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Tsunami hazard assessment is critical for coastal communities, emergency services, and industry, to develop
regional risk and response management plans, for catastrophic tsunami events (such as the recent 1998
Papua New Guinea (PNG) and 2004 Indian Ocean tsunamis). Along the northeastern United States coastline,
tsunami hazard assessment is in its infancy, mostly due to the lack of historical tsunami record and the
uncertainty regarding the return periods of potential large-scale events. The latter includes large
transoceanic tsunamis, such as could be caused by a collapse of the Cumbre Vieja volcano in the Canary
Islands or a large co-seismic tsunami initiated in the Puerto Rican trench, as well as large local tsunamis, such
as could be caused by a Submarine Mass Failure (SMF) occurring on the nearby continental slope. In this
region, considerable geologic and some historical (e.g., the 1929 Grand Bank landslide tsunami) evidence
suggests that the largest tsunami hazard may arise from tsunamigenic SMFs, triggered by moderate seismic
activity. The coastal impact of SMF (or landslide) tsunamis, indeed, can potentially be narrowly focused and
affect specific communities.
This research presents the development, validation, and results of a probabilistic geomechanical and coastal
tsunami impact analysis, of tsunami hazard on the upper northeast coast of the United States. Results are
presented in terms of nearshore breaking wave height and runup, caused by seismically induced
tsunamigenic SMF, with a given return period. A Monte Carlo approach is employed, in which distributions
of relevant parameters (seismicity, sediment properties, type and location, volume, and dimensions of slide,
water depth, etc.) are used to perform large numbers of stochastic stability analyses of submerged slopes
(along actual shelf transects), based on standard pseudo-static limit equilibrium methods. The distribution of
predicted slope failures along the upper U.S. East Coast is found to match published data quite well.
For slopes that are deemed unstable for a specified ground acceleration (with given return period), the
tsunami source characteristic height is found using empirical equations (based on earlier numerical
simulation work), and corresponding breaking height and runup are estimated on the nearest coastline. For a
0.2% annual-probability ground acceleration, for instance, simulations yield a return period of tsunamigenic
SMFs of 3350-yr (i.e., a 0.03% annual probability of occurrence). The resulting estimate of the overall coastal
hazard, from 100 and 500-yr SMF tsunami events, is found to be quite low at most locations, as compared to
the typical 100 yr hurricane storm surge in the region (~4–5 m). Specifically, for the 100 yr event, SMF
tsunami hazard is quite low with no coastal region exceeding a 1 m runup. For the 500 yr event, however,
two regions of relatively elevated hazard are found: (1) near Long Island, NY, with a peak runup of 3 m; and
(2) near the New Jersey coast, with a peak runup of 4 m. It should be stressed that these are only first-order
estimates and detailed tsunami inundation modeling is required to fully quantify tsunami runup (and
inundation) at these sites. This will be the object of more detailed studies in future work.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Tsunamis can be generated by volcanic eruptions, co-seismic
ocean bottom motion, subaerial and submarine mass movements
(or failures, i.e., SMF), and oceanic meteorite impacts. The NGDC
Tsunami Event Database (NOAA, 2008) documents approximately
1 401 874 6837.
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2275 historical tsunami events worldwide, with varying failure
mechanisms. Among these events, approximately 1600 (70%)
tsunamis are considered to have resulted from seismic activity and
175 are attributed to SMFs of various sizes and mechanisms, with 73
of those triggered by earthquakes, including 61 positively confirmed
and 12 either unconfirmed or questionable events. Within these 61
confirmed cases, 34 (56%) resulted from moderate earthquakes
(Mwb7.0). [It must be noted that these statistics do not include
submarine landsides, or tsunamis, of unknown triggering mechan-
ism. Furthermore, considerable uncertainty exists within the
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Historical Database due to many tsunami events prior to the 1950's
being attributed to co-seismic triggers, when the true tsunami
mechanism should have been a submarine failure. This is due
mostly to the lack of knowledge, historically, concerning not only
tsunami generation but the existence of tsunamigenic submarine
failures. Therefore, only noticeable triggers (e.g. volcanic eruption,
seismic activity, etc.) were considered as potential tsunami trigger-
ing mechanisms and recorded as such within the NGDC Database.]

To date, co-seismic bottom motion has been the most extensively
studied and modeled tsunami generation mechanism, likely because
it is responsible for the largest and most energetic recorded events. In
the past decade, however, following the 1998 Papua New Guinea
(PNG) landslide tsunami, which caused great damage and loss of life
(2000 fatalities, e.g., Tappin et al., 2001, 2002, 2008), a large amount of
physical and numerical modeling work has been devoted to studying
SMF tsunami generation (e.g., Heinrich, 1992; Grilli and Watts, 1999;
Watts et al., 2000; Grilli and Watts, 2001; Ward, 2001; Tinti et al.,
2001; Grilli et al., 2002; Lynett and Liu, 2003; Enet et al., 2003; Watts
et al., 2003; Watts and Grilli, 2003; Locat et al., 2004; Fine et al., 2005;
Liu et al., 2005; Haugen et al., 2005; Watts et al., 2005a; Grilli and
Watts, 2005; Enet and Grilli, 2005, 2007; see extensive literature
reviews in some of these papers). In fact, it is being increasingly
recognized, by both the research and tsunami forecasting commu-
nities, that earthquakes affecting oceanic margins can frequently
trigger SMFs. Although many of these will not be tsunamigenic, a few
could potentially generate significant near-field tsunamis, even if the
earthquake magnitude is not sufficient to generate a significant co-
seismic tsunami. In approximately 35% of all cases, nearshore waves
from landslide tsunamis could even exceed those resulting solely from
co-seismic ground motions (Watts, 2004). Finally, the majority of
tsunamigenic SMFs occur for bottom slope angles less than 5° (Canals
et al., 2004).

As our understanding of the potential risk associated with
tsunamigenic SMFs increases, so does the importance of assessing
their potential hazard to coastal communities. This is of particular
importance for heavily populated coastal regions, such as the
northeastern United States, that do not have high local co-seismic
tsunami risks but could have elevated SMF tsunami risks. The
understanding and quantification of such risks is essential, when
considering typical return periods for large seismic events (e.g., 100
and 500 yr), because possible coastal inundation (and runup) levels
from seismically induced SMF tsunamis could locally exceed inunda-
tion levels from other hazards with similar return period, such as
hurricanes, and hence influence design and development considera-
tions for major coastal structures and communities.

The need for tsunamigenic SMF hazard assessment in such areas
can be best illustrated by the Papua New Guinea tsunami, which was
generated by a rotational SMF (a.k.a. slump), triggered by a 7.2
magnitude earthquake. While only a moderate co-seismic tsunami
runup was generated (~1 m), 15 min later, the slump occurred,
creating a tsunami that caused up to 16m runup on a nearby low-lying
barrier island (Sissano Lagoon), and 2000 fatalities among peoplewho
were totally unaware that an earthquake had occurred (e.g., Tappin
et al., 2001, 2002, 2008 and other papers listed in those references).
Additionally, since submarine mass movements typically occur on or
near the continental shelf break, tsunami warning times may range
from only tens of minutes to a couple of hours at most, rather than
typically several hours for large transoceanic co-seismic tsunamis.
Such small warning times could potentially increase the human death
toll (as in the case of the Papa New Guinea event).

An accurate tsunami hazard assessment for the U.S. Northeast is
difficult, due in part to the lack (or great paucity) of direct tsunami
observations within the historical records (NGDC Tsunami Event
Database, NOAA, 2008) and the uncertainty regarding return periods
of past large-scale events, whose impact in terms of paleo-sediment
deposits has been identified in the literature (e.g., Goodbred et al.,
2006). Hence, to develop a comprehensive tsunami hazard assess-
ment for the U.S. Northeast, one first need to identify the various
mechanisms and sources that could generate both local and
transoceanic tsunamis affecting the coast.

There is only one significant co-seismic source in the Western
North Atlantic, from a seism occurring in the 600 km long deep trench
North of Puerto Rico (18° N Lat). There are no other major subduction
zones in the upper North Atlantic Ocean, in which a potentially large
earthquake could occur. The generation of an extreme co-seismic
tsunami (e.g., magnitude 9) in the Puerto Rican trench was studied by
Knight (2006) and Knight and Banks (personal communication), with
focus on impacts for the Caribbean islands and the Gulf of Mexico; the
impact of the same scenario on the U.S. East Coast was simulated by
the lead author and co-workers (Pérignon, 2006). Although greatly
affecting the Caribbean islands, it was found that such an event would
only cause limited runup on the upper U.S. East Coast. The flank
collapse of the Cumbre Vieja volcano in the Canary Islands was also
proposed as a potential extreme transoceanic tsunami source in the
North Atlantic Ocean (Elsworth and Day, 1999; Ward and Day, 2001;
Hildenbrand et al., 2003), as well as a repeat of the Lisbon 1755
tsunami. Tsunami propagation for a more recently proposed extreme
scenario of the Cumbre Vieja collapse (Day, personal communication,
2006) was also simulated by the lead author and co-workers and
found to cause limited runup on the upper U.S. East Coast (Pérignon,
2006).

The work presented here, hence, concentrates on assessing addi-
tional tsunami hazard from local sources, for the U.S. Northeast, which
primarily involves SMFs that could be triggered on the nearby continental
slope, by local (or regional) earthquakes of moderate magnitude.
The upper east coast of the United States has a wide continental shelf
with considerable geologic evidence of submarine mass movements
(e.g. Booth et al., 1985; Booth et al., 1993; Piper et al., 2003; Locat et al.,
2003, Chaytor et al., 2007, 2009-this issue). The work by Booth et al.
(1993), with later refinements by Chaytor et al. (2007, 2009-this issue),
identified the characteristics of between 55 and 179 past individual SMFs
on the northeast U.S. Atlantic outer continental margin.

The largest earthquake on record for the upper North Atlantic
region is a 7.2 magnitude earthquake, which in 1929 triggered a
large debris flow off of the Grand Banks, generating a tsunami that
caused 27 fatalities and extensive damage in Newfoundland, with
impacts extending to northern Maine (Piper et al., 1999; Trifunac
et al., 2002; Fine et al., 2005). Earthquakes of lower magnitude
(i.e., 6–7) could happen more frequently in the region and
potentially trigger tsunamigenic SMFs, causing narrowly focused
tsunamis (Ward, 2001; Grilli et al., 2002; Rabinovich et al., 2003;
Enet and Grilli, 2007) with initial wave heights much greater than
those solely generated by the vertical co-seismic bottom displace-
ment. In addition to their directionality, the fact that SMF tsunamis
can be triggered quite close to shore implies that resulting runup
and inundation may potentially be very significant for localized
coastal regions, despite their much lower total energy release than
for large co-seismic events.

For large individual transoceanic events, once a tsunami source
scenario has been identified and parameterized, based on seismolo-
gical and/or geological hypotheses, direct simulations are usually
performed with a long wave propagation model, for a number of
scenarios affecting a specific region (typically up to a few dozen).
Provided accurate ocean and coastal bottom bathymetry and topo-
graphy are available, and a fine enough coastal grid is used in the
model, reasonable estimates of runup distributions and inundation
areas can be made, that can be used to create tsunami hazard maps.
There are numerous examples of using this approach in the literature,
for bothpotential future andpast events (i.e., in a hindcastmode), such
as the recent catastrophic December 26, 2004 Indian Ocean tsunami
(e.g., Titov et al., 2005; Watts et al., 2005b; Grilli et al., 2007; Ioualalen
et al., 2007). The same methodology was also applied to past SMF
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tsunami case studies, to provide a better understanding of the events
(e.g., Watts et al., 2003; Day et al., 2005; Tappin et al., 2008).

As indicated before, in this work, we aim at assessing tsunami risks
for the U.S. Northeast coast, associated with local, potentially
tsunamigenic SMFs. To quantify such risks in a probabilistic manner,
however, it is impractical not only to attempt to concurrently consider
all slope failure mechanisms (e.g., seismic activity, rapid sedimenta-
tion, increase in pore water pressures, gas hydrate dissipation, etc.),
but also to perform direct numerical simulations for the large number
of potential scenarios required for a proper risk assessment (due to
uncertainties in landslide location, the many parameters affecting
SMF tsunami generation, and uncertainties in physical values of
these). Therefore, we focus on assessing coastal hazard only from the
most common failure mechanism, seismic activity, and on estimating
generated tsunami heights and runup, based on simple but experi-
mentally validated empirical equations, derived from earlier numer-
ical simulation work (Grilli and Watts, 2005; Watts et al., 2005a; Enet
and Grilli, 2007). Therefore, in this work we present the development,
validation, and results of a probabilistic model of seismically triggered
SMF tsunamis and induced coastal hazard, for the Upper U.S. East
Coast.

This objective is accomplished using a Monte Carlo Simulation
(MCS) model (e.g., Harr, 1987; Watts, 2004), in which probability
distribution functions of governing parameters (e.g., slide density,
friction angle, etc.), treated as random variables, are used (when
known) or estimated, and from these distributions the model
randomly generates a large number of plausible combinations of
parameter values. In the present case, properties of a section of
continental slope (both geometrical and physical), along a series of
specified transects, are generated for many MCS trials and, based on
these, slope stability is calculated (using standard pseudo-static
analyses), under specified seismic loading (i.e., horizontal accelera-
tion). Provided enough simulations are performed, the resulting SMF
probability (and return period) can be assumed to approximate actual
conditions (i.e., the solution of a complex problem, for which no
closed-form solution can otherwise be obtained). Nearshore tsunami
hazard is then similarly quantified, using simplified tsunami genera-
tion, propagation, and runup calculation procedures, which yield
statistics of runup distributions.

The following sections detail the MCS model development and
validation, as well as its application to the U.S. northeast coast. Results
are finally presented in terms of 100 and 500 yr design tsunami
events, which offer a first-order regional scale SMF tsunami hazard
assessment. The latter is used to identify regional areas of the U.S.
Table 1
Random input parameters used in MCS simulations.

Parameter Failure type Distribution Mean Value

Depth to failure d Translational Log-normal 1113 [mbsl]
Rotational Log-normal 1241 [mbsl]

SMF length l Translational Log-normal 4917 [m]
Rotational Log-normal 2063 [m]

SMF thickness T Translational Log-normal 125 [m]
Rotational Log-normal 256 [m]

SMF bulk density ρs Translational Normal 1.840 [g/cm3]
Rotational Normal 1.815 [g/cm3]

SMF slope angle β Translational Log-normal 3.5 [degrees]
Rotational Log-normal 10.2 [degrees]
northeastern coastline exhibiting potentially increased SMF tsunami
hazard.

2. Monte Carlo model

2.1. Overview

The probabilistic analysis, which is at the core of our study of
regional landslide (i.e., SMF) tsunami hazard along the upper U.S.
East Coast, is performed using a newly developed Monte Carlo
Simulation (MCS) model. In MCSs, stochastic analyses are per-
formed, based on input data having a certain level of uncertainty.
Thus, instead of specifying discrete values of governing parameters
for a limited number of analyses (as is done in a deterministic
analysis), a large number of MCS trials are performed, for randomly
selected parameter values within their known (or estimated)
probability distributions (e.g., uniform, normal, log-normal, etc…).
MCS results are similarly expressed in terms of probability
distributions, which can then be validated by comparison to
known distributions for some of the outputs, and used to determine
probabilities of occurrence of failure, runup, etc. By applying such a
MCS methodology, we are able to quantify SMF tsunami hazard in
terms of its probability of occurrence.

Specifically, in this work, distributions of governing parameters
affecting SMFs (i.e., seismicity, sediment properties, type and location
of failures, failure volume, water depth, etc…; see Table 1 for a full list)
are specified in the MCS model on the basis of field observations (e.g.,
Booth et al., 1993). Using these, thousands of stochastic submarine
slope stability analyses are performed along a series of transects (45)
laid across the study area, from shallower to deeper water (Fig. 1a).
Transects are carefully selected to best represent continental slope
areas (or sections) having fairly homogeneous topographic features.
Slope stability analyses are performed using the actual bathymetry
along each of those transects (Fig. 1b), based on standard pseudo-
static limit equilibrium methods, for either translational or rotational
failures (see details below). [Indeed, our geologic study area displays
evidence of both failure types, at least initially, as noted by Booth et al.
(1993). Chaytor et al. (2007) identifies three landslide types;
rotational, translational, and debris flows.] Accordingly, given a set
of randomly selected physical parameters and a peak horizontal
ground acceleration associated with a selected seismic return period,
slope failure is deemed to occur when the factor of safety of the
selected slope section is less than unity. For each recognized failure in
the MCS trials, a characteristic tsunami height is calculated, together
Remarks

The water depth to the upslope edge of failure is constrained to between 120 and
2500 m below sea level.
The SMF length l is constrained based on the actual slope bathymetry, as no failure is
assumed to occur shallower than the slope crest, or deeper than its toe. Minimum and
maximum translational length are (1000, 50,000) m. Minimum and maximum
rotational length are (1000, 4000) m.
The SMF thickness is obtained from a uniformly distributed thickness-to-length ratio
T/l within [0.01,0.04] (translational) and [0.07,0.20] (rotational). (Watts et al., 2005a)
Based on the finding of ODP Leg 174A. ρs is a function of depth to failure plus the depth
to the point of interest within the SMF thickness. The average ρs over the SMF thickness
is assumed normally distributed in the MCS model. [Due to the limited sediment data,
this is the parameter with the highest degree of uncertainty.]
The SMF slope angle is calculated from the actual bathymetry along each transect, after
randomly selecting the SMF depth and length. The SMF slope is found to follow a
log-normal distribution. [This distribution does not include slope angles that do not
produce failure.] Due to the randomly selected sediment type/properties and strength
reduction factor, themean slope angle required to initiate failure varies significantly for
each failure type.



Fig.1. (a) Idealized coastline (thick red line) in the study area, with transects (thick blue lines) utilized in theMCSmodel; (b) Bathymetry for 4 typical transects. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

77S.T. Grilli et al. / Marine Geology 264 (2009) 74–97
with the resulting runup (and breaking wave height) on nearby
shores.

Watts (2004) first proposed to use a MCS approach to estimate
landslide tsunami risk in Southern California. His MCS model,
however, was entirely empirical and no stability analyses were
performed. During the course of this work, an initial Monte Carlo
framework was developed by Maretzki (2006) and Maretzki et al.
(2007), that defined the main features of the present MCS model,
notably the inclusion of actual bottom bathymetry and transect
geometry, the use of stability analyses to estimate slope failure, and
empirical equations to predict tsunami generation and impact.
Although these key features are still part of the present MCS model,
as will be reported in detail in this paper, many new improvements
were made to this initial work, yielding important differences in both
the MCS methodology and results (and hence conclusions) of the
work. In particular, improvements were made in the estimation of
peak horizontal accelerations, choice of sediment properties, inclusion
of excess pore pressures in the analysis, slope stability analyses,
evaluation of the statistics and return periods of tsunami runup, and
estimation of tsunami propagation and nearshore breaking height.
Hence, the Maretzki et al. work should thus only be viewed as an
illustration of the potential for using a MCS approach to quantify
tsunami hazards, while the present work provides both more realistic
MCSs and results.
In the MCS model, the relationship between slope failure
parameters and tsunami source characteristics is expressed based
on empirical relationships developed as part of earlier numerical and
experimental work, done mostly for idealized rigid slides (or slumps)
of nearly semi-elliptical shapes, sliding down plane slopes (Grilli and
Watts,1999; Grilli et al., 2002; Enet et al., 2003; Grilli andWatts, 2005;
Watts et al., 2005a; Enet and Grilli, 2005; Enet, 2006; Enet and Grilli,
2007). While this clearly constitutes an approximationwith respect to
actual slide dynamics, particularly for longer time scales of motion,
numerical simulations, in which both rigid and deforming slides were
compared, clearly showed that: (1) the short time behavior of a SMF
(i.e., the slide early time kinematics), to a first-order, governs the key
parameters of the tsunami source (e.g., such as the tsunami initial
surface depression); (2) this early time behavior is best expressed by
the magnitude of the initial slide acceleration, which itself mostly
depends on slide density (geometry/volume) and bottom slope, and
not on subsequent slide deformation (Haugen et al., 2005; Grilli and
Watts, 2005; Watts et al., 2005a); (3) at such short time scales, slide
deformation does not yet play a role on tsunami features, and by the
time deformation (and slide break-up) occur, the slide is in deeper
water and effects of deformation only provide small (second-order)
changes to themain tsunami features; and (4) the importance of short
time scales for tsunami generation, and hence short distances of slide
motion, also justifies the approximation of a plane slope in numerical
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simulations and experiments, rather than using the actual bottom
geometry (here along a transect).

The two empirical equations used in the MCS model to predict
initial tsunami amplitude based on SMF characteristics, are given later
in the paper (Eqs. (18) and (19)). These equations were experimen-
tally verified for rigid slides in two- (Grilli andWatts, 2005) and three-
dimensions (Enet and Grilli, 2007), and also the basis for conducting a
series of successful case studies of past landslide tsunamis (both by
Grilli and co-workers, e.g., Watts et al., 2003; Day et al., 2005; Tappin
et al., 2008; and by a few others). More details regarding the
development and validation of these empirical relationships can be
found in the above-listed references.

The new MCS model follows the basic flowchart shown in Fig. 2.
The first step in the procedure consists in selecting a slide trial surface
and corresponding bathymetry, sediment type and properties, and
excess pore pressures, required to perform a slope stability analysis.
Depending on sediment type, an appropriate pseudo-static limit
equilibrium method is applied (i.e., Infinite Slope for cohesionless
materials, and Modified Bishop's Method for cohesive materials). The
seismicity is incrementally increased for various return periods (e.g.,
50, 100, 150 yr…), to determine the minimum Peak Horizontal ground
Acceleration (PHA) required for failure to occur, up to a maximum
acceleration corresponding to an arbitrarily set 750 yr seismic return
Fig. 2. Flowchart for the Monte Carlo Simu
period. If the selected trial surface does not fail within this PHA range,
this particular combination of slope parameters is deemed to be
stable, and the model selects a new trial surface and repeats the
process. Once failure is assessed, its size (length, width, thickness),
depth, and other physical parameters are used in the empirical
equations to estimate the generated tsunami elevation. If a wave
occurs with an initial height greater than an arbitrary small 0.02 m
elevation, a tsunami is deemed generated and the model estimates
tsunami propagation (including shoaling, breaking, and arrival time)
and runup levels.

Since it was prohibitive to perform tens of thousands of tsunami
propagation simulations in the MCS model, as indicated before,
coastal runup generated for each SMF tsunami source was also
estimated by a semi-empirical approach, based on results of earlier
tsunami propagation simulations by the lead author and co-workers
(e.g., Grilli and Watts, 1999; Grilli et al., 2002; Grilli and Watts, 2005;
Enet and Grilli, 2005; Enet, 2006). The rationale for this approach is,
first, in all SMF tsunamis considered here, both failure and resulting
tsunami source locations (i.e., SMF center of mass) are relatively close
to shore. Additionally, both numerical and experimental work, as well
as field observations (e.g., PNG), indicate that, unlike co-seismic
tsunami sources, SMF tsunami sources and hence the runup they
cause on nearby shores, is highly directional, in the sense that the
lation (MCS) model used in this study.
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largest waves (and runup) created by the SMF occur in (or near) the
direction of SMF failure and wave elevation rapidly decreases laterally
away from this direction (Enet and Grilli, 2007; and case studies listed
above, as well as measured runup in known cases such as PNG; see,
e.g., Fig. 4 in Tappin et al., 2008). In two-dimensional simulations of
SMF tsunami generation and runup on a plane slope, Grilli and Watts
(2005) found a nearly one-to-one correspondence between initial
tsunami depression at the source and maximum runup; this
correspondence was also found by Grilli et al. (2002) in three-
dimensional simulations over a plane slope with a shallow shelf, and
Enet and Grilli (2007) in similar three-dimensional experiments, for
SMFs occurring close to the shoreline. In three-dimensional simula-
tions over complex bottom topography, such as in the PNG case, this
“correspondence principle” surprisingly is often nearly retrieved, just
as if lateral energy spreading was approximately compensated by
topographic focusing effects (for instance, with an initial 12-14 m
depression estimated to be caused by the PNG slump initial
characteristics, both simulations and observations show similar
magnitude runup caused in the middle of the Sissano lagoon; Tappin
et al., 2008).

Hence, in view of the directionality of the source and in the
absence of more accurate results, to obtain a conservative order-of-
magnitude estimate of coastal runup caused by each tsunamigenic
SMF in theMCSmodel: (i) we first assume amain direction of tsunami
propagation, in a random selected direction within a +−5° sector of
the considered failed transect (usually nearly orthogonal to nearby
shores); and (ii) we limit lateral spreading of coastal runup to an
(arbitrary) +−10° angular variation from the selected main direction
of propagation (Fig. 3). Maximum runup on the nearest shore is then
assumed equal to themaximum tsunami depression at the source, and
runup is then modulated alongshore. The natural shape of this
alongshore modulation would be Gaussian as a first approximation
(e.g., as seen in PNG runup observations; Tappin et al., 2008 Fig. 4),
which is the choice made in the model (with a 95% width similar to
the selected +−10° angular spreading; Fig. 3). [Note that recent
three-dimensional laboratory experiments of (subaerial) landslide
tsunami confirm such Gaussian-like alongshore runup variations (see
Fig. 8 in Di Risio et al., 2008).] It should be stressed that the SMF
tsunami source distance to shore, or the width of the shelf, does not
Fig. 3. Tsunami propagation picked within an angular spread from the failed transect dire
directly affect the directionality of generated waves (in both onshore
and offshore directions). However, significant local bathymetric
features near the coast, such as a canyon (as off of the Hudson
River), which are neglected in the MCS, could defocus (or focus) SMF
tsunami waves, and such effects would be more prevalent the further
away the tsunami source from the shore.

Fig. 4 shows various types of probability distributions known (or
assumed) for the input parameters (e.g., depth to failure, sediment
properties, etc…) and obtained for model outputs (i.e., factor of safety,
initial tsunami amplitude, and runup). The use of log-normal and
normal (Gaussian) input parameter distributions in the slope stability
analyses yields aWeibull distribution of the resulting safety factor. The
output of the slope stability analyses, with uniformly distributed
angular displacement for rotational failures, yields a log-normal
distribution for the initial tsunami amplitude, with a large bias
towards small-amplitude tsunamis. The output of the initial tsunami
amplitude and normally distributed propagation parameters (see
details later) results in a log-normal distribution of runup for any
given coastal point. The fact that the output probability distributions
significantly differ from the input distributions is a result of the non-
linearity of the MCS model.

2.2. Bathymetry and sediment properties

The bathymetry of the U.S. Northeastern continental shelf (NOAA,
2006) was mapped in ArcGIS-9, and 45 representative transects were
selected and calculated in the GIS (Maretzki, 2006; Fig. 1). Transect
locations were chosen such as to provide a representative sampling of
the major geological features. It should be noted that, in sensitivity
analyses (not reported here), the selected transect spacing was found
sufficient to ensure a good convergence of MCS model results.
Transects were discretized into a large number of points within the
GIS and, for each transect point, a UTM (Universal Transverse Mercator)
coordinate was assigned in conjunction with a depth below mean
water. [Transect points were stored as (bathymetric) data files for use
within theMonte Carlomodel.] Transects are numbered fromNorth to
South (Fig. 1), with Transect #1 being in the vicinity of Cape Cod, MA
and Transect #45 being located near the Southern end of the New
Jersey coast.
ction, with insert of Gaussian distribution of coastal runup (within a +−10° sector).



Fig. 4. Probability distributions in MCS model input parameters and key results (illustration of model non-linearity).
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Fig. 5. Color-coded sediment types and topographic contours, represented in ArcGIS. Transects (45 blue lines) used in slope stability analyses are also shown. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The northeast U.S. shoreline contains many irregularities that
cannot be considered in the MCS model, due to the simplified
representations of tsunami propagation and runup. Therefore,
Maretzki (2006) simplified the coastline into a multi-linear shape,
by eliminating such irregularities (e.g., Long Island Sound). Doing so, a
series of shoreline points (defined by latitudinal and longitudinal
coordinates) was generated in ArcGIS-9 and for use in the tsunami
propagation/runup part of the MCS model. The coastal points are
numbered from 1–900, in the same manner as the transects: north to
south from Cape Cod, MA to northern Delaware.

Surficial sediment properties were obtained from the Continental
Margin Mapping (CONMAP) database (Poppe et al., 2005) and
incorporated into ArcGIS-9 as well (Fig. 5). While the sediment
found along each transect is not homogeneous laterally, it was
assumed to be homogeneous vertically. Furthermore, the depth to
bedrock, which is unknown within the region, was assumed to be
greater than the maximum failure thickness selected in the model.
This assumption is reasonably valid for open slopes; it may not be
Table 2
Sediment classification and strength parameters used in MCS model.

USGS sediment
descriptiona

GIS sediment layer
generalized classificationb

Effective stress angle

[ϕ′]

Gravel Gravel 40–44°
Sand Sand 32–36°
Gravelly sand Gravel–sand 36–40°
Silty sand Clay–silt/sand (type I) 30–34°
Clayey sand Clay–silt/sand (type II) 28–32°
Sand with silt and clay Sand/silt/clay (type I) 28–32°
Silt Sand–clay/silt (type I) –

Sandy silt Sand–clay/silt (type II) 28–32°
Clayey silt Sand–clay/silt (type III) –

Silt with sand and clay Sand/silt/clay (type II) –

Clay Clay –

Sandy clay Sand–silt/clay (type I) –

Silty clay Sand–silt/clay (type II) –

Clay with sand and silt Sand/silt/clay (type III) –

a Predominant grain-size is italicized, which is used to merge similar sediment into a sim
b To account for sediment variability within the simplified ARC-GIS 9 layer, each USGS class

model.
valid for some geological features such as canyon walls (e.g., Hudson
River Canyon), which are typically steep and stable, due to shallow
bedrock features.

Each identified sediment type was assigned both a range of
physical properties and geographic boundaries (defined in UTM
coordinates). These were exported as data files for use within the MCS
model. For each randomly selected failure point coordinates along a
given transect, a corresponding sediment type is thus found, for which
randomly selected physical and strength properties are assigned
(within the specified sediment's ranges). It should be noted that
sediment properties in the study area, such as type, bulk density,
strength, and excess pore pressure, yield the greatest uncertainty in
the analysis, due to the lack or paucity of geotechnical borings along
the U.S. Northeastern Continental Shelf. [The only publicly available
boring data for this region is provided by the Ocean Drilling Program
database (ODP, 2008), for only three bore holes in our area (Sites 1071,
1072, and 1073), all of which are located in the same region along the
Hudson Apron (Leg 174A).] Because of this, information on surficial
of internal Friction Undrained shear strength ratio Assumed
failure type[su/s′v]

– Translational
– Translational
– Translational
– Translational
– Translational
– Translational
0.18–0.22 Rotational
– Translational
0.19–0.23 Rotational
0.17–0.21 Rotational
0.20–0.24 Rotational
0.18–0.22 Rotational
0.19–0.23 Rotational
0.19–0.23 Rotational

plified and usable ARC-GIS 9 layer, with generalized sediment classifications.
ification is separated by “type”with a uniform probability of occurrence within the MCS
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sediments from CONMAP was used instead, to construct uniform
sediment profiles within the study region.

Based on such sediment classifications, effective stress friction
angles [ϕ′], ranging from 28° to 44°, were used for coarse-grained
sediments, and undrained shear strength ratios [Su/σ ′v], ranging from
0.17 to 0.24, were used for fine-grained sediments (Table 2). Vertical
effective stresses [σ ′v] were calculated, assuming no overpressure (i.e.,
normally consolidated conditions), and the increase in bulk density
with depth was assumed to be similar to that of data collected in ODP
Leg 174A. The sediment data, together with bathymetric and
topographic data, was then used to create a series of additional GIS
layers in ArcGIS-9 (Fig. 5).

2.3. Seismicity

Seismicity was characterized along transects based on a United
States Geological Survey database (USGS, 2007), which was devel-
oped to provide an estimate of peak horizontal ground (bedrock)
acceleration [PHA], for any location of the continental and coastal U.S.
(defined by its latitude and longitude) and for nineteen annual rates of
exceedance (Fig. 6). These seismic hazard maps consider onshore and
offshore faults, subduction zones, and historical background seismi-
Fig. 6. Typical peak horizontal acceleration probability distribution, at two locations (0.1°
exceedance 1/λ. The curves are polynomial fits of the probability to the log of the accelera
city, and are assumed to be accurate within the longitudinal extent of
the U.S. Exclusive Economic Zone (to 65-degrees W longitude;
Harmsen, USGS 2008, personal communication). The study region
considered in the MCS analysis falls well within this zone of
applicability; hence, the USGS database is deemed sufficiently
accurate to estimate the PHA in the study area. In the model, the
latter was discretized over a 0.1°×0.1° grid and all cells representing
inland locations were removed (Maretzki, 2006). To improve the MCS
efficiency, polynomial curve fits of ln(PHA) as a function of the
probability of exceedance were made for each cell on the transects,
using USGS data.

Once a trial failure surface is selected along a transect in the MCS
model, the curve fit for that location is used to determine PHA values,
for different annual rates of exceedance (e.g., for 50, 60, 70,…, 500 yr).
Increasing values of PHA are thus applied in the slope stability
analysis, until failure occurs or the annual rate of exceedance exceeds
750 yr. It is assumed that the trial surface will fail for any PHA greater
than the minimumvalue found to cause failure. Therefore, for a 100 yr
seismic triggering event, all failures with a minimum PHA of 100 yr or
less are included within the statistical analysis. Likewise, for a 500 yr
seismic triggering event, all the 100 yr seismic data is included, along
with additional failures with a minimum PHA corresponding to a
grid cell) within the study area; probability is expressed as an annual probability of
tion data from USGS maps (2007).
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return period less than 500 yr. With this methodology, the probability
for a tsunamigenic slope failure to occur in our study area, and that of
related tsunami hazard, can be assessed more accurately than in our
earlier MCS approach (e.g., Maretzki et al., 2007).

2.4. Slope stability analyses

In the MCS model, slope stability is assessed by applying two
pseudo-static limit equilibrium methods, depending on the type of
sediment found along each transect, and hence likeliest failure
mechanism: (i) translational failures (i.e., slides or infinite slope
failures) for coarse-grained sediments; and (ii) rotational failures (i.e.,
slumps) for fine-grained sediments. In both cases, failure is assumed
to be triggered by the PHA generated by an earthquake, as determined
from the exceedance probability distribution for the considered
location (Fig. 6), in combination with excess pore pressures (above
hydrostatic conditions; see next section). In the stability analyses, the
earthquake is assumed to cause a pseudo-static horizontal inertial
force (in view of the relatively short duration of seismic ground
motions on the order of 10 s), proportional to the total sediment mass,
applied to the center of mass of the selected tentative failure volume
and oriented in the downslope direction.

In seismic analyses, maximum PHA values are typically reduced to
account for various natural damping mechanisms, by applying a
seismic coefficient k defined as [0,1] PHA/g, with g the gravitational
acceleration (typical values are 50 to 85% PHA/g; e.g., Terzaghi, 1950;
Seed, 1979). However, bedrock ground motions can be amplified
significantly as they propagate through soft sediments towards the
seafloor. Considering the lack of detailed information about sediment
stratigraphy, depth to bedrock, and sediment properties that would be
necessary for a thorough site response analysis, in our analyses, it was
assumed that the effects of reducing PHA and the subsequent motion
amplification would cancel each other, and thus a value of k equal to
the PHA/gwas used in MCSs. Furthermore, due to the relatively small
PHA magnitude within the region (typically less than 0.02 g),
extremely large amplification (when combined with the reduction
for the pseudo-static coefficient) would be required to create a
noticeable difference in our pseudo-static analysis calculations of the
factor of safety.

2.4.1. Infinite slope method
This method is used to assess the stability of translational failures

of homogeneous cohesionless slopes using effective stress para-
meters. The failure plane is assumed to be at relatively shallow depth
and parallel to the slope face, which implies that slide length l≫T, the
slide thickness perpendicular to the failure plane (Fig. 7). In this
procedure, one expresses the equilibrium of gravity, seismic, and
Fig. 7. Forces acting on a translational slope failure (infinite slope), including a pseudo-
static horizontal force to simulate seismic loading.
frictional forces, with the moment equilibrium being implicitly
satisfied. Summing the forces parallel and perpendicular to the failure
plane yields,

S = W Vsinβ + kW cosβ ð1Þ

N = W Vcosβ − kW sinβ ð2Þ

where W=ρsgV is the total weight of the failed mass, W′=(ρs−ρw)
gV is the buoyant weight, β is the seafloor slope angle, and V= lT is the
slide volume per unit width, with ρs and ρw the sediment bulk and
water density, respectively. The effective shear and normal stresses
per unit width acting on the failure plane are then calculated as,

τd =
S
l
= Tg ρs − ρwð Þ sinβ + kρs cosβð Þ ð3Þ

σ V=
N
l
= Tg ρs − ρwð Þ cosβ − kρs sinβð Þ: ð4Þ

To account for any change in pore pressure above hydrostatic
conditions (e.g., from initial excess pore pressure, seismic activity,
etc…), a stress Δu defined as,

Δu = Ru ρs − ρwð ÞgT cosβ ð5Þ

is subtracted from the effective normal stress σ ′, with Ru a stress
reduction factor, whose meaning and value are detailed in the next
section.

Hence, the limit equilibrium equation expressing the slope factor
of safety reads,

FS =
cV+ σ V− Δuð Þ tan/V

τd
ð6Þ

which, for cohesionless sediment (c′=0) and using Eqs. (3)–(5),
reduces to,

FS =
s − 1ð Þ 1− Ruð Þ− ks tanβ

s − 1ð Þtanβ + ks
tan/V ð7Þ

with s=ρs/ρw the sediment specific density.

2.4.2. Modified Bishop Method
This method is used to assess slope stability for deep rotational

failures (i.e., slumps) occurring in fine-grained cohesive materials,
under undrained loading conditions. The failure surface is approximated
by a circular cylinder, and the region between this surface and the slope
is divided into vertical slices (Fig. 8a). Both moment and vertical force
equilibrium are expressed using total stress strength parameters.

In the assumed geometry, we denote r the failure circle radius and,
for each slice i: ai is the failure plane angle at the base of each slice, k,
Wi andW′i are defined as in the infinite slope method, Ni is the normal
force, Si=τiΔli the shear force, with the width of each slice Δli, being
an equal fraction of the failure circle arc length (Fig. 8b). Expressing
the equilibrium of the moment of forces about the center of the failure
circle, for slices i=1,…, I, we find,

r
XI

i=1

τiΔli
FS

− W Vi sinαi − kWi
di
r

� �
= 0 ð8Þ

in which the shear force is divided by the factor of safety FS. The
seismic lever-arm di can be further expressed in terms of the radius of
the failure circle as,

di = r cosαi −
hi
2

ð9Þ



Fig. 8. (a) Rotational slope failure in the Bishop Method, with an additional horizontal
seismic force. (b) Free body diagram of an individual slice.
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where hī is the average slice height. Substituting Eq. (9) into Eq. (8),
expressing the shear stress τi as a function of the undrained shear
strength, and solving for FS, we find,

FS =

PI
i=1

Sui
Δli

PI
i=1

W Vi sinαi + kWi cosαi − hi
2r

� �� � ð10Þ

where Sui
is the undrained shear strength of the sediment, for each

slice.

3. Excess pore pressures

There is some evidence for the presence of excess pore pressures
(i.e., above hydrostatic equilibrium conditions), along localized
regions of the Hudson Apron (ODP Leg 174A, Site 1073), likely due
to weak sandy drainage layers (Locat et al., 2003). Although these
drainage layers are not believed to extend over our entire region of
study, their distribution is not fully known. Pore pressures due to poor
drainage layers, together with other pore pressures that could be
generated as a result of seismic activity, greatly influence slope
stability analyses, by causing a reduction in shear strength of the
sediment. Hence, such a reduction was incorporated into the effective
stress slope stability analyses performed within the MCS model.

Since there is no established method for calculating how much
pore pressure (above hydrostatic) is generated during seismic activity,
a stress reduction factor Ru is applied during simulations, to represent
both the unknown initial conditions (overpressures related to
drainage) and seismic pore pressure generation. This stress reduction
factor is used to calculate the change in pore pressure above
hydrostatic expressed by stress Δu in Eq. (5). Values of Ru are
randomly selected between 0 and 1 during MCS simulations, using a
Gaussian distributed random number R (0 mean and 0.25 standard
deviation), and semi-empirical equations depending on the failure
type (translational, rotational), ϕ′, and β. The latter equations are in
part based on the subsurface investigation by Locat et al. (2003), but
contain an additional coefficient e, whose value was empirically
adjusted, in order for MCS results to closely approximate known
failure type distributions within the region (i.e., frequency of failure
type, from Booth et al., 1993).
Specifically, for rotational failures, we define,

Rur = Rrr + e ð11Þ

with the limits: 0≤Rur≤ rr and,

rr = 1:01− 0:09β ð12Þ

the maximum value of stress reduction calculated by Locat et al.
(2003), for an undrained shear stress ratio Su/σ ′vo=0.2 prior to the
occurrence of slope instability (applicable to most normally con-
solidated marine sediment; Ladd and Foote, 1974). For rotational
failures, the best fit of the empirical coefficient is found to be ε≅0.35.
With this value, Eqs. (11) and (12) yield, through the entire set of MCS
trials for all the transects, a nearly Gaussian Rur distribution (not
shown), with minimum of 0, maximum of 0.96, mean of 0.38 and
standard deviation of 0.16.

For translational failures, a similar approach is followed, by defining,

Rut = rVt + αt rt − rVtð Þ with αt = R + e ð13Þ

(−1≤αt≤1), and,

rVt = 0:9− 0:03β ð14Þ

defined as 90% of the pore pressure required to fail the slope (for a
given β), under static conditions andwith an effective friction angle of
ϕ′=28° (the lowest value that is considered within the MCS model).
[Eq. (14) is easily derived as r′t=0.9Rut from Eq. (7), when solving it
for Rut and assuming FS=1, k=0, and tanβ≅β for small angles.]
Similarly, we define,

rt = 0:991− 0:033β + 0:0003/V ð15Þ

as 99% of the stress reduction required for static failure of the slope.
The first two terms in Eq. (15) are similar to Eq. (14) (except for a
0.99/0.9 factor), but the last term represents an empirical correc-
tion that accounts for changes in effective friction angle of the
sediment.

For translational failures, the best fit of the empirical coefficient is
found to be ε≅0.5. With this value, Eqs. (13)–(15) yield, through the
entire set of MCS trials for all the transects, a nearly Gaussian Rut
distribution (not shown), with minimum of 0 (but almost no values
between 0 and 0.5), maximum of 0.99, mean of 0.82 and standard
deviation of 0.09.

As mentioned, using Eqs. (11)–(15) and the calibrated values of ε
(0.35 and 0.5), we will show in the section on MCS model validation,
that failure parameter distributions are in reasonable agreement with
field observations by Booth et al. (1993) and Chaytor et al. (2007). In
view of the near absence of data and information on excess pore
pressure in the region, this agreement can be counted among the
success of the present study.

3.1. Failure width

Once a failure has been identified in the MCS model to occur along
one of the transects, its lateral extent must be determined. Due to the
uniqueness of each site and the variability within the sediment
distribution, there is no reliable method for accurately (and
automatically) determining the lateral extent of a slope failure. In
their landslide tsunami simulation work, Watts et al. (2005a)
estimated that, based on published field observations, the width of
translational failures (wt) was approximately 25% of their length (l)
and the width of rotational failures (wr) was approximately equal to
their length (see Watts et al. 's paper for references). These empirical
values ofwt andwr are used in theMCSmodel as a basis for estimating



Fig. 9. Sketch for the generation over a slope of angle β, of a tsunami with characteristic
amplitude ηo, by a typical SMF slide of length l, thickness T, average depth d, and density ρs.
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failure width; to account for uncertainty, however, we allow for a
random ±20% variability as,

wt = 0:1 2 + Rð Þl ð16Þ

wr = 0:4 2 + Rð Þl ð17Þ

where R is a random variable, uniformly distributed between 0 and 1.
Finally, a maximum limit to the failure width was set, based on the

distribution of known failures by Booth et al. (1993) and Chaytor et al.
(2007), to ensure that failurewidths selected in theMCSmodel would
not be unrealistic for the region.

3.2. Tsunami generation and runup

As discussed before, for every failure identified in the slope
stability model, an initial tsunami characteristic amplitude ηo is
calculated using semi-empirical equations (developed for transla-
tional and rotational failures, based on two- and three-dimensional
numerical simulations; Grilli and Watts, 2001; Grilli et al., 2002; Grilli
and Watts, 2005; Watts et al., 2005a). For landslide tsunamis, ηo is
defined as the maximum depression of the free surface above the
submarine landslide geometrical center and given by,

ηoT = SoT 0:0574− 0:0431 sinβð Þ T
l

� �
l sinβ
d

� �1:25
1−e−2:2 s−1ð Þ� � w

w + λoT

� �
ð18Þ

ηoR = SoR
0:131
sinβ

� �
T
l

� �
l sinβ
d

� �1:25 l
r

� �0:63

ΔΦð Þ0:39 1:47− 0:35 s − 1ð Þð Þ s − 1ð Þ w
w + λoR

� �

ð19Þ

for translational and rotational failures, respectively, with d the depth
below sea level above the center of the failed mass, w the failure
width, (ΔΦ, r) the maximum angular displacement and radius of a
rotational failure (see Fig. 9), SoR and SoT the characteristic distance of
motion for translational and rotational and failures,

SoT =
π
2
l s + 1ð Þ ð20Þ

SoR =
rΔΦ
2

ð21Þ

respectively, and the characteristic tsunami wavelength,

λoT =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πld s + 1ð Þ2
2 sinβ s − 1ð Þ

s
ð22Þ

λoR =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rd

s + 1ð Þ
s − 1ð Þ

s
ð23Þ

respectively. [Note, the last terms in Eqs. (18) and (19) express
changes in characteristic tsunami amplitude due to three-dimensional
lateral energy spreading, validated using Grilli et al. (2002) model.]

As also discussed before, the maximum runup for each particular
slope failure is estimated as R≈ηo, according to the “correspondence
principle” (with ηo given by Eqs. (18) or (19) depending on failure
type). The main direction of tsunami propagation is assumed to occur
near that of the failed transect, with some randomness added within
an arbitrary ±5° angular variation (Fig. 3). Maximum runup R occurs
on the coast in this direction, and runup is then modulated along-
coast assuming a Gaussian shape and an angular spreading of ±10° on
either side of the maximum runup location (Fig. 3 insert). Runup
values, corresponding to each failure and transect, are tabulated
together for the 900 points describing the idealized Northeastern U.S.
Coastline (Fig. 3). Once all MCSs are completed, runup statistics are
calculated for each coastal point. This will be detailed later.
3.3. Tsunami breaking height estimate

The tsunami breaking height Hb was estimated for each coastal
point, within each region of elevated risk identified in the MCS model
(defined later), using long wave theory (e.g., Dean and Dalrymple,
1984), with some additional assumptions: (i) no refraction is
considered, hence tsunami wave rays are assumed to be straight, in
themain direction of propagation (along coordinate x), from the point
of origin (i.e., the SMF source center of mass) to the shore; (ii) similar
to the simplification of the coastline geometry, the shoreface
bathymetry is idealized as a plane mild slope (1:35), extending from
shore to a water depth equal to 65 m or 65% of the water depth at the
top of continental slope, whichever is largest; and (iii) the continental
shelf bathymetry is assumed to vary linearly from the toe of the
shoreface to the top of the continental slope.

Wave height variation as a function of depth is classically obtained
from energy flux conservation as (o indices indicate deeper water
quantities),

Ecg≈
1
8
ρgH2

o

ffiffiffiffiffiffiffiffi
gho

q
=

1
8
ρgH2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g h + Hð Þ

q
ð24Þ

with E
―
the time-averaged wave energy, ho=d the initial water depth

at the landslide location, and cg=c the long wave group velocity,
equal to the phase velocity (note the nonlinear correction of phase
speed in the right hand side of Eq. (24), in shallower water, because of
the large anticipated tsunami height near the shore). Simplifying, we
get,

H
Ho

=
ho

h + H

� �1=4
ð25Þ

which is similar to Green's law, except for the nonlinear correction.
[Eq. (25) can be solved iteratively, to provide Hi(x) as a function of
hi(x), at a series of points i=1,…, I, spaced Δx along the direction of
tsunami propagation.]

For long waves, breaking is assumed to occur, at x=xb, when the
ratio of wave height to local depth Hb/hb=κ, the breaking index
(taken equal to 0.8 in the model for a mildly sloping bottom).
Therefore, Eq. (25) yields the breaking depth,

hb =
Ho

κ

� �4 ho
1 + κ

� �1=5
ð26Þ

and Hb=κhb, with xb obtained from the nearshore bathymetry.

3.4. Tsunami travel time estimate

Tsunami travel times t0 can be estimated, over the idealized
bottom topography, from the SMF source (x=0) to the breaking point
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(x=xb), based on the same long wave approximation, by integrating
1/ c over space (with c=(g(h+H))1/2 and H(h(x)) given by
Eq. (25)); and similarly from the breaking point to shore (x=x0),
assuming a local wave height H=κh and a constant bottom slope
s=hb/(x0−xb) in the surfzone. After simple analytical developments
we find,

t0 =
XI

i=1

Δxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g hi + Hið Þ

p + 2
x0−xb

gs 1 + κð Þ
� �1=2

: ð27Þ

An average arrival time t̄0 was calculated for all tsunamis reaching
a given coastal point, as the average of travel times weighted by their
respective runup.

3.5. Results of Monte Carlo simulations

The data returned from the MCS model yields both deterministic
physical sediment and SMF properties, for each pseudo-static analysis
and tsunami generation and, for each coastal point, an ensemble of
tsunami runups, breaking heights, breaking point locations, and
tsunami travel times.

This simulated data must be subjected to a statistical analysis,
before any meaningful tsunami hazard and risk assessment can be
made. This is detailed in Section 3, with validation given in Section 4.

4. Statistical analysis

4.1. Principle

An accurate estimate of tsunami hazard requires a proper
statistical analysis of MCS results. However, owing to the vast amount
of simulated data, it can be difficult verifying that the applied
methodology produces realistic results. Hence, each step in the
analysis must thus be thoroughly understood and validated.

For lack of better guidance, the methodology (and terminology),
used here to assess tsunami hazard along the Upper U.S. East Coast, is
consistent with other standard methods used, e.g., by U.S. Federal
agencies to assess similar hazards (e.g., NOAA for hurricanes, USGS for
earthquakes, and FEMA for floods). This ensures that resulting
tsunami hazard maps are consistent with other similar hazard maps,
and can thus be interpreted in the same manner.

While the definition of return periods for earthquakes and induced
PHA is well understood, one must clearly define the resulting 100 yr
and 500 yr tsunami events, leading to coastal impact (i.e., runup and
inundation) of a similar return period. The latter is the key effect of
SMF tsunamis, whose hazard this work aims at quantifying. However,
there is no simple correlation between these two types of return
periods (i.e., a 100 yr earthquake at a given location does not trigger a
100 yr tsunami). A given earthquake may or may not trigger a SMF
tsunami, but when it does, the tsunami magnitude and coastal impact
depend upon a complex set of parameters, nonlinear physical
processes, and local conditions, which we have attempted to describe
in the MCS model discussed before.

Consistent with the method used, e.g., for storm surge analysis,
coastal runup (and inundation) caused by a tsunami is defined to have
a return period (or recurrence interval) of X years, if its magnitude is
such that it is equaled or exceeded once on average every X years. The
reciprocal of the return period is the probability that tsunami runup or
inundation be equaled or exceeded in any given year. Using the same
definition, an X year tsunami runup (e.g., 100/500 yr) thus has a 1/X
annual probability (e.g., 1/0.2%) of being equaled or exceeded in any
single year. It should be stressed that this return period definition does
not imply that the X year tsunami will occur once over the next X
years; instead, this will only be true in average, over a much longer
time span than X (large number theorem).
4.2. SMF return period

Prior to performing statistical analyses of MCS coastal data, one
must define the return period of tsunamigenic slope failures (SMF)
caused by a given seismic triggering ground acceleration (e.g., for a
500 yr earthquake), including the possibility that such a PHAwill not
trigger any failure. This is achieved by calculating the joint probability
of occurrence PSMF, of a Y yr PHA (of probability PPHA=1/Y) and a
tsunamigenic SMF (of probability Pf) as,

PSMF = PPHAPf ð28Þ

with,

Pf =
n
N

ð29Þ

where n is the total number of tsunamigenic slope failures identified
in the MCS model, given a Y yr (e.g. 100/500 yr) PHA, for a total of N
trials across the study area. [Note, only failures that resulted in
tsunami amplitudes greater than 0.02 m were counted in n. A variety
of threshold values were tested, to determine which tsunami
amplitude should be considered significant regarding coastal impact.
Thus, increasing the threshold from 0.02 m to 1.0 m resulted in less
than a 5% difference in runup. Considering amplitudes less than
0.02m, however, resulted in a significant increase in n, yielding a large
bias of runup distributions towards the small values.]

4.3. Number of trials and model convergence

Due to its probabilistic nature, each time the MCS model is run,
slightly different results and distributions are obtained (e.g., for
tsunamigenic slope failures size, geometry, and types (i.e., transla-
tional or rotational), tsunami runups, etc…), and results also depend
upon the number N of trials used, which must be large enough to
ensure that output distributions are both realistic and converged, as
compared to some known distributions. To ensure a realistic geometry
of slope failure, constraints were imposed based on distributions of
failure size and type, obtained from field campaigns within the study
region (Booth et al., 1993). Regarding model convergence, Nowak and
Collins (2000) indicate that the distribution of all possible MCS results
can be characterized by a degree of variation (expressed in terms of a
coefficient of variation CoV). Based on this, the annual-probability
Pmax, of the maximum return period that can be estimated in a
probabilistic model, for N simulations, is given by,

Pmax =
1

NCoV2
	 


+ 1
: ð30Þ

A coefficient of variation CoV=10% was assumed in this study
(Nowak and Collins, 2000), and (after some trials) we used 15,000
simulations for each of 45 transects, hence, N=675,000. Therefore,
from Eq. (30), Pmax=0.000148 (or a 0.015% annual-probability
event), and the maximum return period that can accurately be
estimated is 6750 yr. Note, this maximumdoes not refer to any specific
event (e.g., tsunamigenic SMF), but rather is the limit of accuracy of
the statistical analysis: if any annual probability is less than Pmax then
the number of trial surfaces in the MCS model must be increased to
ensure convergence, given the selected CoV value.

4.4. Runup statistics

Coastal runup statistics can now be generated based on the return
period of the tsunamigenic slope failure (1/PSMF), which is in general
different from that Y of the PHA. Accordingly, it is expected that the
runup data generated at each coastal point, for a given tsunamigenic
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slope failure return period (1/PSMF), will contain on average a
tsunami runup corresponding to this event. [For example, runup data
at each coastal point for a 1/PSMF=2500 yr tsunamigenic SMF is
expected to contain on average one 2500 yr tsunami runup event, and
five 500 yr tsunami runup events.] The design tsunami for a given
return period X (e.g., 100 yr) is defined as the event that causes a
tsunami runup with annual probability of exceedence PX=1/X (e.g.,
1%) at each coastal point; hence, this runup is expected to be equaled
or exceeded once, on average, during a X yr period.

To calculate the design tsunami runup for a given coastal point,
runup values collected from all tsunamigenic SMFs affecting this
particular coastal point are first sorted in descending order (from 1 to
M, where M is the number of runup data for that coastal point, with
magnitudes greater than 0.02 m). Themth largest runup value is then
selected such that m=(0.01) M. The design runup is then selected as
the xth largest runup value such that,

x =
PX
PSMF

m ð31Þ

Fig. 10, and the example below, illustrate the application of this
method to Coastal Point 700 in our MCS.

Example. For Coastal Point 700 (along the New Jersey coastline),
there are M=5963 collected tsunami runups corresponding to the
SMFs identified in the MCS model. For N=675,000 simulations (as
discussed before) the MCS model identifies n=104,637 tsunamigenic
SMFs, for a PHA corresponding to the Y=500 yr earthquake
(PPHA=1/Y=0.2% annual probability). From Eq. (29), the probability
of a tsunamigenic SMF is: Pf = n

N = 104;637
675;000 = 0:15501:
Fig. 10. Sample of data set for Coastal Point 700, corresponding to a tsunamigenic slope failur
right, with the magnitude of the 3350-yr and 500-yr tsunamis identified.
Therefore, the joint annual probability of a tsunamigenic SMF
(Eq. (28)) is:

PSMF = PPHA � Pf = 0:002 � 0:155
≈0:0003 or a 3350 yr: return periodð Þ:

Thus, runup data collected for each coastal point contains up to a
3350-yr tsunami runup event. [Note, results of the MCS model are
within the acceptable CoV (assumed to be 10%), and hence converged,
since PSMFNPmax=0.000148 from Eq. (30).]

Once runup data for point 700 has been ranked in descending
order, Eq. (31) indicates, the x=60th point (1%-percentile point)
represents the 3350 yr runup event (since PX=PSMF=0.03% annual-
probability tsunami), or 11.12-m (Fig. 10), and the x=1987th point is
the 100 yr runup event (1% annual-probability tsunami), or 0.7 m;
similarly, the x=398th point is the 500 yr runup, or 3.91 m.
Furthermore, by definition, it is expected that on average six 500-yr
tsunamis and thirty-three 100-yr tsunamis should be contained
within the entire coastal runup data set.

It is important to note that these are global hazard levels and they
do not consider the nearshore bathymetry or shoaling effects. Detailed
tsunami modeling is required to determine the local-scale hazard
levels, which may yield up to a significant increase in inundation.

5. Validation of Monte Carlo simulation model

The relevance of probability distributions specified or generated in
the MCS model, for each input and output geometric or physical
parameter (e.g., slide depth, length, etc…), is the key to the accuracy
of tsunami hazard assessment, as improper distribution functions will
e return period of 3350 yr. Runup is ranked in descending order in columns from left to



Fig. 11. MCS cumulative frequency distribution, compared to normal distribution fit (R2=0.989), of the randomly generated slide density ρs (input parameter). With m(ρs)=
1816.6 kg/m3 and s(ρs)=39.9 kg/m3.
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bias statistical analyses and yield unrealistic results. To verify their
relevance, these distributions were calculated based on model results,
and compared to expected theoretical distributions or data when the
latter was available. Such validations were performed up to very long
return periods, such as 10,000 yr, using at least 10,000 simulations for
each return period and transect.

Additionally, a multiple-part validation of the MCS slope stability
analyses was performed, comprising: (i) a basic analysis of selected
failure planes, with evaluations of safety factors at various stages of
the slope stability methodology for translational failures; (ii) a
comparison of MCS critical failure surfaces with those of the standard
code SLOPE-W™ for rotational failures; (iii) a comparison of the
coefficients of variation of soil properties used in the model with
published data; and (iv) a comparison of failures predicted by the
model to known submarine failure geometries (Booth et al., 1993).
The latter validation ensures that only realistic failures are being
considered in the eventual statistical analysis of tsunami runup.

Thework by Booth et al. (1993) identified 179 individual landslides
(i.e., SMFs) on the northeast U.S. Atlantic outer continental margin.
The geometry and type of these SMFs varied widely, for instance:
length varied between 0.3 and 380 km (the most frequent length
being 2 to 4 km); width ranged from 0.2 to 50 km (the most frequent
Fig. 12. MCS cumulative frequency distribution, as compared to log-normal distribution fit (
1247 m and s(d)=485 m.
width being 1 to 2 km); and thickness widely varied from 10 to 650m.
The area of these SMFs ranged from 0.1 to 19,000 km2, with two-third
of all known slides in the region having an area of 10 km2 or less. The
majority of failures occurred for slopes of 4° or less, a few for slopes of
4–10°, and only very rarely for slopes between 10–12°. Booth et al.
(1993) concluded that steep slopes (i.e., submarine canyon sidewalls,
typically greater than 13°) are generally stable, with extremely rare
slide occurrences. The types of failures ranged from block slides to
debris flows, with themajority being debris slides (i.e., displacedmass
of large coarse-grained sediment). The failure shape was found to be
predominantly translational (57% of all cases) and occurring on an
open slope morphological setting.

5.1. Distributions of input parameters

Figs. 11–13 show cumulative frequency distributions of SMF density,
depth, and length, based on over 20,000 failures identified in the MCS
model. Results clearly exhibit the expected normal or log-normal
distributions for each parameter (R2 close to 1 were obtained for each
probabilitycurvefit), andparticularlywithin the typical5–95%probability
range. Additional verifications (not shown here) were done for slide
thickness-to-length ratio (uniform distribution), width ratio (uniform
R2=0.974), of the randomly generated slide depth d (input parameter). With m(d)=



Fig. 13. MCS cumulative frequency distribution, as compared to log-normal distribution fit (R2=0.999), for the randomly generated slide length l (input parameter). With m(l)=
5749 m and s(l)=3024 m.
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distribution within the selected range), and tsunami direction of
propagation with respect to the transect direction (normal distribution).
5.2. Slope stability

5.2.1. Translational failures
A three-stage method is used to compare the factor of safety FSMCS

computed in the MCS model using Eq. (7), to that obtained from the
standard force equilibrium method for infinite slope failures (Duncan
and Wright, 2005).

The first stage ensures that the selected failure plane is stable, with
respect to the sediment strength properties, prior to specifying any
triggering mechanism, by checking that the failure plane angle β
Table 3
Validation results for translational failures.

Transect
no.

Angle β Friction angle ϕ′ Density ρs Sp. density Pore press

(°) (°) (kg/m3) s Ru

19
4 28.13 1762.91 1.72 0.84

16
1 32.83 1785.47 1.74 0.95

44
1 33.38 1866.39 1.82 0.95

29
4 28.69 1797.34 1.75 0.84

3
3 28.89 1825.28 1.78 0.88

8
3 30.23 1773.18 1.73 0.88

10
2 31.92 1792.01 1.74 0.91

30
7 28.28 1784.76 1.74 0.74

37
5 28.54 1780.33 1.73 0.8

14
3 31.61 1729.98 1.68 0.88

22
3 28.97 1784.47 1.74 0.87

33
2 33.2 1729.1 1.79 0.92

1
4 29.65 1765.18 1.72 0.84
selected by the model does not exceed the effective friction angle ϕ′ of
the sediment,

FS1 =
tan/V
tanβ

: ð32Þ

The second stage verifies that the inclusion of excess pore
pressures, through Ru in Eq. (5), does not cause failure without
seismic activity,

FS2 = 1− Δu
gρw s − 1ð Þcosβ

� �
tan/V: ð33Þ

The third stage considers seismic activity and: (i) checks the
computation of FSMCS within the model; and (ii) verifies that the slope
. ratio k=PHA/g FS1 FS2 FS3 FS4 FSMCS

(%) Eq. (32) Eq. (33) Eq. (12) Eq. (12) MCS

0.0061 7.645 1.2 0.992 – 0.986
0.0056 – – – 1.006 1
0.0066 36.963 1.856 0.993 – 0.976
0.0062 – – – 1.022 1.005
0.0066 37.747 1.767 0.968 – 0.954
0.0059 – – – 1.017 1.004
0.0078 7.826 1.254 0.994 – 0.987
0.0073 – – – 1.007 1
0.0075 10.529 1.28 0.966 – 0.958
0.0063 – – – 1.007 1
0.008 11.119 1.345 0.989 – 0.979
0.0074 – – – 1.009 1
0.0089 18.68 1.605 0.993 – 0.979
0.0084 – – – 1.015 1.001
0.0088 4.427 1.173 0.998 – 0.993
0.0084 – – – 1.005 1
0.0089 6.216 1.23 0.989 – 0.982
0.0079 – – – 1.011 1.005
0.0099 12.406 1.492 1.002 – 0.989
0.0096 – – – 1.014 1.001
0.0086 10.743 1.385 0.996 – 0.986
0.008 – – – 1.016 1.007
0.009 19.22 1.599 0.974 – 0.992
0.0086 – – – 0.99 1.008
0.009 8.14 1.307 0.999 – 0.99
0.0087 – – – 1.008 1



Table 4
Validation results for rotational failures.

Input parameters: determined by Monte Carlo model Su/s′v FSMCS Safety factor Case

l d T β ρs Ru k=PHA/g FS (SLOPE-W™)

(m) (m) (m) (°) (kN/m3) (%) Bishop's Ordinary Janbu Spencer

1652.62 1245.53 133.22 7 18.09 0.39 0.0017 0.2041 0.873 0.736 0.736 0.723 0.736 Case 1
1220.29 1094.04 163.02 7 18.58 0.38 0.0017 0.2155 0.965 0.985 0.985 0.954 0.985 Case 2
3581.53 1792.24 287.9 3 18.88 0.68 0.009 0.1959 0.998 0.986 0.986 0.968 0.986 Case 3
1769.92 654.22 198.06 13 18.59 0.00 0.0065 0.2084 0.998 0.942 0.942 0.901 0.942 Case 4
2890.53 1617.33 182.11 4 18.36 0.48 0.0146 0.2054 1.026 1.072 1.072 1.058 1.072 Case 5
2108.52 1750.53 269.46 2 18.66 0.71 0.0146 0.1922 1.044 1.181 1.181 1.122 1.181 Case 6
1734.04 1482.49 189.64 4 18.237 0.37 0.0146 0.1964 1.305 1.355 1.355 1.289 1.355 Case 7
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is failing for the minimum PHA. To do so, Eq. (7) is first solved for the
same PHA (i.e., k) as determined by themodel to cause failure [FS3], and
then for a PHA corresponding to a seismic return period of 10 yr less
[FS4]. The latter is to ensure that the PHA reported by the model is truly
the minimum required to cause failure, and hence the return period of
the event is accurate. The latter is vital for the accuracy of statistical
analyses of the resulting tsunamis and the generation of hazard maps.

Table 3 shows validation results for 13 randomly selected
translational failures. First, solely based on sediment properties, the
safety factor [FS1] is extremely large (ranging from 4 to 36), indicating
very stable slopes especially at low failure angles (less than 5°;
however, failures are known to have occurred within the region at
such low angles). Second, the inclusion of excess pore pressures is not
sufficient to cause failure without seismic activity [FS2], even for the
large magnitudes of Ru in these 13 failed cases. The magnitude range
of FS2 (1.20 to 1.86) indicates that these slopes, both naturally and in
the model, remain stable at elevated pore pressures. Further, it is
evident from the small magnitude of the PHA, which can realistically
be found within this region (see values for the 13 cases), that seismic
activity alone is not large enough to cause failure, without the
inclusion of excess pore pressures. Third, once seismic activity is
included into the validation analysis, together with excess pore
pressure, the factor of safety [FS3] decreases to below unity,
confirming that both are required to cause failure. This safety factor
compares well with the computed safety factor in the MCS model
[FSMCS]. Finally, the factor of safety corresponding to a seismic return
period of 10 yr less [FS4] is found greater than unity in all cases (but
one: 0.99), confirming that failure would not occur at a lower seismic
return period, and thus the minimum return period is truly being
calculated within the Monte Carlo model.
5.2.2. Rotational failures
Rotational failures are validated by comparing MCS predictions to

those of commercial software SLOPE-W™, in which effects of various
triggering mechanisms can be modeled (e.g. pore pressures, seismi-
city, etc.), according to several methodologies (e.g., Bishop's Method,
Ordinary Method of Slices, Janbu's Method, Spencer's Method, etc…).
Becausewe can verify the overall safety factor found in theMCSmodel
[FSMCS], there is less need to validate the methods stage-by-stage, as
was done above for translational failures.
Table 5
Comparison of coefficient of variation to published values.

Density Bouyant density

MCS model Published MCS model Publi

Minimum 1492.31 – 468.31 –

Maximum 1954.90 – 930.90 –

Mean 1832.74 – 808.74 –

Std Deviation 41.90 – 41.90 –

CoV 2.3% 3-7% 5.2% 0–10%
While an agreement in the calculated safety factors (by both
SLOPE-W™ and the MCS model) is required for validation, it is also
critical to determine whether a reasonable agreement can be reached
in the location of the failure surfaces. If the model assumes a deep
failure, but the critical failure surface in SLOPE-W™ is shallow, then
(even if the safety factors are similar) a bias may be introduced within
the initial tsunami amplitude, thus altering the statistical analysis of
the resulting runup. Alternately, if there is only a moderate correlation
between safety factors, but there is a good correlation in the modes of
failure, then it can be reasonably assumed that realistic failure surfaces
are selected by the MCS model.

Conventional stability analyses, such as done by SLOPE-W™, locate
a critical failure surface by evaluating many potential slip surfaces
through a systematic search process, and identifying the surface with
the minimum factor of safety. By contrast, in the MCS trials the model
only selects a single failure surface at a time, and analyzes its stability.
The randomly selected surface may not be the critical failure plane, as
determined from conventional means. However, thousands of trial
slip surfaces are evaluated along the same transect, with varying
geometry, sediment properties, and ground accelerations, and it is
expected that, upon convergence, this process will result in the
identification of relevant critical failure planes.

Verifying that it is the case is the main purpose of this validation.
Thus, Table 4 shows parameters and results for 7 randomly selected
rotational failures in the simulations (CASE 1-7), with FSMCS ranging
from 0.837 to 1.305. The table shows that each of four methods used in
SLOPE-W™ produces a factor of safety FS in good agreement with that
determined by the MCS model. [To do so, we used the same starting
point for the failure surface, sediment properties, and groundmotions
as used in MCS simulations, and set moderate constraints to the
maximum length of the possible failure surfaces investigated by
SLOPE-W™ (±25% of the length selected within the MCS model). The
reason for the latter is to confine SLOPE-W™ to the same regional
bathymetry that is being considered by the MCS model, so that a valid
comparison of failure surfaces and safety factors can be made.] This is
to be expected for an effective stress analysis on submerged slopes.
The Janbu Method is only a force equilibrium analysis (the other
methods satisfy moment equilibrium), but still produces a safety
factor consistent with the other methods. The final step in the
validation (not shown here) was to verify that the failures surfaces
identified for those 7 cases in both the MCS model and in SLOPE-W™,
Effective stress friction angle Undrained strength ratio

shed MCS model Published MCS model Published

28 – 0.190 –

39.96 – 0.240 –

31.71 – 0.207 –

1.48 – 0.010 –

4.7% 2–13% 5.1% 5–15%



Fig. 14. Frequency of failure slope angle for MCS (100 and 500 yr PHA), as compared to observed failures (Booth et al., 1993). For the latter, the slope angles are determined at the site
of the SMF origin.
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using Bishop's Method as in the MCS model, were also in good
agreement; this was found to be true in all cases.
5.3. Comparison of coefficient of variations for sediment properties

The final validation of slope stability analyses in the MCS model is
to compare the ranges, as measured by the coefficients of variation
[CoV=s.d./mean], of distributions of sediment physical parameters
found in the MCS model, to published values. A good agreement of
these ranges will imply that the Monte Carlo model is not predicting
trial sediment properties that could be considered unrealistic and bias
the results. This validation is done in Table 5, for strength parameters
and unit weights (bulk and buoyant), whose CoVs are found to be in
good agreement with those published by Duncan and Wright (2005).
[It should be noted that CoV values calculated from theMCS results are
at the lower end of the ranges cited in the literature. In the case of the
density parameter, the MCS value is slightly lower (difference of 0.7%)
than the published range.]
Fig. 15. Frequency of failure type for MCS (100 and 500 yr PH
5.4. Comparison of model results to known failures from geological
evidence

The final validation of the MCS model outputs is to compare the
distributions of failure parameters generated by the model with
distributions known from geological evidence. The MCS model
outputs tsunamigenic failures and their characteristics. Geological
surveys, by Booth et al. (1993), provide evidence of SMFs over a span
of approximately 200,000 yr [Chaytor et al. (2007) indicate that the
majority of these slides are older than 10,000 yr]. It is not known,
however, how many of these were tsunamigenic, but it is hoped
nevertheless that distributions of their relevant parameters will be
comparable with MCS predictions (i.e., for area, slope angle, and
failure type).

For this comparison, the model was runwith 50,000 trials for each
transect, and information corresponding pertaining to the 100 and
500 yr PHA was collected. Distributions of failure slope angle, area,
and type were compared. The agreement between observed and
predicted types of failure (i.e., translational or rotational) and failure
A), as compared to observed failures (Booth et al., 1993).



Fig. 16. Frequency of failure area for MCS (100 and 500 yr PHA), as compared to observed failures (Booth et al., 1993). Note, in the observations, slide area may be smaller than
depicted, due to survey methodology used at the time.

92 S.T. Grilli et al. / Marine Geology 264 (2009) 74–97
slope angles appears reasonable in Figs. 14 and 15; the agreement is
not as good for the failure area in Fig. 16. While it is noted by Booth
et al. (1993) that the mean slide area may be smaller than observed,
because of survey methodology used at the time of the study, the MCS
model does not yield a slide with an area greater than 500 km2 and
only a negligible fraction of slides with an area greater than 100 km2.
Also, theMCSmodel predicts a larger percentage of medium size areas
(1–5 km2) and less small size areas than observed. Two main model
parameters contribute to this discrepancy, sediment type and
associated properties, and the determination of the lateral extents of
the submarine landslide. Given the high degree of uncertainty
regarding the sediment type data, due to the very small amount of
available core data, it is reasonable to assume that, as more reliable
geotechnical sediment data is obtained, the correlation of this
distribution function with observations will improve. Overall, results,
however, are deemed to yield a relatively good agreement between
predicted and observed data for slope failures in the region, thus
validating the outputs of the MCS model in this respect.
Fig. 17. MCS cumulative frequency distribution, compared to log-normal dis
6. Results of the Monte Carlo model

6.1. Probability of tsunamigenic slope failure

When using the Monte Carlo model for complete analyses, 15,000
simulations were performed for each of the 45 transects (i.e.,
N=675,000). Using the statistical analysis methodology described
above, results yield a 15.5% probability of a tsunamigenic SMF,
resulting from a 0.2% annual-probability (i.e., 500 yr) PHA event
within the study area. As detailed before, the corresponding
tsunamigenic SMF return period is 3350 yr (i.e., a 0.03% annual
probability of occurrence).

The coastal runup associated with up to a 3350 yr tsunamigenic
SMF was found to satisfy a log-normal probability distribution at each
coastal point (e.g., Fig. 17 for Point 700). This is consistent with field
observations or results of simulations of tsunami runup with a
propagation model (e.g., Ioualalen et al., 2007). Based on these
distributions, the 1% and 0.2%-annual-probability tsunami inundation
tribution fit (R2=0.978), of the coastal runup calculated at Point 700.



Fig. 18. MCS runup for design tsunamis of 1 (――――) and 0.2 (- - - - -) % annual probability, as a function of coastal point number (Nb.), increasing from N to S. Coastal regions with
relatively increased tsunami hazard are marked for points: (a) 480–570 (Long Island, NY) and (b) 640–780 (New Jersey coast).
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levels (100, 500-yr design tsunamis) were calculated as discussed
before, similar to standard methodologies adopted by FEMA and
NOAA.

6.2. Upper U.S. East Coast tsunami hazard

Fig. 18 shows the SMF tsunami runup predicted along the studied
section of U.S. coastline, for the 100 and 500 yr tsunami events; these
range from 0.1 to 0.8 m and 0.5 to 4.2 m, in each case, respectively. No
region of relatively elevated tsunami risk is identified in the 100 yr
runups. However, for the 500 yr runups, two areas of elevated risk
appear, with maximum runups reaching 3 m (a) and 4.2 m (b); these
are the Hudson River estuary and Western Long Island coastline (NY)
(a), and the New Jersey coastline (b). This first-order estimate of
overall SMF tsunami hazard, in terms of 100 and 500 yr tsunami runup
events, is thus found to be quite low at most locations, particularly as
compared to the typical 100 yr hurricane storm surge in the region
Fig. 19. Coastal transects yielding the highest potential tsunamigenic submarine landslide ha
Atlantic City, NJ; Fig. 18).
(approximately 5 m; USACE, 1988). However, two regions of relatively
elevated hazard were identified; Fig. 19 shows coastal transects, in
these, which yield the highest potential tsunamigenic landslide
hazard, and marks the most affected coastal region (Cape May to
Atlantic City, NJ).

Up to this point, maximum coastal runup (our measure of tsunami
hazard) has been estimated by the initial tsunami depression above
each SMF (i.e., using the “correspondence principle”). This assump-
tion, however, neglects site-specific effects on tsunami propagation
and transformation, which are governed by the local bathymetry and
coastline topography. These effects can lead to significant wave
refraction and shoaling, leading to tsunami focusing or de-focusing in
some areas. While the absence of such effects in the model may still
yield a relatively good first-order estimate of regional tsunami hazard
(Figs. 18 and 19), the actual detailed coastal runup and inundation
levels may vary greatly in some locations. It was deemed computa-
tionally prohibitive to perform full tsunami propagation simulations
zard (expressed in terms of runup), and the most affected coastal region (Cape May to



Fig. 20. Tsunami breaking height as a function of coastal points numbered increasingly from N to S (Nb.) (same line codes and (a), (b) definitions as in Fig. 18).
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for each tsunamigenic SMF identified in the MCSmodel. Nevertheless,
a simple estimate of breaking height was performed for each
propagating tsunami, which included shoaling effects (as a function
of a simplified nearshore bathymetry; Eqs. (24)–(27)), while preser-
ving the same statistical methodology that produced runup results.
Using this methodology, breaking wave heights were computed for
the 100 yr and 500 yr events in Fig. 20, and corresponding breaking
distances from shore in Fig. 21. As could be expected, breaking wave
heights are found to follow the same trend as runup, with the same
two regions (a) and (b) of relatively elevated risk. Breaking heights,
however, are larger than predicted runup and, particularly, the 500 yr
tsunami breaking height (at an average 265 m offshore), is greater
than the 5 m hurricane storm surge, in most of regions (a) and (b) of
Fig. 20.

In Fig. 21, the distance from the shoreline to each estimated
tsunami breaking point (Eq. (26)) shows that, in the two regions of
elevated risk: (a) the 500 yr tsunami breaking distance is 280 m in
average (76m for the 100 yr tsunami); (b) the average 500 yr tsunami
breaking distance is 251 m (61 m for the 100 yr tsunami). This
estimated location of tsunami breaking can be used to either increase
or decrease the potential hazard along localized coastal points. As
waves break, their energy is dissipated and both their height and
velocity decrease. Therefore, as the breaking distance from shore
Fig. 21. Average tsunami breaking distance from shore as a function of coastal points number
increases, there is a wider surf zone to cause more energy dissipation
before waves reach the shore. However, an increased distance may
also correspond to larger incoming tsunamis, with larger breaking
wave heights (as can be seen by looking at Fig. 20).

Finally, computations of tsunami travel times yield t0=126–
164min, with a mean t̄0=134min, for the 100 yr event, and t0=125–
161 min, with t̄0=135 min, for the 500 yr event. Hence, assuming the
SMF (or the generated tsunami) can be detected at the source, there
should be ample warning time, of at least 2 h in the region.

7. Conclusions

Locat and Lee (2002) identified 9 major challenges in the study of
SMFs: (i) the need to improve sediment sampling techniques in
conjunction with in-situ testing; (ii) the integration of 3D seismic
modeling into slope stability analysis; (iii) the use of long core
sampling to determine the frequency of catastrophic failures; (iv) the
identification and understanding of the physical process of the sedi-
ment transition from pre-failure to post-failure conditions, to better
predict the initial acceleration and the transition of the failedmass to a
fluid-like debris flow; (v) hazard assessment; (vi) monitoring the
movement and mobilization of actual slide events; (vii) determining
and incorporating the role of subsurface water flow and gas hydrate
ed increasingly from N to S (Nb.) (same line codes and (a), (b) definitions as in Fig. 18).
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dissociation in slope stability modeling; (viii) evaluating the me-
chanics of giant slide events and improving the current understanding
of their great run-out distances; and (ix) development of standard
criteria to classify seafloor deposits as either landslides or migrating
sediment waves.

This work addresses the hazard assessment (item (v)) of
submarine failures (SMF), following a probabilistic approach. While
a SMF, by itself, poses a significant risk to infrastructure (e.g., cables,
pipelines, foundations of offshore structures, etc…), there is minimal
direct risk to human life. However, the indirect risk to human life
increases substantially when considering the possibility of a resulting
tsunami. Therefore, here, the hazard presented by the SMF is not
measured in terms of physical characteristics (e.g., size and kinematic
velocity), but in its tsunami potential, defined by runup (or coastal
inundation levels).

A Monte Carlo Simulation (MCS) model was developed, refined,
and validated to estimate hazard along the upper U.S. East Coast, from
seismically triggered tsunamigenic SMF, expressed in terms of design
tsunami runup (and breaking wave height) levels, at a given annual
probability of exceedance. The model framework incorporates actual
bathymetry for the continental shelf, and the seismic data was
characterized using a U.S. Geological Survey database (USGS, 2007).
To estimate the peak horizontal ground (bedrock) acceleration [PHA],
for more efficiency, the study area was discretized into a 0.1° grid and
all cells representing a location on land removed; in each cell, the
natural logarithm of the PHA was curve fitted to the probability of
exceedance from the database, and these equations were then used to
generate PHA for any given seismic return period. Considering the lack
(or paucity) of detailed information about sediment types and
stratigraphy, depth to bedrock, and sediment properties, necessary
for a site-specific response analysis, the pseudo-static seismic
coefficient was assumed equal to the PHA.

Due to the limited geotechnical investigations and data available,
surficial sediment profiles from the Continental Margin Mapping
(CONMAP) database were used to classify the sediment types within
the region. Each identified sediment type was assigned distributions
within a set range of physical and strength properties. Furthermore,
the sediment along each transect is not homogeneous laterally;
however, due to the limited geotechnical investigations it was
assumed that the sediment is vertically homogenous. Furthermore,
the unknown depth to bedrock within the region was assumed to be
greater than the maximum failure thickness.

Based on the single coring data available for the region (ODP Leg
174A), a potential for high levels of initial (excess) pore pressures was
noted. To account for these and additional pore pressures that could
be generated during seismic activity, an empirical reduction in shear
strength of the sediment, as a function of pore pressures (above
hydrostatic conditions), was incorporated into the effective stress, in
slope stability analyses performed within the MCS model.

Once a trial slip surface is chosen in the MCS model, the PHA curve
for that location is used to determine values of PHA for different
annual rates of exceedence. Increasing values of PHA are applied until
the slip surface fails (or the PHA return period exceeds 750 yr).
Depending on the sediment type, an appropriate limit equilibrium
equation is utilized to determine stability (i.e., Infinite Slope for
cohesionless sediment; Modified Bishop's Method for cohesive
sediments). All the failures are then cataloged according to a desired
seismic triggering event (e.g., 100 or 500 yr ground motion).

Once a failure is deemed to occur, the model determines the
magnitude (if any) of the resulting tsunami and coastal runup. A filter
of 0.02 m was applied to define the minimum initial tsunami
amplitude to be considered tsunamigenic. The tsunami wave then
propagated onshore and corresponding runup, travel time, breaking
height, etc…, were computed for each coastal point.

After all simulations were completed, a relevant statistical
methodology was established and validated, to calculate the prob-
ability of a seismically triggered tsunamigenic failure and the
corresponding potential (coastal) hazard (in terms of an annual
probability of exceedance for tsunami runup). This methodology is
derived from currentmethods used to assess the potential hazard from
floods, hurricanes, and earthquakes, and yields similar hazardmaps. In
this new methodology (i.e., as compared to earlier versions of this
work byMaretzki et al., 2007), the annual probability of tsunamigenic
failure is determined as the joint probability of theprobability of failure
(determined by the MCS model) and the annual probability of the
seismic trigger. Therefore, the runup data resulting from randomMCS
trials, is expected to contain on average a tsunami runup correspond-
ing to this event, fromwhich the 100 and 500 yr tsunami events can be
obtained. In this work the overall return period for tsunamigenic SMFs
in the region was found to be approximately 3350 yr.

Validation of the model is paramount to ensuring the accuracy of
the estimated tsunami hazard. Therefore, a thorough validation
process was developed and implemented, for each phase of model
development, based on comparisons to known geological evidence of
failures, known parameter distributions, published coefficients of
variation, and standard engineering slope stability practices (includ-
ing using commercial software). The model was thus found to agree
reasonably well with all validation data.

For 100 and 500 yr design tsunamis, the model predicts relatively
small tsunami runup along the U.S. East coast. The 100 yr tsunami
event has a peak runup of less than 1 m in the region, and identifies
only one region (the New Jersey Coast) of slightly elevated hazard.
The 500 yr tsunami event, however, clearly points at two regions of
elevated hazard, Long Island, NY (with a peak runup of approximately
3 m) and the New Jersey Coast (with a peak runup of approximately
4 m).

To a first-order estimate, these runup levels appear sufficiently
below those of a 100 yr hurricane surge of about 5m (USACE,1988), to
be discarded as the main flooding hazard in the region (Fig. 18).
However, it must be emphasized that this is only a first-order
estimate, for the main purpose of identifying regions of elevated
tsunami hazards on a regional scale. Local effects (e.g., fine-grid
bathymetry, non-simplified shorelines, wave refraction and shoaling,
etc…) could potentially create significant increases in runup (and
resulting inundation). Hence, particularly for a 500 yr event, tsunami
inundation could locally potentially be greater than the typical 100 yr
storm surge (5m) along this Atlantic margin. This is especially true off
of Atlantic City, NJ (Fig. 19), as illustrated in Fig. 20, with a peak
breaking height of 6 to 7-m. Further, the wave breaking distance from
the shoreline was found to be relatively small (approximately 265 m
for the 500 yr event; Fig. 21) indicating that the energy dissipation and
reduction in wave height and celerity before impacting the shore are
relatively low, thus increasing the potential inundation hazard. Finally,
calculated tsunami travel time estimates show that, assuming the SMF
(or the generated tsunami) could be detected at the source, there
should be ample warning time of at least 2 h in the region.

In closing, the combination of nearshore breaking and elevated
wave height at breaking appears to offer a richer estimate of tsunami
hazard, in this analysis, than solely based on a simple estimate of
runup, derived from initial tsunami amplitude, which may signifi-
cantly underestimate the true magnitude of such hazard. Fig. 19
marks transects found most susceptible to SMF in MCS simulations,
as well as the most likely severely impacted coastal area off of NJ. In
future work, this region of the continental shelf should be the focus
of more detailed geotechnical investigations, and actual tsunami
generation and propagation modeling. Finally, first-order estimates
of flooded areas could be inferred based on static heights, from runup
distributions predicted along the coast, such as in Fig. 18. However,
local flooding should be best determined from more accurate direct
regional tsunami and local flooding simulations, particularly in the
identified regions of elevated hazard; this could also be the object of
future work.
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Notations

The following symbols are used in this paper:

β seafloor slope angle;
c′ effective sediment cohesion;
cg long wave group velocity;
CoV coefficient of variation;
d depth below sea level;
Ē time-averaged wave energy;
ε empirical coefficient;
ϕ′ effective friction angle;
FS factor of safety;
ΔΦ maximum angular displacement;
g gravitational acceleration;
H local wave height;
Hb wave height at breaking;
Ho initial wave height;
h local water depth;
hb water depth at breaking;
ho initial water depth;
ηoR initial tsunami amplitude, rotational failures;
ηoT initial tsunami amplitude, translational failures;
κ breaking index;
k pseudo-static seismic coefficient;
l SMF length;
λoR characteristic tsunami wavelength, rotational failures;
λoT characteristic tsunami wavelength, translational failures;
Pf probability of slope failure;
Pmax maximum annual probability;
PSMF annual probability of tsunamigenic slope failure;
PPHA annual probability of a given seismic ground motion;
PHA peak horizontal ground (bedrock) motion;
R runup;
Rur stress reduction factor, rotational failures;
Rut stress reduction factor, translational failures;
r radius of rotational failure;
ρs sediment density;
ρw water density;
R randomly generated number;
S shear force;
Su undrained shear strength;
Su/σ ′vo undrained shear strength ratio;
SoR characteristic distance of motion, rotational failures;
SoT characteristic distance of motion, translational failures;
s sediment specific density;
σ ′ normal effective stress on the failure plane;
σ ′v vertical effective stress;
T SMF thickness;
to tsunami arrival time;
t0̄ average tsunami arrival time;
τd shear stress on the failure plane;
Δu change in pore pressure;
V SMF volume;
W total SMF weight;
W′ buoyant SMF weight;
wr SMF width, rotational failure;
wt SMF width, translational failure; and
Δx change in distance from SMF origin to location of wave

breaking.
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