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1. BACKGROUND

The Uni ersit of Dela are and the Uni ers{t of Rhodg Island ha e been funded sinde
2010 b NOAA’s NTHMP program, to perform model simulations of tsunami
generation, propagation and impact on|the U.S. east codst, in order to establish tsunami
inundation mi s |in regions of ele ated hazarE or in are¢as deemed at higher risk. Such
studies first require to identif , select, and parameterize, rele ant tsunami sources (bo
distant and local) in the Atlantic Ocean basin, hich go ern East coast tsunami |
This is particularl important for densel populated lo -1 ing areas, hich ma
ulnerable to tsunami impact.‘ |

!

In the Pacific Cicean basin, tsunami hazard assessment, along the U.S.
Alaska, and Ha aii, has long been studied on the basis of substantial historic
relati el frequent tsunamis. While much fe er records of historical tsunafis e ist for
the U.S. East coast, it is belie ed that about 10 percent of tsunami e ents that ha e
affected the U.S. originated in the Atlantic basin (i.e., Atlantic, Gulf of Me ico, Puerto
Rico, the lesser Antilles, and Virgin Islands; see Dunbar and Wea er, 2008). Not much is
kno n,ho e er, about their related coastal hazard (not to mention their return periods).
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Fig. 1: Potential tsunami sources
second arc length ocean bath metr is sho n in the backgrou

B

Historical tsunami e ents in the Atlantic Ocean basin, that can affect the U.S. East coast,

include (Fig. 1): o |

1. transoceanic co-seigmic tsunamis, caused b | |earthquakes in the Azores-Gibraltar
con ergence zone (¢.g., Lisbon earthquake in|1755; Barkan et al., 2009);

2. transoceanic co-seismic tsunamis, caused b | earthquakes along the Hispaniola-
Puerto Rico-Lesser| Antilles (a.k.a., Caribbean) subduction zone, in and around
the Puerto Rico Trench (PRT) or near the LLee ard Islands (see, e.g., Grilli et al.,
2008; 2010a); L

3. a transoceanic landslide tsunami caused a large mass failure e ent: the
potential flank collapse of the Cumbre Vieja Volcano in the Canar Islands (see,
e.g., Ward and Da , 2001; Grilli et al., 2006; Pérignon, 2006; Gisler, 2006;
Lo holt et al., 2008; Abadie et al., 2009, 201 11).




landslide tsunamis caused b Submarine Mass Failures (SMF), triggered along
the East coast continental slop¢e b moderate seismic acti it . Earlier field and
modeling ork (tenBrink et all, 2007, 2008, 2009a; Grilli et al., 2006, 2009),
indeed, indicates that the most significant tsunami hazard for the U.S. East coast
ma result from such near-field landslide tsunami sources, hich although less
energetic than large co-seismic tsunamis, could occur at a short distance from
shore (in terms of tsunami propagation time) and hence cause significant runup on
small sections of the coast hile offering little arning time, thus posing
significant hazard to local, lo -l ing, coastal communities.




2. LITERATURE REVIEW OF RELEVANT TSUNAMI SOURCES

In this report, |e focus less on specific e ents and more on information about potential
sources required to setup numerical models of tsunami generation land propagation, ith
hich to stud | hich tsunami sources (and their parameters) ma ern tsunami hazard
(in terms of runup and inundation) along the U.S. East coast. In a later phase of our ork
e 1ll quantif this hazard through numerical| simulations in a series of nested model
.grlds for arious coastal communities deemed important or 1denT1f ed to be at higher I‘lSk
in the form of detailed inundation maps. |

For ianr‘matio on specific historical e ¢nts and a brief histor of tsunamis in the
Caribbean sea, see, e.g., Lbckridge et al. (2002), hich includes a catalog of 40 different
tsunami or tsunami-like a es that ha e|struck the U.S. East coast since 1600, and
Lander et al (2002) |ho catalogued 91 reports|of a es that ma ha e been tsunamis
since 1498. Recent studies commissioned b the, Nuclear Regulator ' Commission, ha e
also been conducted b the USGS, regarding potential tsunami sources affecting the U.S.
East Coast (ten Brink, 2007, 2008). Additionall , the NOAA Korecast Source Database
(http://nctr.pmel.noaa.go /propagation-database-access.html) pro ides a distant source
catalog, for the purpose of inundation modeling, recognizing that the depiction of
potential tsunami SOII—.IJICCS ill e ol e and change ith time and that, due to its lo| er
percei ed risk, the Atlantic oceanisnot er ell co ered. *

In the follo ing, , e detail a ailable data for each t pe of tsunami sources
go erning the U.S. East coast tsunami hazard (Fig|1).

2.1 Submarine Mass Failures

Submarine Mass Failures (SMFs), hen tsunamigenic, ield|potential near-field tsunamis
sources that ma go ern tsunami hazard along the entire U.S. East coast. Although onl a
fe historical landslide tsunamis ha e been clearl identified in the region,|ten Brink et
al. (2007) and T ichell et al. (2009) report that|one thde of the Ne  England continental
slope and rise is co ered ith landslide scars and deposits. Based on their detailed
description of %eld data (see, e.g/, Tables 2-1, 2-2 and F] in ten Brin

al., 2007), and arious statistics performed on these, e ‘
of the U.S. East coast, a 15,241 km? area, 291 km length, idth, 3,2
depth, ith a 4,735 m toe depth and a 1,260 m scarp hei eldinga er I
(for 34 listed slides in their Table 2-2, olume arie¥ bet een 0.08 an .
Furthermore, the same ork sho | s that roughl 50% of the area affected b| lafidslide
and 7 of the 14 landslides in the list that co er areas e cgeding 2,000 km? are located
offshore of Georges Bank and southern Ne England (a region that co ers appro imatel
one third of the length of the stud area). Another 24% of the area affected b landslides

rgest

spread along the remaining half of the length of the stud area. SMFs ith olumﬁs

| ‘



abo ¢ 100 kmP (of hich|there are 4 listed in Table 2-2) can generate runups of more
than t o0 meters on nearb coats (e.g., Grilli et al., 2009). The actual magnitude of
landslide-generated tsunamis, ho e er, is er site specific and depends on their detailed
geometr , location, and olume, as s on the mode of rupture (Grilli and Watts,
1999,,2005; Watts et al., 2005; Enet at et al., 2009a; Geist et al.,
2009). Most of these parameters are n for obser ed landslide
scars. ‘ .

Hence, for most potential SM |ents themsel es and their
tsunamigenic potential are a priori mkjo ” Additionall | landslide triggering b
seismic acti it is not onl a comple | phenomenon, but also one that depends on the
magnitude of the seismic ground acceleration e pected at some distance offshore in the
potential slide area (for a gi en return|period), hich is poorl kno nas ell o er the
Atlantic ocean (in part due to the paucit of obser ed earthquakes). As a partial guidance,
for the Lirgest‘ earthquake‘e er obser egd along the Ne England margin, hich had |a
magnitude 7.0 sufficient to trigger a significant[SMF ( hich it did in the 1929 Grand
Bank SMF and tsunami, discussed belo ), ten|Brink et al. ‘(2009a) estimate that th
return period is bet een 600 and 3,000 ears. | |

(¢]

Ass a result of the lack of data and uncertainties listed abo e, a comprehensi e
anal sis of SMF tsunami hazard along the U.S| East coast is being conducted in this
project, as a separate task, based on fnte Carlo|(MC) simulations of slope stabilit and
tsunami generation/runup, similar to|the approach detailed in Grilli et al. (2009). Such|a
MC anal sis 1ill pro ide statistical distributions af potential tsunamigenic SMFs and
their parameters, in the region of interest. Once alidated using field data (as as done b
Grilli et al., 2009 for th¢ region from Ne Jerse tp Cape Cod), such distributions ill
allo designing a series| of rele ant SMF sources, | hich| ill be used to quantif East
coast la dslide tsunami hazard b performing numerical simulations  of | tsunami
propagation and coastal impact. In ie of this upcoming | ork, e ill limit the present
discussion of SMF tsunami hazard to t o ell-kng n historical SMF cases, for hich
landslide tsunamis ere|either geneTated, or strongl suspected to ha e been generated,
along the East coast: . | It

1. The first, and onl historical SMF tsunami definitel kno n|to ha e impacted the
North American coastline, causing 28 fataﬁities, occurred| on No em
1929, as a result of a submarine landslide caused near the Grand Banks
earthquake ith M,, = 7.2 moment magnitude (to date, this still represents the
largest earthqualle e er recorded in the North American coastal regions of the
Atlantic basin). The large slope failure as triggered at the mout

Laurentian 94; 1995) on the south coast of Ne |
44.691°N-5 2), 18 km from the 2 km deep upper co

(Fine et al., e landslide transformed into a turbidit curre
o er 100 km ¢ the Atlantic floor, at speeds of 60-100 km/h, dis
200 km® of faterial. Fine et al. (2005) used a iscous shallo

simulate this e ent, treating the slide as a iscous, incompressible fluid la er.  The
estimated ma imum tsunami a e amplitude as 3-8 m anc{ the ma imum runup



obser ed in Ne foundland

landslide-generated tsunami as much smaller than

tsunami, such large runups posed a significant locall hazard, as confirmed b

large number of fatalities. |

as 13 m. While th

e region affected b such a
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The second,|and most notable landslide comple
kno n as the Currituc
North Carolina (e.g.,

ig. 2-9 in ten

the source area. The do n-slope length as about 3
and the initial thickniss
estimates ar for this e ent, but the olumes,

landslide, about 100 km off
rink, 2007).
belie ed to ha e occurred bet een 22,500 and 43,30
single e ent caused b an earthquake (Prior et al., 1986). The d
itself reached as far as 220 km from the shelf edge,

as about 250 m (ten Brink et al., 2007

, noting locations here there
enotes the earthquake epicenter,
slide. From|Fine et al. (2005).

ng the U
the coast
This tran
ears ago

S. East coast is
of Virginia and
slational slide is
and as likel a
ebris of the slide
and 190 km from the toe of
0 km, the idth about 20 km,
, 2008). Volume

hich ereused b ten Brink et al.

(2007) for performing simulations of tsunami hazard along the East coast for the



Nuclear Regulator Commission, are 128 to 165 km’. Preliminar| simulations of
a number of Currituck scenarios jeld|nearshore a e heights of 5-8 m off of the

Ne Jerse (oast.

3. The tsunami genevlated b this SMF j@as modeled b Geist et al.

dispersi ¢ long a e model COULWAVE. Based on Loc
mobilit aJn

either an e ent of 108 km’, 57 knt>, or a composite of the t

| each ol

Vv

marine| landslides, pre ious o k‘ha sho n that the tsunami

e appro|imated to a large degree b using simple semirempirical
imati of numerical model simulations, based on geometric properties of

the landslide (such as length, idth, thickness, olume, and the slope

densit of the material, and some simple h drod namic and friction| coefficients.
computationall much faster than using a separate Euler or Na i¢r-Stokes simyilation t
model landslide ph|sics. This approach has been used to de elop semi-empiric
landslide tsunami sources based on full nonlillear 2D and 3D full nonlinear|potenti

simulations of idealized slide or slump cases (Grilli and Watts,
Gr1111 et al., 2002, 2

al sis, the chose to simulate one of three different land

10b; Enet and Grilli, 2003, 2005), and has been successfull applie

(

at| e
olumes:

o (185 km®). For

scenarios, |the onsidered different slide durations and

fficients. The| found a large ariation in ma imum runup
Curﬂituck landslide, from 1.20 m to 8.80 m.|, The found that the
arameter for tsunami gejte tion as the landslide olume.

generation source
quations

incline), the bulk
This is

1999, 2001, 200

to perform tsunarni ase studies (e.g., Watts et al., 2003, 2005; Da s et al., 2005; Tappin
et al., 2008). Anearl ersion of this asdescribed b Watts et al. (2005). See Appendi

for an updated TOPICS implementation|of SMF sources.

.2 Co-seismic tanamis

he co-seismic bottom displacement resulting from large magnitude
reater than M = 6.5 or so), occurring aI

earthquakes (i.e.,

small depth belo the seafloor, ma generate

significant tsunamis, depending on a ariet of geological, geographical, and earthquake

parameters.
large earthquakes in the North Atlantic ould either originate
¢ Azores-Gibraltar| e (Fig. 1).

2.2.1Review of literature on Caribbed subduction zone

The Caribbean plate is one of the smallest plates in the orld (Fig
appro imatel rectangular shape and e tends from Central Ameri
Antilles, and from South Cuba to the South America. The plate pushe
(at 20-25 mm a ear) against the much larger (subducting) North An

ased on ell-kno n geolog and tectonics, co-seismic tsunamis generated

in the|Caribbean
Each o% these has

5. 3, 4). It h
ca to the L
sits a east” ard
nerican and South

American plates (see, Zahibo et al., 2001, and their Fig. 1 for the geod namic conte t of

faults in the irea; ten Brink, 2007; Jansma, 2008).
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Fig. 3: ETQPO-2 bathymetry (2’ accuracy) for the NW Atlantic Ocean basin (axes are in degrees of|N Lat.
and W Long.). The island of Puerto Rico is marked by a black rectangular box, approximately 204 by 126
km. The sup-figure shows topography and bathymetry in and argund Puerto Rico; the 770

wide, dand 7 km deep Puerto Rico Trench (PRT; pink color) is to the north of the island (

—

Its motion ith respect to the North American plate causes olcanoes and e
the region (Zahibo et al., 2003b). The Puerto Rican| Trench (PRT; Figs. ¥,
boundar bet| een these t o plates. Figure 3 (sub-figure) sho s the topograph and
bath metr, around the deep PRT, north of the island. The trench is appro imatel 770
km long and |50 km ide, ith a depth reaching o ler 7,000 m (up to 8,340 m at one
locationiP. The northeastern portion of the Caribbean Plate is thus the general tectonic
setting oi Puerto Rico and the PRT, ith the island I ing ithin the East-West trénding
plate boundar zone (Fig. 4), bet een the WSW mo ing North American Plate (to the
North and right on sub-figure 3) and the ENE mo ing Caribbean Plate (left on the sub-
figure; Mercado and McCann, 1998). |

‘ | ‘




Mpre|specificall , the North American Plate subducts under the Caribbgan plate,
at a rate that|has beef about 20 mm per ear (DeMets, 1993) to 37 mm
per ear (S kes et al. n other recent studies near the PRT area (Zahibo and
Pelino sk , 2001; US ; ten Brink and Lian, 2004; tenBrink, 2005, 2007; Jansma,
2008; Grilli et al., e assume in the follol ing anal ses that there is a
pre ominaﬁ\tl (lateral) strike-slip motion of the Caribbean plate at 20 mm per ear ith

respect t(ﬂ he North American Plate, in the ENE direction, at a 10-20 degree angle | ith

respect tolthe trench a is. | |

Fig. 4: Boundaries of Caribbean plate with various relevant islan| ence rates, as well as faults
and trenches (from ten Brink

Historical anal ses of tsunami e ents | 1 ing [the Caribbean plate
(including the Caribbean Sea)|ha| e catalogue ndidates (Lander et al., 2002;
O’Loughlin et al.,, 2003; Caribbean Tsuna . While some of these
candidates ha e been caused e |been generated b

under ater earthquakes. One of the most deddl e those, the 1918 Puerto
Rico tsunami, as generated b a 7.3 magnitude earthqua assage (15 km
off the north est coast of Puertj Rico, appro imatel 2 of Punta Higuero)
and caused major damage on the West Coast of Puerto to|6 m runup and 116
fatalities; Mercado et al., 199%). Mercado and McCann ( simulated this e ent using
a linear model for the far-field and a nonlinear model Xor runup. The oldest recorded
tsunami near Puerto Rico occurred in 1867, and | as caused b a 7.5 magnitude
earthquake in the Anegada Passage (bet een St. Croi and St. Thomas, US Virgin
Islands). The source length as about 10 km, the ertical displacement of the sea floor

!



as less than 10 m, and the strike of t‘he fault as appro imat¢l E-W. This e ent| as
modeled b Zahibp et al. (2003a) ith the nonlinear shallo ter equations. The used
different orientations for the tsunami source and in estigated the directi it of the |a e

and distribution of |a e height. |

WlLile man (faults are acti e in and around the Caribbean, due to iﬂs loca iLn and
predominantl E-W/||orientation, the PRT ould be likel to causeltsunamis |that
could reach the U.S|| East Coast (see, e.g., Grilli et a 10a). As a result of the large
#ompo ent of reiat' e strike-slip motion of the Caribbean plate against th¢ North
American plate, frequent small to moderate |earthq occur in the PRT region (see,
Zahibo|et al., 2003, their Fig| 1, and ten Brink, 2005 istorical maps of seismicit in
the larger Caribbean Sea area), for hich|ten Bri 2005) mapped the depth and
intensit (for M > 2.5); earthquake locations are clearl |aligned |ith the boundar of the
subducting plates. B| contrast, the same anal sis onl identifies 6 large historical e ents
of magnitude 7 or greater (a t pical threshold for potentiall large|tsunami-genesis; Table
1), for the past 220 ears in or near the PRT. Among these, t, 0 e ents occurred ith
(estimated) magnitude greater than 8, and four reportedl generated a tsunami, ith three
causing a 5-7 m runup on Puerto Rico (cases B-5; USGS, 2001; Zahibo et al., 2001, 2003;
Lander et al., 20021. For ccgmpleteness, it as also reported, b Da icki (2005), that
t el e earthquakes of magnitude 7 or greater occurred near Puerto Rico in the past 500
., but no additional tsunami records, other than those pJesented in Table 1, ere gi en.

| ‘ i

Earthquake location Date  Magnitude Tsunami Casualties  Runup (m)

1. Hispaniola 1953 6.9

2. Mona Passage 1946 7.5 Yes 40

3. Hispaniola 1946 8.1 Yes 1,800 5
4. Mona Passage 1918 7.3 Yes 91-116 @
5. Anegada Trough 1867 7.5 Yes ? T

6.‘ Puerto Rico Trench 1787 8.1

Table 1 : Largest historical seismic e ents around Puerto Rico (USGS, 2001)

The catastrophic 7.0 magnitude (shallo ) earthquake that hit Haiti (on the island
of Hispaniola just West of Puerto Rico; Fig. 4) on Jan. 12, 2010, l!fea il damaging Port-
au-Prince and killing o er 217,000 people in the process, recentl reminded us of this
potential for large earthquakes in the area. While this earthquake as mostl land-based
and onl generated a small tsunami, a large jocean-based earthquake in the PRT could
generate a significant tsunami that might ha e|catastrophic effects Tn the near-field on the
lo er 1 ing coastal areas of the Puerto Ricg North Shore (e.g., San Juanﬁ, as ell as
induce significant far-field effects on distant|shores, including the US East Coast (see,
e.g., Grilli et al.,, 2010a). Mercado et al. are conducting NTHMP funded tsunami
simulaﬂion ork to create tsunami inundation maps along the Puerto Rico shore. Hence,
here, le focus on future e ents in the PRT (and nearb faults) hose far-field impact
could affect or go ern the East coast tsunami hazard. Because of the lack of large
earthquakes in the PRT in the past 200 ears (Table 1) a large and potentiall
: ‘ .
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tsunamigenic earthquake should be e [pected in the near future. In fact, tenBrink and
Lian’s|(2004) recent sur ¢ of the PRT unco ered e idence of current seismic acti it
and internal stres§ build-up in the subduction zone near the PRT, hich supports the
“impending” occutrence of a potentiall | large earthquake in the trench, and justifies the
urgenc for estimating tsunami hazard in the region and in the far-field, as a result of it.
, \
Accordingl , there| has been substantial recent research into defining reasonable
earthquake scenarios to perform simulations of tsunami generation and estimate both the
resulti]ﬁg near-field and far-field tsunami hazard (e.g., Knight, 2006). Follo ing Grilli et
al. (2010a), e detail belo the rationale for de eloping such |scenarios, hich include
both estimated earthquake parameters and return period.

!

anal sis of earthquake and tsunami return periods | ould be
aucit of obser ations of large seismic e ents|and

one histprical e ent, case 6 in Table 1, is specificall sited in
data in Table 1 that there ere 3 large tsunamigenic e ents
g an 80 ear period| ring a 160 ear
area, t o of those 8. HTnce, as a
mic e ¢nt inl the area

rl , Da icki’s (2005) data
magnitude 7 or greater, ‘hich
r ed, but based
d  idth
ould tr and e
nction of their

|

from future major tsunamis in the
er estimate of the most e treme
d the resulting potential tsunami
r Hast| coast). Although Knight’s as
t earthquakes from the Caribbean
st coast, and the focus of future
n the PRT. More specificall , ij
odT (i.e., ithout considerin
s), co ering al600 km b| 150 km area
trench (i.e., ned e tension of the PRT b three time
ith a fault plane orientation based on the PRT geolog (angles are gPen in
section). This e treme source corresponded fo a magnitude 9.1 earthquake,
Okada’s (1985) method ields an a erage slip of A = ‘11.9 m (and ma imum slip of A
19 m; see details of our slightl modified ersion of ttﬂe method in Appendi A).
on the estimated 20 mm per ear subduction rate in the region, this a erage slip |oul
ield a long return perioF earthquake of 600 ear or so. No , if thet o largest historical
e ents of magnitude 8.1 listed in Table 1 had affected the same (entire) area of the PRT,
one could estimate their retum‘period b prorating a erage slip to the released energ , as
compared to the 9.1 e ent (note, under Okadf’s (1985) method assumptions, total energ

ork should be
assumed a si
small islands at

1‘2



released b an

estimated
€ ent,

length of the P

= 8.1 ¢ ent, due to the proportionalit of release
reducing the affected length of|PRT to 300 k

the estimate

proportionall (increasing the initial tsu
on lands and islands closest to the earthquake |area, &

constrain th
successfull

duction rate i
hile |historical dat
could be e| pected, that in s

arthquake

s proportional to the assumed surface areg and a erage slip;
i$ can| be done using Hanks and Kanamori’s (1979)
ed b an earthquake and its mpment magnitude
32.36); hich fora er significant

0.37 m. Based on the
a 20 ear or so return
eriod. This implies, as
ents onl a frEction of the
quake. For instance, for the same M,,

energ to [slip ind surface area,
ould increase a erage slip to 0.74 m and
. Note, this | ould also ha e the effect of
source and fi oncentrating its effects
. Ho e er,|since no or

telds an a

T aslikel mobilizedb the eart]

eturn period to|40 ears Er s
mi

fe obser ations ere made for these hist s nearl impossible to further
tsunami source based o .g. S
ne for the idel obser ed | c\g., Grilli et

al., 2007; Ioualalen et al., 2007).

Grillijet al. (2006, 2010a) performed liume
tsunami impact on the basis| of Knight’s e treme *
5). Additionall , as|it as desirable to estimate the likg

and far-field
ource (Fig.
e ent that could

occur in the PRT in|the near future, Grilli et al. (2010a ped a 200+ ear retu

period sourc
accumulated |p
affected it in|1
resulting sourc

Finall
Antilles, S and
(and ha e) c4g
some hat blog
Thus, Zahib
, hich ing
ould be likel

(2003b), using a

o

e, affecting the entire area (600 1 of the PRT, based on
tential slip in the trench since the last Bho n e ent that significantl
87, ile., 223 |ears ago. This represents a A =446ma erage Tlip and the

e for this e ent has a 8.7 magnitude and ma|imum slip Ag; = 4.72 m.

for completeness, other ork focused on|the Caribbean Sea and Lassir
| SE of Puerto| Rico, here local earthquakes and olcanic eruption ¢ould
used regional tsunamis. These ho e er, ould be too small and/or
ked b Puerto Rico, to ha e a significant impact on the U.S. East Coast.
and|Pelino sk (2001) e aluated the tsunami risk in the Caribbeaﬂ Sea
ludes bath earthquakes and olcanoes. The | find that co-seismic tsunamis
larier in the region than landslide or olcanic tsunamis. Zahibo et al.

odel ba]rsed on the nonlinear shallo ater equation, simulated

potential tsunamis in the Caribbean Sea and their impact on arious coasts. Based on
histprical dataj the mentioned the Caribbean crossing time ould be about 3.2 hrs for

lateral transfet

and 1.2 hrs for meridional crossing. Nikolkina et al. (2010) anal zed

historical tsunami data for the region around Guadeloupe, and found that the French West
Indies subduction zone has the potential for tsunamigenic earthquakes of up to M,, = 8.3.

The also repa

rted/ reliable and alidated data regarding historical e ents in the Caribbean

Sea, indicating that the return period for tsunamis in the Caribbean is about 3 | ears

(although man

are onl local e ents, and not all of the historical records are definiti e).
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time during computations. Zoom near and around (b): Pug
bo e, for simulating the far field effect ast of
mis initiated in the PRT, e propose toMse ]
= 9.1 source, affecting the entire PRT 600 .5
ili et al.’s (2010a) FUNWAVE results for the ma im i
this source,|in both the near- and far-field, in a coarse
1d, using E'iOPO- ocean bath metr merged ith the NGDC 3”Xoastal Relief
(D1 ins and Metzger, 2008) belo 19 deg. N, North of Puerto Rico. Fig. 6
e ample of coastal impact computed for thise ent, in a finer 15” 15” regior
grid, a101L1g the U.S. East coast frE Ne Jerse to Cape Cod (MA). Additionall ill
use a series of 200 ear M,, = 8.7 sources, the first one being similar to Grilli et al.’s
(2010a) and others onl affecting a reduced length of the PRT of 300-400 km, ith the
source epicenter mo ed among a fe locations, from E-W (e.g., 4). b
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Quantities 9.1 source 8.7 source
Epicenter 19.5° N 66° W 19.5° N 66° W
Strike (degrees) 92 92

Dip (degrees) 15 15

Rake (degrees) 50 50

Ma imum slip (m) 19.0 4.72

Fault plane depth (km) 40 40

Length (km) 600 600

Table 2: Okada’s parameters for 9.1 and 8.7 sources for Grilli et al.’s (2010a) FUNWAVE simulations.
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Okada’s parameters enerating these sour 1ith TOPICS are gi en in Table 2.
Note, these t o sour ¢ consistent ith ten Brifik|and Lin’s ork (2004), ho stated
that the orst-case senario for an earthquake rupture along the PRT is a single 675 kin
long rupture, bet een 68°W and 62°W. As an e ample, for a 10 m a erage slip and
shear modulus p =3 10" Pa, the rupture area 675 b 102 km, the moment is M,, = 8.9,

hich is in the proposed range for our ork.

!

2.2.2 NOAA Forecast Source Database for Caribbean subduction zone

The NOAA Center for Tsunami Research (NCTR) has produced a series of modg¢l

runs corresponding to arious he orld (Gica et al., 2008). For the
Caribbean subduction zone, th a series pf 214 different sources, ith 1 m
a erage slip, a fault length o | generating an energ
corresponding to a M,, = 7.5 ent magnitude ¥ Based on a ailable data
about arious faults, reasonabl® estimates of the ongitude and latitude, strik
angle, dip angle, and depth of the unit sources ided. Based on NOAA’s unjit
source simulations, maps of ma imum tsunami ele Pations ¢an be produced, such as Fig. (7
for one of these unit sources. We see that hile o erall farfield impact depicted in Fig.
follo s a pattern similar to that in Fig. 5a, the ma imum gle ation is much reduced (b
about a factor 100 in the U.S. upper East coast), c( ith the much reduced energ
in a 7.5 source, as compared to a 9.1, source |(factor of 110 based on Kanamori
elationship). Note, the concentration of a e energ in|Fig. 7 off of South Carolina,
hich is also present in a large number of NOAA’s unit spurce simulatipns and is likel
causedb a e focusing on Blake ridge.

[¢]

RN

wn

While the |ork of Gica et al. (2008) as rilnaril aime
ele ation to be used in the Caribbean basin for the Short-term I orecast for
Tsunamis (SIFT) s stem (an operational tool |for rapid forecasts unami impact),
rather than creating a orse case scenario in the far field, such resufs can be used in the
present ork to better understand both the t|pes Off impacts from tsunamigenic
earthquakes in the area, as ell as pro iding a|rough estimate of e pected FUNWAVE
results (as sho n before) for such sources. Onge additional result in Gica et al.’s (2008)

ork, hich is important for our simulations, is their sensiti it anal sis of tsunami
generation to earthquake source parameters. hi found that ariations in earthquake
epicenter location and magnitude ere relati el more important for tsunami generation
than changes in dip angle, rake angle, a erage slip alue, and faulT area. Hence, to a first
order, tsunami generation depends more on the a erage location | here Jthe total seismic
energ 1is released and less on the details of the geological parameters affecting this
release. This should be e en truer in the far-field, here small differences in tsunami

a es near the source area should be attenuated. |

16



25 30 35 40 45 50
Fig. 7t Ma imum a e height (cm) in NW Atlantic|basin, off of the U.S (N Lat-W Long.
coordinates). East coast as modeled for NOAA Forecast Source Database unit slip surce case
atszb49 (centered at 19.3859° N 64.7814° W, ith a strike angle of 94.34°, a dip angle of 20.00°,
| and a depth of 5.00/km).

2.2.3 Azores-Gibraltar convergence zone

The other main source of co-seismic tsunamis in the Atlantic basin is the Azores-
Gibraltar con ergence zone (see Fig. 8 and bath metr in Fig. 9). There are se eral
potentiall acti e faults in this con ergence zone, including the Gorringe Bank Fault, the
Marque de Pombal Fault, the St. Vincente Fault, and the Horseshoe Hault (Fig. 8).
Collecti el these faults are considered to be th sturce some of the largest historical
earthq alfes and tsunamis in the Atlantic ocean, including the de astating Lisbon 1755
M,, = §.5-9 magnitude earthquake and tsunami, hich daused up to 100,000 deaths and
generated 5-10 m initial surface ele ations (Baptista et al., 1998a,b; Gutscher et al.,
20006), ieldi g some significant tsunami runup as far as North America. In the far field,
Lockridge et al. (2002) reported on the 1755 tsunami runup in the Caribbean. Antigua,
Saba, and St. Martin at the northeast corner of the Caribbean Sea had the highest runup,
but flooding as also reported from Santiago de Cuba and Samana Ba , Dominican
Republic, in the North to Barbados in the south, as ell as north of St. Johns,
Ne foundland, but there are no reports of flooding an here else bet een Cuba and
Ne

!

!

foundland, despite the presence at that time of population centers in lﬁ) -1 ing areas
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of the eastern U.S. and Canada (ten Brink, 2007, 2008). As the cffrrent NOAA Forecast
Source Database does not include potential distant sources in the Azores-Gibraltar
con ergence zone, ¢ ill estimate their parameters based on the e isting literature.

e e T T BTN e e

e e e e e e e e e — —

e e o 2
>3 L

rasian plates e te
Iberian Péninsula
estern end

plate ith a s
con ergence near iti nd,
The ju taposition of t o old and
subduction to de elop (e.g., |Gri
compressi e deformation has de
seamounts, being separated b a
1999). Ten Brink et al. (2007, 20C
occurred in the Atlantic OceEn

(Baptista and Lemos, 2000); (ii
Baptista et al., 1998a,b; Gutscher et al.,, 2006; Grandin et 2.
(Baptista et al., 1998); and (i ) the M, = 7.8 1969 (Johnston, Ll996) earthquakes.
Ho e er, there is no simple tectonic model for this area that ¢ plains the generation of
these earthquakes. While it is not clear hich faults are presentl acti e in the region, the




fact that an earthquake (and tsunami) as large as that of 1755 could be generated in this
area, sho s that this e ent deser es further anal sis in the conte t of the present stud .
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Fig. 9: Area around the Azores-Gibraltar con ergence zone, including locations of past earthquake
epicenters, as ell as proposed faults from pre ious studies (GBF — Gorringe Bank Fault; MPF — Marques
de Pombal Fault; SVF — St, Viniente Fault; HSF — Horseshoe Fault; GCF — Gulf of Cadiz Fault), and the
Paleo Iberia — Africa Plate boundar . From Barkan et al. (2009).

As indicate
Lisbon 1755 earth
Bank, | hich is the
m to 25 m (Figs. 8§,
same | ork conclud
the Gorringe escary
and the earthquake
Johnston proposed
km length, 80 km
slip (the rock densit
10" d ne/cm?). B

, there is no clear consensus on the location and parameters of he

Euake and tsunami source. Johnston (1996) assumed that Gorringe

major morphologic feature off of Lisbon, rising from a depth of 4,000
9), as the source of the No ember 1, 1755 Lisbon Earthquake. Th
ed that the M,, = 7.9 1969 earthquake occurred on a fault parallel
ment, but 90 km to the SE. The strike directions of the escarpme
ere 45°-50° and slip of the 1969 earthquake as to the N
he follo ing parameters for the 1755 Lisbon earthquake source: 20
idth, 40° dip angle, 62° strike angle, 332° slip angle, 12 m a erage
¢, as further selected as 3,330 kg/m’  ith a shear modulus 1 = 6.5

contrast, Gracia et al. (2003) proposed that the 1755 Lisbon

earthquake occurred on t o other thrust faults (Marques de Pombal fault and Horseshoe-
San Vincente fault). These faults ha e an a erage strike of 20° and their suggested slip

direction as to th

)

'NW. Gutscher et al. (2006) attribute the 1755 earthquake to thrusting
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and subduction of the Eastern Atlantic under th¢ Alboran Sea. The a erage dimPnsions of
their NS oriented fault plane are: 180 km length and 210 km |idth. Mpment magnitudes
ere calculated for t o a erage co-seismic slips of 20 and 10 m using p =3 10" Pa,
ielding M,, = 8.8 and 8.64, respecti el . According to the authors, such an earthquake
ould ha e a 1,000-2,000 ear return period. |
The Lisbon 1755 earthquake as highl tsynamigenic, and its far-field tsunami
impact (including on the North American coast) as modeled b aptista et al.
(1998a,b), Mader (2001) and Barkan et al. (2009). Such studies can be useful not just for
understanding tsunami hazard itself, but also for constraining the tsunami earthquake
source. Thus, Baptista et al. (1998a,b) performed |in| erse ra tracing using near-field
coastal tsunami obser ations, ielding an optimal location for the 1755 learthquake source
as a composite rupture along the SW Iberian coast, | ith strikes of 160° and 135°. Barkan
et al. (2009), after simulating se eral possible | sources, suggested |that the 1755
earthquake as generated in the Horseshoe Plain area. It should be moted that other
sources selected in the same area, in the same stud , hile not as closel matching the
historical records of the generated tsunami, ere sho n to cause a tsunami that could
reach the coast of Florida. According to ten Brink (2007), if one assumes|that the highest
obser ed runup as in the direction of fault slip, then, the slip azimuth from the Gulf of
Cadiz to Saba is 263°, and if the fault strike is perpendicular to slip then the fault strike
as 173°. This fault strike is compatible ith the fault strikes proposed b Baptista et al.
(1998a,b) and Gutscher et al. (2006) and is incompatible ith the sources proposed at
Gorringe Bank (Johnston, 1996).

Fault Gulf of Cadiz Step-over Marques de Pombal
parameters
Epicenter 35.441°N 8.614°W  36.7310°N 9.2155°W  37.410°N 9.647°W
Strike (degrees) 343 285 330
Dip (degrees) 49.4 24.8 26.1
Rake (degrees) 5 25 | 25
Ma . slip (m) 20 15 15

ault deﬁth (km) 10.0 12.7 11.0
iength (km) 180 130 100
Width (km) 210 60 50
Dela (s) 0.0 51.67 89.67

Table 3: Okada’s pardmeters for Lisbon 1755 earthquake faults used b | Watts (2006).

A similar case stud of the 1755 tsunami as conducted b Watts (2006), ith
the goal of reproducing |the near-field obser ations. Based on ground motion and
geological interpretation b Risk Management Solutions, Inc., three different tsunami
sources ere identified (ﬂable 3; note the shear, modulus used ‘ as ne er specified),

hich ere used to initialize the tsunami propagation model FUNWAVE, usin
TOPICS. This preliminar | ork as able to establish that the fault rupture most likel
happened from the south to the north. From his simulated results, Watts as able to get

aQ

! !
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good reement ith obser ed runup at most locations. The most notable difference as
that lo runup as predicted at some locations, as compared ith obser ations,
suggesting that perhaps |a local landslide tsunami ma ha e been triggered b the
earthquake as ell |
2.3 Cumbre Vieja Volcano flank collapse
nt tsunami source that could affect the U.S. East coast ould be caused b
1al lateral collapse of the Cumbre Vieja Vplcano (CVV) on La|Palma, in the
ig. 10). Since the pioneering, but contro ersial, ork of Ward and Da
tential CVV flank collapse has been the| object of numerous tsunami hazard
particular, regarding the U.S. East coast. [ndeed, Ward and Da assumed an
> scenario for the estern flank collapse, in ol ing a olume of about 500 km’
15-20 km idth and a 15-25 length) and [found that such a mass, sliding at

speeds
e cess
se erel
(using

a es
South)

Fig
Ward and L
approach  ere se

Cara annis, 2002;
simulations of the

up to 100 m/s into the deep ocean,

of 1 km. Such large
impact distant shores.

a superposition of linear

Da| ’
el
A\

tsunami that

scenario, using the
magnitude smaller
indicated that up to

e ent. A more rigorous modeling of the slide e ent and

Na

3

rel
nn and Masson,

a €s

umbre Vieja olcano (CVV) in La Palma (Can

catastrophic subaerial landslid
criticized in ork (e.

SCe

*9

ould be produced b

a e, model SWAN

ould generate initial
ould propagate across the Atlantic Ocean and
Based on their highl | idealized source and calculations

a es), Ward and Da concluded that far field tsunami
ould cause a 10 to 25 meter runup along the US East coast (from North to

ater
003). Mader (2001),
the

a €s§

ar Islands|

Mader, 2
for instance

same e trer
N, and found

ier-Stokes (NS)

L

? s in the far field than Ward and Da ’s.
m high tsunami a es could reach the U.S. East coast for such an
a e propagation

Mader’s

ith height in

me 500
an order
simulations

as done b

Gisler et al. (2006) and Lo holt et al. (2008), on the basis of a multi-material NS model

for the slide and a dispersi e Boussinesq equation model for tsunami propagation,

!

hich
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confirmed earlier criticism. Using a smaller 375 km’ scenario, these simulations
predicted significant a e|dispersion, and amplitude deca propartional to the in erse of
the distance to the source. [n the far-field, the predicted up toa 0.8 m a e amplitude in
Florida (i.e., a 1.6 m height), but other areas of the U.S. East Coast could be more
impacted (this|is some hat consistent | ith|Mader’s predictions). Note, for completeness,
that Grilli et al. (2006) and Pérignon (2006) had also pirforme earlier simulations of
CVV flank collapse scenarios, using a dispersi|e Boussinesq model (FUNWAVE) to
simulate tsunami propagation| but a simpler semi-empirical subaerial landslide tsunami
source (Walder et al., 2003). The proprietar | nature of this ork, ho e er, had pre ented
its publidation juntil recentl .

eological studies ere jalso moti ated b Ward and Da ’s (2001) ork{ Thus,
Masson et al. (2002, 2006) found e idences of past large paleo-submarine landslides of
olume 30-500|km’, around the Canar Islands, at ledst demonstrating that such e ents
re not|purel |speculati ¢. The found an a erage recurrence period for 15 such e ents
of 0(100,000) |ears. Ho e er, turbidite deposits indicate that suc} ha e
occurred in a retrogressi € a , hich ould ha e reduced their
McMurtr et all (2007) found an ab oLm‘lall high ele | ation of a
deposits in thﬁ path of Ward and Da ’s|and others’ calculated
consistent ith a large tsunami. Hence, if|on the one hand the alarfling of Ward and
Da (2031) ma be subject to criticisms as documented in subsequen® ork re ie ed
abo e, on the other hand, the lack of kng ledge regarding such e treme natural hazards
and related tsunami phenomena, arrants further anal sis in the conte t of the present

ﬂrk. ‘ . :

Hence, in|a separate task of this NHTMP project, e perform ne simulations of
CVV flank collapse scenarios, using the incompressible multi-fluid 3D-NS Volume Of
Fluid (VOF) model (referred tojas THETIS; e.g., Abadie et al., 2010). THETIS' output is
used as an initial condition for the (full | nonlingear and dispersi e) Boussinesq model
FUNWAVE] in | hich || e perform simulations of|transoceanic tsunami propagation and
impact on the U.S. East coast, in a series of nested model grids. Regarding CVV
landslide scenarios, follo ing the initial |ork of Abadie et al. (2008), these are based on
ne slope stabilit| anal |zes of the CVV | estern flank, conducted as part of the European
research project TRANSFER (Habre et al.| in re ision). In these studies, potential failure
surfaces are| inferred| from field | tests, and slope| stabilit anal ses
performed in a series gf 2D |ert the olcano estern flank), using t o
different numerical moy ohr-Coulomb failure crit¢rion. The likeliest
failure surface i ified b decreasing material propert lues ﬁthus
mimicking | eration®of the CVV flank). A global shear|zone, nﬁore or less
parallel to t and dipping 24° est ard, as thus identified, based on global
plastic indi eas of ma imum shear strain. On this basis, a 2D slide cross-
section sl calculating slide olume based on field data

the lateral e tent of an gi en failure. These alues, hich are much smaller than the 500
km’ olume proposed b Ward and Da (2001) (and later used in Gisler et al. 2006, and



Lo holt et al. 2008), appear to be more reasonable in ie off the size of deep ater
deposits identified at the toe of the | olcano, possibl corresponding to the CVV last
massi e flank collapse (about 300,000 ears ago).

In summar , slide olumes of 38 to 68 km® ill be used| in th¢ present NTHMP
CVV modeling studies, but the 500 km® scenario il still be simulated to compare our
results ith Lo holt et al.’s (2008). Note, ho e er, that the high safet factors found in
Fabre et al.’s anal ses indicate that the CVV estern flank is rather stable under present
conditions. Large seismicit and/or a olcanic eruption could ne ertheless pro ide
additional destabilizing forces that ere not included in their anal ses. ‘
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3.

NITIAL SOURCE DEFINITIONS AND TSUNAMI SIMULATIONS

3.1 Modeling methodology

Tsunami propagation simulations ill be p a series of tsunami sources, using
the |Boussinesq model FUNWAVE, eith original full nonlinear| Cartesian
implementation, for the finer regional ne ids (see Wei et al., 1995; Wei and
Kirb , 1995), or in its re recen nonlinear spherical coordinates
implementation, for the ocean basin scale grids (Kirb et al., 2009). The full | nonlinear
model is based on a second-order series e pansion|of the ertical ariation in elocit

potential. Unlike the Nonlinear|Shallo Water (NSW) equations, traditionall used for
stud ing tsunami propagation and coastal impact,| the Boussinesq approaTh includes
dispersi e effects, hich ma |be significant for landslide tsunami sources and affeTt
tsunami propagation and runup through a e- a e interactions. To simulate both a le
breaking and inundation o er land, FUNWAVE has a parameterization of turbulent
dissipation and bottom friction. | In its more recent implementation, FUNWAVE (hether
Cartesian or spherical) has been parallelized using the MPI language (Pophet, 2008). The
code as thus sho n to be er efficient and highl scalable on small to medium size
computer clusters (Pophet et al‘, 2010). These recent parallel ersions of FUNWANVE

ill be used for modeling tsunamis, in the present cases of interest.

i | ‘ ‘

3.1.1 Initial conditions for model

In earlier tsunami modeling studies, FUNWAVE has been ¢combined ith a preprocessor
that generates |arious tsunami sources (g.g., co-seismic, | landslide,...), the “Tsunami
Open and Progressi e Initial Conditions S| stem” (TOPICS]; see Watts et al., 2003). The
FUNWAVE-TOPICS combination, referred to as GEOWANVE, has been alidated based
on historical case studies of under ater landslide tsunamis (e.g., Watts et al., 2003; Fr er
et al., 2004; Da et al., 2005; Greene et al., 2006; Rahiman et al., 2007; Tappin et al.,
2008),| earthquake generated tsunamis (Da et al., 2005; |Grilli et al., 2007; Ioualalen et
al., 2006; 2007), and debris flo s (Walder et al., 2006; Wa thomas et al., 2006). A ne
ersion of the tsunami source preprocessor, hich both as implemented in a more user-
friendl MATLAB (GUI) en ironment and  hose landslide tsunami source
parameterization as updated (sq sed in th f)resent simulations. |

!

3.1.2 to-seismic sources

The standard idealized Okada (1985) method ill be used to model co-seismic tsufiami
sources, as detailed in Appendi A.l. This procedure ields an initial ocean surface
ele ation, based on the earthquake location, moment magnitude, geographic e tent
(length, idth) and depth, and geological parameters (shear modulus, fault plane dip,
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strike and rake angles). Note that the slight modification of Okada’s method introduced
ill be used here. As summarized in Appendi A.1, this simpl

in the original TOPICS
allo
fault plane.

3.1.3 Submgrine mass ‘failures

As planned at the onset of this project, tsunami hazard resulting from potential |
Mass Failures (SMFs) along the US east coast, from Florida to Maine,
studied using Monte Carlo Simulations (MCS), based on the probabilistic sl
defining and parameterizin
hich SMF tsunami sour
VE simulations performed, follo ing the methodolog outlined
03, 2005). These sour¢es,
mpirical (cur e) fits deri ed

anal ses of Grilli et al. (2009). This
potential
de eloped
in Watts

simulations (Grilli et al.[r
2005). SMF tsunami source parame
length, ma imum thickness and
as

3.1.4 Subaerial landslide sources

ers are
idth, mea
ell as the location and angle (direction)

il allo

lides or slumps), for

2002

s specif ing a some hat more realistic Gaussian-like distribution of slip

hich are detailed
from a large number of
Grilli and Watts, 1999, 2005;
based on the slide specific densit |, landslide

n initial depth, and mean initial incline angle,
of the landslide.

ithin th

a

tes of
ill be

in Appendi A.2, are

full 3D SMF tsunami
tts et al.,

As discussed abo e for the CVV case stud , tsunami generation b subaerial landslides
ill be modeled using the 3D-Na ier-Stokes model THETIS (Abadie gt al., 2009, 2010,

2011),| hich sol es for the elocit and pressure
landslide. Similar to the model coupling of Le ha
THETIS

of all three phases: ater, air, and
It et al. (200%) r the CVV case,

ill be coupled to FUNWAVE to simulate the 2D-horizontal ocean-scale

tsunami propagation and coastal impact. Specificall , in this one- a model coupling
approach, THETIS is used to simulate the first fe

subaerial € ent and initial (near-field) tsunami generation that results.
ith the calculated sea surface he

then initialized

elocit to perform far-field simulations.

3.2 S?un:es

3.2.1 Submarine mass failures

For the purposes of modeling
most sour¢es
sources
simulate tsunamis generated b t o

preliminar simulation of the initial stages of tsunami p

minutes (10 mins. or so) of the
FUNWAVE is
?ght and depth-a eraged horizontal

SMFs tsunamis along the U.S. East coast, as indicated,
ill be deri ed from a separate MCS anal sis. Additionall , specific SMF
ill be designed based on the best a ailable data (see Table 4) and used to

ell-kno n large under ater landslides, off of the
US East coast : (i) the Currituck, and the Grand Bankj 1929, landslidesLFig. 4 sho sa

opagation for cas

(1.
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Parameter Grand Banks (1929)

Currituck landslide

Location 44.691° N 56.006° W 36.5° N 74.5° W
Direction 170° 100°

Slope incline 6° 4°

Bulk densit 2,000 kg/m’ 2,000 kg/m’
Thickness Sm 250 m

Length 135 km 30 km

Width 260 km 20 km

Water depth 1,687 m

Table 4: List of parameters for designing tsunami sources fort o past SMFs.

70

60° N

500 N
3 GF‘(\
40" N - J/b
300 N
200 N

100 N

-§g'vv70'vvao'vvso'VV4n'vv3n'vv20'wv1o'vv

-2

Fig. 11: FUNWAVE simulation of tsunami ele ation (m) caused b a SMF similar to the Grand Banks
1929 e ent. Parameters of the slide are gi en in Table 4.

3.2.2 Co-seismic tsunamié

Co-seismic tsunami sources ith the potential to cause tsunami hazard along the US East
Coast ha e been identified int o areas : (i) the Caribbean subduction zone; and (ii) in the

Azores con ergence zonc.
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area (i), if e focus on earthquakes in the Puertp Rico Trench (PRT) as the
ami generation, a preliminar list of potential sources ould
be a aila historical e ents and predicted earthquake parameters based on
plate con rates and other kno n geological information (e.g., Mercado and
McCann, ; Grilli et. al., 2010a). Table 5 summarizes selected sets of geological
parameter$ for tsunamigenic earthquakes around the PRT. The first 12 sets are identical
to sources 48-53, a and b, of the NOAA Forecast Source Database, and the remaining
sets are e amples that could be used to test the sensiti it of tsunami generation to
arious parameters.

Regarding

Longitude  Latitude  Strike Angle  Dip Angle = Depth (km)

-63.8800 18.8870 95.37 20.00 21.10
-63.8382 19.3072 95.37 20.00 5.00
-64.8153 18.9650 94.34 20.00 22.10
-64.7814 19.3859 94.34 20.00 5.00
-65.6921 18.9848 89.59 20.00 22.10
-65.6953 19.4069 89.59 20.00 5.00
-66.5742 18.9484 84.98 20.00 22.10
-66.6133 19.3688 84.98 20.00 5.00
-67.5412 18.8738 85.87 20.00 22.10
-67.5734 19.2948 85.87 20.00 5.00
-67.4547 18.7853 83.64 20.00 22.10
-68.5042 19.2048 83.64 20.00 5.00
-66.6133 19.3688 94.98 20.00 5.00
-66.6133 19.3688 74.98 20.00 5.00
-66.6133 19.3688 84.98 10.00 5.00

Table 5: Geological parameters for potential co-seismic tsunami sources in the PRT.

Magnitude (Mw) ~ Moment Area Length  Width Slip
Mo(Nm) A(km®) Ltkkm) W(km) Au(m)

6.5 6.3 10" jm 28 8§ .56

7.0 3.5 10”7 708 50 14 1.00
7.5 2.0 10° 2,239 89 25 1.78
8.0 1.1 10" 7,079 158 45 3.17
8.5 6.3 10° 22,387 282 79 5.66
9.0 3.5 10 70,794 501 141 10.0
9.5 20 10° 223,872 891 251 17.8

Table 6: Relationship bet een different parameters for tsunamigenic earthquakes (Ward, 2001).
Table 5 does not include e ents magnitude and area (i.e., length and idth), from hich

an a erage fault slip can be obtained. In the absence of more detailed information, Ward
(2001) defined t pical 'relationships bet een earthquake parameters (Table 6), hich
could be useful for designing sources. | .
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t pical simulation ith FUNWAVE of the generation and earl
of an e treme co-seismic tsunami in the PRT, here geological parameters
ical to those modeled b Grilli et al. (2010a) (Table 2), i.e., location: 19.674° N
W, strike 92°, dip 15°, rake 50°, depth 40 km, length 600 km, idth 150 lc:T,
e cept for an a erage slip 16.7 m (corresponding magnitude M,, = 9.1) and shear modulus
4.2 10" Pa (deca radius 200 Wﬂ, depth of slip 400 m, and ater depth 7,000 m).

70'?\?. W70 WED W50 W40 W30 W20 W10 W

60" N
: 40.5
500N
do
40" N
1.05

Fig. 12: FUNWAVE simulation of tsunami hquake ihe PRT, ith
geological parameters identical to those modeled b GriMi et al. (2010a) (Table 2). |Location: 19.674° N
65.806° W, strike 92°, dip 15°, rake 50°, depth 40 km, length 600 km,  idth , e cept for a erage
slip 16.7 m (magnitude M,, = 9.1) and shear madulus 4.2 10'° Pa (d Ta radius 200km, depth of slip 400

, and ater‘depth 7,000 m).

Regarding area (ii), hich is the source pof the largest kno
the north Atlantic basin, a thrust fault ' ith rake of 90° ill h results in the
highest possible transoceanic tsunami @ a es (Geist, 1999) n ten Brink et al.
(2008), a fault strike of 345°, hich ields the highest a in the Caribbean
Coasts, 1ill be considered. ten Brink et al. further assumed”in their, modeling: a dip of
40°, rake of 90°, a source depth of 5 km, fault length of 200 km, idth of 80 km, and an
a erage slip 13.1 m ( hich assuming afhear modulus of 6.5 10'° Pa ields a magnitude
M,, = 8.7). Table 7 specifies selected location of arious potential co-seismic sources.

Lat. |35.48 |36.21 |35.14 |37.15 |36.04 |37.04 |36.94 |36.01 | 3795
Long. | -8.2 |-9.82 |-10.05 |-10.11 | -10.75 | -10.78 | -11.45 | -11.46 | -12.05
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Table 7: Potential earth

epicenters for the Azores-Gibraltar pl‘ ink et. al., 2008).

Fig. 13 sho s a t pical simulation ith FUNWAV generation and earl

propagation of an e treme co-seismic tsunami generat a source ith geological
parameters (as discussed abo e) similar to those of” an (estimated) Lisbon 1755
earthquake, i.e., location: 36.015° N 11.467° W, strike 345°, dip 40°, rake 90°, depth 30
km, length 200 km, idth 80 km, shear modulus 6.5 10! Pa, a erage slip 13.1 ILl
(corresponding magnitude M,, = 8.7), radius 300 km, depth of slip 40 km, and ater
depth 4,709 m.

!

.80 W70 WED WS0 W40 W30 W20 W10 W
5030 WI0_ W60 WS 2

1.5
60 N L
: 405
50 N
L 40
40" N
(fk L Los
30 N -
-1
20" N
-1.5
10N
-2
|
Fig. 13: FUNWAVE simulation of tsunami ele ation (m) caused b an earthquake ilar to the

(estimated) 1755 Lisbon e ent. Location: 36.015° N 11.467° W, strike 345°, dip 40°, rake 90°, magnitude
8.7, a erage slip 13.1 m, depth 30 km, length 200 km, idth 80 km, shear modulus 6.5 10"’ Pa (deca
radius 300 km, depth of slip 40 km, and ater depth 4,709 m).

In the preliminar simulations of both Figs 12 and 13,
propagating to ards the US East coast.

e see significant tsunami

3.2.3 Cumbre Vieja Volcano flank collapse

The Cumbria Vieja Volcano (CVV) flank collapse een identified as an e treme
subaerial landslide tsunami source in the Atlantic an basin, ith the potential to
generate er high and steep near-field a es and significant far-field a es along the
US East Coast. As indicated earlier, due to the comple it of both the source mechanism

!
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and the flo in near field a es, the 3D multi-material Na ier-Stokes sol er THETIS is
used to generate the initial conditions, in a fine|local grid. As an illustration, Fig. 14
sho s snapshots of ater and slide interfaces at times up to 10 minutes ( olume fractions
respecti el, equal to 0.5,and 0.1) from THETIS® simulation of a subaerial laIPdslide
tsur31ami resulting from apse scenario, ith an initial slide olume of 80
km;. |

In the case of|
structured grid that bo
the same time, this ¢

ould be |prohibiti e to run FUNWAVE ith a
e island of La Palma and the entire North Atlantic at
rocess is duplicated ithin FUNWAVE, i.e., a regional
Cartesian grid (e.g., 1 ) is first used directl around La Palma, to perform tsunami
simulations based on THETIS source (e.g., at 10 mins., see Fig. 14c), for the first half
hour or so of time, at hich point results are sa ed and re-interpolated onto a coarser
spherical grid (e.g., 2’ 2’) o er the entire North Atlantic Ocean, hich is then used to
perform FUNWAVE simulations of trans-Atlantic tsunami propagation.

Fig. 14 : THETIS simulation of subaerial landslide tsunami generation b a CVV flank collapse scenario
ith a slide initial olume of 80 km’. Snapshots of ~ater and slide interfaces ( olume fractions respecti el
equal to 0.5 and 0.1) at t=: a) 2 min, b) 6 min, ¢) 10 min into the e ent.

|
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ated in Figs. 15 and 16. Fig. 15 sho s results in the regional 157 grid,
es directl |around La Palma at time ¢ = 25 mins., and [Fig. 16 sho s
time # =5h33’, in the 2’ trans-Atlantic grid. Note, in the latter preliminar
ome artifacts of the model lo er boundar (condition (spcnée la er) are
isible as spurious reﬂejt on, lo er than 15deg. N latitude. These a es,ho e er, ould
not affect results along the US East Coast and could be easil eliminated b  idening the
lo er boundar sponge la er. . |

25
32
20
i 15
30 = 110
- 15
29
B 0
28
- 45
27 10
26 -15
-20
25
- -25

-22 -21 -20 -19 -18 -17 -16 -15

Fig. 15: Case of Fig. 14. (Cartesian) FUNWAVE simulation of tsunami ele ation (m) at time £ = 25
min, in a regional 15” grid, initialized at t = 512 s using 3D-NS THETIS results (Fig. 14).
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Fig. 16: Case of Figs. 14,15. (Spherical) FUNWAVE simulation of tsunami ele ation (m) at time ¢ =
5h33’, in a basin scale 2’ grid, initialized at t = 25 using FUNWAVE regional grid results (Fig.
15).
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4. SUMMARY

A literature re ie onstrates that tsunami hazard on the U.S. East| coast is still not
understood ell, dfie to the lack of direct obser ations and|the paucit of historical
records. While less frequent than tsunamis in the Pacific ocean, tsunamis ould ha e the
potential to cause e tensi e damage to the densel -populated and lo -1 ing cities of the
U.S. East coast.

After considering a large number of the likel sources for tsunamis that ould
affect the area, including tsunamigenic earthquakes, subyarine landslides, and subaerial

landslides, a selection of |sources as made, for further stud of tsunami generation,
propagation and inundation ith the |[numerical models FUNWAVE and THETIS.
FUNWAVE is a Boussinesq model, hich ismkull nonlinear in its Cartesian
implementation and mildl nonlinear in its spherical implementation, for long a e
propagation, that has been successfull used and alidated for model tsunami case
studies. Further alidation as conducted as part of this NTHMP project alidation

orkshop. THETIS is a 3D multi-material Na ier-Stokes model, hich has  been
alidated for landslide tsunami generation based on standard problems found in the
literature (e.g., Russel’s a e generator) and for additional cases as part of this NTHMP
project alidation orkshop. |
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5. APPENDIX A: Implementation of co-seismic and SMF spurces

In this NTHMP funded tsunami hazard and inundation ork, tsunami propagation and
coastal impact simulations are performed using the latest benchmarked ersion of the
full nonlinear Boussinesq long = a & model FUNWAVE (Wei et al., 1995; Chen et al.,
2000; Kenned et al., 2000; Kirb , 2003; Kirb et al., 2009). A preprocessor, referred to
as TOPICS for “Tsunami Open and Progressi e Initial Conditions S stem”, is used in the
model to set-up and initialize a ariet of tsunami sources, including co-seismic and SMF
(see, e.g., Watts et al, 2003). summar of FUNWAVE’s equations and tsunami
implementatifn can be found in Ioualalen et al.‘ (2007). |

i

North

o

Fig. Al: Sketch of idealized Fault Geometr in Okada’s method (1985).

A.1 Co-seismic sources

The modeling and initialization of co-seismic tsunami sources in
on the standard Okada’s (1985) method, ith some minor adjustments
belo . Parameters of the method |are three angles orienting the “slip
@, dip 6, rake A, Fig. Al), the length /and idth|w of|the horizontal gular rupture
area A = [ w (centered on the slip plane centroid and ith its length oented in the strike
angle direction ¢, measured from the geographic North), and material (Lamé) parameters
(u, A). In TOPICS’ implementation of Okada’s| method, ma imum fault slip

A and a erage slip A are obtained from the equation, '

M, =uh [ fifudx,dy, = ulNA (AL.1)

hich calculates the total energ M, [J] released b an earthquake (related to the
earthquake magnitude: M, = (log M,/1.51) — 6, b Hanks and Kanamori’s relationship),
here u and 4 are input parameters defined abo e, and (f}, f>) are t o empirical functions
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(the former being Gaussian-like) describing the assumed shape of the slip distribution
ithin the dislocation plane, gi enb ,

(x;+ V24 (z, + D)z)] (A12)

(Al.3)

ocation plane in|UTM coordinates
of the rectangular| rupture area| and
e further note that z, i zero at the carth
interior, R, is the radial distance from the ¢entroid of the
rupture area p to drop to 50% of its ma imum alue, Dy is the depth belo  |hich
slip drops to of its ma imum alue, and D is the depth of the fault plane centroid.
Function f; allo| 's to concentrate slip near the center of the slip plane and to control slip
deca in an a is mmetric manner from this center, hile Function f; allo s specif ing
some as mmetr ith depth on the plane, in slip distribution, essentiall b reducing slip
in the shallo er region ( ith respect to the control depth Dy).

ith (%} yp, Zp)
(x, and |y, a
centered on t
surface |and

lgor an point (x,y) ithin area 4 (x and y are also oriented parallel to the sidLs of
the rectangular rupture area and centered on the centroid of the slip larJe), the ertical
seafloor ele ation is computed as,

\
2(x,y) =—%ff1f2{cosk(3§é‘%+ fs sin6)+ sin)»(fié‘%—j; sinécosé)}dxpdyp (Al.4)

0

ith,

E=x-x,,m=y-y,, E=-z,, r,=(E>+n’+&?) (A1.5)
p=ncosd+sind , g=nsind-_Lcosd
| > 2
i 52( 7 + &) (A1.6)
v) 7o (ro + C)
In TOPI als in Eqgs. (1-6) are calculated as sums o er a series of (N x M)
panels dis i , |ith (x,y,2) denoting the panel center coordinates

ele ation is calculated, the horizontal coordinates (x,y) are
rotated in ke direction ¢ of the rupture area. [This is the reason h | strike
does not e ppear in Egs. (4-6).]

Ok&da’s method assumes a locall flat ocean bottom. Ho e er, in Isunami
simulations, the actual bottom bath metr is specified in FUNWAVE, hile the tsunami
source is e pressed at ¢ = () as an initial free surface ele ation ithno flo elocit (i.e.,
cold start). ‘ |
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A.2 SMF sources

The modeling and initialization of Submarine Mass |
TOPICS’ are based on the
(2002), Watts and Grilli (2003), Watts et al., (2003, 2

The latter ith the modeling and laborator e periments of rigid under ater

ork of Grilli and

ork deals

Fai SMF) tsunami sources in
(1999, 2001, 2005), Grilli et al.
05), Enet and Grilli (2003, 2007).

Watts

slides (i.e., translational) and, slumps (i.e., rotational).

Fig.

ere fir
semi-a
@ in a
a erag
absciss

=y
v

a

here
Once th
friction
h drod

Similarl

X

fluid of dens

$ definitio

al
ide rigid bodies of 2D semi-elliptical cross-sectio
>> B), sliding on a plane slope of angle
Watts, 1999, 2005). The landslide has an

n this initial
st considereq
is B/2 and m

computati
as
inor semi-a is 7 ( idth w
it p, (Fig. A2; Grilliand
bulk densit 5 and its middle locat
x;. Hence, |

, 1s the abscissa on the slope of the loca
e slide motion has been triggered (e.g., b
bet een slide and slope is negligible

i

T
cosé

|
X, =X, —Tsi&nH with x, =(d+

namic drag force ( ith drag coefficient C;) acting on the slide

ater inertia effects are represented

3

X

h

-section in slide or slump (from Grilli and
tts, 2005)

ork, hich led to TOPICS, both slides and slump

ith major

ion on th a1l located at

(A2.1)

tion of ma imum thicknes
an earthquake), it is assu
and that friction is limite

5 on the slope.
med that basal
:d to a global
cross section.
th added mass

a global added mass ( i

coefficient Cy). For such 2D bodies, the olume and cross-section are simpl ,

M;%wBT with A =wT

(A2.2)
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A.2.1/ 2D underwater slides

Rigid translational slide motions are modeled as the displacement s(z) of their
center of mass (Fig. A2), hich is found based|on an equilibrium of inertia, added mass,
gra it ,h drod namic drag and buo anc forcgs as,

2
s()=s,In|cosh| L || with s,=" |and 1 =% (A2.3)
‘ l() ‘ | aU aU
ith the initial acceleration and terminal elocit ,
| al and u =|gBsing TV =D (A2.4)
2C,
respecti el 0y and g denoting the gra itational acceleration.

For®uch slides, Grilli and Watts (1999, 2005) performed man
using a full nonlinear potential flo model, and Watts et al. (2005) ed a semi-
empirical ¢ pression for the minimum surface depression 1, computed alx = x,, referred
to as the characteristic tsunami amplitude, based on 32 cases of 2D slife simulations, for

arious combinations of go erning parameters: B, 7, d, 6, y, using appro imate orders of
magnitude alues for the h drod namic coefficients, C; = C,, = 1,

1, =s,(0.0592 - 0.0636sin6 +0.0396sin

This equation predicts o er 99% of the aria e computed alues of 1, (R’ =

0.991) and is based on the follo ing ranges of Parameter alues (in non-dimensional

form) in the computations: 6 € [5,30] deg., d/B € [0.06,1.5], T/b €[0.008,0.2], and y

€ [1.46,2.93]. [Note, Eq. A2.5 has been slightl e tended to pro ide hlgher accurac , as

compared to Eq. (2) in Watts et|al. (2005)]. See Fig; arison of computed
alues of 1, to predicted alues from Eq.|A2.5, for t slides.

—e 220y (ADR.5)

A.2.2 2D underwate

Slumps are m: as|rigid SMFs of ma imum angular displacement A¢ =
¢ — ¢, of their center & mass (Fig. A2)| Assuming a nearl circular rupture surface of
radius R and a small angular displacement ( ith sing = ¢), the slump translation s(2)
along the slope (appro imated b the chord of the rupture surface) is found based on an
equilibrium of inertia, added mass, gra it , and buo anc foTces as,

|
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s(t

so(l—cos(i)) with s0=£ and t0=(R(LC’”))2 (A2.6)
t 2 8(y=1)

o

Note, h drod namic friction has been neglected in these equations because of the lo er
slump elocities (4 ides) and basal Coulomb friction ( ith coefficient C,)
is implicitl inclu ecified angular displacement; thus, assuming a circular
rup ure‘surface of ur ature R, e find, |

=2RC, cost A2.7)

cement and other definitions are|as before.

1s the ma imum

For such slumps, G atts (2005) performed man 2D simulations, jusing a
full nonlinear potential odel, and Watts et al. (2005) deri ed a semi-empirical
e pression for the minimuft surface depression 7, computed at x = x,, based on 12 cases
of 2D slumps simulations, for arious combinations of go erfing parameters: B, T, d,
0,7, As, using an appro [imate order of magnitude alue for the h drod namic

coefficient: C,, = 1,

!o=so( T )(Bsm")' (%)' (A% ($-1)(0.198-0.0483(5—1))  (A2.8)

Bsin"'

This eq er 99% of the ariance of the computed alues of 7, (R’ =
0.998) a on the follo ing ranges of parameter alues in the computations:
0 €[10,3 . d/B € [0.34,0.5], T/b €[0.10,0.15], R/bE [1,2], Ap € [0.1,0.52] and

y €[1.46,2.93]. As noted b Watts et al. (2005), 0 ing to the similar slide and slump
geometr and the identical parameterization found in Eqgs. A2.5 and A2.8 for 7/B and d/b,
one can ¢ tend the alidit of Eq. A2.8 to d/B €[0.06,0.5], 7/b €[0.10,0.2] [Note, Eq.
A2.8 has been re-deri ed to pro| ide higher accurac, as compared to Eq. (4) in Watts ¢
al. (2005)]. See Fig. A3b for a comparison of computed |alues of 7,to predicted alug
from Eq. A2.8, for the 12 computed slumps.

73RS

A.2.3 3D underwater slides

In parallel | ith the 2

under ater slides of bulk densit p;in ater of densit
These simulations | ere later e tended and e perimentall alidate® b Enet and Grilli
(2003, 2005, 2007) (see also Grilli et al., 2010b). The computational model set-up and
parameters for these 3D slides is such as sho n in Fig. A4 and the e perimental set-up is
sho ninFig. AS. | | ‘
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Fig. A3: Comparison of computed 7, ersus predicted 7,, minimum surface depression
at x = x,, for 2D under ater: (a) slides (32) using Eq. A2.5; or (b) slumps (12) using Eq.
A2.8.
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3D Slide/slump tsunami

Although the 3D under s that ere numericall modeled and tested had a
double Gaussian-like geo > to compare results ith earlier 2D ork, an equi alent
semi-ellipsoidal slide ha ifg the same olume and proportions as the original slide is
calculated, ith length B, thickness 7, and idth W. The ater depth abo e the initial
location, x = x,, of slide ma irhum thickness is again defined as d. |

istic amplitude

Fig. A4: Parameters definition for 3D slide computations (from Grilli et al., 2002).




The 3D slide olume and main cross-section are thus found for the semi-ellipsoid as,

K=%WBT with WT (A2.9)

and slide ith equations A2.3 and A2.4.

motipn is again mod

Grill nd Grilli (2005) and Grilli et al. (2010b) simulated
surface ele slides and found that the are all qualitati el similar
to those sho hich corresponds to a rigid slide (of Gaussian shape) mo ing
do naf= ith an initial submergence d = 0.120 m (x, = 0.764, from Eq.

A2.1). The

6 correspond to time: ¢ = ¢,/4; (b) t,/2;|(c) 3t,/4; aFd (d) ¢,
( ertical is e aggerated), ith other parameters ‘tLeing identical to those of
laborator e periments b, Enet and Grilli (2007). Their laborator model slide had a
specific densit y =2.435 and a Gaussian shape ith dimensions (b(¢) = 0.395, w = 0.68,
7= 0.082) m (see Figs. A2, AS), but appl ing Grilli and Enet’s transformation equations,

e find the dimensions (B, W, T) of an equi alent semi-ellipsoid slide, ith same olume
and proportion as the Gaussian shape slide (i.e., /B = w/W, Fig. A4). These equations
also allo ﬁnging the relationship bet een the kinematics of the 3D Gaussian shape slide
of Enet and Grilli (2007) and that of the equi alent semi-¢llipsoid, i.e., |

vith €, =C, \/ 8(x —e)
3n(l-¢e)(x*-¢)

=

a,=gsin@ LL) , ut=(4gBSin0%) ,

d

2
C = acosh l) ; X=gatan /1_—8 ; B = b\/EX _é and W=§w (A2.10)
£ C I+¢ mwil-¢

and C; are h drod namic coefficients found b cur the measured 3D
1an slide motion using the slide kinematics equations ( and 10 in Enet and
1lli, 2007). Note that if one uses the earlier formulation of Phe slide kinematics A2.4,
the drag coefficient is: C ”dT (37/8) C’4. Also note that, in the absence of such detailed
e perimental measurements, these coeffici ro imated to C,, = C4/= 1 in
the earlier ork of Grilli and Watts (2005) al. (2005) for 2D SMFs.

Thus, for the equi alent 3D semi oid slide kinematics, described b Egs.
A2.10, ¢ find that the added mass coeficient does not change as compared to the
original slide, but the iscous drag coefficient C’; depends on slide shape, hich is
parameterized as ele ation £ (Fig. A2), ina es (§ v) b coefficient ¢ as,

C(E,V)=1L{sech(2i§)sech(zcv)—g} ‘ (A2.11)
s

w
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For

usingl Eq. A2.10: C =
dimensions: B = 0.298
the case of Fig. A6,

Grilli’s (2007) Table 1,
appl [ing Eqs. A2.3 and AZ.10,

Wattsk 1999, 2005)

D

here 7, is the 2D

ith the second formulation pro iding a slightl better fit,

To compare the e perime
as the tsunami source characteri
can lof course perform full nonl
each specific case. Doing so, Ene
a er| good agreement bet eel
number of gages, as a function of
of such 3D simulations, as | as dg
equations that can be used to

practical situations, as a functio
alread attempted to do, so b
computations of Gi
decreased as a funct

n of a fe

rilli et al. (2002), that
1on of the ratio of the characteri
o the SMF thh, appro imatel

A, =1,\ed

n, =M,—
+,

=1

or slumps. Enet an
equations deri ed b
ith their measureme

Here, as a al

the reported alues of C,,

m, =0.5131
. efind C, =

quickl

obser 1

n of the proposed equations for TOPICS
the impro ed formulafion of the 2D characteristic amplitude gi en
deri ed a best fit for Eq. A2.12 for the lateral 3D spreading eff
equations to all the e perimental cases of Enet and Grilli (Table

a es, hich correspond to submergences: d + 0.061 — 0.189 m. |
hich range from 0.582 to 0.767 (mean 0
Cy4, hich range from 0.302 to 0.509 (mean 0.386, st.d. 0.076). This ields,

stic tsunami

reported ¢ = 0.717, hich ields
062 C; (and C”; = 1.251Cy), and

n, for the semi-ellipsoid. No , for
0.685 and C; = 0.332 in Enet and

ecause of the high computational cost
ble to deri e semi-empirical
e tsunami source ele ation in
ng parameters. Watts et al. (2005)
ed on the limited number of 3D
itial surface depression in 3D, 1, 3D,
a elength A, (Grilli and

(A2.12)

characteristic amplitude gi en b equations A2.5 and A2.8, for slides
d Grilli (2007) applied this equation to the or
| 5) for 2D slides, and report

iginal |semi-empirical
ed a good agreement

N

5, e ha e combined
b Eq. A2.5 and re-
lect, b appl ing the
1), for non-breaking
n each case, e used

637, st.d. 0'?67)’ and

AT =1 Jed  (A2.13)

hen combined ith Eq. A2.5

than the first one, and e plaining o er 96% of the e perimental ariance (R’ = 0.961).
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(1)

1g. A6: E ample of free surf:
6 =15 deg. slope, at time ¢

computed for a 3D SMF, sliding o er a
1,/2; (c) 3t,/4; and (d) ¢, ( ertical scale is
e aggerated). The slide equi al mi-ellipsoid has dimensions : B =0.298 m, T =
0.082m, W =0.515m, ithy="2.435 and an initial slide submergence d = 0.120 m (x,
= 0.764, from Eq. A2.1), for hich#,=1.74 s based on Eqs. A2.3 and A2.4, using C,, =
0.685 and C; = 0.416 to match e perimentall measured slide motion (results based on
Enet and Grilli, 2005, 2007; Grilli et al., 2010b).
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B contrast, using Watts et al. equations as summarized in Grilli and Enet (2007), hich
include Eq. A2.12, one can e plain o er 95% of the e perimental ariance (R’ = 0.955).
Fig. A6 sho s the comparison of measured and predicted 3D characteristic amplitudes
(i.e., surface depression at x = x,), based on the latter formulation and on the ne, one,

combining

Eq. A2.12 ith the second Eq. A2.13. The graphical agreement is quite good.

n 3D( mm)

R AP B L0 P mm)
2 4 6 8 10 12 14

Fig. A7: E periments oi]Fig. AS. Prediction of e perimentall measured characteristi

tsunami depressions 1),

using : ([J) the initial parameterization of Watts et al. (2005

(R? =0.955); (0) thene 1 proposed parameterization using Eqs. A2.5 and 2" Eq. A2.13

3D Slide/slump tsunami .sJ(ource elevation

In 3D, as|c
slide initial

increases| (

(R’ = 0.961). ‘

an be seen in|Fig. A6, the free surface sho s|an initial depression abo e the
location, ith a smaller a e of ele ation ahead of it (3); then|the 3D a| e

propagation graduall spreads out these features both [for | , as time
b-d); this lateral spreading has a shape similar t “like sech™k )
\ second, crescent shape, ele ation a e then behind the

function. | A
initial depr
the median
small time
and 12). A
defined b

reached for

ession and propagates both offshore and onshare ( tter causing runup). In

ertical i)lan y = 0, the surface ele ation appedrs qualitati el similar for
t < t, to that computed for 2D slides, (e.g., Grilli and Watts’s (2005) Figs. 11
5 as found b Grilli and Watts (2005) in 2D, ma imum tsunami generation,
the deepest surface depression abo e the slide instantaneous location, 1, is
t ~t,(e.g., Fig. A5d), at hich time Eq. A2.3 ields a slide displacement: s,

= 0.4338 55 (Smin =1.76 m for the case of Fig. A6, or x,, =2.24 m; Eq. A2.l).

Additionlel

, the same 'ork sho ed that the 2D characteristic tsunami amplitude 1, is
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=

cached for all submergence depths d, the anal zed, at/ t =0.5¢, (e.g., Fig. A5b). Finall ,
in the 2D slides studied b Grilli and Watts (2005) the found across all initial
ubmergences,

(7 B

Nmin = (2-2] ‘ (A2.14)

Although ugh computational stud |of 3D slides |as not performed
b Grilli et al. (2 nd”Enet and Grilli (2003, 2005), due to the high computational
costs|at the time, Bimilar obser ations ere made for 3D slides, at least qualitati el|.
Thus, in their laborator e periments for 3D rigid sli?es, Enet and Grilli (2003, 2005)
found that the ma imum depression 17, abo e at x =Ix, occurred in the arious tested
submergences, for ¢ =0.25-0.35¢, (i.e., slightl earlier than for 2D slides; their Fig. lrL)
and | ith a significantl reduced alue, as compared to 2D slides, as a result of 3D a'le
energ radiation from the initial slide location, as alread quantified b Eqgs. A2.12 and

A2 ‘

of theie salient features of the initial free surface ele ation generated b
s, and to|a oid performing full computations ofj3 such 3D tsunami sources, eac
this is requifed to simulate a SMF tsunami in practical situations, Watts and Grill
(2005) proposed |a parameterization of the initial tsunami ele ation at th¢ time of
ma imum surface depression ¢ = t,, n(x,y) and horizontal (depth-a eraged) elocit
u(x,y), to be used [as an initial condition in 2D horizontal long a e tsunami propagation
models such as FUNWAVE. This parameterization as built around the ork of Grilli
and Watts (2005), Grilli et al. (2002), and Enet and Grilli (2003, 2005), and uses 2
characteristic amplitude Egs. A2.5 and A2.8, for slides and slumps, Eqs. A2.12 for the
lateral 3D spreading, and other considerations discussed belo . .

=B

Specificall , in the original TOPICS implementation of Watts et al.’s (2005)
parameterization for slides or slumps the surface ele ation of the tsunami source as
modeled as the sum of t o Gaussian functions of x (g; and g;) multiplied b a sech’
function of y. Ho e er,in ie ofthe arious ne parameterizations proposed, coeffici-
ents o; and o eL‘e added, in order for n:p(x,y) to be nearl 1y at X = Xpin and My, at
X = Xmax , for y = 0, as, .

7]31)()5’)‘”%) = Tlmmf(W)SeChz (Kf(W)%){Oﬁgl(x)_412’('82(35)}

g(x)=e (2] s g(x)=e
I+x'g,(x,;,) L g 1+(1/x"g (x,.,)
l_gl('xmax)gZ(xmin) ’ 1_g1('xmax)g2('xmin)

2
_( X=Xmin —Ax )

(A2.15)

1

ith, in the earlier TOPICS parameterization,

X =Ax,— x, 5 Ax,=c,(x,+cs,c080) ; X . =x. +Ax

min max min
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Ax = C2A'o 5 Ninin = _f1770 ; Niax = ‘fznu 5 K'= f2 /ﬁ

FW)y=1- exp{—c3¥(l+c4¥)} . k=3 (A2.16)

(e} o

ith ¢; = 2.091 and ¢, = 1.090 and 1, denoting the 2D characteristic amplitude.
Additionall , for slides, e ha e,

¢,=095 ; ¢ =log(cosh(1))=04338 ; «¢,=05
£ =252 ‘ £ =0.512(1+0.25i) ; d,, =Bsinb (A2.17)
ref
and for slumps,

¢,=0.565 ; ¢ =1-cos(1)=04597 ; ¢,=08 ; S, =22"——="0"

1-0.599S +1.0965
o | (A2.18)
1+2.9328,

£ =3479

(1 ~1.102S, +1.8655>

; =2.057
1+3.168S, ) ’ (

enotes the so-called submergence number.

The lateral spr
same nature, is differ
e perimental alidatig
parameterized initiall
simulations (such as sh

(W) in Eqs. A2.15 and A2.16, although of the
¢ proposed earlier in Eq. A2.13, on the basis of the
nction as  ell as the sech® function in Eq. A2.15, ere
OPICS, based on Grilli et al.’s (2002) 3D numerical
n in Fig. A6).

In ie ofthee perimental alidation presented abo e, eno usein Eq. A2.15,
the ne parameterization of the lateral spreading function, corresponding to the second
Eq. A2.13, as,

| f(W)=O.535exp{—0.211%} with k=6 (A2.19)

Using Eq. A2.19 to calculate the reduction of 2D characteristic ele ations in Eq.
A2.15, instead of the earlier parameterization of lateral spreading, e also find that, in
order for most of the lateral damping of the 3D surface ele ation to occur o er four times
the idth of the slide (i.e., 4/), in the sech® function of y, as as specified in earlier
parameterizations based on Grilli et al.’s 3D computations, one no , needs to use a ne

alue of k¥ = 6, as indicated in Eq. A2.19.

! |
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Fig. A8: 2D complr of semi-elliptical under ater slide b | Grilli and Watts (2005)
( ith@=15deg., =1m, T =0.052 m, y=1.85, C,, = C;= 1), for initial depth d = a:

0.625; b: 0.5; ¢: 0.35; d: 0.3; e: 0.259; f: 0.2; g: 0.175; h: 0.15 m, at time: (a) hen the
ma |imum depression 7, is reached at x = x,; qb) t=t,

| |

The rest of Eq. A2.15, hich is function of x, as initiall parameterized based on
2D numerical simulations (e.g., Fig. 11 in Grilli and Watts, 2005). A more careful re-
anal sis of the latter computations is done in the follo ing, fora 6= 15 deg. slope, and a
2D semi-elliptical slide ithB=1m, T =0.052 m, and y=1.85. Using C,, = C; =1,
Egs. A2.3 and A2.4 ield s, = 4.477 m and t, = 2.432 s. Initial submergence is aried
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ithin d = 0.15 to 0.625 m (9 depth

alues); for each of thoseYEq. A2.1 ields x,. Grilli

and Watts ga e computed free surface profiles as a function of time, hich are partl
sho n in Figs A8a,b, at: (a) the (different) times hen the ma imum surface depression
M, is reached at x = x,, and (b) at time ¢ = f,, hen the absolute free surface minimum

Mmin 18 reached. Ne cur e fits ere calculated on the basis of these results, as (Fig. A9)1
d (.’ d
Noin =—fiM, 5 N =1.1|0{1+2 21—(1—0.314—]} (A2.20)
ref ref
d d
Nowx =51, 5 Fh= O.347{1+1.06—(1+O.409—)} (A2.21)
ref ref

ith R? = 0.943 and 0.999, respecti el .

O er the 9 depth alues, the a erage alue of f; is 2.60, hich is quite close to the

2.52 alue used earlier in Eq. A2.17.
cur e fits (Fig. A10),

appro imated b 't
location of 1
a e do
parameteri
ae, hi
and is |

(upstream) the

Ve see in Fig| A8b that the free surface at|r = 7, ca

ased on these results, ¢ also deri e the follo ing

X, =Ax, —x, ; Ax,=c/(x,+cs,cos0) ; ¢, =2.143 ; ¢, =0.124 (A2.22)

Xinax = Xonin +AX | A =0y (1 —Cp ﬁ(l —Cy ﬁ)) )
B B B (A2.23)

¢, =296 ; ¢, 0270 ; ¢,,=0.211

ith £ 0.996, respecti el . These are quit t from the earlier
des used in Eqs. A2.16, A2.17. Fig sho| s the relationship
Xo, hich here, for constant slide thi nd slope angle 6 is
d/d.r (Eq. A2.1). Moreo er, |from Eq. A2.1 e see that, in the
o 1s simpl proportional to d"”?,  hich further e plaing the good linear fit of

indeed essentiall be
Gaussian functions, respecti el centered on the

X = Xmin (negati el )|and on| that of the first ele ation
ed as X = Xpax = Xuin + | Ax (positi |el ); this conﬁrmE the
ed in Eq. A2.15. Also note in Fig. A8b, the second ele

tion
depression | a e at x,, (as also seen in Fig. A6d),

egldCted in the parameterization A2.15, One of the reasons for this (besides

reducing| the comple it of the parameterized source geometr ) is that, in numerical or
laborator e periments discussed so far, the entire seafloor as modeled as a surface

piercing plane of constant slope,

hich is likel to significantl enhance this second

“rebound” surface ele Jation a e. In natural shel es, b contrast, for SMFs occurring on

the continental shelf

!

lope, this rapid reflection and enhancement do not occur on the
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Fig. A10: Data and cur e fit based on Grilli and Watts’ (2005) computations of Fig. A8,
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Fig. A11: Free surface ele ation 7(x,0) for y = 0, at 7,, (blue line) in empirical tsunami
source ele ation Eq. A2.15, ith parameterization of Eqs. A2.5 and A2.19-A2.23, for the
case of Fig. A6 (0=15deg., B=0.298 m, T=0.082m, W=0.515m, y=2.435,d =
0.120 m), for hichx, = 0.764 m, t, = 1.74 s and s, = 3.52 m, using C,, = 0.685 and C,

0.416. The red and green lines sho the t o Gaussian functions of x in Eq. A2.15.

onshore side, 'due to the continental shelf o er hich the second “reb
spread|out. ' '

Using Eq. A2.15 ith the parameterization in Eqgs. A2.19-X2.23, e no
calculate the 3D free surface ele ation (i.e., SMF tsunami source) for the case computed
in Fig| A6, hich corresponds to one of Grilli and Enet’s (2007) e periment for a
6 = 15|deg. plane slope, and a 3D Gaussian-shape g gbsdimensions of the equi alent
semi-ellipsoid: B = 0.298 m, 7 = 0.082 m, 515 m (Egs. A2.10), densit
y =2.435 and an initial slide submergence d = 0.1 (for hichx, =0.764 m, t,=1.74
S| ), using C,, = 0.685 and C,; = 0.476. For this case, Eqs. A2.5 and A2.19-

=0.0242 m, B> = 0.0060 m (1o p-° = 0.0051 m), f(W) =0.247, Npin = -
7=3.03), Mpax = 0.0077 m (f> = 1.28), K’ = 0.422, Xppin =1.777 M, Xpax =3.1(JO
=1.383 m, A, = 1.883 m, and Ax/ A, = 0.734. For this case, Fig. Al11 sho s a cross
s&Ction in |free surface ele ation: n(x,0) for y = 0 (blue line), ith the t o Gaussians of
Eq. A2.15/sho n (in green and red). We see that the surface ele ation at y = 0 takes the
e pected Mmin, Xmin, Mmax> ANd Xpnar  alues. |

Fig. A12 then sho s the full 3D source ¢le ation (i.e., n(x,y) at ¢,), predicted for
this case b Eq. A2.15, hich is to be compared ith computations of Fig. A6. While the
agreement ith Fig. A6b (at ¢ = 1,/2) appears qualitati el good, due to the appearance of
the second (rebound) ele ation a e in computations for later time (see abo e

! !




> hich is not included in the semi-empirical free surface ele ation, the
e agreement is less good for Fig. A6d, hich is at ¢t = ¢,, at the time of
ma”1mum tsunami generation. Ho e er, despite these differences in shape, the empirical
solution has a good agreement (not sho n here), on the minimum surface depression and
ma imum ele ation, as ell as their location, ith respect to the starting location of the
slide, and good agreement on a elength (in x direction) and lateral spreading.
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Fig. A12: Free surface ele ation n(x,y‘) at t,, i.e., SMF tsunami source, from empirical
tsunami source ele ation Eq. A2.15, ith parameterization of Egs. A2.5 and A2.19-
A2.23, for the case of Fig. A6, Al1.
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Fig. A12: Free surface ele ation n(x,y‘) at t,, i.e., SMF tsunami source, from empirical
tsunami source ele ation Eq. A2.15, ith parameterization of Egs. A2.5 and A2.19-
A2.23, for the case of Fig. A6, Al1.

51



Since

computations for|slide or slumps (e.g., Grilli et al., 2001
same parameterization of the initial source ele ation as
ith 1, calculated b Eqs. A2.6-A2.8), is used for
spreading function f(W),

A2.15,

parameters
TOPICS and

nilar in
5), the
b Egq.
> lateral
¢ other
d?ne in

I
0
d
he
th

freg surface ¢le ations features at time ¢, jappear qualitati el

2; Grilli and Watts, 2
for slides (describe
slumps as ell. For t

n of Eq. A2.19. For

lich as more recentl

appin et al., 2008).

e use the ne parameterizatio
e use the slump parameterization A2.18, |
alidated on a‘number of case studies (e.g., T|

Fig| A.12, for insltance sho s t|he initial free surface, calculated this a for a

slump of geo

metr similar to the earlier slide, i.e., for the equi alent semi-ellipsoigl: B =
0.082 m, W =0.515 m (Egs. A2.10), densit y = 2.435 and an initial slide

0.298 m, 7] =

submergence d = 0.1%0 m on a 15 deg. slope (for hich x, = 0.764 m). Using C,, =
0.685, A¢g = 20 deg. and a short slump displacement on the slope, As = 2B =0.496 m, Egs.
A2.6-A2.8 ield, R =1.707 m, t,= 615 s, 5, = 0.248 m, nj =0.0078 m, n,"° = 0.0032 m,
W) = 0.407]) Nyin = -0.0039 m (f; = 1.22), Nax = 0.0024 m (> = 0.76), Xpmin =0.951 m,
Xmax =11.551/m, A, = 0.667 m.

3D Slide/slun

np tsunami source initial flow velocity

Initial elocit wu(x,y) is specified for the semi-empirical 3D tsunami source ele ations, on

the basis of (depth-integrated) mass conser ation for long
of celerit ¢ = (gh)l/z, one can sho

propagation
one can esti
=Vr/| Vq|

’nt

a es. For linear long a es
(e.g., Grilli, 1997), that in the direction of
u| = cn, here n(x,y) is the local free surface ele ation. In the present case,
ate the local direction of propagation as the free surface steepest decent, d
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