/ kirby/programs/index.html

which provides this code along with other programs developed at the Center for Applied
Coastal Research. The code is provided along with a unix/linux makefile, a users manual (Shi
et al, 201 lb), and input files for executing the tests described in the manual. The present report will
also be updated with each major change in program version. Input files and scripts for executing the
benchmark tests described here are provided at http://chinacat.coastal.udel.edu/kirby/programs/index/funwave.html.

Version control for FUNWAVE-TVD is done using Mercurial (O'Sullivan, 2009). Users who
would like to become part of the development team should contact Fengyan Shi (fyshi@udel.edu)
or Jim Kirby (kirby @ udel.edu).

2 Model description

In this section, we describe the set of Boussinesq equations which are used as the basis for FUNWAVE-
TVD. FUNWAVE-TVD is formuiated in both Cartesian coordinates and in spherical (lat-long)
coordinates for application to ocean basin scale problems. The benchmarks considered here are
all treated in Cartesian coordinates, and we therefore omit description of the spherical coordinate
model. This may be found in Shi et al (201 lb). We retain dimensional forms below but will refer to
the apparent O (p2) ordering of terms resulting from deviations from hydrostatic behavior in order
to identify these effects as needed. Here. p is a parameter characterizing the ratio of water depth to
wave length, and is assumed to be small in classical Boussinesq theory. The model equations used
here follow from the work of Chen (2006). In this and earlier works starting with Nwogu (1993),
the horizontal velocity is written as

u = u, + u 2 (z) (1)

Here, u, denotes the velocity at a reference elevation z = z0, and

U2(Z) = (z,,- z) VA + I (z2 - z2 ) VB (2)

7
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represents the depth-dependent correction at 0(/ 2), with A and B given by

A V. (hu,)

B = V u (3)

The derivation follows Chen (2006) except for the additional effect of letting the reference elevation
z, vary in time according to

z = h + 377 (4)

where h is local still water depth, 77 is local surface displacement and ( and 3 are constants, as in
Kennedy et al (2001). This addition does not alter the details of the derivation, which are omitted
below.

2.1 Governing equations

The equations of Chen (2006) extended to incorporate a possible moving reference elevation follow.
The depth-integrated volume conservation equation is given by

77t + V - M = 0 (5)

where
M = H {u, + u 2} (6)

is the horizontal volume flux. H = h + r is the total local water depth and U2 is the depth averaged
0(112) contribution to the horizontal velocity field, given by

U 2 =jU 2 (z) dz= y -j- (h - hril1 VB + za +(h - i VA (7)
-h

The depth-averaged horizontal momentum equation can be written as

uCt + (u, • V)u, + 9V77+ V1 + V 2 + V 3 + R = 0 (8)

where g is the gravitational acceleration and R represents diffusive and dissipative terms includ-
ing bottom friction and subgrid lateral turbulent mixing. V, and V 2 are terms representing the
dispersive Boussinesq terms given by

V 1 = { VB + z•VA - V [-Bt + qAt)] (9)

V2 a 2 110

The form of (9) allows for the reference level z0 to be treated as a time-varying elevation, as
suggested in Kennedy et al (2001). If this extension is neglected, the term reduced to the form

8
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given originally by Wei et al (1995). The expression (10) for V 2 was also given by Wei et al
(1995), and is not altered by the choice of a fixed or moving reference elevation.

The term V 3 in (8) represents the Q(t"2) contribution to the expression for LO xu = Wi- x u
(with iZ the unit vector in the z direction) and may be written as

V 3 = WOo X U2 + W2iz X Ua (11)

where

Wo= (V x u,) V = vaXz Uy (12)

W2 = (V X 1u2 ) V = z,•,x(Ay + zBy) - za,y(Ax + zaBx) (13)

Following Nwogu (1993), za is usually chosen in order to optimize the apparent dispersion
relation of the linearized model relative to the full linear dispersion in some sense. In particular,
the choice a- = (za/h)2 /2 + z,/h = -2/5 recovers a Pad6 approximant form of the dispersion
relation, while the choice ce = -0.39, corresponding to the choice z, = -0.53h, minimizes
the maximum error in wave pahse speed occuring over the range 0 < kh < Tr. Kennedy et al
(2001) showed that allowing z, to move up and down with the passage of the wave field allowed a
greater degree of flexibility in optimizing nonlinear behavior of the resulting model equations. In
the examples chosen here, where a great deal of our focus is on the behavior of the model from the
break point landward, we adopt Kennedy et al's "datum invariant" form

ZCa = -h +±3H = (0 - 1)h + /3n = (h + (1 + ()7 (14)

with f = -0.53 as in Nwogu (1993) and f3 = 1 + C = 0.47. This corresponds in essence to a
cr coordinate approach which places the reference elevation at a level 53% of the total local depth
below the local water surface. This also serves to keep the model reference elevation within the
actual water column over the entire wetted extent of the model domain.

2.2 Treatment of the surface gradient term

The hybrid numerical scheme requires a conservative form of continuity equation and momen-
tum equations, thus requiring a modification of the leading order pressure term in the momentum
equation. A numerical imbalance problem occurs when the surface gradient term is conventionally
split into an artificial flux gradient and a source term that includes the effect of the bed slope for a
non-uniform bed. To eliminate errors introduced by the traditional depth gradient method (DGM),
a so-called surface gradient method (SGM) proposed by Zhou et al. (2001) was adopted in the
TVD based-Boussinesq models in the recent literature. Zhou et al. discussed an example of SGM
in l-D and verified that the slope-source term may be canceled out by part of the numerical flux
term associated with water depth, if the bottom elevation at the cell center is constructed using the
average of bottom elevations at two cell interfaces. Zhou et al. also showed a 2D application but
without explicitly describing 2D numerical schemes. Although this scheme can be extended into

9
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2D following the same procedure as in 1D, it was found that the 2D extension may not be trivial
in terms of the bottom construction for a 2D arbitrary bathymetry. Kim et al. (2008) pointed out
that the water depth in the slope-source term should be written in a discretized form rather than the
value obtained using the bottom construction, implying that their revised SGM is valid for general
2D applications.

For the higher-order schemes such as the fourth-order TVD-MUSCL scheme (Yamamoto and
Daiguji, 1993, Yamamoto et al., 1998) used in the recent Boussinesq applications, the original
SGM and the revised SGM may not be effective in removing the artificial source. This problem
was noticed by some recent authors such as Roeber et al. (2010) who kept a first-order scheme
(second-order for normal conditions) for the numerical flux term and the slope-source term in
order to ensure well-balanced solution without adding noise for a rapidly varying bathymetry.

In fact, the imbalance problem can be solved by a reformulation of this term in terms of devi-
ations away from an unforced but separately specified equilibrium state (see general derivations in
Rogers et al., 2003 and recent application in Liang and Marche, 2009). Using this technique, the
surface gradient term may be split into

gHVrq = V ['gOq2 + 2h77)] - glVh (15)

which is well-balanced for any numerical order under an unforced stationary condition (still water
condition).

2.3 Conservative form of fully nonlinear Boussinesq equations

For Chen's (2006) equations or the minor extension considered here, Hu, can be used as a con-
served variable in the construction of a conservative form of Boussinesq equations, but resulting
in a source term in the mass conservation equation such as in Shiach and Mingham (2009) and
Roeber et al. (2010). An alternative approach is to use M as a conserved variable in terms of the
physical meaning of mass conservation. In this study, we used M, instead of Hue, in the following
derivations of the conservative form of the fully nonlinear Boussinesq equations.

Using M from (6) together with the vector identity

V (uv) = Vu.v + (V. v)u (16)

allows (8) to be rearranged as

Mt+V (H-) +gHVq

=H {f1 2 ,t + u, • VU2 + U2 • Vu, - V1 - V 2 - V3 - R} (17)

Following Wei et al. (1995), we separate the time derivative dispersion terms in V1 according
to

V, = V,+ V' (18)

10



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment 0: Page 11 of 41

where

V1=-VB+z•VA-V[V -B±+r 7 A (19)

and
V" = V [77t(A + 77B)] (20)

Using (15), (19) and (20), the momentum equation can be rewritten as

Mt + V. [-M-4] + V [lg(r2 + 2hrl)] = (21)

= H {u2,t + U,' VU 2 + U2" Vu - V•,t - V'' - V 2 - V 3 - R} + g?7Vh

A difficulty usually arises in applying the adaptive time-stepping scheme to the time derivative
dispersive terms fi2,t and V' which are usually calculated using values stored in several time
levels in the previous Boussinesq codes such as in Wei et al. (1995) and Shi et al. (2001). The
equation can be re-arranged by merging the time derivatives on the right hand side into the time
derivative term on the left hand side, giving

V v. + V [lg(r2 + 2hrq)] = qt(Vi - %2) (22)

+H (u, 1U2 + U2 • Vua - V' 1' - V 2 - V 3 - R) + grqVh

where
V = H(u, + V') (23)

In (23), r7t can be calculated explicitly using (5) as in Roeber et al. (2010). Equations (5) and (22)
are the governing equations solved in this study. As V is obtained, the velocity u, can be solved
by a system of tridiagonal matrix equation formed by (23) in which all cross-derivatives are moved
to the right-hand side of the equation.

2.4 Numerical schemes

The governing equations in FUNWAVE-TVD are discretized on a regular grid using a hybrid finite-
volume / finite-difference approach. The numerical scheme is described in detail in Shi et al (201 la,
201 ib) and is omitted here for conciseness. Examples described below are based on discretizations
on regular Cartesian grids with uniform grid spacings in x and y. Terms in conservative form in
equations (5) and (22) are written in finite volume form using a MUSCL-TVD scheme, while
additional terms are written in cell-centered finite differences. An adaptive third-order Strong
Stability Preserving (SSP) Runge-Kutta scheme is used for time stepping (Gottlieb et al, 2001).

11
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2.5 Wave breaking and wetting-drying schemes for shallow water

The wave breaking scheme follows the approach of Tonelli and Petti (2009) who successfully used
the ability of NSWE with a TVD scheme to model moving hydraulic jumps. The fully nonlinear
Boussinesq equations are switched to NSWE at cells where the Froude number exceeds an certain
threshold. Following Tonelli and Petti, the ratio of wave height to total water depth is chosen to the
criterion to switch from Boussinesq to NSWE. The threshold value is set to be 0.8 as suggested by
Tonelli and Petti.

The wetting-drying scheme for modeling of a moving boundary is straightforward. The normal
flux n • M at the cell interface of a dry cell is set to zero. A mirror boundary condition is applied
to the fourth-order MUSCL-TVD scheme and discretization of dispersive terms in 0, 4O, at dry
cells.

2.6 Boundary conditions and wavemaker

We implemented various boundary conditions including wall boundary condition, absorbing bound-
ary condition following Kirby et al. (1998) and periodic boundary condition following Chen et al.
(2003).

Wavemakers implemented in the study include Wei et al's (1999) internal wavemakers for regu-
lar waves and irregular waves. For the irregular wavemaker, an extension was made to incorporate
the alongshore periodicity into wave generation in order to eliminate a boundary effect on wave
simulation. The technique exactly follows the strategy in Chen et al. (2003) who adjusted the
distribution of wave directions in each frequency bin to obtain alongshore periodicity. This ap-
proach is effective in modeling of breaking wave-induced nearshore circulation such as alongshore
currents and rip currents.

2.7 Parallelization

In parallelizing the computational model, we use the domain decomposition technique to subdivide
the problem into multiple regions and assign each subdomain to a separate processor core. Each
subdomain region contains an overlapping area of ghost cells with three rows deep, as dictated by
the fourth order MUSCL-TVD scheme. The Message Passing Interface (MPI) with non-blocking
communication is used to exchange the data in the overlapping region between neighboring proces-
sors. Velocity components are obtained from Equation (23) by solving tridiagonal matrices using
the parallel pipelining tridiagonal solver described in Naik et al. (1993).

3 Basic hydrodynamic considerations

There are two basic states which are required in ensuring that any numerical model works for
predicting evolution and inundations. The first step is to ensuring that the model conserves mass;
the second basic step is checking convergence of this numerical code to a asymptotic limit.
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Maximum Runup
Grid Size H/d = 0.045 H/d = 0.091 H/d = 0.181
0.1 0.02302 0.04061 0.06311
0.05 0.02303 0.04063 0.06315
0.01 0.02303 0.04064 0.06316
0.005 0.02303 0.04064 0.06316

Table 1: Maximum runup for gauge 9 for different grid size.

3.1 Mass conservation

Conservation of mass can be checked by calculating water volume at the beginning and at the end of
the computation. This should be dine by integrating disturbed water depth 77(x, y, t) over the entire
flow domain, i.e., if the flow domain extends from the maximum penetration during inundation
x = Xmax to the outer location of the source region XS, and y = Ymax to Y,, then the total
displaced volume V(t) is,

XS Ys

V(t) = f J q7(x,y,t)dxdy (24)

Xmax Ymax

The integral of 77(x, y, t) should be used instead of the integral of the entire flow depth h(x, y, t) =

77(x, y, t) + d(x, y, t) where d(x, y, t) is the undisturbed water depth, because the latter is likely to
conceal errors in the calculation. Typically,ij << d at offshore integrating h will simply produce
the entire volume of the flow domain and will mask errors. Note that testing of the conservation
of mass as above involves placing a closed domain within reflective boundaries (Synolakis et al.,
2007).

Calculations of conservation of mass has been done for all of the benchmark problems reviewed
in this report such that the total initial displaced volume V(t = 0) was within less than 1% of the
total displaced volume at the end of the computation V(t = T) where T represents the computation
end time. It is assumed that the end of the computation is when the initial wave is entirely reflected
and reached offshore. However, with few changes in Ax and Ay the conservation of mass can be
improved.

3.2 Convergence

Convergence is the another basic hydrodynamic consideration that is checked for all of the bench-
marks in this research. Actually this process is made by checking convergence of the numerical
code to a certain asymptotic limit, presumably the actual solution of the equations solved. The
grid steps Ax and Ay has been halved, and the time step At automatically reduced appropriately

13
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to conform to the Courant-Friedrics-Levy (CFL) criterion. As recommended in literature, conver-
gence of the code has been checked through the extreme runup and rundown. Table 1 displays
convergence of the code tested during the conical island test problem which is discussed in Section
5.3 below.

4 Analytical benchmarks

In this section, using analytical description of shallow water-wave (SW) equations for evolution of
the water surface, numerical results for different test cases is compared analytical solution. Also,
in this section we present several analytic solutions to the 1+1 version of shallow water-wave (SW)
equations. Although 1+1 models are not completely reliable for estimation of tsunmi behaviour
such as inundation mapping, they are first step of testing and validating models (Synolakis et al.,
2007).

In this section following benchmark problems has been studied:

1. Solitary wave on a simple beach

2. N-wave on a simple beach

3. Solitary wave on a composite beach

4.1 Solitary wave on a simple beach

The canonical problem of the shallow water-wave equations is covered here which contains the
calculation of a long wave climbing up a sloping beach of angle /3 attached to a constant-depth
region (Figure 1). The origin of the coordinate system is at the initial position of the shoreline and
x increases seaward.

L in

Figure 1: Definition sketch for simple beach bathymetry(from Synolakis et al (2007, Figure Al)).

It is possible to derive exact results for the evolution and runup of solitary waves based on linear
theory (Synolakis, 1986, 1987). Solitary waves have long been used as a model for the leading wave
of tsunamis. Russell (1845) defined solitary waves as the great waves of translation, and consists of
a single elevation wave. While capturing some of the basic physics of tsunamis, solitary waves do
not model the physical manifestation of tsunamis in nature, which are invariably N-wave like with

14
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d(m)
0.5
0.5
0.5
0.5
0.5
5.0
5.0
5.0
5.0
5.0
5.0
5.0
100
100
100
100

AX(m)
0.1
0.1
0.1
0.1
0.1
1.0
1.0
1.0
1.0
1.0
1.0
1.0
5.0
5.0
5.0
5.0

Hid
0.03
0.05
0.1

0.48
0.01
0.03
0.05
0.10
0.10
0.294
0.005
0.01
0.05
0.03
0.03
0.03

Cot(p)
10.0
10.0

3.333
1.0

20.0
10.0
10.0

3.372
3.372
2.747
20.0
20.0
10.0

2.747
2.747
20.0

Rid
Runup Law

0.112
0.212
0.291
1.131
0.040
0.112
0.212
0.308
0.731
1.016
0.017
0.040
0.212
0.257
0.600
0.040

Numerical Calculations
0.110
0.204
0.282
1.109
0.042
0.112
0.212
0.315
0.734
1.058
0.017
0.039
0.202
0.266
0.598
0.040

Error(%)
1.6
3.6
3.0
2.0
4.9
0.4
0.2
2.4
0.3
4.2
1.1
3.0
4.5
3.4
0.4
0.2

Table 2: Runup data from numerical calculations compared with runup law values.

a leading-depression wave followed by an elevation wave (Synolakis et al., 2007). The following
runup law for the maximum runup R is provided based on slope of the beach and wave height of
the solitary wave

R = 2.831 V--o-tHI (25)

Benchmark problems that are studied here have different depths from 50cm to 1000m. Also, for
each depth, different slopes and wave heights has been studied. Table 2 provides a list of selected
examples that has been modeled including their maximum runup and the grid size for each case.
Figure 2 defines a comparison between numerical simulation and runup law.

In addition, the analytical solution for different times is available for a specific case in which
Hid = 0.0019 and =l - arccot(19.85). In order to have the same time with the data it was
recommended that L = arccosh(v2)/1y in which -y 3=/'lýHi4d; therefore, the distance of the
wave from initial shoreline(Xl) can be written as X, = X0 + L (with respect to Figure 1). Figure
3 demonstrates profiles and time series of the water in eight different times. Extreme positions of
the shoreline are shown in figure 3 (the maximum runup and rundown occur t "" 55(d/g) 1/ 2 and
t •- 70(d/g)1 / 2). Figure 4 shows water level fluctuations at two gauge locations Xid = 0.25,
Xid = 9.95. As it is clear in the figure the point Xid = 0.25 which is closer to initial shoreline,
becomes temporarily dry during the process but the point Xid = 9.95 remains wet throughout the
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lationl

10-1 100
R/d

Figure 2: Numerical simulation data for maximum runup of nonbreaking waves climbing up dif-
ferent beach slopes. Solid line represents the runup law (25).

entire length of the numerical simulation.

4.2 N-wave runup on a simple beach

Most tsunami eyewitness accounts suggest that tsunamis are N-wave like, i.e., they are dipolar,
which means they appear as a combination of a depression and an elevation wave, and frequently
as a series of N-waves, sometimes known as double N-waves (Synolakis et al., 2007).

Tadepalli and Synolakis (1994) described an N-wave with leading-elevation and depression
waves of the same height and at a constant separation distance and refer to this wave as an isosceles
N-wave with a surface profile given by

2(X, 0) =3vH sech2 [(X - XN)] tanh[-y(x - XN)] (26)
2

where

3 3 ý
2 4

(27)
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-0.1 '-0 1t=40(gld)
12

-0.1 -0.1
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1

1
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-0.1I ,
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x/d
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x/d

Figure 3: The water level profiles during runup of the non-breaking wave in the case of H/d =
0.019 on a 1:19.85 beach. Solid blue line represents the analytical solution in according to Syno-
lakis(1986), and dashed red lines represents the numerical simulation.
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x/d=0.25 x/d=9.95
0.05

0.04

0.03

0.02

0.01
-J
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-J

cc

0.05

0.04

0.03

0.02

0.01

0

-0.01

-0.02

0

-0.01
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Time, t (g/d)
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Time, t (g/d)
1/2

100

Figure 4: The water level dynamics at two locations X/d = 0.25 and X/d = 9.95. Solid blue line
represents the analytical solution in according to Synolakis(1986), and dashed red line represents
the numerical simulation.
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d(m)
0.5
0.5
5.0
5.0
5.0
5.0
5.0
5.0

100.0
100.0
100.0

1000.0
1000.0

'y Ax(m) H/d
0.22 0.1 0.05
0.44 0.1 0.2
0.54 1.0 0.03
0.70 1.0 0.05
0.99 1.0 0.1
1.69 1.0 0.294
0.22 1.0 0.005
0.31 1.0 0.01
3.12 5.0 0.05
6.13 5.0 0.193
1.40 5.0 0.01
9.87 20.0 0.05
9.87 20.0 0.05

cot(O)
3.333

1.0
10.0
10.0

3.732
2.747
20.0
20.0
10.0

2.747
20.0
10.0

3.333

R/d
Runup Law

0.167
0.516
0.152
0.289
0.419
1.385
0.023
0.055
0.289
0.818
0.055
0.289
0.167

Numerical Calculations
0.165
0.505
0.157
0.286
0.433
1.388
0.023
0.056
0.277
0.826
0.056
0.275
0.173

Error (%)
1.0
2.2
3.0
0.9
3.3
0.2
0.2
2.6
4.0
0.9
2.6
4.7
3.8

Table 3: Runup data from numerical calculations compared with runup law for N-wave.

Similar to previous part, following expression for the maximum runup of N-waves has been pro-
vided based on slope of the beach and wave height of the N-wave similar to solitary wave problem:

R = 3.86,Hcot3H1 (28)

Benchmark problems that are studied here have different depths from 50cm to 1000m. Also,
for each depth different slope and wave heights has been studied. Table 3 provides a list of selected
different cases that has been modeled including their maximum runup and the grid size for each
case. Figure 5 defines a comparison between numerical simulation and runup law for N-wave
problem.

4.3 Solitary wave on composite beach

In this benchmark problem a complex topography consisting of three segments and a vertical wall
is considered (Figure 6). The benchmark test is described in Appendix A, Section 2.2 of Syno-
lakis et al (2007). Runup of non-breaking solitary waves on the vertical wall is simulated in this
case. Results have been compared with the analytical solution. Laboratory data exist for this to-
pography from a U.S. Army Corps of Engineers, Coastal Engineering Research Center, Vicksburg,
Mississippi experiment of wave runup on a model of Revere Beach, Massachusetts. However, the
maximum runup for solitary waves propagating up Revere Beach (Composite Beach) is given by
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-J
9.1

R/d

Figure 5: Numerical simulation data for maximum runup of N-waves climbing up different beach
slopes. Solid line represents the runup law (28).

the runup law

R = 2h 4 H (29)

where hwis the initial depth at the right vertical wall and H is the solitary wave height.
Two initial depths have been studied here; d = 18.8 cm, and d = 21.8 cm. For all cases a

grid size of Ax = 0.10m has been used. Table 4 demonstrates a comparison of runup law with the

d = 21.8 cm d = 18.8 cm
H(m) R(Runup Law) R(Numerical) Error (%) H(m) R(Runup Law) R(Numerical) Error (%)

I. -

0.005
0.01
0.03
0.05

0.0146
0.0293
0.0878
0.1463

0.0141
0.0288
0.0850
0.1390

3.7
1.6
3.2
5.0

0.005
0.01
0.03
0.05

0.0152
0.0304
0.0911
0.1519

0.0148
0.0310
0.0871
0.1440

2.5
2.1
4.4
5.2

Table 4: Maximum runup of solitary wave on composite beach compared to runup law (29).
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Figure 6: Definition sketch for Revere Beach (from Synolakis et al (2007, Figure A7)).

numerical data for both depths studied here.
In addition, for this benchmark problem three different waves have been modeled (H/d

0.0378, 0.2578, 0.6404 for cases A, B and C). Recorded data is compared with the analytical data
for gauge 4 to gauge 10 and also on the wall in Figures 7 - 9. Grid size for this case is Ax = 0.010
m. It should be mentioned that for analytical results the model has been used in linear, non-
dispersive and no friction mode.

5 Laboratory benchmarks

In this section different laboratory benchmarks are studied and result of numerical calculations is
compared with the laboratory data. Following benchmark problems are studied in this section:

1. Solitary wave on a simple beach

2. Solitary wave on a composite beach

3. Solitary wave on a conical island

4. Tsunami runup onto a complex three-dimensional beach; Monai Valley

5.1 Solitary wave on a simple beach

In this laboratory test, the 31.73 m-long, 60.96 cm-deep and 39.97 cm wide California Institute of
Technology, Pasadena, California wave tank was used with water at varying depths. The tank is
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Case A (H/d=0.0378)

21

18

15

12

7

E
0.

fJ

'A .

-A
11

270 275 280
sec

285 290

Figure 7: Time evolution of nonbreaking H/d = 0.0378 initial wave on composite beach. The red
line shows the numerical solution and blue line represents the analytic solution.
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Case B (H/d=0.2578)

E
0

270 272 274 276 278 280 282 284 286
sec

Figure 8: Time evolution of breaking H/d = 0.2578 initial wave on composite beach. The red line
shows the numerical solution and blue line represents the analytic solution.
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e C (H/d=0.6404)
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Figure 9: Time evolution of breaking H/d = 0.6404 initial wave on composite beach. The red line
shows the numerical solution and blue line represents the analytic solution.
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Figure 10: Time evolution of nonbreaking H/d = 0.0185 initial wave. The solid line shows the
numerical solution and dots represent the laboratory data.

described by Synolakis (1986, 1987). The bottom of the tank consisted of painted stainless steel
plates. A ramp was installed at one end of the tank to model the bathymetry of the canonical
problem of a constant-depth region adjoining a sloping beach. The ramp had a slope of 1:19.85.
The ramp was sealed to the tank side walls. The toe of the ramp was distant 14.95 m from the rest
position of the piston generator used to generate waves.
This set of laboratory data has been vastly used for many code validations. In this modeling test,
the data sets for the H/d = 0.0185 nonbreaking and -id = 0.30 breaking solitary waves which
are the most frequently used and most appropriate for code validation.

For these cases a grid size of Ax = 0.10 m has been used. Figure 10 and Figure 11 displays
the accuracy of the model for both nonbreaking and breaking waves. The runup error for the
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Figure 11: Time evolution of breaking H/d = 0.3 initial wave. The solid line shows the numerical
solution and dots represent the laboratory data.

nonbreaking wave case was 3.3% and for the breaking wave was 5.8%.

5.2 Solitary wave on a composite beach

Revere Beach is located approximately 6 miles northeast of Boston in the City of Revere, Mas-
sachusetts. To address beach erosion and severe flooding problems, a physical model of the
beach was constructed at the Coastal Engineering Laboratory of the U.S. Army Corps of Engi-
neers, Vicksburg, Mississippi facility, earlier known as Coastal Engineering Research Center. This
benchmark is described in Section 3.2 of Appendix A of Synolakis et al (2007).

The beach characteristics are exactly the same as the composite beach described in section 4.3.
In this benchmark problem three different waves are modeled (H/d = 0.0378, 0.2578, 0.6404 for
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Case A (H/d=0.0378)

E
0

271 273 275 277 279 281 283 285 287 289
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Figure 12: Time evolution of nonbreaking H/d = 0.0378 initial wave on composite beach. The
red line shows the numerical solution and blue line represents the laboratory data.

cases A, B and C) and the numerical data is compared with the laboratory data for gauges 4 to 10
in Figures 12 - 14). Grid size for this case is Ax = 0.010 m.

5.3 Solitary wave on a conical island

Laboratory experiments on the interaction between solitary waves and a conical island were con-
ducted by Briggs et al (1995). The three cases from this test illustrate the important fact that runup
and inundation heights on the sheltered back sides of an island can exceed the incident wave height
on the exposed front side, due to trapping of wave fronts propagating around the island circum-
ference. These tests have been used in a number of validation studies for a variety of models,
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Case B (H/d=0.2578)
70
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270 272 274 276 278 280 282 284 286
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Figure 13: Time evolution of breaking H/d = 0.2578 initial wave on composite beach. The red
line shows the numerical solution and blue line represents the laboratory data.
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Case C (H/d=0.6404)
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Figure 14: Time evolution of breaking H/d = 0.6404 initial wave on composite beach. The red
line shows the numerical solution and blue line represents the laboratory data.
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including nonlinear shallow water equations (Liu et al 1995) and Boussinesq equations (Chen et
al, 2000). The benchmark test is specified in Section 3.3 of Appendix A of Synolakis et al (2007).

Large-scale laboratory experiments were performed at Coastal Engineering Research Center,
Vicksburg, Mississippi, in a 30m-wide, 25m-long, and 60cm-deep wave basin (Figure 15). In the
physical model, a 62.5cm-high, 7.2m toe-diameter, and 2.2m crest-diameter circular island with
a 1:4 slope was located in the basin (Figure 16). Experiments were conducted at depth of 32cm,
with three different solitary waves (H/d=0.045, 0.091, 0.181). Water-surface time histories were
measured with 27 wave gages located around the perimeter of the island (Figure 17).

Figure 15: View of conical island(top) and basin(bottom)(from Synolakis et al (2007, Figure A16)).

For this benchmark test, time histories of the surface elevation around the circular island are
given at four locations, i.e., in the front of the island at the toe (Gauge 6) and gauges closest to the
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Figure 16: Definition sketch for conical island.
(2007, Figure A 17)).

All dimensions are in cm (from Synolakis et al
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Figure 17: Schematic gauge locations around the conical island(from Synolakis et al (2007, Figure
A18)).

31



Progress Energy, Florida
Levy Nuclear Plant, Units 1 & 2
Probable Maximum Tsunami (PMT) Flood Level at LNP Site

Calc. No: LNG-0000-X7C-051, Rev. 0
Project No. 11945-103

Appendix 1
Attachment 0: Page 32 of 41

Gauge 6

002
E

0 -

26 28 30 32 34 36 38 40 42 44

Gauge 9

0.02 -
6 0-- 

--

26 28 30 32 34 36 38 40 42 44

Gauge 16

0.02
E

26 28 30 32 34 36 38 40 42 44

Gauge 22
0.04

-0.02

26 28 30 32 3 36 38 40 42 44
Time(sec)

Figure 18: Comparison of computed and measured time series of free surface for H/d =

0.045.Solid lines: measured, Dashed lines: Computed.

shoreline with the numbers 9, 16, and 22 located at the 0', 900, and 180' radial lines (Figure 17). A
grid size of Ax = 0.1Om is considered for proper numerical simulation of this benchmark. Figures
18-20 shows the comparison between the laboratory data with numerical calculations. Table 5
represents the error of the maximum runup for each gauge for different wave heights.
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Figure 19: Comparison of computed and measured time series of free surface for Hid
0.091.Solid lines: measured, Dashed lines: Computed.
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Figure 20: Comparison of computed and measured time series of free surface for H/d
0.181.Solid lines: measured, Dashed lines: Computed.
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Gauge Number
H/d 6 9 16 22
0.045 6.0 13.2 0.1 18.9
0.091 3.2 16.6 11.6 0.26
0.181 1.6 13.33 13.8 13.3

Table 5: Percent error of predicted maximum runup calculated for each gauge in conical island test.

5.4 Tsunami runup onto a complex three-dimensional beach; Monai Valley

The Hokkaido-Nansei-Oki tsunami of 1993 that struck Okushiri Island, Japan, provided high-
quality data for tsunami researchers. Since maximum tsunami runup mark was discovered at
the tip of a very narrow gulley within a small cove at Monai, a laboratory benchmark was de-
signed based on Monai valley bathymetry and tsunami wave which struck this area. Based on high
resolution seafloor bathymetry existed before the event a 1/400 laboratory model of Monai was
constructed in a 205m-long, 6m deep, and 3.5m-wide tank at Central Research Institute for Elec-
tric Power Industry (CRIEPI) in Abiko, Japan and partly shown in Figure 21. The incident wave
from offshore, at the water depth of d = 13.5 cm is known and it is shown in Figure 22. There are
reflective vertical sidewalls at y = 0 and 3.5 m (Figure 23). The entire computational area for the
laboratory test is 5.448m x 3.402m, and the grid sizesrecommended for numerical simulations are
Ax = Ay = 1.4cm. However, due to numerical limitations, computational domain that is used in
numerical simulation is longer in order to generate waves without any reflection disturbance from
the back wall( 12.488m x 3.402m)(Figure ??). The input wave is a LDN with a leading-depression
height of 2.5 mm with a crest of 1.6 cm behind it which is produced in the model using FFT analysis
and WK TIME SERIES wavemaker option(Figure 22). Data for water surface elevations during the
laboratory experiment is given and compared with numerical simulations at three locations (Gauge
5, 7 and 9), i.e., (x, y) = (4.521, 1.196), (4.521, 1.696), and (4.521, 2.196) in meters (Figure 24).
Figure 25 represents the comparison between extracted movie frames from the overhead movie of
the laboratory experiment and numerical simulation. Finally, maximum runup in the narrow galley
in the numerical solution was 7.43cm which is comparable with the laboratory data (maximum
runup of 7.5cm in the lab data or 30m in field tsunami data).
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Figure 21: Bathymetric profile for experimental setup for Monai Valley experiment(2007, Figure
A24)).
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Figure 22: Initial wave profile for Monai Valley experiment (2007, Figure A25)).
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Figure 23: Computational area for Monai Valley experiment(2007, Figure A26)).
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Figure 24: Computational area for Monai Valley numerical simulation.
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Figure 25: Comparison of computed and measured time series of free surface. Dashed lines:
Computed, Solid lines: Measured.
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Figure 26: Comparison between extracted movie frames from the overhead movie of the labo-
ratory experiment (left) (from http://burn.giseis.alaska.edu/file-doed/Dmitry/BM7-description.zip)
and numerical simulation (right).
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Sensitivity analysis of trans-oceanic tsunami propagation to
dispersive and Coriolis effects
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Abstract

We derive weakly nonlinear, weakly dispersive model equations for propagation of surface
gravity waves in a shallow, homogeneous ocean of variable depth on the surface of a rotat-
ing sphere. A numerical model is developed based on a combined finite-volume and finite-
difference method with a forth-oder MUSCL-TVD scheme in space and a third-order SSP
Runge-Kutta scheme in time. Scaling analysis reveals that the importance of frequency dis-
persion increases with a decrease of the source width, and the Coriolis force increases with an
increase of the source width. A sensitivity analysis to dispersive and Coriolis effects is carried
out using the numerical model through a series of numerical experiments in an idealized ocean
using Okada sources with different source sizes.

1 Introduction

Conventional models used for simulating global-scale tsunamis are based on the shallow water

equations, which neglect frequency dispersion effects on wave propagation. Recent studies, how-

ever, revealed that these standard models may not be satisfactory for simulating tsunamis caused

by smaller scale or more concentrated non-seismic sources, such as landslides (e.g., Lovholt et

al., 2008; Tappin et al., 2008). Moreover, even for very long waves such as found in co-seismic

tsunamis, frequency dispersion effects may become significant in the long distance propagation of

tsunami fronts. This was evidenced by Kulikov's (2005) wavelet frequency analysis of satellite al-

timetry data recorded in deep water in the Bay of Bengal during the 2004 Indian Ocean tsunami.

Based on these, Kulikov concluded that a dispersive long wave model should be used for this event.

Further supporting this conclusion, Glimsdal et al. (2006) and Grue et al. (2008) showed, in their

dispersive numerical simulations of the same event, that an undular bore could evolve in shallow

water, in accordance with observations (Shuto, 1985). Finally, using the dispersive Boussinesq

model FUNWAVE (Kirby et al., 1998) to simulate the same event, Grilli et al. (2007) and Ioualalen

et al. (2007) quantified dispersive effects, by performing simulations with and without dispersive

terms (thus solving Nonlinear Shallow Water Equations (NSWE) in the latter case). Differences of
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up to 20% in surface elevations, between Boussinesq and NSWE simulations, were found in deeper

water.

Regarding effects of sphericity and earth rotation on tsunami propagation, even for the large

2004 event, numerical results showed that a Cartesian implementation of the models (neglecting

Coriolis effects) is adequate for regional scale tsunami simulations, provided distances are corrected

to account for earth's sphericity (e.g., Grilli et al., 2007; Ioualalen et al., 2007); this is particularly

so when the main direction of propagation closely follows a great circle. For global tsunami propa-

gation, however, sphericity and Coriolis effects might play a larger role in simulating tsunami wave

arrival at far distant tide gauges. While standard NSWE tsunami simulation models have typically

included such effects (e.g., Shuto et al., 1990), dispersive Boussinesq models such as FUNWAVE,

which were initially developed for modeling ocean wave transformations from intermediate water

depths to the coast, have usually been implemented in Cartesian coordinates. Lovholt et al. (2008)

recently developed a Boussinesq model in spherical coordinates, including Coriolis effects. Their

simulations quantified the effects of earth's rotation and the importance of Coriolis forces, on the

far-field propagation across the Atlantic Ocean of a potential tsunami originated in La Palma (Ca-

nary Islands).

Based on this recent work, it appears that Boussinesq models may be more accurate tools than

standard models, based on shallow water theory, for predicting the wide variety of tsunami wave

phenomena that occur in nature, in which dispersive effects may play a more significant role than

generally believed. However, the computational demands of such simulations is a concern. As

pointed out by Yoon (2002), Boussinesq models require vast computer resources due to the implicit

nature of the solution technique used to deal with dispersion terms. Some simulations may involve a

wide range of scales of interest, from propagation out of the generation region, through propagation

at ocean basin scale, to runup and inundation at affected shorelines (Grilli et al., 2007). Improvement

in model efficiency can be achieved by using nested grids (e.g., Ioualalen et al., 2007), unstructured

or curvilinear grids (Shi et al., 2001) and the parallelization of computational algorithm (Sitanggang

and Lynett, 2005; Pophet, 2008; Pophet et al., 2008).

In this study, we rigorously derive and validate equations for a weakly nonlinear and disper-

sive Boussinesq model on the surface of a rotating sphere, including Coriolis effects. The numerical

scheme is developed following the most recent work of Shi et al. (2011), who applied TVD Riemann

solver to the FUNWAVE model. The model is implemented using a domain decomposition tech-

nique and optimized for parallel computer clusters, by way of the message passing interface (MPI).

The efficiency of the model parallel implementaiton is assessed using various numbers of computer

processors. The relative importance of frequency dispersion and Coriolis effects in tsunami prop-

agation is finally evaluated both theoretically and based on numerical simulations of an idealized

case.

2



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment P: Page 3 of 27

2 Model Equations in Spherical Polar Coordinates

We consider the motion of a fluid column, of variable still water depth h'(0, 0), on the surface of a
sphere of radius r' to the still water level, where coordinates (r', 6, 5) denote radial distance from

the sphere center, latitude, and longitude, with the local vertical coordinate defined as z' = r' - r6.

The dimensional Euler equations describing the flow of an incompressible, inviscid fluid are given

by (Pedlosky 1979, section 6.2),

2w' 1 (W'" + I7 + (V' Cos 0) 0 + ,-•o , Up 0 (1)
r Cos 0r/ Cos 0

du' uI I
- + (W -v tan0) + 2Q(w'cos0 - v'sin0) - pr1o (2)

dv' 1 • - r2 1 ()

(+ rv'w'+ (u)tan0) +2Qsin0u' = Pr/ PO (3)
dw' (U T)+ (1') 1
dw' ( / - 2Q cos0u' = -lpz,- g (4)di' r' p

where Q is the sphere's angular velocity around the absolute vertical axis, u' and v' are positive

velocity components in the Easterly (0) and Northerly (0) directions (local horizontal directions),

respectively, and w' denotes the local vertical velocity. In the selected coordinate system, the total

time derivative operator is defined as,

dto

Boundary conditions consist in a dynamic condition, specifying pressure Ps on the free surface

as,

pS1(0,0,t') = 0; z' = ' (6)

together with kinematic constraints on the velocity field at the surface and bottom boundary. The

kinematic surface boundary condition (KSBC) is given by

D~q' zI

Dz' - wr = ( 7 )

and the (kinematic) bottom boundary condition (BBC) is given by

D(-h') z'=-h'

D t' - w (8)

where,

D' dO w'Oz, = Ot( + 00 + /00 (9)D' -d' r' cos 0 r'

Note that (8) allows for an imposed motion of the ocean bottom to be specified.

In Boussinesq or shallow water theory, it is typical to replace the local continuity equation (1)

with a depth-integrated conservation equation for horizontal volume fluxes. Thus, integrating (1)

3
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over depth and employing the kinematic boundary conditions (7) and (8) yields,

(r)21,177, + (r' )2 I-h,h, + I { u'r'dz' } -1 - v'r'dz'} = 0 (10)CO9O0q hl O O h

which, as of yet, is still an exact equation. The latter will be simplified below, based on scaling

arguments.

2.1 Scaling

Based on the standard procedure for shallow water scaling, we introduce the length scales h', a'

and A', denoting a characteristic water depth, wave amplitude, and horizontal length; with the latter

remaining to be examined. Combining these scales with each other and with r' yields a family of

dimensionless parameters: c = ho/ro denoting the relative depth or thickness of the ocean layer;

t= ho/A', the usual parameter characterizing frequency dispersion in Boussinesq theory; and

= ao/ho, the shallow water nonlinearity parameter. The parameter E takes on values of O(10-3)

at maximum, and will thus always be taken to indicate vanishingly small effects when it occurs in

isolation.

Based on this family of parameters, we define dimensionless variables as,

(h, z) =7h,1'. /
0' ao ll

We take u' = 6c' = 6 g/- to denote a scale for horizontal velocities, and let w' denote a scale

for vertical velocities, so that,
(u, v) = (u', v'). WI

(u V) w = w-0 (12)

Pressure is scaled by the weight of the static reference water column,

p ph1  (13)
pgh'o

We first introduce a rescaling of the dimensionless lattitude and longitude according to,

( 0*,0) = LO (0, 0) 0); (14)

This gives horizontal coordinates, which will change by 0(1) amounts over the wavelength of a

relatively short wave. The nondimensional form of the continuity equation (1) is then given by

(retaining terms to O())

( °I [w, + 2Ew] + cs z) [u0. + (v cos 0)0*] = O(E2 ) (15)

indicating that w' = Mu', as is usual in a Boussinesq model framework. Turning to the depth-

integrated mass conservation equation (10), we introduce the total depth,

H = h + 67 (16)
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and obtain,

Ht + J [(HU)€. + (HJcosO)o.] = 0(c) (17)
Cos 6

where,

1, _ ~ (u,v)dz (18)

are depth-averaged horizontal velocities, and where time t' is scaled according to

t = w ~t, -- tl (19)A'

Equation (17) is the final volume flux conservation equation for the Boussinesq model system, based

on (U, T) developed below. In keeping with the notion that waves, which are short relative to the

basin scale (A'/ro or c/ji <K 1), may have frequencies, which are high relative to the earth's rotation

rate (w'/IQ > > 1), we introduce the scaling Q - 0- O(•) Turning to the Easterly (0) momentum

equation (2), we obtain,

r__ E 6-1
Ut- f(v - piw tan O) + J - U0. + vuo. + wuz - -uv tan 0 + c-os = O(E) (20)

(/t [Cos 0 P C1

where the Coriolis parameter is defined as f = Q sin 0. Similarly, the Northerly (0) momentum

equation (3) becomes,

vt+ -fu± -- V* +±vvo* +wv+E-u 2tan0 +± -(po c =-O() (21)

The dimensionless z (local vertical) momentum equation is finally given by,

6A 2 [Wt+6( ( + vw + W -- fucot ±(pz+1)= () (22)

In the following, we consider two relations between E and /: (1) the regime p = O(c), which

recovers the shallow water equations; and (2) the regime At = O(c/ 3), which yields the Boussinesq

approximation.

2.2 Shallow Water Equations

Most theories of transoceanic tsunami propagation are based on shallow water equations (linear

or NSWE), in recognition of the vanishing effects of dispersion (At -- 0) for very long waves.

In the present discussion, this limit is obtained when the horizontal length scale of wave motion

approaches the horizontal scale of a global-sized ocean basin, or A' -* r'. This implies that the

ratio c/At = 0(1), while terms proportional to A appearing alone are essentially the size of already

neglected terms of O(c). In this combined limit, the local vertical momentum equation (22) reduces

to an hydrostatic balance, which may be integrated down from the free surface to yield,

Ph = 677 - z (23)
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where Ph denotes the hydrostatic component of pressure. This expression is used to evaluate pres-

sure gradient terms in the horizontal momentum equations, yielding the final set of shallow water

equations,
1H 1

+H ± [(Hi)¢0 + (HUcos 0)] = 0 (24)
6 Cos 0

1
ý!t - ;F + c~ tc=0 (25)

Cos (20

Tt + f ýu + 77o 0 (26)

where in this limit the scaled lattitude and longitude revert to the original values. Note, equation (24)

retains the possibility of describing wave generation through a bottom motion ht, which appears at

0(1/•6) since h' is scaled by h' rather than wave amplitude.

2.3 The Boussinesq Approximation

We now wish to retain dispersive effects to leading order in the description of wave motion. Further,

in order to provide a uniformly valid model, which can be used to describe nonlinear wave evolution

in shallow coastal margins as well as mainly linear evolution in the deep ocean basin, we will retain

the mechanics of the fully nonlinear Boussinesq model framework, following largely the approach

of Wei et al. (1995), but working in the framework of rotational flow. We will, for now, retain

depth-averaged horizontal velocities (U, -U) as dependent variables rather than velocity at a reference

elevation (as in Wei et al. and subsequent efforts). In developing the model, we seek to retain terms

to O(y 2 ) without any truncation in orders of 6. This is in contrast to the classical Boussinesq

approach, which would take 6 = O(p2) and truncate terms of 0(62, 6[t2, p') and higher.

In the derivation, we will retain the effect of an imposed bottom motion h (t). The approximation

is accompanied by the assumption that/t = O(E/3). (For E = 0(10-3), this implies a dispersion

term p = 0(10-1), which would be reasonable for the usual surface wave problems). This choice

of scaling then implies that O(t/bt) = Q(pt2 ), indicating that Coriolis terms and undifferentiated

advective acceleration terms are the same size as the leading-order deviation from hydrostatic of the

pressure term.

2.3.1 Pressure and vertical momentum

Pressure in the system being considered will deviate from hydrostatic by O(p 2) amounts. Denoting

this non-hydrostatic component by 5, we write,

P(k* 0", z, t) = Ph(¢*, O*, z, t) + 6i 2g(*,, 0"* z, t)

= 6ij-z±+6•2 P5 (27)

Introducing (27) in (22) and integrating up to the free surface (where P = 0) gives,

j3(z) = wtdz + 6 U wO. + vwo. + wwz] dz + 0(,) (28)

6



Progress Energy, Florida Calc. No: LNG-0000-X7C-051, Rev. 0
Levy Nuclear Plant, Units 1 & 2 Project No. 11945-103
Probable Maximum Tsunami (PMT) Flood Level at LNP Site Appendix 1

Attachment P: Page 7 of 27

The weakly nonlinear approximation with 6/[p2 = 0(1) would retain,0
X(z) = j wtdz + 0(3) (29)

2.3.2 The vertical structure of velocities

In order to use (28) to evaluate horizontal pressure gradients, we need to establish a relation between

w and components (u, v) through the continuity equation (15), which simplifies to,

Wz + A [uO. + (v cos 0)0.] = o(E) (30)

Cos 9

Integrating (30) from -h to z and using the bottom boundary condition gives,

w0 (If u.dz) I0 (7 vcosOdz) -h1

Cos 00* -ih -Cos 0 all Vh

1s (U(h-+z)) - 0- (UcosO(h+z))_-ht+O(/2) (31)Cos 0 0*Cos 0 00"

2.3.3 Weakly Nonlinear Approximation

The standard Boussinesq approximation follows from the assumption that 3 = O(pt2 ). To the

required order, the perturbation to hydrostatic pressure is then given by,

(*,0*,z,t)-- cos = [(hat)o* + (hcosOut)o.] + o [s0 *t + (UcosO)o*t] + BFT (32)

where BFT denotes forcing terms resulting from motion of the ocean bottom,

BFT = -1(Jr1 - z)htt + (Z -O) [(Uht)0. + (UcosOht)o.] (33)
J Cos 9

Using these results, the horizontal momentum equations are integrated over depth and the per-

turbation pressure is eliminated using the previous results. The final dimensionless equations are

given by,

1 1
1 Ht + {(HU)¢. + (HU cosO)o.} =0 (34)

J Cos 0
ut -- /Zf -FO + T¢.-Y -* +} ---•0r/*

2; Cos 01 1o

+ •t-2- h2 [Th*,O*t + (U cosO)•.o.-t] - [(huit)O*. + (hcosOvt)¢.o.]}

" IL (BFT)O. = 0(j2, /_2, A4) (35)
Cos 6

t1+ A 2fU {Ou + ±1 ,O*} + 770

+I { fU2BFTo. + (Uc os2O)O*t) - ( [6(h)t)o + (hcosOUt) 6 4J}

+[t 2(BFT)6 * = Q (j2' jt2' tt4) (36)

7
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3 Numerical Approach

3.1 Conservative form of governing equations

The dimensional forms of the model equations will be used subsequently, and are given by (with

primes dropped for convenience)

1
Ht + 1 {(HU)¢ + (H~Ucos6)o} =0 (37)

ro cos 0
1 1 q

Tit - fu + - u-up + 1--Uuo + - qro cos 0  ro r o cos 0 "9

+22o 'o j [2z, 1 - h [(hut)00 + (h cos 0t)0o]

1
+- -(BFT)p = 0 (38)

ro cos 0
1 + 2 + 1 h1 g

{- {2 [-1lUpt + (u Ccos0)ot I -_ I + (hcos 0

+I (BFT)o = 0
ro

ut)o}J}ý

(39)

Recent progress in the development of Boussinesq-type wave models using a combined nite-

volume and nite-difference TVD schemes have shown robust performance of the shock- capturing

method in simulating breaking waves and coastal inundation (Tonelli and Petti, 2009, Roeber et al.,

2010, Shiach and Mingham, 2009, Erduran et al., 2005, and others). In this study, we applied the

MUSCL-TVD scheme in space and a high-order Runge-Kutta scheme in time with adaptive time

stepping. In order to apply the combined finite-volume and finite-difference schemes, the governing

equations (37) - (39) were re-arranged to a conservative form following Shi et al. (2011) for the

fully non-linear Boussinesq equations in Cartesian coordinates. We define

{ •1= roCos 0(0- 0o) (40)
ý2 =roO (0- 00)

where (0o, 0o) are the reference longitude and latitude, respectively. (i1, ý2) represent coordinates

in the longitude and latitude directions, respectively. The conservative form of (37) - (39) can be

written as
at-/ + V O(P) = S (41)

where % and E)(%I) are the vector of conserved variables and the flux vector function, respectively,

and are given by

(H E) = Pi +Qj

lp = U , [-P- + !g(772 + 277h)] i + -Q--J

V --Qi + [H-!- + ½90772 + 271h)] j
(42)

8
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where P = Hu, Q = Hv, and

U = H(u + F) (43)

V = H(v + G) (44)

in which
1--- h hFlaOh)l (45)

F uh2 = - ý- + h2 + 1 tanv0%) - -(hu)ý - h(hv)ý1ý 2 - rotan(hv 1 (

= h2 ± h2 6 - 2- - tan0v%2  1 20 vh1 
1 + 6 ta n OhCos

[(hu)4l, 2 + i- tan O(hu), _- [(hv)-2 - r-tan s(hv)ý2 - 22 ( ] (46)

S in (41) represent a source array given by

( -Ltan 9Hv)
S grlh: + fgv + + ¢•i , (47)

grlh42 - f HU ± ±b +0

where

ri7tF (48)

2= rqtG (49)

Note that the surface elevation gradient term was split into lg(12 +2/h) in (42) and (g(h77, gr2h 2 )

in (47) in order to use a well-ballanced numerical scheme (Shi et al., 2011).

Equation (41) is solved using the MUSCL-TVD scheme and the HLL approximate Riemann

solver. A fourth-order TVD-MUSCL scheme in space (Yamamoto and Daiguji, 1993) and a third-

order Strong Stability-Preserving (SSP) Runge-Kutta (Gottlieb, et al., 2001) in time were adopted.

The elimination method is used in solving the system of tridiagonal matrix equation formed by

(43) and (44). Model implementation also includes wave breaking and wetting-drying schemes for

shallow water exactly following Shi et al. (2011). Interest readers may refer to Shi et al. for details.

3.2 Parallelization

In parallelizing the computational model, we use the domain decomposition technique to subdivide

the problem into multiple regions and assign each subdomain to a separate processor core. Each

subdomain region contains an overlapping area of ghost cells three rows deep, as dictated by the

4th order computational stencil for the leading order non-dispersive terms. The Message Passing

Interface (MPI) with non-blocking communication is used to exchange the data in the overlapping

9
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region between neighboring processors. Velocity components are obtained from Equation (43) and

(44) by solving tridiagonal matrices using parallel pipelining tridiagonal solver described in Naik et

al. (1993).

To investigate performance of the parallel program, numerical simulations of the idealized ocean

case are tested with different number of processors (16, 24, 36, and 48 processors) of a linux cluster

located at University of Delaware. The test case is set up in a numerical grid of 1800 x 1800.

Figure 1 shows the model speedup versus number of processors. It can be seen that a linear speedup

is obtained with a slight decrease with more processors due to the communication cost.

4 Tests of Dispersion and Coriolis Effects

The orders of the frequency dispersions terms and Coriolis terms in Equations (35) and (36) are
O(At 2) and O(6/pu), respectively. The relative importance of frequency dispersion and Coriolis force

can be evaluated using A2 and 6/1i values in some specific cases. Figure 2 illustrates variations of
tt2 and c•/A respect to Ap or ho/W, where W represents width of tsunami source, . Typically, for a

source width of 100 km (2004 Indian Ocean tsunami), AL 0.025, the Coriolis effect is relatively

more important than dispersion as shown in Figure 2. For a narrow source with a width of 25

km, Az 0.1, the dispersive effect is as important as the Coriolis effect, and gets relatively more

important as the source width diminishes.

4.1 An Okada source in an idealized ocean

To perform model tests with the spherical Boussinesq model, we generate a model grid in spherical

coordinates and specify a flat bottom bathymetry in the ocean basin. The computational domain is

in the northern hemisphere and covers a region from 10'N to 50'N in the south-north direction and

from 20'W to 20'E in the west-east direction. Water depth is 3000m over the whole domain. The

grid resolution is 1.5 arc minutes. The tsunami source is based on the standard half-plane solution

for an elastic dislocation with maximum slip (Okada, 1985). Okada's solution is implemented in

"Tsunami open and progressive initial conditions system" (TOPICS) which provides the vertical

co-seismic displacements as outputs. We specified a north-south oriented planar fault with centroid

located at 30'N and 0°W. As an example, Figure 3 shows the surface elevation calculated by

TOPICS which has a width of about 1' and a length of about 12'. The tsunami is transferred and

linearly superimposed into the spherical Boussinesq model, as an initial free surface condition.

To examine the effects of wave dispersion and Coriolis corresponding to different source widths,

we generated a series of sources with different widths and the same amplitude and source length.

The source with the width about 10 (W = 1', thereafter) is the widest source in the tests and

other source widths are 1/2', 1/4' and 1/8', respectively. The corresponding inverse source width

10
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parameter u at 30' N are 0.0312, 0.0625, 0.125 and 0.25, respectively. The sources are used in

the full model including both dispersion and Coriolis terms and two reduced models, one without

dispersion terms (NSWE) and the other without Coriolis terms.

4.2 Source size and wave dispersion effect

Figure 4 demonstrates the evolution of tsunami wave in time. The tsunami wave is generated using

an Okada source with a source width of 10(96 km at 30' N). The inverse source width parameter

it is 0.0312 which indicates a small dispersive effect according to Figure 2. Wave diffraction is

significant at the edges of the wave front as shown in Figure 4. A case with a narrow source is

shown in Figure 5. The source width in this case is 1/8'(12 krn at 30' N) and the corresponding

inverse source width parameter p is 0.25. According to Figure 2, the dispersive effect should be

important and it is demonstrated in Figure 5. The wave dispersion effect can be recognized by a

train of waves near the wave front. Wave diffraction is less obvious compared to the above wider

source case.

As indicated by Figure 2, the importance of dispersive effect increases with a decrease of the

source width. Figure 6 shows the comparison of wave surface between cases of W = 1', 1/2', 1/4'

and 1/8' at the time t = 9000s. It is shown that a narrower source generates waves with a longer

dispersive tail and with a weak diffraction.

The same four cases were carried out using the reduced model without dispersion terms. No

tailing waves were found in any case. Figure 7 demonstrates results from the narrowest source

W = 1/8'. The propagating wave basically keeps a constant waveform, which is significantly

different from the results of the full model (Figure 5). The difference -between the fully model

and the reduced model can be clearly seen in a I-D plot in Figure 8, which shows the comparison

of wave surface elevation along the west-east direction at 30' N at t = 36008 and 7200s. The

comparison indicates that the wave dispersive effect is characterized by decreasing the amplitude

of the front wave and increasing the amplitude of the wave train behind the wave front. The same

comparison for the widest source W = 1' is shown in Figure 9, suggesting that solutions from the

full model and the reduced model are basically similar due to less dispersion for a wider source.

To quantify the dispersive effect versus source width, the relative difference, which is the differ-

ence of magnitude normalized by the wave height from the full model, was calculated at 30' N and

t = 9000s. The relative difference varies from 0.075 (1' source) to 0.43 (1/8' source) as shown

in Figure 10. Exponential-like decay of the difference can be found with respect to source widths.

The trend is consistent with the theoretical analysis.
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4.3 Source size and Coriolis effect

The Coriolis effect can be indicated by comparing model results with and without Coriolis force.

Figure 11 shows the relative difference calculated in the same way as in the dispersion tests but

between models with/without Coriolis force. It indicates that the Coriolis effect increase with an

increase of source width. It seems, however, that the difference caused by the Coriolis effect is small

in the short distance propagation (t = 9000s).

To examine the Coriolis effect on a long distance propagation, we conducted runs in a large

domain covering a region from -90' to 00 W in the west-east direction and from 0' to 50' N in the

south-north direction. The Okada source is centered at 00 N and -22.5' W with a width of about 10

and a length of about 48'. The reason to use the 48' long source is to examine the Coriolis effect at

the high latitude region and note that only half of the source is located in the computational domain.

Figure 12 shows the comparison of surface elevation between the full model (solid line contours)

and the reduced model at t = 12hours. With the wide source, both models show a significant wave

diffraction after a long distance propagation. A large difference between the two contours can be

found in the high latitude region. There is no typical monopole radiation pattern found in the result

due to the usage of long and unidirectional source.

I really dislike the last case. Actually Lovholt et al have made a conclusion for global test.

We got about the same as in Figure 11. Do you think we should remove the last case? The

following is their description:

"We quantify the importance of Coriolis forces on the far-field propagation across the

Atlantic Ocean, along the two transoceanic transects given in Figure 13. The ampli- tude

deviation for the leading crest at 6 h 45 min, for standard Boussinesq models with and without

Coriolis terms, give 2.5% along the northern transect, and 1.5% along the southern transect.

5 Conclusions

We derived and validated equations for weakly nonlinear, weakly dispersive Boussinesq model on

the surface of a rotating sphere, including Coriolis effects. The numerical scheme is based on the

Godunov-type method with a fourth-order MUSCL-TVD scheme in time and a third-order SSP

Runge-Kutta scheme. The model is implemented using a domain decomposition technique and

optimized for parallel computer clusters, by way of the message passing interface (MPI). Model

speedup tests with multi-processors show a linear speedup, suggesting the Boussinesq model is

applicable of modeling global wave propagation.

Scaling analysis revealed that the importance of frequency dispersion increases with a decrease

of the source width, and Coriolis force increases with an increase of the source width. The theoret-

ical analysis was quantified by the numerical model which was applied to an idealized ocean using

12
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Okada sources with different source sizes.
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Figure 1: Variation in model performance with number of processors for a 5401 x 3601 domain.
Straight line indicates arithmetic speedup. Actual performance shown by green line.
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Figure 2: Relative importance of Coriolis force (i//i) and frequency dispersion (A 2 ) with varying
inverse source width p = ho/W.
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Figure 3: An Okada source with a width of about 1° and length of about 120
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Figure 4: Wave surface calculated from the source W = 1° at t = 3600, 5400, 7200, and 9000 s,
respectively
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Figure 5: Wave surface calculated from the source W = 1/80 at t = 3600, 5400, 7200, and 9000 s,
respectively
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Figure 6: Wave surfaces calculated from sources W = 10, 1/20,1/4' and 1/8' at t = 9000 s
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Figure 7: Wave surface calculated from the NSWE model with the source W = 1/80 at t = 3600,
5400, 7200, and 9000 s, respectively
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Figure 8: Comparison of wave surface elevation along Latitude= 30' between the Boussinesq model
and NSWE model with sources W = 1/8' at t = 3600s and 7200s
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Figure 9: Comparison of wave surface elevation along Latitude= 30' between the Boussinesq model
and NSWE model with sources W = 1' at t = 3600s and 7200s
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Figure 10: Relative difference of surface elevation between the Boussinesq model and NSWE model
versus source width.
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Figure 11: Maximum difference of surface elevation between the Boussinesq model with/without
the Coriolis term versus source width.
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Figure 12: Comparison of surface elevation between models with/without the Coriolis term at t =
12 hours.
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