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Tsunamis generated by landslides and volcanic island
collapses account for some of the most catastrophic
events recorded, yet critically important field data
related to the landslide motion and tsunami evolution
remain lacking. Landslide-generated tsunami source
and propagation scenarios are physically modelled in
a three-dimensional tsunami wave basin. A unique
pneumatic landslide tsunami generator was deployed
to simulate landslides with varying geometry and
kinematics. The landslides were generated on a
planar hill slope and divergent convex conical hill
slope to study lateral hill slope effects on the wave
characteristics. The leading wave crest amplitude
generated on a planar hill slope is larger on average
than the leading wave crest generated on a convex
conical hill slope, whereas the leading wave trough
and second wave crest amplitudes are smaller.
Between 1% and 24% of the landslide kinetic energy
is transferred into the wave train. Cobble landslides
transfer on average 43% more kinetic energy into
the wave train than corresponding gravel landslides.
Predictive equations for the offshore propagating
wave amplitudes, periods, celerities and lengths
generated by landslides on planar and divergent
convex conical hill slopes are derived, which allow an
initial rapid tsunami hazard assessment.
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1. Introduction
Tsunamis are generated by impulsively displacing a volume of water and can be generated by
submarine earthquakes and landslides, volcanic eruptions and asteroid impacts [1]. Landslide-
generated tsunamis can occur in confined bays, lakes, reservoirs, at islands or at continental shelf
breaks, and are particularly hazardous in the near-field region, producing locally extremely large
amplitude waves and run-up [2]. Landslide-generated tsunamis can be classified as subaerial,
partially submerged or submarine, depending on the initial landslide position. Major subaerial
and partially submerged landslide impact-generated tsunamis occurred at Knight Inlet in British
Columbia, Canada (1500s) [3], Tafjord (1934) and Lake Loen (1936) in Norway [4,5], Lituya Bay,
AK, USA, in 1958 [6–9], Vajont Dam in Italy in 1963 [10,11], Yanahuin Lake, Peru, in 1971 [12],
Fatu Hiva (Marquesas Islands; French Polynesia) in 1999 [13], Aisén Fjord, Chile, in 2007 [14,15],
Chehalis Lake in British Columbia, Canada, in 2007 [16–18] and in Haiti in 2010 [19]. Tsunamis
generated by submarine landslides were associated with the ancient Storegga slides [20,21], and
were observed in Puerto Rico in 1918 [22], Grand Banks, Newfoundland, in 1929 [23] and Papua
New Guinea in 1998 [24,25]. Tsunamis generated by volcanic activity associated with eruptions
or gravitational flank collapses have been recorded at Mount Unzen, Japan, in 1792 [26], Ritter
Island, New Guinea, in 1881 [27], Krakatau, Indonesia, in 1883 [28] and Stromboli, Italy, in
2002 [29,30].

Field data from these events are limited to the landslide scarp, run-up trimline, far-field
tide gauge recordings and the submarine deposit, where mapped. Physical models are used
to study the wave generation, propagation and run-up of impulsively generated waves. The
subaerial landslide tsunami generation process is a transient multi-phase flow involving unsteady
interaction between the landslide material, water and air. Historically, physical modelling of
landslide-generated tsunami focused on two-dimensional models with a solid block sliding down
an inclined slope [31–46] or with granular landslides [9,47–54]. Three-dimensional models using a
solid block slide on a plane hill slope were studied by Liu et al. [55], Lynett & Liu [56], Panizzo et al.
[57], Enet & Grilli [58,59] and Grilli & Watts [35], and a solid block slide on a conical hill slope was
performed by Di Risio et al. [60] and Romano et al. [61]. Direct comparisons of two-dimensional
and three-dimensional block models on planar hill slopes were studied by Heller & Spinneken
[62] and Heller et al. [63]. Lindstrøm et al. [64] physically modelled the potential Åknes landslide
with a block slide in a scaled model of Storfjorden in Norway. Tsunami wave evolution around
a conical island originating from offshore was physically modelled by Yeh et al. [65], Briggs et al.
[66] and Liu et al. [67]. Granular landslides were studied in three-dimensional model basins
with an inclined channel by Huber [51] and a planar hill slope by Mohammed & Fritz [68,69].
This study extends the physical modelling of three-dimensional tsunami generation by including
gravel and cobble landslide material in various topographic scenarios. This study analyses
the offshore propagating waves. Owing to manuscript length requirements and the exhaustive
run-up analysis performed, the run-up analysis will be included in a separate manuscript.

2. Experimental set-up
Physical model experiments based on real-world events using Froude similarity were conducted
at the George E. Brown Network of Earthquake Engineering and Simulation (NEES) tsunami
wave basin (TWB) at Oregon State University in Corvallis, OR, USA. The concrete TWB is 48.8 m
long, 26.5 m wide and 2.1 m deep. The offshore propagating wave is studied in two topographic
and bathymetric scenarios, basin-wide propagation and run-up scenario, and conical island
scenario, shown in figure 1a,b, respectively. The effects of the lateral hill slope are studied by
comparing the offshore propagating wave characteristics between the two scenarios. A total of 159
experimental trials were conducted in these two configurations, 39 of which were repeated trials.
Landslides are modelled using a unique landslide tsunami generator (LTG) shown in figure 1c
and described by Mohammed & Fritz [68], which can simulate landslides with varying geometry
and kinematics. The LTG consists of a sliding box filled with 0.756 or 0.378 m3 of landslide
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Figure 1. Wave gauge array used in the Network for Earthquake Engineering and Simulation (NEES) tsunami wave basin at
the O.H. Hinsdale Wave Research Laboratory at Oregon State University, Corvallis, OR, with water depth of h= 0.3 m for the
(a) basin-wide propagation and run-up scenario and (b) conical island scenario. (c) Pneumatic landslide tsunami generator
(LTG) in the retracted position after launching landslidematerial; naturally rounded (d) river gravel and (e) river cobble landslide
materials.

material which is accelerated by means of four pneumatic pistons down a 27.1◦ slope. This hill
slope, α, is selected to match the natural angle of repose of natural sediments and hill slopes.
Near peak box velocity, the landslide material exits the slide box and continues to accelerate
solely by gravity towards the water surface. Landslides were deployed into water depths, h, of
0.3, 0.6, 0.9 and 1.2 m. Two different landslide materials were used to study the effects of the
landslide granulometry on the wave characteristics. Naturally rounded river gravel was used
in both scenarios with a grain size gradation of 95% passing the 19.1 mm sieve, 5% passing the
12.7 mm sieve and median grain size diameter (d50) of 13.7 mm. In the conical island scenario,
naturally rounded river cobbles were tested with a grain size diameter larger than the 19.1 mm,
and some cobbles were larger than 100 mm in all dimensions. The landslide materials can be seen
in figure 1d,e. Both landslide materials had a slide grain density ρg = 2.6 t m−3, bulk slide density
ρs = 1.76 t m−3, porosity n = 0.31, internal friction angle φ′ = 41◦ and basal friction angle on steel
δ = 23◦. The two landslide volumes tested correspond to masses of 1350 and 675 kg. The granular
landslide material used in the present model is similar to past granular landslide models that
match the bulk slide characteristics of subaerial rock landslides [48,68,70]. The results from the
present model may not appropriately scale to cohesive materials, such as clays, or fine particle
sediments, such as sands and silts [71–73].

The investigated parameters that govern tsunami generation by granular landslides are the
water depth, h, slide impact front velocity, vs, slide thickness, s, slide width, b, slide volume,
Vs, and shoreline radius, rc. The corresponding non-dimensional parameters are the landslide
Froude number, F, relative slide thickness, S, relative slide width, B, relative landslide volume,
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V, and relative shoreline radius, Rc. The landslide Froude number is defined as F = vs/
√

gh. The
landslide Froude number is the ratio of the slide impact front velocity and the linear shallow
water depth wave celerity,

√
gh. Because the landslide Froude number, F, is proportional to h−0.5,

the slide Froude number is more sensitive to the landslide impact velocity than the water depth.
The landslide Froude number is tested in the range 1.05 ≤ F ≤ 3.85. Typical real-world subaerial
landslide-generated tsunamis are in the range of 1 < F < 4 and submarine landslide-generated
tsunamis are typically in the range F < 1. The subaerial landslide-generated tsunami in Lituya
Bay, AK, USA, in 1958 produced the largest recorded wave run-up of 524 m with a landslide
Froude number of F = 3.2, in a water depth of h = 122 m at the impact site and landslide impact
velocity of vs = 110 m s−1 [6].

The relative slide thickness and width are measured at impact and are, respectively, defined
as S = s/h and B = b/h. The relative slide thickness, S, is determined by the water depth and the
local landslide thickness, s, which is dependent on the landslide motion and downslope sliding
distance. The relative thickness is tested in the range of 0.08 ≤ S ≤ 0.46. The relative landslide
width, B, is determined by the water depth and the local slide width, b, which is dependent on
the landslide motion, downslope sliding distance and the lateral hill slope curvature. The convex
conical hill slope of the conical island scenario produced larger landslide widths at impact than
the planar hill slope. The relative landslide width at impact on the planar hill slope is in the
range 1 ≤ B ≤ 7. Minor differences are observed in the slide width between the gravel and cobble
landslides on the convex conical hill slope. The relative slide width on the convex conical hill slope
is in the range 1.4 ≤ B ≤ 11.7 for the gravel landslide and 1.4 ≤ B ≤ 11.2 for the cobble landslide.

The relative landslide volume is defined as V = Vs/h3. The relative landslide volume is
dependent on the dimensional landslide volume and the water depth. The relative landslide
volume is tested in the range 0.2 ≤ V ≤ 28. The landslide length scale is given as Ls = Vs/(sb), thus
the relative slide length is defined as L = Ls/h, and is tested in the range 0.7 ≤ L ≤ 34. The relative
shoreline radius is only applicable to the conical island scenario and is defined as Rc = rc/h, where
rc is the dimensional shoreline radius. The relative shoreline radius is an important parameter for
describing the curvature of the shoreline and is tested in the range 2.2 ≤ Rc ≤ 14.7.

State-of-the-art instrumentation is deployed in the wave basin to measure the characteristics
of the landslide motion and the wave properties of the tsunami-generated waves. Water surface
elevations are recorded by an array of resistance wave gauges. The landslide evolution is
measured from above and underwater camera recordings. The landslide deposit is measured
on the basin floor with a multiple transducer acoustic array. Landslide surface velocities are
determined with a stereo particle image velocimetry system. Wave run-up is recorded with
resistance wave gauges along the slope and validated with video image processing.

The offshore waves are investigated in the basin-wide propagation and the conical island
scenarios. In the basin-wide propagation and run-up scenario, 18 offshore wave gauges are
analysed between the two planar hill slopes. The two wave gauges in proximity to the opposing
hill slope are omitted from this offshore wave propagation analysis owing to interfering wave
reflections. The analysed offshore gauges are spaced in a radial and angular array within the
ranges of 3 < r/h < 50 and 0◦ ≤ θ ≤ 75◦. Similarly, in the conical island scenario, 21 offshore
wave gauges are analysed in a radial and angular array within the ranges of 3 < r/h < 50 and
0◦ ≤ θ ≤ 86◦. The gauge locations in the basin-wide propagation and the conical island scenarios
are shown in figure 1a,b.

The origin of the cylindrical coordinate system is defined as the intersection of the longitudinal
landslide motion centre and the waterline on the hill slope. The gauges remained constant, but
the relative position of the wave gauges, r/h, along given wave angle, θ , varied dependent on the
water depth. In both scenarios, 10 wave gauges are cantilevered from the instrumentation bridge,
whereas the remaining wave gauges are mounted in the basin. The instrumentation bridge is
placed close enough to the wave generation source to measure the water surface elevation in the
near-field region while avoiding landslide run-out. The gauge locations are strategically placed to
directly compare the waves between the two scenarios and investigate the influence of the lateral
hill slope on the offshore propagating wave.
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Figure 2. Subaerial slide evolution: dimensionless landslide front velocity vs/(gso)
1/2 as a function of propagation distance

down the hill slope after the landslide exits the slide box with a slide volume of (a) Vs/s3o = 28 and (b) Vs/s3o =
14; dimensionless landslide maximum thickness, sm/so, as a function of propagation distance down the hill slope with
a slide volume of (c) Vs/s3o = 28 and (d) Vs/s3o = 14; dimensionless landslide width, bm/so, with a slide volume of
(e) Vs/s3o = 28 and (f ) Vs/s3o = 14, where the gravel landslide on the planar hill slope is black, on the conical hill slope is
red and the cobble landslide on the conical hill slope is blue. The initial slide box front is xs = 0. The slide launch velocities
with slide volume Vs/s3o = 28 arevs/(gso)

1/2 = 1.3 (dotted),vs/(gso)
1/2 = 1.6 (dashed-dot),vs/(gso)
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0.9 and 1.2 m correspond to xs/so = 13.5, 11.3, 9.1 and 7.0, respectively.
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(a)

(b)

(c)

Figure 3. Wavegeneration: (a) gravel landslide impacts thewater body and the initialwater displacement becomes the radially
propagating leadingwave crest, (b) the landslide creates an impact crater in thewater surfacewhich becomes the leadingwave
trough and (c) the crater collapses producing the second wave crest. (Online version in colour.)

3. Landslide source and tsunami generation
The landslide material is initially in the slide box and is accelerated by four pneumatic pistons.
Near peak box velocity, the landslide smoothly transitions out of the slide box to the hill slope
and continues to accelerate by gravitational force towards the water while decreasing the slide
thickness and increasing the slide width [74]. The coordinate system for the landslide travel
distance down the hill slope is noted as xs, and the origin is set at the initial slide box front. The
landslide front velocity is measured with side view and high-resolution (2.8 mm per pixel in the
object plane) overhead cameras. The evolutions of the landslide front velocity with distance down
the hill slope for gravel landslides on planar and conical hill slopes, along with cobble landslides
on a conical hill slope, are shown in figure 2a,b. Similarly, the landslide thickness and width are
measured with overhead and side view cameras. The landslide velocity, thickness and width
at impact determine the landslide mass, momentum and energy fluxes. The landslide evolution
shown in figure 2 is normalized by the initial slide thickness, so, rather than the water depth, h, to
clearly show the landslide evolution at all water depths.

Variability in the wave measurements can be attributed to uncertainties in the landslide impact
parameters. Uncertainty in the landslide measurements can be estimated by the absolute value
of error in the camera image measurements and is based on the image calibration and scaling.
The maximum relative error in the dimensionless landslide parameters cannot exceed the sum
of the relative error from the dimensional components [75]. The maximum uncertainties for the
landslide front velocity, thickness and width are estimated as 3%, 2.7% and 3%, respectively. The
uncertainty in the measurement of the water depth is estimated as 1.7%. Therefore, the maximum
uncertainties for F, S, B and V are 3.8%, 4.4%, 4.7% and 5.0%. Repeated landslide measurements
found the differences in non-dimensional parameters to be less than 3% [76].

The offshore propagating wave characteristics are dependent on the landslide impact
characteristics [48,68]. The landslide tsunami generation process is shown in figure 3 with a
gravel landslide on a divergent convex conical hill slope. The landslide impacts the water and
transfers kinetic energy to the water body. This displaces the water in the impact region primarily
in the landslide motion direction, but also laterally around the landslide front. This displacement
produces a radial wave crest that propagates away from the impact site. The engulfing landslide
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Figure 4. Propagation of landslide-generated waves with slide parameters F = 3.8, S = 0.46, V = 14, h= 0.3 m
(corresponding to slide evolution measurements in figure 2 of vs/(gso)

1/2 = 2.2 and Vs/s3o = 14) measured at (a) θ = 0◦,
r/h= 11.6, (b) θ = 30◦, r/h= 13.4 and (c) θ = 60◦, r/h= 15.2, and with slide parameters F = 1.1, S= 0.18, V = 0.44,
h= 1.2 m (corresponding to slide evolution measurements of vs/(gso)

1/2 = 1.6 and Vs/s3o = 28) measured along θ = 0◦ at
(d) r/h= 4.4, (e) r/h= 7.8 and (f ) r/h= 11.9.

creates an impact crater by drawing down the water surface in the impact region, which becomes
the leading wave trough. Crater collapse and gravitational restoring forces drive the vertical
fluid uprush and onshore run-up, evolving into the second wave crest. As the trailing wave
crest propagates away from the impact site, several oscillating water surface depressions and
elevations occur resulting in the subsequent waves. Nonlinear transition-type wave profiles
generated by gravel landslides on planar and conical hill slopes and cobble landslides on conical
hill slopes are shown in figure 4. The size of the impact crater generated on both planar and convex
conical hill slopes varies with the landslide impact velocity, slide thickness and slide width. This
is due to the mass and momentum flux being primarily dependent on these impact parameters.

4. Wave amplitude

(a) Wave amplitude attenuation and prediction
Tsunami wave crest and trough amplitudes are critical hazards with each posing its own danger.
In the near-field region, impulsively generated waves are commonly in the nonlinear regime,



8

rspa.royalsocietypublishing.org
Proc.R.Soc.A472:20160052

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

deviating from the equipartition characteristic of linear waves. Wave crest and trough amplitudes
are analysed individually because of the varying amplitudes and celerities of each component.
Predictive equations for individual wave crest and trough amplitudes often note inversely
proportional wave generation parameters, making a single maximum wave amplitude predictive
equation practically challenging.

Mohammed & Fritz [68,69] produced predictive equations using multi-variable regression
analysis for the leading wave crest and trough amplitudes introducing the form a/h = kaf (r/h, θ ),
where the wave amplitude, a, is non-dimensionalized by water depth, h, whereas ka represents a
wave generation function coupled with an amplitude decay function involving the radial distance
from the source, r, and the wave ray angle, θ . Empirical equations for the individual wave
amplitudes are given by Mohammed & Fritz [68] and applied to the current dataset as

ac1

h
= kac1

( r
h

)nac1
cos θ , (4.1)

at1

h
= kat1

( r
h

)nat1
cos θ (4.2)

and
ac2

h
= kac2

( r
h

)nac2
cos2 θ , (4.3)

for the first wave crest, ac1, first wave trough, at1, and second wave crest, ac2. The second
wave crest decays more rapidly in the angular direction than the leading wave owing to the
differing wave generation mechanisms [68]. The radial propagation decay function, n, describes
the amplitude decay owing to three-dimensional energy spreading, frequency dispersion and
nonlinear effects. Effects of the higher-order nonlinear amplitude dispersion were observed in
the propagating wave celerity. The wave generation is described as a function of the landslide
impact and hill slope characteristics, ka = g(F, S, B, V, L, α, Rc). The planar hill slope equations are
expanded for applicability to convex conical hill slopes by deriving coefficients for the amplitude
generation and propagation decay functions. The wave amplitude generation, ka, and radial
propagation decay, na, functions are given as

kac1 = 0.31 F2.1S0.6Ckc1, (4.4)

kat1 = 0.7 F0.6S0.55L−0.2Ckt1, (4.5)

kac2 = 0.9 F0.7S0.6B−1L−0.5Ckc2, (4.6)

nac1 = −1.2 F0.25S−0.02B−0.33Cnc1, (4.7)

nat1 = −1.3 F−0.3B−0.02L−0.2Cnt1 (4.8)

and nac2 = −1.7 F−1B−0.2L−0.4Cnc2, (4.9)

where C is the conical hill slope coefficient which is equal to 1 for planar hill slopes. The conical
hill slope coefficients are given as

Ckc1 = tanh(FS3.05B2R0.4
c )

tanh(F0.4S2.8B1.1R0.94
c )

, (4.10)

Ckt1 = tanh(S−1B2.5R0.9
c )

tanh(S0.3B0.1R0.1
c )

, (4.11)

Ckc2 = tanh(S−2.9L0.3R2.5
c )

tanh(S−0.03L−0.3R0.2
c )

, (4.12)

Cnc1 = tanh(F−1S0.63R1.6
c )

tanh(F−0.68S0.06R0.34
c )

, (4.13)

Cnt1 = tanh(S−2.4L0.75R0.05
c )

tanh(S0.25L−0.06R0.6
c )

(4.14)
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and Cnc2 = tanh(B−5V0.25R4
c )

tanh(B0.55V−0.12R2
c )

, (4.15)

where all the conical hill slope coefficients are functions of the dimensionless shoreline radius, Rc,
which smoothly transitions the coefficients to 1 for large radiuses approaching planar hill slopes.
The wave amplitude conical coefficients, C, were derived using a nonlinear least-squares solving
technique with a fixed form and ranged in this study from 0.4 to 2.1. The leading wave crest
amplitude in this study results in an r2 correlation coefficient of 0.94 with a gravel landslide on
a planar hill slope and 0.93 with gravel and cobble landslides on a convex conical hill slope. The
predictive equation for the leading wave trough on planar and convex conical hill slopes result in
an r2 correlation coefficient of 0.94 and 0.95, respectively. The predictive equations for the second
wave crest on the planar and convex conical hill slopes produce an r2 correlation coefficient of 0.87
and 0.88, respectively. The measured versus predicted leading wave crest and trough amplitudes
are shown in figure 5a,b.

The expanded predictive equation for the leading wave crest on a planar hill slope matches the
equation by Mohammed & Fritz [68]. Measurements of the second crest’s amplitude at the water
depth h = 0.3 m in this study extend the range of parameters incorporated in the second wave crest
amplitude predictive equation compared with Mohammed & Fritz [68]. The first wave trough
and second wave crest amplitude data from the physical model described in Mohammed & Fritz
[68] were combined with amplitude data from the planar hill slope in this study to produce the
respective expanded predictive equations.

The leading wave crest amplitude is a function of the landslide Froude number, F, and relative
slide thickness, S, and the amplitude decay is inversely proportional to the relative slide width, B.
The strong dependency of the wave amplitude on the landslide Froude number and the slide
thickness was shown in two-dimensional granular experiments by Fritz et al. [48]. Increasing the
landslide Froude number produces a larger initial displacement of water, resulting in a larger
leading wave crest. Decreasing the slide width leads to a generation mechanism closer to a point
source with increasing radial decay. The leading wave trough is a function of the landslide Froude
number, F, relative slide thickness, S, and relative slide length, L. The leading wave trough is
generated by the drawdown produced when the landslide impacts the water surface and is
dependent on the landslide velocity and length scales, as noted in the equation. The second wave
crest is generated by the collapse of the impact crater and is a function of the landslide Froude
number, F, thickness, S, width, B, and length, L.

(b) Lateral hill slope effects
The lateral hill slope effects on the wave amplitude are compared between the planar and convex
conical hill slopes. The ratio of wave amplitudes (aplan/acon) generated by a gravel landslide on
planar (aplan) and convex conical (acon) hill slopes for the first wave crest, first wave trough and
second wave crest are in the ranges 0.85 ≤ ac1 plan/ac1 con ≤ 1.17, 0.40 ≤ at1 plan/at1 con ≤ 1.30 and
0.42 ≤ ac2 plan/ac2 con ≤ 1.64. The mean values for the lateral hill slope ratios for the first wave crest,
first wave trough and second wave crest are 1.02, 0.88 and 0.86, respectively. The measured wave
amplitudes generated by a gravel landslide on planar and convex conical hill slopes are shown in
figure 5c,d. The corresponding leading wave crest amplitude is on average larger when generated
on the planar hill slope than on the convex conical hill slope. In contrast, the corresponding
leading wave trough and second wave crest are on average smaller when generated on the planar
hill slope than on the convex conical hill slope. The lateral hill slope plays a more significant role
in the impact crater formation evolving into the leading wave trough and crater collapse with
subsequent uprush resulting in the second wave crest. The increased amplitude of the leading
wave trough and second wave crest on the convex conical hill slope may be attributed to the
curvature of the island shoreline being closer to normal with the wave rays of the offshore
propagating radial waves than the planar hill slope [76]. Increased wave amplitude normal to
the hill slope has been observed in previous planar hill slope studies [57,62,68,76,77].
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Figure 5. Comparison of the measured and predicted (a) leading wave crest amplitude, ac1/h, and (b) leading wave trough
amplitude, at1/h, where the gravel slide material on a planar hill slope is denoted with blue symbols, on a convex conical hill
slope with cyan symbols, and the cobble landslide material on a conical hill slope with red symbols. The 30% and 50% error
thresholds are shownwith dashed lines. Lateral hill slope effects: comparison of the wave amplitudes generated on planar and
convex conical hill slopes for the (c) leading wave crest and (d) leading wave trough. Granulometry effects: comparison of the
wave amplitude between gravel and cobble landslides for the (e) leading wave crest and (f ) leading wave trough.

(c) Landslide granulometry effects
The effects of the landslide granulometry are analysed by comparing the corresponding wave
amplitudes generated by gravel and cobble landslides on the convex conical hill slope. The ratios
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of the wave amplitudes generated by cobble (acob) and gravel (agrav) landslides for the first
wave crest, first wave trough and second wave crest are in the ranges 1.08 ≤ ac1 cob/ac1 grav ≤ 1.51,
1.08 ≤ at1 cob/at1 grav ≤ 1.46 and 0.82 ≤ ac2 cob/ac2 grav ≤ 1.28. The mean values for the granulometry
ratios are 1.25, 1.20 and 1.11 for the first wave crest, first wave trough and second wave crest,
respectively. On average, the cobble landslide produced mostly larger wave amplitudes than the
corresponding gravel landslide with the differences being most pronounced for the first wave
crest and trough. The wave amplitudes generated by cobble and gravel landslides on the convex
conical hill slope are shown in figure 5e,f .

The larger wave amplitude created by the cobble than by the gravel landslide may be due to a
more efficient energy transfer from the landslide to the wave. It is observed that the corresponding
cobble landslide width remains narrower than the gravel landslide on the convex conical hill
slope. Although the maximum thickness in the centre of the landslide is equivalent between the
landslide materials, the average thickness across the cobble landslide width decays less rapidly
than that of the gravel landslide. The larger cobbles also have more inertia to displace water than
smaller gravel granulates. This is visualized by the hummocky features in the deposits with larger
cobbles producing larger run-out than smaller material.

(d) Comparison with previous studies
Panizzo et al. [57] physically modelled landslide-generated tsunamis in a three-dimensional basin
with vertical walls using a sliding block on a rectangular trolley ramp to reach F ≤ 2.22. Similar
to the two-dimensional approach by Watts [34], the relative time of underwater motion was
determined to be an important factor which is given as

t∗s = 0.43
(

bs

h2

)−0.27
F−0.66(sin α)−1.32. (4.16)

The predicted first wave height by Panizzo et al. [57] is given by

H1

h
= 0.07 t∗

−0.3

s A∗0.88
w (sin α)−0.8 exp(1.37 cos θ )

( r
h

)−0.81
, (4.17)

where A∗
w is the dimensionless front cross-section given as A∗

w = (bs)/h2. The mechanical
stoppers used in the Panizzo et al. [57] model at the toe of the ramp abruptly cropped the
underwater slide run-out and significantly reduced the duration of slide motion compared with
the granular landslide run-out. This results in an underprediction by a factor of 2 when applying
equation (4.17) to this study. Doubling the predicted values from equation (4.17) produces an r2

correlation coefficient of 0.94 with the leading wave height generated with a gravel landslide on
a planar hill slope, matching the results discussed in Mohammed & Fritz [68].

Huber [51] conducted three-dimensional physical experiments on landslide-generated
tsunamis with granular material released by a rotating flap on a ramp that was laterally confined
by sidewalls forming a chute for the subaerial portion of the ramp. The lack of sidewalls and
lateral hill slope extensions in the basin produced complex hydrodynamics around the edges of
the ramp in the landslide impact site [68]. Huber & Hager [77] re-analysed wave amplitude data
from Huber [51] to produce a radial wave height distribution and decay figure without showing
the underlying experimental data [48], and derived the predictive equation for the maximum
wave height as

Hm

h
= 2 × 0.88 sin α cos2

(
2θ

3

)(
ρs

ρw

)1/4 ( Vs

bsh2

)1/2 ( r
h

)−2/3
, (4.18)

where α is the ramp slope angle, ρs is the landslide density and ρw is water density. Equation (4.18)
overpredicts with significant scatter the majority of the leading wave height measurements in the
present study with an r2 correlation coefficient of 0.73. The equation does not directly include the
landslide Froude number, F, or any other dynamic parameter at impact.



12

rspa.royalsocietypublishing.org
Proc.R.Soc.A472:20160052

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

5. Wave period
The tsunami wave periods are measured from the water surface elevation time-series recordings
at each wave gauge in the array. The individual waves in the wave train are measured with a zero
up-crossing point technique adequate for the characterization of positive leading N-waves. The
time difference between the up-crossing points is the wave period. The first up-crossing point
is defined as 5% of the first wave crest amplitude, η = 0.05 ac1. The wave gauges are spaced in a
radial array (r, θ ) to describe the wave period evolution in the spatial domain.

The first two wave periods are analysed to derive predictive equations. The usable portion of
the wave profiles is truncated by wave reflections, prohibiting the analysis of additional wave
periods for some wave gauges. The offshore propagating wave periods are measured in the
spatial ranges of 3 < r/h < 50 and 0◦ ≤ θ ≤ 75◦ with the planar hill slope and 3 < r/h < 50 and
0◦ ≤ θ ≤ 86◦ with the convex conical hill slope. The offshore propagating tsunami wave periods
generated by granular landslides on a planar hill slope are invariable in the angular wave ray
direction, producing a nearly constant radial wavefront period [57,62,68,76,78].

The first two offshore propagating wave periods are in the ranges of 5 < T1
√

g/h < 22
and 2 < T2

√
g/h < 10 for waves generated on both the planar and convex conical hill slopes.

Mohammed & Fritz [68] produced predictive wave period equations for impulsively generated
waves by granular landslides on a planar hill slope which have been extended to a convex conical
hill slope as

T1

√
g
h

= 4.8 F0.21S0.05L0.04CT1

( r
h

)0.3
(5.1)

and

T2

√
g
h

= 3.0 F0.03S0.03L0.01CT2

( r
h

)0.25
, (5.2)

where C is the conical hill slope coefficient given as

CT1 = coth(R0.57
c ) (5.3)

and

CT2 = coth(R1.4
c ), (5.4)

resulting in r2 correlation coefficients of 0.94 and 0.89 for the first and second wave periods on
the planar hill slope and 0.96 and 0.92 on the convex conical hill slope. The conical coefficients
are asymptotic to 1 as the shoreline radius increases, transitioning back to the planar hill slope
equation. The conical hill slope coefficients for the first two wave periods are in the range
1.0 < C < 1.1. The measured versus predicted wave periods are shown in figure 6a,b.

The influence of the lateral hill slope on the wave period is analysed by comparing the ratio
of the wave periods generated by a gravel landslide material on planar and convex conical hill
slopes. The ratio of the wave periods generated on a planar hill slope, Tplan, and a convex conical
hill slope, Tcon, are in the ranges 0.79 ≤ T1 plan/T1 con ≤ 1.19 and 0.73 ≤ T2 plan/T2 con ≤ 1.40 with
practically equal mean values of 0.98 and 0.99 for the first and second wave periods, respectively.
The lateral hill slope appears to play a minor role in the offshore propagating wave period. The
wave periods observed for gravel landslides on planar and convex conical hill slopes are shown
in figure 6c,d.

The effects of the landslide granulometry on the offshore propagating wave period generated
on the convex conical hill slope are analysed. The ratios of the cobble landslide-generated
wave periods, T1 cob, to the gravel landslide-generated wave periods, T1 grav, are in the ranges
of 0.73 ≤ T1 cob/T1 grav ≤ 1.40 and 0.81 ≤ T2 cob/T2 grav ≤ 1.41. Figure 6e,f compares the wave
periods generated by cobble and gravel landslides on a convex conical hill slope. The landslide
granulometry and resulting differences in downslope landslide spreading appear to have a minor
effect on the wave period. The wave periods observed for gravel and cobble landslides on convex
conical hill slopes are shown in figure 6e,f .
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6. Wave celerity
The tsunami wave celerity is important to calculate tsunami arrival times for issuing and
cancelling tsunami warnings. It should be noted that this analysis focuses on the offshore
propagating wave celerity, which would be different from the alongshore propagating wave
celerity [79]. The linear wave celerity can be determined by the linear dispersion relationship
using the wavelength, λ, or period, T, and the water depth, h, but linear wave theory is valid for
a/h < 0.03 [80]. The range of a/h in the present study is 0.001 < a/h < 0.35. The measured wave
amplitudes are typically nonlinear in the near-field region, but may become increasingly linear
with distance from the impact location.

The nonlinear solitary wave theory celerity has been used to predict the wave celerity of
impulsively generated waves [36,38,47,48,51,62,68]. The speed of a solitary wave is given as

cc1√
gh

= 1 + ac1

2h
, (6.1)

where ac1 = H for a solitary wave [81,82] with total wave height H. The non-breaking solitary
wave celerity can exceed the linear shallow water celerity of c =√

gh by 39% when applying the
solitary wave breaking limit given by McCowan [83] as Hb/h = 0.78. This increased celerity can
lead to early tsunami arrival times when compared with the linear shallow water celerity.

The wave celerity is measured for the individual wave crests and troughs as each component
propagates from gauge to gauge along an angular wave ray. The celerity is obtained by
dividing the distance between wave gauges by the travel time of the wave crests and troughs to
pass the successive wave gauges along an angular array. The offshore propagating wave ranged
in the angular dimension from 0◦ to 75◦ in the basin-wide propagation and run-up scenario and
0◦ to 86◦ in the conical island scenario. The measured wave celerities as a function of the wave
amplitude for waves generated on planar and convex conical hill slopes are shown in figure 7.

The offshore propagating wave celerity is measured in the range of 4 < r/h < 50. The measured
wave celerities for the first wave crest and trough generated with a gravel landslide on planar and
convex conical hill slopes and a cobble landslide on the convex conical hill slope are in the ranges
of 0.75 < cc1/

√
gh < 1.3 and 0.70 < ct1/

√
gh < 1.05. The celerity ranges for the second wave’s crest

and trough are 0.60 < cc2/
√

gh < 1.0 and 0.50 < ct2/
√

gh < 1.0. The mean celerities of the second
wave’s crest and trough are 0.78 and 0.73 with the planar hill slope and 0.80 and 0.75 with the
convex conical hill slope. The leading wave trough celerity is on average 14% lower than the
leading wave crest celerity. The second wave crest and trough are on average 23% and 28%,
respectively, slower than the first wave crest celerity. The reduction of wave celerity between
the first and second wave is due to frequency dispersion in the intermediate water depth wave
regime given the decreasing wavelengths of the trailing waves.

The importance of amplitude dispersion in the wave celerity is observed in the dependence of
the first wave’s crest and trough celerities on the wave’s amplitude. The first wave propagates at
velocities up to the approximate solitary wave celerity. The celerity of the second wave is deficient
to both the solitary and linear shallow water depth wave celerities. The second wave tends
to be in the intermediate water depth and nonlinear wave regimes. Therefore, neither solitary
wave theory nor linear wave theory are universally applicable to the second wave. Solitary wave
celerity could be viewed as an upper bound for the celerity of the second wave, and linear wave
theory may be practical and appropriate when a/h < 0.03 [80].

The effects of the amplitude dispersion on the wave celerity highlight the higher-order
nonlinear effects in addition to the linear wave’s frequency dispersion. The majority of the
waves generated in this study are in the intermediate water depth regime, 2 < λ/h < 20, where
λ is the wavelength. Nonlinear effects can be quantified using the wave steepness parameter
ε = H/λ and the Ursell number U = (acλ

2)/h3. Linear wave theory is appropriate when ε < 0.006
[80] or when U < 1 [84]. Wave steepness measurements for the first two waves were in the range
0.001 < ε < 0.07. The wave steepness was nonlinear near the landslide source and decreased to
linear applicability away from the impact. The Ursell numbers for the first two waves were in the
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Figure 7. Wave crest and trough propagation celerities for the (a) first wave and (b) second wave. The solitary wave celerity is
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generated by a gravel landslide on a planar hill slope are blue and on a convex conical hill slope are cyan, and by a cobble
landslide on a convex conical hill slope are red.

range 0.01 < U < 55 and increased with propagation distance. The majority of measured waves
were nonlinear according to both linear wave criteria.

7. Wavelength
The tsunami wavelength is an important wave characteristic and is measured by multiplying the
wave period by the wave celerity. This approach is only applicable to transient waves assuming
the wave celerity is steady. For impulsively generated waves, the wave celerity for the different
waves in the wave train varies, inducing a bias in the wavelength measurement from the wave
period and celerity. The celerity applied is the mean celerity between wave gauges in an angular
array [68]. The wavelength measurement is given as

λi

h
= Ti

√
g
h

ci√
gh

, (7.1)

where i denotes the number of the wave in the wave train.
The predictive equations for the first two wavelengths generated by a gravel landslide on a

planar hill slope are given by Mohammed & Fritz [68] and have been extended to gravel and
cobble landslides on a convex conical hill slope as

λ1

h
= 4.3 F0.22S0.06L0.03Cλ1

( r
h

)nL1
(7.2)

and

λ2

h
= 2.0 F0.22S0.04L0.07Cλ2

( r
h

)0.25
, (7.3)

where the decay function for the leading wavelength nL1 is 0.3 for the planar hill slope and 0.38
for the convex conical hill slope, and the convex conical hill slope coefficients (Cλ1 and Cλ2) are
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given as

Cλ1 = tanh(R0.1
c ) (7.4)

and

Cλ2 = coth(Rc), (7.5)

which are asymptotic to 1 as the dimensionless shoreline radius increases, resulting in r2

correlation coefficients of 0.94 and 0.84 for the first and second waves, respectively, on the planar
hill slope and 0.97 and 0.89, respectively, for the first and second waves on the convex conical
hill slope. The conical island coefficients ranged from 0.79 to 1.05. The measured versus predicted
wavelengths are shown in figure 8a,b.

The effects of the lateral hill slope are studied by analysing the ratio of the wavelengths
generated by a gravel landslide on a planar hill slope, λplan, and a convex conical hill slope,
λcon. Only wave gauges in the same spatial position for both scenarios are analysed. The ratio
of the first wavelength is in the range of 0.78 ≤ λ1 plan/λ1 con ≤ 1.39 with a mean value of 0.97 or
practically equal. The ratio of the second wavelength is in the range of 0.81 ≤ λ2 plan/λ2 con ≤ 1.39
with a mean value of 0.99 or practically equal. The planar versus conical wavelengths are shown
in figure 8c,d for the first two wavelengths.

The effects of the landslide granulometry are analysed on the convex conical hill slope by
comparing the ratio of the wavelength generated by a cobble landslide λ1cob with the wavelength
generated by a gravel landslide λ1grav. The ratio for the first wavelength is within the range
0.75 ≤ λ1 cob/λ1 grav ≤ 1.37 with an equal mean of 1.00. The ratio for the second wavelength is
within the range 0.63 ≤ λ2 cob/λ2 grav ≤ 1.47 with an essentially equal mean of 0.99. The gravel
versus cobble landslide-generated wavelengths are shown in figure 8e,f .

8. Energy conversion
The energy conversion estimates the transfer of kinetic energy from the landslide impacting the
water to the tsunami wave. The landslide kinetic energy is given as Es = (1/2)ρsVsv

2
s , where ρs is

the landslide density, Vs is the landslide volume and vs is the landslide velocity at impact. The
wave energy is composed of two parts: kinetic and potential energy. The kinetic energy is due to
the water particle motion in the water body, and the potential energy is due to the displacement
of the water surface from the mean position. The wave potential energy for a radial wave in
cylindrical coordinates in the angular range −π/2 ≤ θ ≤ π/2 is given as

Epot =
∫π/2

−π/2

(
1
2
ρwgc

∫T

0
η2 dt

)
r dθ , (8.1)

at propagation distance r from the landslide impact site, where ρw is the water density and η is the
water surface elevation. To account for the varying wave crest and trough celerities, the potential
energy is measured for each individual crest and trough in the wave train. The spatial variation
of the potential energy for the first wave crest follows the form

dEpot(r, θ ) = kEc1 rncos2 θ , (8.2)

within the ranges of 0 ≤ r ≤ rmax and −π/2 ≤ θ ≤ π/2, where n is analogous to the method used
for the wave amplitude decay rate owing to nonlinear effects and frequency dispersion.

The kinetic energy of the measured waves is difficult to estimate without measurements of
the water particle kinematics in the water column. The total wave energy may be estimated as
Etot ≈ 2Epot by assuming equipartition of potential and kinetic energy as in linear waves
[85]. Williams [86] found that the total wave energy (Etot = Epot + Ekin) computed numerically
may exceed the equipartition assumption by 11% for the extreme case of a solitary wave
approaching the breaking height, but is typically only a few per cent for the present study’s wave
characteristics. Using the equipartition assumption, the total wave energy for the first wave crest
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Figure 8. Measured versus predicted wavelength for the (a) first wavelength, λ1/h, and (b) second wavelength, λ2/h,
generated by a gravel landslide on a planar hill slope (blue) and a convex conical hill slope (cyan), and by a cobble landslide
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comparison of wavelengths generated on planar and convex conical hill slopes with gravel landslide material for the (c) first
wavelength and (d) second wavelength. Granulometry effects: comparison between the gravel and cobble landslide materials
on the convex conical hill slope for the (e) first wavelength and (f ) second wavelength.

is given as

Ecr1 =
∫π/2

−π/2

(
ρwgc

∫Tcr1

0
η2 dt

)
r dθ , (8.3)
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where Tcr1 is the period of the leading wave crest from the initial rise to the first down-crossing.
The decay of the leading wave crest energy as a function of relative distance from the source
is shown in figure 9a. The landslide kinetic energy conversion to the leading wave crest with a
gravel landslide on a planar hill slope ranged from 0.5% to 3%, with a gravel landslide on a convex
conical hill slope from 0.5% to 5% and with a cobble landslide on a convex conical hill slope from
1% to 11%. Slides with highly supercritical Froude numbers and bulkier slide thickness, typical of
the cobble slides compared with the gravel, generally transfer more energy into the leading wave
crest.

The energy measurement for the wave train is analogous to the method used for the first
wave crest. Owing to the varying wave celerity of the waves in the wave train, the energy of
the individual wave crests and troughs are determined and summed for the wave energy of the
total wave train. The wave train measurement is the energy packet contained in the first three
waves. The wave train energy is given as

Ewt =
∫π/2

−π/2

⎛
⎝ 6∑

j=1

ρwgcj

∫Tj+1

Tj

η2 dt

⎞
⎠r dθ , (8.4)

where the water surface between Tj and Tj+1 represents a wave crest or trough depending on the
index j. The decay of the wave train as a function of relative distance from the source is shown
in figure 9b. The landslide kinetic energy conversion to the wave train with a gravel landslide on
a planar hill slope ranged from 1% to 20%, with a gravel landslide on a convex conical hill slope
from 1% to 21% and with a cobble landslide on a convex conical hill slope from 1% to 24%.

The three-dimensional gravel landslide on a planar hill slope experiments by Mohammed &
Fritz [68] found similar energy conversions from the landslide to the leading wave crest (0.5–3%)
and the wave train (1–15%). Wave energy conversion in two-dimensional granular landslide
experiments ranged from 1% to 85.7% [47,51,87,88]. Wave energy conversion in two-dimensional
block experiments ranged from 2% to 50% [34,36,45]. The energy conversion from the landslide to
the wave energy is much larger in the two-dimensional experiments than in the three-dimensional
experiments of Mohammed & Fritz [68] and this study. Tsunami generation in two-dimensional
experiments is efficient because it confines both the landslide and water body to the channel
constraining the landslide and water deformations to the vertical plane. In contrast, in the three-
dimensional experiments the landslide can spread horizontally and the water can flow laterally
around the slide. Landslide energy is dissipated by friction during the subaerial and subaqueous
motion. Landslide energy is also dissipated by the impact on the basin floor at the hill slope–
basin floor transition, requiring the landslide material to abruptly deform and resulting in energy
dissipation owing to landslide internal friction. Other sources of landslide energy dissipation
include both form and skin friction drag as well as turbulence and multi-phase mixing in the
impact region.

The effects of the lateral hill slope curvature on the wave energy conversion from a gravel
landslide on planar and convex conical hill slopes are compared in figure 9c,d. The first wave
crest amplitude is generally larger when generated on the planar hill slope than on the conical
hill slope, but the first wave trough and second wave crest amplitudes are typically smaller when
generated on the planar hill slope. Similarly, the first wave crest energy is on average 2% larger on
the planar hill slope than on the conical hill slope and 9% smaller for the wave train. The gravel
landslide with large relative thickness and highly supercritical Froude number on the planar hill
slope can generate a long, multi-peaked wave trough in the first or second wave in the nearfield.
This results in a large wave train energy measurement using a zero up-crossing method as shown
in figure 9d. Frequency dispersion and nonlinear effects change the profile farther from the source
to approach the wave profile generated on a conical hill slope.

The effects of the landslide granulometry on the wave energy conversion from a convex conical
hill slope with gravel and cobble landslides are shown in figure 9e,f . The leading wave crest
energy generated by a cobble landslide is on average 31% larger than that generated by a gravel
landslide and the wave train energy is on average 43% larger in accordance with the observed
differences in the wave amplitudes.
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Figure 9. Decay of wave energy relative to the landslide kinetic energy for the (a) leading wave crest energy, Ecr1/Es, and
(b) wave train, Ewt/Es, generated by a gravel landslide on planar (blue) and convex conical (cyan) hill slopes, and a cobble
landslide on a convex conical (red) hill slope. Lateral hill slope effects: comparison of the wave energy generated on planar and
convex conical hill slopes for the (c) first wave crest energy and (d) wave train energy. Granulometry effects: comparison of the
wave energy generated by gravel and cobble landslides for the (e) first wave crest energy and (f ) wave train energy.

9. Conclusion
Landslide-generated tsunamis were physically modelled with granular materials in planar hill
slope and conical island scenarios based on the generalized Froude similarity at the three-
dimensional NEES TWB at Oregon State University. This paper analyses the offshore propagating
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waves. The effects of the lateral hill slope on wave amplitudes are analysed, and the leading
wave crest is on average larger when generated on a planar hill slope than on the convex conical
hill slope, whereas the leading wave trough and second wave crest are both smaller. The wave
amplitudes generated by cobble landslides are 11–25% larger for the first two waves than wave
amplitudes generated by gravel landslides. The lateral hill slope and landslide granulometry
showed essentially no effect on the offshore propagating wave period. The leading wave celerity
generated by both landslide materials on planar and convex conical lateral hill slopes may
be estimated by solitary wave theory. Between 0.5% and 11% of the landslide kinetic energy
is converted to the leading wave crest and 1–24% is converted to the wave train. Landslides
with highly supercritical landslide Froude numbers, F, and bulky relative slide thickness, S,
converted more energy into the leading wave crest. Minimal differences are observed in the
gravel landslide energy conversion between the planar to convex conical hill slopes. The cobble
landslides converted on average 31% more energy into the leading wave crest and 43% more
energy into the wave train than the gravel landslides.

This study extends previous two-dimensional and three-dimensional physical modelling of
subaerial landslide-generated tsunamis to combine planar hill slope and conical island scenarios,
and two different landslide materials. This represents the first time the effects of the lateral
hill slope curvature and landslide granulometry on the offshore wave characteristics have
been analysed in a three-dimensional physical model. Previously produced three-dimensional
predictive equations for the wave characteristics generated by granular landslides on a planar
hill slope have been extended for application to convex hill slopes. Possible scale effects were
minimized by the dimensions of the experimental set-up selected. The predictive equations
allow for a rapid, first-order, initial landslide-generated tsunami hazard assessment. The wave
amplitude and celerity are of particular practical importance in predicting the landslide-
generated tsunami hazard. The experimental data provide high-precision benchmark scenarios to
advance and validate fully three-dimensional numerical models of complex landslide-generated
tsunamis.
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