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[1] Tsunamis generated in lakes and reservoirs by subaerial mass flows pose distinctive
problems for hazards assessment because the domain of interest is commonly the ‘‘near
field,’’ beyond the zone of complex splashing but close enough to the source that
wave propagation effects are not predominant. Scaling analysis of the equations governing
water wave propagation shows that near-field wave amplitude and wavelength should
depend on certain measures of mass flow dynamics and volume. The scaling analysis
motivates a successful collapse (in dimensionless space) of data from two distinct sets of
experiments with solid block ‘‘wave makers.’’ To first order, wave amplitude/water depth
is a simple function of the ratio of dimensionless wave maker travel time to dimensionless
wave maker volume per unit width. Wave amplitude data from previous laboratory
investigations with both rigid and deformable wave makers follow the same trend in
dimensionless parameter space as our own data. The characteristic wavelength/water depth
for all our experiments is simply proportional to dimensionless wave maker travel time,
which is itself given approximately by a simple function of wave maker length/water
depth. Wave maker shape and rigidity do not otherwise influence wave features.
Application of the amplitude scaling relation to several historical events yields
‘‘predicted’’ near-field wave amplitudes in reasonable agreement with measurements and
observations. Together, the scaling relations for near-field amplitude, wavelength, and
submerged travel time provide key inputs necessary for computational wave propagation
and hazards assessment. INDEX TERMS: 1845 Hydrology: Limnology; 1857 Hydrology: Reservoirs

(surface); 4564 Oceanography: Physical: Tsunamis and storm surges; KEYWORDS: tsunamis, impulse waves,

landslides, debris flows
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1. Introduction

[2] Water waves can be generated by any sort of geo-
physical mass flow, including debris flows, debris ava-
lanches, pyroclastic flows, landslides, and rockfalls, and
pose significant hazards in a variety of settings. Tsunamis
generated by submarine mass flows constitute a widely
recognized hazardous phenomenon; some recent examples
have been described by Imamura and Gica [1996], Rai-
chlen et al. [1996], and Tappin et al. [1999, 2001]. How-
ever, destructive water waves are not restricted to the
oceans: there are many pertinent examples from alpine
environments [e.g., Jørstad, 1968; Plafker and Eyzaguirre,

1979; Huber, 1982; Evans, 1989]. A key motivation for the
work reported here is improving our ability to assess water
wave hazards in lakes and reservoirs likely to be affected by
volcanogenic mass flows. The flanks of volcanoes are
commonly host to large quantities of unconsolidated sedi-
ment and are especially prone to spawning mass flows,
sometimes generated in the course of eruptive activity, but
often during periods of volcanic quiescence as well [e.g.,
Scott, 2000]. In this paper we restrict our attention to water
waves generated by mass flows that originate subaerially
and do not interact thermally with water. We therefore
specifically exclude the case of water wave generation by
pyroclastic density currents, which commonly split into two
components upon hitting a water body: one part plunges
into the water while the other moves over the water surface
[e.g., Cas and Wright, 1987; Freundt, 2001].
[3] For the sake of brevity, we will adopt several termi-

nological simplifications. The term ‘‘tsunami’’ will be used
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to refer to impulsively generated water waves in surface
water bodies as well as in the ocean, and the term ‘‘land-
slide’’ will be used to refer to all types of geophysical mass
flows insofar as impulse wave generation is concerned. We
emphasize that no genetic connotations should be attached
to the latter word choice. Indeed, as we will argue below,
near-field wave characteristics are, to leading order, inde-
pendent of the type of mass flow involved. We also adopt
the nomenclature of the tsunami and coastal engineering
literature [e.g., Dean and Dalrymple, 1991] by using the
term ‘‘wave maker’’ to refer to mass flows when our focus
is on their role in generating water waves.
[4] In the context of customary tsunami modeling, to

compute wave effects at any location, one would have to
begin by calculating in detail the complicated fluid and solid
motions caused by the wave maker plunging into water.
Some attempts along these lines have been made [e.g.,
Norem et al., 1990; Imamura and Imteaz, 1995; Assier
Rzadkiewicz et al., 1997], although it is unclear whether
the interaction of the solid and fluid phases has been properly
described [cf. Iverson, 1997; Iverson and Denlinger, 2001;
Iverson and Vallance, 2001]. We take a different approach.
We do not concern ourselves with the details of the wave
maker’s interaction with the water at impact; instead, we
conceive of this zone of complicated solid/fluid interaction
as a sort of ‘‘black box’’ out of which emerges a water wave
with definable characteristics. This wave first exists in the
near field (Figure 1), that is, in the region just beyond the
point where the mass flow stops, but before propagation
effects (dispersion, bathymetric refraction, and wave front
spreading) come into play. (Issues associated with far-field
wave propagation have been addressed by, e.g., Ben-Mena-
hem and Rosenman [1972] and Iwasaki [1997].) Near-field
wave characteristics, of course, implicitly derive from what
goes on within the black box, and indeed we will show in
section 2 just what ‘‘outputs’’ we require from the black box.
Although the near-field region is spatially limited, it turns
out that for many tsunamis in lakes, much of the domain of
interest lies within the near field. Moreover, the fact that the
tsunami has well-defined characteristics within this region
means that the near field serves as a proxy ‘‘source’’ for
computational wave propagation purposes. Thus we reach a

powerful methodological conclusion: the wave propagation
part of the tsunami problem can be carried out independently
of the complicated exercise of computing splash zone
dynamics, as long as one is willing to forego details of the
state of affairs within the splash zone proper.
[5] The rest of this paper is organized as follows. In

section 2, we demonstrate using scaling analysis that near-
field wave characteristics should depend primarily on three
parameters characterizing the wave maker: V*w, a dimension-
less measure of volume; F̂r, a dimensionless measure of
maximum speed; t*s, a dimensionless measure of submerged
travel time. The last of these is a proxy measure of splash
zone dynamics. The role of wave maker time of motion has
not previously been considered with regards to wave makers
of subaerial origin, although it has factored into analyses of
tsunami generation by earthquakes [Hammack, 1973] and
submarine mass flows [Watts, 1997, 1998]. Sections 3 and 4
describe our experiments and data analysis methods, respec-
tively. In section 5 we apply results of the scaling analysis to
organize experimental data, not only ours but also, to the
extent possible, some of the copious data presented in the
theses of Bowering [1970] and Huber [1980]. We show that
near-field wave amplitude may be variously described in
terms of the dimensionless quantities identified by the
scaling analyses but that not all these descriptions have
equal merit. The most useful description gives dimensionless
wave amplitude as a simple function of t*s/V*w, for diverse
wave maker types and initial conditions. We also show that
the characteristic wavelength of the experimental impulse
waves follows the functional form indicated by the scaling
analysis. In section 6 we show that the wave maker time of
motion (a parameter that we measured, but which would
have to be assigned in applying our results for prognostic
purposes) can be related with reasonable accuracy to wave
maker geometry. In section 7 we show that the experimen-
tally based scaling relations yield ‘‘predictions’’ for several
historical events that are in reasonable agreement with data.

2. Scaling Analysis of the Water Wave Equations

[6] Here we recast the governing partial differential
equations for water wave propagation (the so-called Euler

Figure 1. Sketch illustrating separation of splash zone, near field, and far field and definition of
coordinates for scaling analysis. The water surface in the splash zone, the length of which is comparable
to the landslide runout distance, is highly irregular. In the near field, water displaced by the landslide has
organized itself into a coherent waveform, with the leading wave commonly being a broad hump of width
[x] and amplitude h0 relative to the ambient water surface. In the far field, dispersive effects become
important.
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equations) into dimensionless form to identify the quantities
that control near-field wave amplitude. This formal exercise
is needed because related theoretical studies [Noda, 1970;
Hunt,1988; Gozali and Hunt, 1989; Sander and Hutter,
1992, 1996; Villeneuve and Savage, 1993] have not focused
on near-field wave characteristics. The scaling analysis here
is slightly didactic but for the problem at hand superior to
simple dimensional analysis [e.g., Law and Brebner, 1968;
Kamphuis and Bowering, 1970; Huber, 1980], which is apt
to identify a plethora of parameters that play at best an
indirect role and do not necessarily elucidate meaningful
structure in experimental data. The scaling analysis provides
novel information regarding water wave generation by mass
flows even though we do not explicitly solve the Euler
equations. The experimental results described later serve as
an analog solution of the Euler equations and confirm
predictions of the scaling analysis.
[7] We consider the two-dimensional geometry shown in

Figure 1. The splash zone, or wave generation zone, is the
region where landslide and water motion are coupled, and
extends as far as the landslide travels. Watts and Walder
[2003] have briefly discussed some theoretical aspects of
splash zone hydrodynamics, and Fritz et al. [2001] have
investigated the splash zone experimentally. We do not
delve further into splash zone dynamics because our focus
is not on splashing itself, but rather on the waveform that
emerges from the splash zone. The near field may be
defined as the region beyond the splash zone yet before
the kinetic and potential energy of the wave train approach
asymptotic values. For small-amplitude, linear waves, wave
energy in the far field is equally partitioned between kinetic
and potential energy [e.g., Dean and Dalrymple, 1991].
Watts [2000] found constant potential energy flux was first
achieved, and the far field began, at a distance of about three
wavelengths from the wave generation zone for linear water
waves generated by subaqueous block landslides. For the
large-amplitude, nonlinear waves of interest here, equipar-
tition does not occur, but the far field will still be charac-
terized by a steady partition between kinetic and potential
energy. In applications of our results, we will suppose that
an appropriate criterion is to classify the far field as
beginning at a distance of about 3[x] beyond the impact
zone, where [x] is the characteristic ‘‘width’’ of the wave-
form in the near field.
[8] Wave propagation is governed by the two-dimen-

sional Euler equations for mass and momentum conserva-
tion in an incompressible liquid:

@u0
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þ @w0

@z0
¼ 0 ð1Þ

@u0
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These equations are essentially the Navier-Stokes equations
with viscosity neglected. This approximation is well

established in analyses of wave generation and propagation
[e.g., Dean and Dalrymple, 1991]. Viscous effects are
important only within boundary layers and have negligible
effect on wave maker motion at the large Reynolds numbers
encountered in both the laboratory and in nature
(Appendix C). Viscosity affects wave propagation again via
boundary layer effects, which may be parameterized by way
of a drag coefficient, but we need not be concerned with that
here. The bottom of the channel (z0 = 0) is impermeable, and
the kinematic free surface boundary condition is

w0 ¼ @h0

@t0
þ u0

@h0

@x0
z0 ¼ h0 x0; t0ð Þ ð4Þ

Here u0 and w0 are the components of fluid motion in the x0

and z0 directions, respectively (Figure 1), t0 is time, h0 is
wave amplitude, p0 is water pressure, rw is the density of
water, and g is acceleration due to gravity. The equations
have not been vertically averaged, as is sometimes
appropriate for studying wave propagation in the far field.
Generally, equation (4) would be complemented by
dynamic free surface boundary conditions of stress
continuity. In line with the inviscid assumption inherent
in the Euler equations, the free surface cannot support shear
stresses. The effect of surface tension on the normal stress
balance at the free surface is negligible for wavelengths
greater than about 20 mm (Appendix C).
[9] Equations (1)–(4) can be recast into dimensionless

form by choosing characteristic values for both dependent
and independent variables. We denote characteristic values
by square brackets; dimensionless variables will be written
the same as dimensional variables but with the prime
dropped: for example, x0 = [x]x. Our choice of scalings is
inspired by both Hammack’s [1973] analysis of near-field
waves generated by a vertical piston and Watts’ [1997,
1998] analysis for near-field water waves generated by
submarine landslides. The x and z directions must scale
differently to capture the physics properly: the x direction
scales with water wave features, while the z direction scales
with landslide features. This differs from a scaling analysis
done to elucidate far-field wave propagation [e.g., Sander
and Hutter, 1992; Villeneuve and Savage, 1993]. The choice
of scales depends upon the location of the landslide source
and its behavior as it submerges. We will consider in detail
two particular scenarios (Figure 2). In the first, the landslide
hits the water with some initial velocity; the slope of the
shore is presumed to be relatively gentle and so the land-
slide decelerates to rest. Physically, this corresponds to, say,
a mass moving down a river valley and entering a lake or
the ocean. In the second scenario, we consider a landslide
with its toe at the shoreline and initially at rest. The mass
then accelerates downward along a steep shore until it
reaches an essentially flat bed. Physically, this corresponds
to, say, a landslide entering a lake from a steep alpine slope.
These two distinct cases, which correspond to the two sets
of experiments discussed below, will be referred to as the
initial velocity case and the release-from-shore case. One
could obviously posit a sort of transitional case as well: a
landslide released from a steep slope that accelerates sub-
aerially, and continues to accelerate subaqueously, before
coming to rest. We have not investigated the transitional

WALDER ET AL.: TSUNAMIS GENERATED BY SUBAERIAL MASS FLOWS EPM 2 - 3



case experimentally, but we do present a simple analysis to
show how it relates to the other two cases.

2.1. Initial Velocity Case

[10] Dimensionless variables for this case as appropri-
ately defined as follows:

x0 ¼ x½ �x ¼ ts
ffiffiffiffiffi
gh

p
x

z0 ¼ hz

t0 ¼ t½ �t

u0 ¼
ffiffiffiffiffi
gh

p
u

w0 ¼ U0 sin qð Þw

p0 ¼ rwgh �zþ h½ �
h
h xð Þ

� �
þ rwU

2
0 sin

2 q
� �

p

h0 ¼ h½ �h

where q is the slope at the shoreline. The length scale [x]
may be interpreted as the distance over which water is

displaced by long waves during the time of landslide motion
and is thus a sort of wavelength. Speed in the x direction
scales with the celerity of long waves, as that is the speed at
which the wave front spreads [Whitham, 1974], while speed
in the z direction scales with the vertical component of wave
maker velocity at impact, U0 being the block speed along its
path at the time of entry into the water. The time scale [t] is
best chosen as the smaller of either tw, the characteristic time
for long waves to cross the wave propagation zone, or ts, the
characteristic time of submerged wave maker motion. We
show in Appendix A that ts is commonly smaller than tw,
and therefore choose [t] = ts. (If the wave maker motion can
be described simply by a uniform deceleration of magnitude
a, then ts = U0/a.) Pressure has been broken into two terms,
the first being the hydrostatic component, which vanishes
on the free surface, the second being the nonhydrostatic
component. The characteristic wave amplitude, [h], is
specified [cf. Watts, 1998] by equating the volume of the
wave ‘‘hump’’ in the near field to the volume displaced by
the block. This conservation condition may be expressed as
[h][x]/2 
 Vw, where Vw is the submerged block volume per
unit width, so we choose

h½ � ¼ 2Vw

ts
ffiffiffiffiffi
gh

p

We have made no special assumptions about wave maker
motion and in particular do not assume, as was done by Noda
[1970],Das and Wiegel [1972], andGozali and Hunt [1989],
that wave maker thickness exceeds water depth, with the
wave maker effectively acting as a moving wall. Substituting
the scales defined above into equations (1)–(4) yields

@u
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þ u
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h ð8Þ

The dimensionless quantities that appear are slope angle q as
well as Fr, t*s = ts

ffiffiffiffiffiffiffiffi
g=h

p
, and V*w = Vw/h

2, which are
dimensionless measures of, respectively, block impact speed,
submerged travel time, and wave maker volume per unit
width. Clearly t*s is an output from the splash zone ‘‘black
box’’ and is a proxy measure of wave maker dynamics within
the splash zone. Note that Fr (the initial wave maker Froude
number) appears only in the combination Fr sin q, a
dimensionless measure of the vertical component of wave
maker impact speed. Thus we predict that the dimensionless
wave amplitude in the near field will be given in the
functional form

h0

h½ � ¼ h ¼ f Vw*; t s*; Fr sin qð Þ ð9Þ

Figure 2. Landslide submergence scenarios considered in
the scaling analyses. (a) A landslide mass enters a water
body at initial speed U0 and decelerates to rest in water of
depth h. (b) A landslide mass released either at the shore or
at a height H above water level accelerates down a steep
slope and only decelerates when it reaches the bottom.
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We further note that nondimensional wave maker volume
appears in the scaled Euler equations not alone but rather as
the ratio V*w/t*s. This ratio turns out to provide a very effective
basis for collapsing experimental data.

2.2. Release-From-Shore Case

[11] In this case U0 = 0 and the scaling of the initial
velocity case cannot be applied. Instead we define dimen-
sionless variables by

x0 ¼ x½ �x ¼ ts
ffiffiffiffiffi
gh

p
x

z0 ¼ hz

t0 ¼ t½ �t

u0 ¼
ffiffiffiffiffi
gh

p
u

w0 ¼ Umax sin qð Þw

p0 ¼ rwgh �zþ h½ �
h
h xð Þ

� �
þ rwU

2
max sin

2 q
� �

p

h½ � ¼ 2Vw

ts
ffiffiffiffiffi
gh

p

where Umax is the maximum speed of the wave maker along
the ramp of slope q. (If the wave maker motion can be
described simply by a uniform acceleration a, then
t½ � �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h=a sin q

p
and Umax �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ha= sin q

p
.) As with the

initial velocity case, the timescale ts characterizing wave
maker motion is commonly smaller than tw, the character-
istic time for long waves to cross the wave propagation
zone, and we therefore choose [t] = ts (see Appendix A).
The dimensionless Euler equations therefore take the form
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with Frmax being the maximum value of wave maker Froude
number achieved. We conclude that for the release-from-
shore case,

h0

h½ � ¼ h ¼ f Vw*; t s*;Frmax sin qð Þ ð14Þ

Again we note that nondimensional wave maker volume
appears in the scaled Euler equations not alone but rather as
the ratio V*w/t*s.

2.3. Transitional Case

[12] A landslide released from a steep slope may of
course originate up slope rather than exactly at the water’s

edge, and accelerate both subaerially and subaqueously
before coming to rest. We do not present a formal scaling
analysis of this scenario, but rather calculate in an approx-
imate fashion how much the characteristic submerged
travel time differs from the value found for the release-
from-shore case. Consider a mass released at a height H
above the shoreline (Figure 2) and assume that the mass
accelerates down a slope of angle q that extends below
water level to a depth h. The characteristic acceleration is
assumed to take the same value a both subaerially and
subaqueously. (The implicit assumption here, anticipating
a result to be presented later, is that motion is everywhere
dominated by frictional forces.) The time tss for a land-
slide released at the shoreline to reach the base is thenffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=a sin q

p
, whereas the time tH for a landslide released

at height H to reach the base is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 hþ Hð Þ=a sin q

p
, with

an amount
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2H=a sin q

p
of that being subaerial. Letting

tsH denote the submerged travel time of the landslide
released at height H, we find

tsH
tss

¼ H

h
þ 1

� �1=2

� H

h

� �1=2

ð15Þ

This relation is illustrated graphically in Figure 3. The
submerged travel time differs from tss quite significantly
for H/h > ca. 1. Equivalently, one may say that the impact
speed has a dominant effect on the submerged travel time,
which is what enters the scaling analysis, for H/h > ca. 1.

2.4. Consequences of the Scaling Analysis

[13] Previous investigators [e.g., Kamphuis and Bower-
ing, 1970; Huber, 1980] have tried, with limited success, to

Figure 3. Ratio of tsH (submergence time for a landslide
released at height H above water surface) to tss (submer-
gence time for a landslide released at the shore) as a function
of H/h, where h is water depth. The effect of the speed
acquired during subaerial movement dominates for H/h
greater than �1.
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represent dimensionless wave amplitude (both near-field
and far-field) without reference to any measures of splash
zone dynamics. For example, Huber [1980] correlated his
data for both near field and far field in the form ~h ¼ CVw*

n,
with C and n being functions of x. Kamphuis and Bower-
ing [1970] considered dimensionless collapses of wave
amplitude data in terms of V*w and Fr. We suggest on the
basis of our scaling analysis that a proxy measure of splash
zone dynamics, t*s, is likely to factor into a dimensionless
collapse of experimental data via the ratio V*w/t*s. This ratio
may be interpreted physically as a dimensionless measure
of the landslide ‘‘flux’’ per unit width. It is also instructive
to consider the reciprocal ratio t*s/V*w, which may be
written as

t s*

Vw*
¼ ts

Vw=h
ffiffiffiffiffi
gh

p ð16Þ

The speed of a parcel of water scales as
ffiffiffiffiffi
gh

p
[Dean and

Dalrymple, 1991]; in the limiting case of bore formation,
the volumetric rate of water transport per unit width is
proportional to h

ffiffiffiffiffi
gh

p
[Whitham, 1974]. The time required

for an impulse wave to displace a water volume equal to
the wave maker volume therefore scales with
tv ¼ Vw=h

ffiffiffiffiffi
gh

p
. We expect that if ts/tv (or t*s/V*w) becomes

small enough, the impulse wave must become bore-like
and wave amplitude must become insensitive to details of
landslide motion. Support for this conjecture comes from
noting that [h] = 2hV*w/t*s and rewriting wave amplitude as
a fraction of water depth h:

~h ¼ h0

h
¼ 2

t s*=Vw*
f Vw*; t s*; F̂r sin q
� �

ð17Þ

(F̂r represents either Fr or Frmax, whichever choice is
pertinent.) It is known empirically that ~h has a limiting
value of about 0.85 for freely propagating solitary waves in
a constant depth channel; for greater amplitudes, waves
must eventually break [Dean and Dalrymple, 1991]. This
physical upper bound on ~h suggests that the function f
must approach an asymptotic form for small enough values
of t*s/V*w. Later we show by analysis of our data that this
asymptote corresponds to t*s/V*w 
 2.
[14] As the combination t*s/V*w involves both an input to

the splash zone black box, namely, V*w, and an output from
the black box, namely, t*s, it may at first seem to be a
peculiar quantity to use for characterizing wave amplitude.
However, the usefulness of an analogous quantity for
characterizing wave amplitude has been previously shown
by Watts [1997, 1998] for the case of underwater land-
slides. Moreover, t*s may be calculated from measurable
quantities and, as we shall demonstrate, may be reason-
ably estimated in terms of a black-box input not yet
considered: landslide geometry. We return to this impor-
tant point later.

3. Experimental Methods

[15] Laboratory studies of landslide-generated water
waves have been done before, notably by Law and Brebner
[1968], Bowering [1970], Das and Wiegel [1972], Kam-
phuis and Bowering [1970], Huber [1980], and Sander and

Hutter [1992, 1996]. However, none of these investigators
focused on what controlled the characteristics of waves in
the near field. Our experiments were done with an eye
toward answering a simple question: Can near-field wave
features such as amplitude and wavelength be predicted? If
so, they can be used to specify a ‘‘tsunami source’’ for
computational wave propagation simulations and hazards
assessment.
[16] We did two sets of experiments with rigid wave

makers. The initial velocity experiments involved solid
blocks sliding down a flume into a body of water
impounded at the base. The release-from-shore experiments
involved either solid blocks or a solid cylinder released at
the ‘‘shoreline’’ and allowed to move down a ramp into a
constant depth tank. Experimental data and derived quanti-
ties are tabulated in an electronic supplement.

3.1. Initial Velocity Experiments

[17] The flume bed curved smoothly to become the bed of
a constant depth tank (Figure 4): this geometry approxi-
mates what would be found in nature where a stream
channel enters a lake. Owing to space limitations, the
constant depth water tank was only slightly more than 1 m
long, far too short to investigate, say, dispersive effects
during wave propagation, but adequate for measuring near-
field characteristics of the leading wave generated by a
block. The tank width was 285 mm.
[18] Blocks were constructed by attaching a tapered solid

piece of Nylon with a triangular cross section to a hollow
box of rectangular cross section, also made of Nylon
(Figure 5). All blocks had a front tapered at about 32�.
We used blocks with a thickness T of either 31 mm or
51 mm, width W of 150 mm, and length L ranging from
94 to 401 mm. Block volumes were known to within about
3%. Each hollow box was filled with sand or lead pellets
and weighed on an analytical balance accurate to 0.1 g to
achieve a desired bulk specific gravity. All experiments
reported here used blocks with a bulk specific gravity of
2.9. This is somewhat higher than expected for actual
geophysical flows, but was used to assure that (as discussed
in Appendix B) impulsive slowing of the blocks as they
contacted the water would be negligible.
[19] Blocks were constrained as they moved down the

flume by Nylon walls, which flared outward toward the
Plexiglas tank walls where the blocks entered the water
(Figure 4). This arrangement minimized block twisting and
at the same time permitted the use of videography through
the Plexiglas walls to measure wave amplitude. Awire mesh
screen was attached to the tank walls 1 m from the down-
stream end of the constant depth tank (Figure 4). In some
experiments with relatively shallow water and/or high
impact speeds, the blocks reached the screen, but more
commonly the blocks stopped short of the screen. Reflec-
tions from the downstream end of the tank were damped by
using several thicknesses of woven fabric (household fur-
nace filters).
[20] In some experiments with the shortest blocks at

relatively high speeds, we observed anomalous behavior
probably related to hydroplaning [cf. Mohrig et al.,
1998]: the snout of the fully submerged block would
rapidly flip up from the bed of the flume, sometimes so
vigorously as to make the block flip over entirely. This
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behavior obviously had a strong effect on block motion
and water wave formation, so we discarded results of
these experiments.
[21] Experiments were done for three different water

depths in the constant depth tank: 51 mm, 90 mm and
130 mm. Corresponding values of shoreline slope were
11.2�, 15�, and 19.5�. (Because of the simple flume
construction, water depth and shoreline slope could not
be independently varied in any convenient way.) Note that

in all experiments the block thickness was a substantial
fraction (0.24 to 1) of the water depth in the constant
depth tank. In practice, this meant that the water surface in
the wave generation zone (i.e., above the moving block)
was fairly irregular and that a clearly defined leading wave
‘‘hump’’ only became apparent once the block had slowed
considerably. Although we used fairly shallow water, we
expect surface tension effects to have been negligible
(Appendix C).

Figure 4. Experimental flume for the initial velocity tests. The oblique view of the flume shows how
the constant slope track smoothly curved to join the horizontal bed of the constant depth tank.
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[22] The scaling analysis suggested that, all else being
held constant, the vertical component of block impact
velocity (expressed as Fr sin q) might affect wave ampli-
tude. Thus we needed to be able to prescribe Fr for any set
of experiments with a fixed slope. To this end, we deter-
mined empirically for each block how impact speed
depended on the point at which the block was released.
Impact speeds were in typically in the range of about 1 to
3.5 m/s, corresponding to Fr 
 1–4, depending on water
depth. For each block, impact speed was determined for at
least 6 release points along the flume, and a quadratic
polynomial was fitted to the data. In this way we would
then pick a release point corresponding to a desired impact
speed (or Fr). We estimate the error in the impact speed
determined this way to be no more than 0.1 to 0.2 m/s, with
the error greatest for the highest impact speeds.
[23] Block motion was recorded from above by a digital

video camera, with reference lines along the flume bed at an
interval of 50 mm. The camera’s field of view was adjusted
so as capture most of the submerged motion. The images
were subsequently analyzed frame by frame to determine
block position as a function of time. The amplitude of the
leading wave was measured by placing another video
camera 0.5 m from the downstream end of the constant
depth tank (Figure 4). This corresponds to a distance of
about 1.0 m, or 8 to 20 times the water depth, from the point
at which the Nylon walls flared outward toward the Plex-
iglas flume walls. Wave front spreading associated with the
flared region was accomplished before the wave reaches the
camera’s field of view. As we will later show, the camera for
measuring wave amplitude was a distance O([x]) down-
stream of the wave generation zone, and a comparable
distance from the end of the constant depth tank. We
verified empirically that moving the video camera sideways
by 0.1 m (corresponding to about 20–40% of [x]) in either
direction did not affect the measured wave amplitude. Wave
amplitude was measured with reference to a set of parallel
lines spaced 5 mm apart on the inside (i.e., wetted) wall of
the flume.

3.2. Release-From-Shore Experiments

[24] These experiments were done using a glass-walled
rectangular tank 1 m high, 6 m long, and 200 mm wide. A
Nylon ramp inclined at 30� from the horizontal was placed
inside the tank near one end. The wave makers used in most
experiments were the same Nylon blocks described above,
although in a minority of experiments the wave maker was a
solid steel cylinder 50 mm in diameter and 144 mm long.

Block weights were varied by filling the hollow portion
with varying amounts of sand or steel pellets. Various water
depths were used. (Details may be found in the auxiliary
material1.) The wave makers were held against the ramp
such that they were just barely touching the water surface,
then released. Raised edges on the ramp kept the wave
maker from twisting. The blocks invariably slammed into
the base of the tank and came to a nearly complete stop,
with subsequent motion consisting of a slow slumping
toward the horizontal. The cylinder, in contrast, would
continue beyond the bottom of the ramp and roll some
distance along the base of the tank. Wave maker motion
along the ramp was videotaped through the sidewall of the
tank, with a square grid of lines at 5 mm spacing for
reference. A second video camera was placed at a distance
O([x]) beyond the end of the wave generation zone, and
wave amplitude was measured with reference to a set of
parallel lines spaced 5 mm apart on the inside (i.e., wetted)
wall of the tank.

4. Data Analysis

[25] Digital video images of every experimental run were
transferred to a computer using an IEEE 1394 format
interface card and then inspected to characterize wave
maker motion and measure the amplitude of the leading
wave. We also measured wave profile (i.e., surface elevation
vs. distance) for a subset of experiments in order to
characterize wavelength.

4.1. Wave Maker Motion

[26] Video images for any given experimental run were
inspected frame by frame, and a number of individual
frames were then ‘‘captured’’ and printed to measure wave
maker front position as a function of time. (Framing rate
was 30 per second.) Error in wave maker position derives
from both image resolution (one pixel corresponds to about
1.5 mm) and image blur (from the finite exposure time). For
the initial velocity experiments, we estimate the probable
error in measured wave maker position to be about 3 to
4 mm at relatively low impact speeds but as much as 10 to
15 mm at the highest impact speeds. For the release-from-
shore experiments, the wave maker speeds achieved are
never very great and we estimate the probable error in wave
maker position to be about 3 to 4 mm.
[27] Determining the submerged travel time ts by direct

inspection of the videotapes turned out to be particularly
problematic for the initial velocity tests because neither the
precise moment of impact nor the precise time at which
block motion stops can be picked. Impact time has to be
interpolated, a procedure that is especially prone to error
when the impact speed is relatively high. Picking the time at
which motion stops involves equally challenging interpola-
tion. We opted instead to determine ts indirectly for the
initial velocity tests. The position of the front of the wave

Figure 5. Geometry of the experimental blocks. The snout
was tapered at an angle of 32�.

1 Auxiliary data tables and figures are available via Web browser or via
Anonymous FTP from ftp://ftp.agu.org, directory ‘‘append’’ (Username =
‘‘anonymous’’, Password = ‘‘guest’’); subdirectories in the ftp site are
arranged by paper number. Information on searching and submitting
electronic supplements is found at http://www.agu.org/pubs/esupp_
about.html.
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maker as a function of time may always be written, for
small enough times after impact, by the leading terms in a
Taylor series expansion:

s0 t0ð Þ ¼ ut0 þ 1

2

� �
at02 ð18Þ

where s0(0) = 0 by definition and a is a characteristic
measure of block acceleration along the flow path (negative
for the initial velocity experiments, positive for the release-
from-shore experiments). Equation (18) provides a good fit
to measured block displacement data in the initial velocity
tests, so the characteristic time of motion for these
experiments was taken as ts = u/jaj. Values so obtained
compare quite well with ts values estimated by direct
examination of a sample of videotape records.
[28] For the release-from-shore experiments, U0 is of

course zero and we faced the task of determining ts (reason-
ably taken as the time for the wave maker to reach the bottom
of the ramp) and Umax. If the wave maker underwent a
constant acceleration-representing physically, say, the case
in which solid/solid friction at the base were the dominant
force resisting motion-then we would find from equation (18)
that ts ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=a sin q

p
, Umax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ha= sin q

p
. Alternatively,

if hydrodynamic drag dominated, the wave maker would
asymptotically approach a terminal velocity, with the motion
described by s0(t0) = s0 ln[cosh(t0/t0)] and the maximum
(terminal) velocity given by Umax = s0/t0, where s0 and t0
are fitting coefficients found by regression [Watts, 1997,
1998]. Each idealized case represents some data fairly well,
but no single simple function s0(t0) adequately represents all
the release-from-shore data. Accordingly, we chose to esti-
mate ts directly from the videotapes, but to estimate Umax

from the derivative of ideal curves fitted to displacement data.
(The alternative of calculating Umax from displacement data
using finite differences would have been exceptionally time
consuming and also poorly constrained, owing to the rela-
tively large errors in locating block front as a function of
time.)

4.2. Wave Amplitude

[29] Video images were inspected frame-by-frame and 1
or 2 then ‘‘captured’’ and printed to measure the amplitude
of the leading wave, which was usually a broad, gentle, and
reasonably symmetrical ‘‘swell’’, although in some experi-
ments with very shallow water and relatively high impact
speeds, leading waves had fairly steep leading faces and
sometimes even showed incipient signs of breaking. The
wave amplitude reported here is the maximum water surface
elevation relative to the datum (still water). Error in meas-
ured wave amplitude derives from image resolution (0.4 mm
per pixel) and image blur (from the finite exposure time).
We estimate the probable error as being typically in the
range 1 to 2 mm.

4.3. Profile of the Leading Wave

[30] For 12 experiments of each type, we measured sur-
face height as a function of position on the leading wave,
with measurements at typically 12 to 20 points used to
define a characteristic ‘‘wavelength’’. This ‘‘wavelength’’
must be understood as a characteristic measure of the width
of the leading wave hump, not as a peak-to-peak distance,

as for sinusoidal waves. Because the leading wave was, in
the great majority of cases, close to a symmetrical hump, we
defined ‘‘wavelength’’ l by using a fitting function A
sech2(x/l), with A and l being simply fitting coefficients
determined by least squares regression. We emphasize that
our choice of fitting function must not be construed as
implying that the waveforms were solitary waves; for true
solitary waves, which are finite amplitude waveforms that
travel without change in shape, l has a specific functional
dependence on wave amplitude and water depth [e.g., Dean
and Dalrymple, 1991, p. 315].

5. Measured Wave Characteristics and Data
Collapse in Dimensionless Parameter Space

[31] The near-field wave must be characterized in terms
of both amplitude and ‘‘wavelength’’ to provide necessary
information for computational wave propagation. (A com-
plete tsunami source description also requires knowledge of
water velocity beneath the wave so that kinetic energy is
properly accounted for.) Key results are summarized next;
complete details regarding measured and derived quantities
are tabulated in the auxiliary material.

5.1. Wave Amplitude

[32] We begin by considering whether it is actually
possible [cf. Kamphuis and Bowering, 1970; Huber,
1980] to characterize dimensionless near-field wave ampli-
tude without accounting for some measure of wave maker
dynamics-in other words, whether it is possible to achieve a
data collapse in the form

~h ¼ f Vw*; F̂r sin q
� �

ð19Þ

and more particularly as

~h ¼ AVw*
m Fr sin qð Þn ð20Þ

We used multiple linear regression applied to log-trans-
formed quantities to find best fit values of the coefficient A
and the exponents n and m. Results are shown in Table 1 for
our data as well as data of Bowering [1970] and Huber
[1980]. The key thing to note is that the fitting parameters
take distinctly different values for each data set: there is no
universal function of the form of equation (20) that holds for
diverse wave makers and initial conditions. This is perhaps
not surprising, as each set of experiments involved different
wave maker materials and geometries. As there is no
obvious way to decide which set of parameter values (if
any) in Table 1 would apply to actual geophysical mass
flows, we suggest that a relationship such as equation (20) is
not useful for prognostic purposes with diverse wave
makers.
[33] The next question to pose is whether a ‘‘universal’’

data collapse can be obtained if we factor in some measure
of wave maker dynamics. The simplest functional form we
might plausibly consider (as it brings in wave maker volume
as well) is

~h ¼ f t s*=Vw*ð Þ ð21Þ

WALDER ET AL.: TSUNAMIS GENERATED BY SUBAERIAL MASS FLOWS EPM 2 - 9



In Figure 6 we show a plot of ~h as a function of t*s/V*w for our
experiments as well as a subset of those of Bowering [1970]
and Huber [1980]. (Neither Bowering and Huber actually
measured ts, but we inferred ts values from their tabulated
data; our methods for doing so are described in Appendix
D.) The experimental data have not been sorted in terms of
F̂r sin q (which ranged from about 0.35 to 1.75 for our
experiments, and to even larger values for Bowering’s and
Huber’s experiments). Data from all the experiments appear
to follow the same trend within the intrinsic scatter. This
result is somewhat remarkable when one considers that the
various sets of experiments involved two distinct initial
conditions (initial velocity or release from shore) and wave
makers that varied greatly in terms of material type,
geometry, rigidity, and specific gravity. Nonetheless, to
first order, dimensionless wave amplitude ~h in the near field

for these diverse wave makers may be expressed as a simple
function of t*s/V*w:

~h ¼ A ts*=Vw*ð Þ�b ð22Þ

where A and b are empirically determined coefficients. A
least squares fit to the log-transformed data yields A = 1.32,
b = 0.68, with correlation coefficient r2 = 0.66. (The
regression is based on our data alone owing to the
inferential nature of the ts values for Huber’s and
Bowering’s experiments.) Equation (22) is only valid up
to the asymptotic (breaking wave) value ~h 
 0:85, which
corresponds to t*s/V*w 
 2.
[34] An obvious alternative to equation (22) that also

accounts for wave maker dynamics, in principle, is

~h ¼ Bts*
qVw*

r ð23Þ

with the exponents determined by regression. Best fit
coefficients for the several data sets are given in Table 1.
The (q, r) values are widely divergent from one data set to
another and this sort of procedure clearly does not lead to a
universal data collapse.
[35] Although it seems fairly clear from Figure 6 that the

quantity t*s/V*w does provide a physically meaningful basis for
collapsing experimental data, we have also explored possible
second-order dependence on Fr sin q. In Figure 7 we again
show our data for ~h as a function of t*s/V*w but with the data
sorted into finite-sized ‘‘bins’’ for Fr sin q. There is no clear
evidence of a second-order dependence of ~h on Fr sin q.

5.2. Wavelength

[36] In the near field, distances in the x direction scale
with ts

ffiffiffiffiffi
gh

p
, so our measure of ‘‘wavelength’’ should scale

Table 1. Regression Coefficientsa

A m n B q r

Our experiments 0.36 0.40 0.50 0.20 0.51 0.26
Bowering 1.06 1.33 0.92 1.53 1.33 �0.92
Huber 0.46 0.31 0.25 0.76 0.35 �0.32

aCoefficients refer to the fitting relations for nondimensional wave
amplitude in equations (20) and (23), namely, ~h ¼ AVw*

m Fr sin qð Þn and

~h ¼ BVw*
qts*

r. The wide disparity in exponent values makes it clear that

neither of these regression relations is useful in a ‘‘universal’’ sense for

collapsing wave maker data for diverse wave maker types and initial

conditions. Equation (22), in contrast, does provide a reasonable ‘‘universal’’

fit to data.

Figure 6. Plot of dimensionless wave amplitude as a
function of t*s/V*w for our experiments and those of Bowering
[1970] and Huber [1980]. Method of estimating t*s values
for Bowering’s and Huber’s experiments is described in
Appendix C. To avoid clutter, we do not show error bars,
but note that the following error estimates apply: t*s/V*w is
known to within �30% for our experiments and to within
�40% for Bowering’s and Huber’s experiments; dimen-
sionless wave amplitude is known to within �10% for all
the data. See color version of this figure in the HTML.

Figure 7. Plots of dimensionless wave amplitude as a
function of t*s/V*w, with the data sorted in terms of Fr sin q, for
our experiments only. There is little clear dependence of
dimensionless wave amplitude on Fr sin q. See color version
of this figure in the HTML.
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likewise. In Figure 8 we show ‘‘wavelength’’ l, as defined
by the curve-fitting scheme described above, as a function
of ts

ffiffiffiffiffi
gh

p
. Given the error bars on the data points, the trends

for the two sets of experiments cannot be distinguished. A
least squares fit to the entire data set gives the result

l ¼ 0:27ts
ffiffiffiffiffi
gh

p
¼ 0:27 x½ � ð24Þ

or equivalently in dimensionless form,

l
h
¼ 0:27t s* ¼ 0:27

x½ �
h

ð25Þ

Equations (22) and (25) together suffice to specify the
tsunami shape in the near field. Note that assuming a wave
shape different from sech2(x/l), as long as it is still sym-
metrical about the wave crest, would simply change the
numerical constant in equation (24).
[37] Wavelengths reported by Bowering [1972] and

Huber [1980] are not directly compared with our own
measurements. Both those investigators defined wavelength
in terms of characteristics of the entire wave train. Bowering
[1972] presented some summary plots of wavelength
defined as ‘‘twice the approximate distance from the first
to the second zero crossing’’. Bowering’s wavelength so
defined had a value typically about 10h to 15h, but it is
unclear where this was measured along the channel. Huber
[1980] defined wavelength as the distance from half the
leading-wave amplitude to the second zero crossing, and the
data for his gauge nearest the splash zone indicate wave-
length typically about 4h to 8h.

5.3. Other Water Wave Features

[38] We did not set out to measure the complete tsunami
waveform or to investigate waveform evolution during

wave propagation. Nonetheless, we can make some useful
generalizations about the near-field waveform that would be
important for computational wave propagation purposes.
We note from our tabulated data (see the electronic supple-
ment) that [x]/h was in the range of about 4 to 12 (mean 6.8,
standard deviation 2.4). This [x]/h value corresponds to
wavelengths intermediate between those of deep-water
waves that never ‘‘feel’’ the bed and shallow-water waves
with a celerity

ffiffiffiffiffi
gh

p
independent of wavelength. Clearly

these impulse waves are dispersive. They are also moder-
ately to strongly nonlinear, as indicated by the relatively
large values (around 1 to 100) of the Ursell parameter Ur =
(h0/h)([x]/h)2, which is commonly interpreted as the ratio of
nonlinear effects to dispersive effects [e.g., Lighthill, 1978,
pp. 463–464]. Any computational wave propagation
scheme must therefore be able to account adequately for
the effects of both dispersion and nonlinearity.

6. Submerged Time of Motion: Inferences
About Splash Zone Dynamics

[39] Our black-box treatment of the splash zone has been
very productive but has one troublesome aspect as we
consider possible application of the results for prognostic
purposes: geological reasoning, along with bathymetry, can
provide reasonable estimates for probable values of V*w (we
will say more about this in section 7), but we also must
prescribe the nondimensional time of motion, t*s. Experi-
mentally this parameter varied over a factor of about 5, and
it is not at all obvious how to assign a value of t*s for
predicting the characteristics of a wave produced by a
hypothetical landslide. Surprisingly, we can make some
progress in this direction by examining the experimentally
determined values of t*s in the context of an idealized
equation describing block-landslide motion in the splash
zone. The approach is similar to that used by Watts [1997,
1998] in his study of subaqueous landslides but generalized
to account in an approximate way for partial submergence
of the solid mass as it enters the water. Thus we take s0 as
the position of the front of the block, reckoned positive from
the shoreline toward deeper water, and t0 as elapsed time
from the moment the leading edge of the block enters the
water. The driving force for landslide motion is simply
gravity; motion is resisted by friction between the landslide
and its bed, by hydrodynamic drag, and by the added mass
effect. An approximate equation of motion is

gþCms
0

L

� �
d2s0

dt02
¼ g�1ð Þgc s0

L

� �
þgcg 1� s0

L

� �
� Cd

2L

� �
ds0

dt0

� �2

ð26Þ

where g is specific gravity of the landslide, Cm is the so-
called added mass coefficient, Cd is a drag coefficient, L is
landslide length, c = sin q(1 � tanf/tanq), and f is the
dynamic bed friction angle. The first term on the right-hand
side of equation (26) represents the down-slope component
of the gravitational and frictional forces acting on the
submerged part of the landslide; the second term on the
right-hand side represents the down-slope component of
the gravitational and frictional forces acting on the
subaerial part of the landslide; the last term on the right-
hand side represents hydrodynamic drag. The various

Figure 8. The fitted ‘‘wavelength’’ l for a subset of our
experiments as a function of the characteristic length scale
in the direction of wave propagation. The fitted regression
line follows from the scaling analysis. See color version of
this figure in the HTML.
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coefficients may be considered constants as a first
approximation. When the landslide becomes fully sub-
merged for (approximately) s0 
 L, s0/L should be set equal
to one wherever it appears in a coefficient.
[40] We recast equation (26) into dimensionless form by

choosing scales different from those used to scale the water
wave equations but appropriate for characterizing landslide
motion for the initial velocity case:

s½ � ¼ 2L gþ Cmð Þ
Cd

ð27aÞ

t½ �2¼ gþ Cmð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2L

g� 1ð ÞgCd

s
ð27bÞ

The equation of motion in dimensionless form becomes,
after some rearrangement,

gþ2 gþ Cmð Þ Cm=Cdð Þs½ �
gþ Cm

d2s

dt2
¼ c g� 2 gþ Cmð Þs=Cd½ �

g� 1ð Þ � ds

dt

� �2

ð28Þ

with the proviso that for full submergence s is set equal to 1
wherever it appears in a coefficient or algebraic term. Any
dimensionless measure of landslide motion will in general
depend on the dimensionless coefficients that appear in
equation (28); in particular (recalling the definition of c)
ts/[t]2 = f(g, Cm, Cd, f, q) and thus

t s* ¼ L

h

� �1=2

f g;Cm;Cd ;f; qð Þ ð29Þ

The coefficients Cm and Cd may be expected to depend on
geometrical quantities (L/h, T/h, q and the angle of taper of
the block front) and an appropriately defined landslide
Reynolds number Re. In our experiments, Re � 105, so we
expect rapid boundary layer formation and negligible skin
friction (Appendix C); Re should have little influence on
either Cm or Cd during most of the block motion [Watts,
1997, 1998]. Specific gravity g was held constant in the
initial velocity experiments. The dynamic friction angle f
should vary little since all blocks were made of the same
material. and entry slope varied only modestly. Thus we
might expect that for our experiments, at least as a first
approximation,

t s* 
 Cs qð Þ L

h

� �0:5

ð30Þ

for the initial velocity experiments, where Cs is empirically
determined.
[41] Figure 9 shows time-of-motion data for our experi-

ments. There is no clear evidence that Cs varies with q, but
any dependence on q may have been masked because q and
h could not really be varied independently in our simple
flume. (Over the range of depths used, q varied from 11.2�
to 19.5�.) A best fit to log-transformed data for all slope
angles gives the result t*s = 4.8(L/h)0.40, but a regression fit
with the exponent forced to be 0.5 also describes the data
quite well, with Cs = 4.5. It is noteworthy that the exponent

0.5 would be expected in the case of a Coulomb frictional
grain flow [Savage and Hutter, 1989]. It thus appears that
submerged block-landslide motion is resisted primarily by
frictional forces and only to a minor degree by hydro-
dynamic drag.
[42] Actual mass flows are not, of course, solid blocks

as in our experiments. Nonetheless, we conclude that in
general, the effects of specific gravity, wave maker geom-
etry, and wave maker rheology on tsunami generation are
all implicitly subsumed by t*s, which must be specified in
some fashion. In principle, one should be able to predict t*s
using a physically based model of mass flow interaction
with water, along with pertinent bathymetric data. Diverse
models of mass flow-generated tsunamis proposed to date
[e.g., Norem et al., 1990; Heinrich, 1991, 1992; Jiang and
LeBlond, 1992, 1993, 1994; Imamura and Imteaz, 1995;
Assier Rzadkiewicz et al., 1997] all seemingly invoke
rheological assumptions at odds with recent advances in
our understanding of the actual mechanics of mass flows
[Iverson, 1997; Iverson and Vallance, 2001]. We suggest
that the most rigorous way to come up with true predic-
tions of t*s would involve coupling the Euler equations to
the mass flow model of Iverson and Denlinger [2001] and
Denlinger and Iverson [2001], who treat mass flows as
variably fluidized mixtures of solid grains and interstitial
fluid. This would undoubtedly be a computationally chal-
lenging task.
[43] A scaling effect may arise for very large mass flows

if the effective friction angle f with flow volume [e.g.,
Kilburn and Sørensen, 1998]. Note that [t]2, and thus t*s,

Figure 9. Dimensionless wave maker submergence time t*s
for both the initial velocity experiments and the release-
from-shore experiments, as a function of dimensionless
wave maker length L/h. The curve shows a fit of the data to
an assumed, simplified functional form t*s = const (L/h)1/2,
which would be expected if wave maker motion is
controlled by frictional forces. See color version of this
figure in the HTML.
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must increase as fecreases. From equation (27b), a
decrease in f from, say, 30� to 15� would increase t*s by
a factor of about 1.5. An increase in t*s for a given landslide
volume would have the effect of reducing water wave
amplitude. However, the nature of long-runout landslides
remains rather controversial, so ‘‘correcting’’ our scaling
relationships would be at best a speculative exercise, and
we demur.

7. Discussion

[44] Our goal in this work has been to examine exper-
imental results in light of a rigorous scaling analysis. Our
key result, imbedded in equations (22) and (25), is that the
amplitude and shape of a tsunami in the near field may be
fully specified, to an excellent approximation, in terms of
three simple parameters: water depth, Wave maker volume,
and the duration of submerged landslide motion. The last of
these in turn may be expressed approximately in terms of
wave maker length by equation (30).
[45] Experimental water wave measurements typically

provide only first-order results owing to experimental
errors that accumulate in dimensionless quantities. Such
errors are minimized at great expense of time and effort.
Our wave amplitude data do not obviously harbor a
second-order trend (in nondimensional space), namely,
dependence on Fr sin q. The data of Bowering [1970]
and Huber [1980] do appear to contain weak second-order
dependence on Fr sin q, although the nature of this second-
order dependence differs from one data set to the other
(see the electronic supplement). This is not terribly sur-
prising, as Bowering and Huber used completely different
experimental configurations. It may be that a more general
evaluation of second-order trends would be most produc-
tively elucidated by way of accurate numerical simulations
using carefully controlled input conditions and appropri-
ately selected measurements. The time and effort involved
in performing such simulations is likely much less than in
the parallel experimental work.
[46] In our experiments we measured the dimensional

quantities Vw and ts, the landslide volume per unit width
and the duration of landslide motion, respectively. If we are
interested in applying equations (22) and (25) for prognostic
purposes (assessing hazards associated with a hypothetical
mass flow), Vw is not known in advance and must be
estimated. Geotechnical arguments may be used to estimate
the probable volume of a slope failure, say, and flow width
can be constrained by considering the topography of the flow
path. Other information one could apply in trying to estimate
Vw include empirical scaling relations between flow volume
and the cross-sectional area of the subaerial channel that
conveys the flow [Iverson et al., 1998], and of course
geological evidence bearing on the behavior of past flows.
The duration of submerged landslide motion, ts, is also
unknown in advance, but equation (30), along with bathy-
metric data and geologically based estimates of landslide
length, provides a starting point for estimating ts.
[47] Alternatively, for purposes of assessing hazards, one

may wish to focus not on estimating Vw and ts separately but
rather to put bounds on the rate of displacement of water. The
rationale for doing this comes from rewriting the dimension-
less quantity V*w/t*s as Vw*=t s* ¼ Vw=tsð Þ= h

ffiffiffiffiffi
gh

p
ð Þ. Say that a

mass flow with total volume Vw per unit width enters a water
body over some finite period of time tf. The flux per unit
width may be denoted qw(t), and its maximum value qmax

must be an upper bound on the rate of displacement of water.
The corresponding upper bound on the dimensionless rate of
displacement V*w/t*s is thus qmax=h

ffiffiffiffiffi
gh

p
. This approach to

bounding V*w/t*s may be particularly relevant if the mass flow
of interest is a debris flow, in which case there may well be
either historical or paleohydraulic evidence to help place
bounds on probable values of qmax.
[48] However one chooses to parameterize the mass flow

that generates the tsunami, the near-field characteristics of
that wave suffice to provide a proxy tsunami source that can
be used as an initial condition in a wave propagation model
to calculate far-field effects. Real water bodies are, of
course, three-dimensional, and the near-field tsunami source
also establishes the appropriate wave radiation pattern and
directional energy propagation into the far field.

7.1. Application to Waves Caused by
Geophysical Mass Flows

[49] We have identified three hydrodynamically distinct
regions (the splash zone, the near field, and the far field)
associated with the entry of a mass flow into a body of
water and showed that wave amplitude in the near field is to
first order a simple function of t*s/V*w, a nondimensional
measure of the wave maker travel time. From the perspec-
tive of hazards assessment, one must determine in which
region a particular site lies. If a site lies within the probable
splash zone, then one must turn to physical scale models
[e.g., Pugh and Harris, 1982; Fritz et al., 2001] or to
numerical models that fully account for coupling between
solid and fluid motion (although as stated previously, it is
unclear that models developed to date accurately represent
mass flow dynamics). For mass flows entering relatively
small, roughly equidimensional alpine lakes [e.g., Evans,
1989], it may be that the entire lake basin lies within the
splash zone. It is hard to state this with great certainty
because of the lack of data on deposit geometry. Typically,
field investigators have estimated after the fact the volume
of source rock and the wave run-up, but have not collected
bathymetric data bearing on deposit dimensions (from
which one could estimate the size of the splash zone, as
the two are of comparable size).
[50] For sites within the near field, our results can be

coupled with considerations of wave runup [e.g., Synolakis,
1987]. For sites within the far field, the same sort of wave
run-up considerations may be applied after our results have
been used as input to numerical wave propagation models
that fully account for dispersive effects, bathymetric refrac-
tion, and wave front spreading.
[51] We believe that particular attention needs to be paid

to potential hazards associated with debris flow-generated
tsunamis, especially in places such as the Cascade Range of
the northwestern United States, where lahars (volcanogenic
debris flows) of exceptionally large volume, as much as
several cubic kilometers, may originate on the flanks of
stratovolcanoes [e.g., Scott et al., 1995; Iverson et al.,
1998]. Such lahars, with recurrence intervals in the range
of several hundred years to as much as a thousand years,
pose hazards of low probability but extreme consequences.
For example, very large lahars that originated at Mount
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Rainier during postglacial times inundated areas around the
Puget Sound that are now densely populated [Scott et al.,
1995; Scott and Vallance, 1995]. Those lahars moved along
river valleys that in some cases are now dammed for flood
control and electricity generation. Thus any assessment of
hazards posed by future lahars needs to incorporate some
understanding of what happens when a lahar enters a lake or
reservoir. Recent hazards assessment studies done for
Mount Rainier and other Cascade volcanoes have dealt with
the issue of lahar entry into lakes in a heuristic fashion, for
example, by employing the argument that a lahar would be
‘‘contained’’ within any reservoir whose volume exceeded
that of the lahar itself [e.g., Scott and Vallance, 1995;
Walder et al., 1999]. Clearly a better approach is required,
one based on an understanding of the actual physics,
including water wave generation, propagation, and run-up
on shores and structures. The scaling relations developed
above can serve a key role in this endeavor by providing
most of the information needed to specify the wave source.
[52] We consider next several cases of water bodies much

longer than they are wide and for which all three regions (the
splash zone, the near field, and the far field)may be identified.
We made use of equations (22), (25), and (30) to make after
the fact ‘‘predictions’’ of near-field wave characteristics.

7.2. Lituya Bay, Alaska

[53] The best characterized landslide-generated wave in
Lituya Bay occurred 9 July 1958 [Miller, 1960]. The wave
was apparently generated by a rockfall of volume about 3 �
107 m3 near the head of the T-shaped bay. Water splashed to
a height of about 520 m above sea level (asl). The splash
has been successfully simulated in a physical scale model
[Fritz et al., 2001]. For our purposes, we note that the water
displaced by the landslide wound up being displaced
‘‘around the bend’’ in the T-shaped bay and out toward
the open ocean. An eyewitness quoted by Miller [1960,
p. 57] estimated that at a distance of about 2.5 km from the
head of the bay, the wave extended from shore to shore with
a height of about 30 m. We now assess whether this wave
amplitude is generally consistent with our scaling results.
Taking V = 3 � 107 m3, W = 2.5 km (the approximate width
of the bay in the presumed near field), and h = 150 m (the
approximate mean depth at 2.5 km from the head of the
bay), we find V*w = 0.53. To estimate t*s, we use Equation
(30) with L = 1350 m, the width of the ‘‘top’’ of the T-
shaped bay at the point where the landslide entered, and a
local depth h = 122 m [Fritz et al., 2001, Figure 3]. We then
estimate from Equation (30) that t*s 
 15 and from Equation
(25) that [x] (based on the local depth) is about 1800 m.
Thus the transition from near field to far field would have
been at a distance of about 5 km from the head of the bay, so
the observer’s estimate for wave height at 2.5 km from
the head of the bay therefore applies to the near field. We
further calculate t*s/V*w 
 28, so using equation (22) with h =
150 m yields a predicted near-field wave height of about
20 m. Given the eyewitness’ distance from the event and the
various approximations involved in our estimate, the pre-
diction is in reasonable agreement with observation.

7.3. Loenvann, Norway

[54] Destructive waves caused by landslides into this lake
have occurred repeatedly [Jørstad, 1968]. We consider here

the event of 13 September 1936, when a rockslide of
volume about 106 m3 entered the lake on the west bank
about 2 km from its southern end. The total length of the
lake is about 8 km. The part of the lake to the north of the
slide area has a width of about 1 km, a maximum depth of
132 m, and an average depth of about 70 m. The part to the
south is much narrower (about 300 m) and shallower
(commonly about 15 to 25 m). We take V = 5 � 105 m3,
that is, we assume half the displaced water went north and
half went south. We estimate t*s 
 16.4 from equation (30)
using L = 400 m, the approximate width of the lake where
the landslide entered, and a local depth h = 30 m. For the
lake to the north of the landslide, we then calculate V*w 

0.10, t*s/V*w 
 160, [x] 
 1150 m; the near-field/far-field
transition is therefore at a distance of about 3.5 km from the
source, and the near-field wave height predicted from
equation (22) is about 3 m. Measurements indicate wave
heights typically 2 to 5 m within the putative near-field zone
[Jørstad, 1968, Figure 9]. For the southern part of the lake,
we calculate (with W = 300 m and h = 20 m) V*w 
 4.2, t*s/
V*w 
 3.9, and [x] 
 330 m; the near-field/far-field transition
is therefore at a distance of about 1 km from the source. We
predict near-field wave amplitude of about 11 m. For
comparison, measurements indicate wave heights 13 to
23 m within about 500 m of the probable splash zone. We
conclude that predictions based on our experimentally based
scaling relation do a reasonable job.

7.4. Swift Reservoir, Washington

[55] The 18 May 1980 eruption of Mount St. Helens
triggered several lahars on the south side of the volcano
[Pierson, 1985], including some that entered Swift Reser-
voir, which is operated for hydropower generation. Nearly
all the lahar volume entered the reservoir at a point about
12 km distant from the dam. A gauge at the dam recorded a
complex wave train, with the amplitude of the leading wave
being about 0.4 m, and a net rise in stage of about 0.8 m
over a period of about 2 hours. A reconstructed lahar
hydrograph suggests a peak flow of about 7500 m3/s. The
reservoir width W is about 1 to 1.5 km, so we estimate qmax

to be in the range 5 to 7.5 m2/s, and using the average depth
h of 61 m, we find t*s/V*w to be in the range 200 to 300, and
thus a predicted near-field wave height of about 1.5 to 2 m.
Note that we have not separately estimated t*s here.
[56] Unfortunately there are no data for comparing to the

predicted wave heights. (Swift Reservoir was in the ‘‘red
zone’’ of extreme danger during the period leading up to the
eruption of Mount St. Helens, and all people were excluded
from the area.) If we assume t*s
 10, then [x]
 10h
 600 m
and we would expect the transition to far-field behavior to
have been at a distance of about 1.8 km beyond the splash
zone. It seems clear that the gauge record at the dam
represents far-field wave propagation.

8. Conclusions

[57] We have investigated water waves generated by
subaerial mass flows, with special attention to wave proper-
ties in the near field, by which we mean the region just
beyond where the landslide stops, say, at a distance on the
order of one wavelength, close enough to the source that the
effect of dispersion on wave shape is negligible. In the near
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field so defined, the water displaced by the mass flow
propagates as a distinct wave ‘‘hump’’ free of the complex
splashing motions that occur near the shore. Scaling anal-
ysis of the equations of motion indicates that the quanti-
ties controlling near-field wave properties may be chosen
as nondimensional landslide volume per unit width, V*w,
nondimensional submerged time of motion, t*s, and non-
dimensional vertical impact speed, Fr sin q. Our exper-
imental results, and those of Bowering [1970] and Huber
[1980], can to first order be cast in the simple form
~h ¼ A ts*=Vw*ð Þ�b

, where ~h is wave amplitude as a fraction
of water depth and A and b are empirically determined
constants. This expression works remarkably well over at
least two orders of magnitude variation in t*s/V*w, up to the
limit of breaking waves, for both rigid and deformable
wave makers. Our data show no clear second-order
dependence of wave amplitude on Fr sin q. The non-
dimensional time of motion t*s can be expressed to a good
approximation as const. (L/h)0.5, where L is landslide
length. The experimentally based scaling relation does a
good job of ‘‘predicting’’ near-field wave amplitude for
several historical events.

Appendix A: Relative Timescales

[58] Wave maker problems generally involve two time-
scales: one (ts) characterizes the wave maker time of
motion, the other (tw) characterizes the time for deep-water
waves to cross the wave generation zone [Hammack, 1973;
Iwasaki, 1982; Watts, 1997, 1998]. We implicitly assumed
in the scaling analyses of the main text that ts < tw and that ts
would be the appropriate choice of timescale to nondimen-
sionalize the Euler equations. Here we provide some justi-
fication of this choice.
[59] Consider first the initial velocity case, with a block

sliding down a ramp sloping at angle q into a constant depth
tank. Motion is assumed to be resisted by friction between
the block and the bed, with friction angle f. The block
moves down the ramp with a net acceleration a = g sin q(1�
tanf/tanq) and reaches the bottom after a time

tr ¼
�U0 þ U 2

0 þ 2ah= sin q
� �1=2

a
ðA1Þ

The block then moves along the horizontal bed under a
deceleration �g tanf and comes to rest after an additional
time

tb ¼
U2

0 þ 2ah= sin q
� �1=2

cos q
g tanf

ðA2Þ

The total travel time ts is tr + tb. To compute tw, we note that
the local long-wave celerity is

ffiffiffiffiffiffiffiffiffiffiffi
gh xð Þ

p
, and calculate the

wave travel time for each segment (ramp and constant depth
channel) separately. The desired result, after some algebra,
is

ts

tw



�Fr þ x Fr;að Þ
a=g

þ x Fr;að Þ cos q
tanf

2

tan q
þ x Fr;að Þcos2q

2 tanf

ðA3Þ

where x(Fr, a) = Fr2 + 2a/g sin q. Figure A1 shows the
variation of ts/tw as a function of Fr for representative
values of q and f. The plots for f = 17� should be
representative of our block landslide experiments [cf.
Watts, 1997, 1998]; the plots for f = 22� are representative
of the gravel flows of Huber [1980]; and the plot for q =
10�, f = 6� represents a debris flow moving down a
moderately steep channel, with the very low friction
coefficient crudely mimicking the fact that debris flows are
largely fluidized [Iverson, 1997; Iverson and Vallance,
2001]. We conclude that ts/tw < 1 as long as Fr is greater
than about 0.8. All of our initial velocity experiments were
conducted with Fr > 1, so the choice of ts to scale the Euler
equations is reasonable.
[60] Now consider the release-from-shore case, assuming,

as in our experiments with blocks, that the wave maker
essentially slams into the bottom and then stops. The width
of the wave generation zone is then h/tan q and
tw 
 2

ffiffiffiffiffiffiffiffi
h=g

p
= tan q [Iwasaki, 1982, p. 252]. Suppose for

simplicity that motion is resisted solely by friction between
the block and the bed, with friction angle f. The block
moves down the ramp with a net acceleration a and slams
into the bottom after a time ts ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h=a sin q

p
. Thus

ts

tw

 g sin q

2a cos2 q

� �1=2

ðA4Þ

Figure A2 shows the behavior of this function for a range of
q and f. Our experiments, with q = 30� and f 
 17�,
correspond to ts/tw 
 1. Thus either ts or tw would appear to
be reasonable choices for scaling the Euler equations.
[61] Considering Figure A1 again, we see that for land-

slides moving sufficiently slowly or entering sufficient deep

Figure A1. Ratio of wave maker travel time (ts) to time of
long-wave propagation across the wave generation zone
(tw), as a function of the impact Froude number, for an
idealized initial velocity configuration; q is bed slope, and f
is friction angle.
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water, tw would probably be the appropriate choice for
scaling the Euler equations. It can be shown (but we do
not present details here) that scaling time by tw introduces
another nondimensional grouping into the scaled Euler
equations, namely, ts/tw = Ha, the so-called Hammack
number of Watts [1997, 1998]. For various reasons, it is
difficult to design laboratory-scale initial velocity experi-
ments for which ts/tw > 1.

Appendix B: Impulsive Effects

[62] In the block-motion analysis of the main text, we
scaled the submerged speed of the block by U0, the block
speed at the moment of impact with the water. The impact
forces integrated over the short but finite time of impact
constitute an impulsive resistance to block motion, so in
general the block will slow down as it enters the water, and
thus submerged motion should really be scaled by ~U (<U0),
the speed after application of the impulse. We can make a
rough estimate of the impulsive effect by considering
impact of a block with water at normal incidence. We
estimate the impulse applied per unit width, I, as [cf.
Batchelor, 1967, pp. 471–474]

I ¼ const rT2U0 ðB1Þ

where T is block thickness and the constant is O(1). This
impulse reduces the block’s momentum P, which at impact
is (per unit width)

P ¼ const grTLU0 ðB2Þ

and again the constant is O(1). Thus

I

P

 T

gL

� �
ðB3Þ

to within an O(1) constant. This almost certainly over-
estimates the impulsive effect in our experiments, which
used blocks with a tapered front and an incidence angle
much less than 90�. As long as I/P � 1, there is little
change in block speed at impact and we are justified in
using U as the scaling quantity. In our initial velocity
experiments, g = 2.9, T/L < 0.3, so I/P is in fact �1. The
same should hold for actual geophysical mass flows, for
which g 
 2 and T/L � 1. Thus we expect that impulsive
slowing will only be important for laboratory cases
involving, say, short, low-density blocks. This probably
describes the initial experimental runs of Bowering [1970],
as he used a weighted box with T/L 
 0.4 and specific
gravities in some cases <1. We did not consider any of these
data for comparison to our own.
[63] We should state as a caveat that the argument above

strictly applies only to rigid blocks. Actual geophysical
mass flows are not rigid and will deform as they enter a
body of water. One might expect to see, say, some thicken-
ing at the snout of the flow, and indeed this has been seen in
the laboratory with gravel-sized particles [Fritz et al., 2001].
Just how such flow front thickening affects wave generation
remains uncertain.

Appendix C: Assessment of Effects of Viscosity
and Surface Tension in the Experiments

[64] For our laboratory experiments to be reasonable
simulations of actual landslides entering water, forces asso-
ciated with both viscosity and surface tension must be
negligible. We consider first viscous forces. If the scaling
analysis of section 2 were done on the full Navier-Stokes
equations instead of the Euler equations, we would find
that viscous forces scale with a Reynolds number
Re 
 rwL

ffiffi
ð

p
ghÞ=m [cf. Watts, 1997, p. 39]. For our experi-

ments, we find Re 
 105–106 and conclude that a very thin
boundary layer must rapidly develop as the block sub-
merges. For actual landslides entering lakes, the value of
Re would almost certainly be even greater. The skin friction
associated with the boundary layer can be parameterized by
a drag coefficient Cf commonly of order Re�1/2 [cf.
Schlichting, 1979], and thus negligible compared to the
drag coefficient Cd associated with form drag (section 6),
which is typically order unity. We conclude that viscous
forces play a negligible role in wave maker dynamics at
both laboratory scale and natural scale. A similar argument
can be made about viscous damping of the water waves
generated (owing to bottom drag and, in the flume, side
drag) over the typical length scale of the near field [cf.
Keulegan, 1948; Naheer, 1978].
[65] Surface tension has a negligible effect on wave

propagation for wavelengths greater than about 20 mm
[e.g., Dean and Dalrymple, 1991; Johnson, 1997] and is
certainly negligible for all our experimentally generated
waves. Surface tension almost certainly plays a role in the
splash zone, for example, in droplet formation, for all
plausible wave maker sizes, whether in the laboratory or

Figure A2. Ratio of wave maker travel time (ts) to time of
long-wave propagation across the wave generation zone
(tw), as a function of the impact Froude number, for an
idealized release-from-shore configuration; q is bed slope,
and f is friction angle.
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in nature. Any such effects are implicit in the black-box
treatment of the wave generation process. Indeed, we
conclude that overall, the laboratory experiments properly
scale diverse splash zone phenomena.

Appendix D: Reanalysis of Data From Huber
and Bowering

[66] We reanalyzed data from the theses of Bowering
[1970] and Huber [1980] in the context of our scaling
analysis, which highlighted the importance of the rate of
water displacement by the landslide mass. Neither Bower-
ing nor Huber provided explicit data about the travel time ts
of the wave makers, but it was still possible to make
plausible estimates of ts for some of their experiments, as
discussed next. Huber [1980] released gravel flows with
mass M as much as 50 kg down a sloping ramp into a
constant depth tank of water. The initially compact gravel
mass invariably elongated and thinned greatly by the time it
reached the water tank, which was 30.4 m long, with a
width W of 0.5 m and water depth h ranging from 0.12 to
0.36 m. Huber systematically varied slope q and impact
speed U0 and recorded maximum wave amplitude at several
locations along the tank, but reported no measurements of
submerged wave maker travel time. Huber did a total of 348
experiments with a constant depth tank, with ramp slopes
ranging from 28� to 60�. We reanalyzed data for all these
experiments, but for comparison to our own data, we
considered only experiments with bed slopes ranging from
28� to 35� (a total of 149 experiments). For greater slopes,
gravel flows would be very thin and poorly characterized by
a continuum approximation [cf. Savage and Hutter, 1989].
We proceeded by making certain plausible assumptions.
The displaced water volume Vw per unit width can be
bounded by

M

Wrg
� Vw � M

Wrg 1� ~f
� � ðD1Þ

where rg is the grain density, taken as 2.67 � 103 kg/m3,
and ~f is the bulk porosity of the gravel flow. The lower
bound applies if the flow is so permeable that water
passes freely through the gravel; the upper bound applies
if the permeability is so low that the ambient water is
simply pushed aside. Huber’s gravels were coarse enough
(median grain size about 20 mm) that they should have
been highly permeable. However, if water passed freely
through the pores, then flow speed in the pores would
have been O(U0/f), or commonly several m/s. Such high
flow speeds would correspond to very large pore
Reynolds numbers (>ca. 104) and distinctly non-Darcian
flow [e.g., Dullien, 1979]. Moreover, flow paths and
hydraulic head gradients are unknown a priori. Given all
the uncertainties involved, we simply pick the lower
bound in equation (D1) but recognize that Vw may be
underestimated by as much as, say, 30%. We then
estimated ts by assuming that gravel motion was resisted
solely by Coulomb frictional forces at the bed and
calculating the travel time first along the ramp, then along
the horizontal bed, by the method described in
Appendix A. This method of estimating ts obviously
has its drawbacks, as the granular flow mechanics are

dealt with very simplistically. Longitudinal stress trans-
mission [Savage and Hutter, 1989] has been ignored, as
have the centripetal forces associated with change in
slope [Iverson and Denlinger, 2001]. Alternative methods
involving, say, the granular flow model of Iverson and
Denlinger [2001] would likely be better, but would still
suffer from our inability to make direct comparisons to
data. The probable error in the estimated volumetric
displacement rate Vw/ts (and thus in V*w/t*s) will be quite
large, say around 40%.
[67] We used Huber’s wave amplitude data only for

wave gauges placed at a distance x from the entry point
equal to 5h, which is of the same order as the typical
wavelength measured at that point [cf. Huber, 1980, Table
10a] and also beyond the distal end of the associated
deposit, i.e., beyond the splash zone [cf. Huber, 1980,
Figure 14]. Thus x = 5h can probably be considered near
field in the terms defined in the main text. Huber’s
measurements at greater distances from the point of impact,
starting at x = 10h (his Tables 10b–10e), show effects of
wave broadening associated with dispersion and cannot be
considered near-field measurements.
[68] Bowering [1970] did two distinct sets of experiments.

We disregarded his earliest experiments using fixed-volume
boxes, as specific gravity varied from test to test and
impulsive slowing was probably important in some tests.
We considered only his later ‘‘modified box’’ experiments,
involving an open-framework ‘‘sled’’ with a wedge-shaped
cross section and an adjustable front face, behind which were
placed solid weights. The ‘‘landslide’’ masses all had a
specific gravity of 2.7, a width of 0.91 m, and were allowed
to slide down a ramp consisting of closely spaced roller
bearings into a 45 m long constant depth tank of water.
Landslide thickness varied from 1/8 to 7/8 of the water
depth. Bowering varied mass M but did not control impact
speed and provided no information as to whether the blocks
were arrested at the bottom of the slope or allowed to come
to rest naturally. Neither do we know whether the sled began
to decelerate as soon as it hit the water. We assumed that the
sled did not travel beyond the bottom of the slope, an
assumption consistent with what we observed in our
release-from-shore experiments, and bounded ts by h/(U0

sin q) � ts � 2h/(U0 sin q). The lower bound would apply if
the sled did not decelerate at all before stopping abruptly at
the base of the slope; the upper bound would apply if the sled
slowed to rest just as it reached the bottom of the slope. We
picked ts as the mean of the two bounds, that is, ts = 1.5h/U
sin q, and thus t*s = 1.5/Fr sin q. This is admittedly a very
rough approximation. The probable error in Vw/ts is difficult
to estimate; we will use a figure of 35% but recognize that
this is only a rough guess.
[69] We used Bowering’s wave amplitude data only for a

gauge placed at a distance x from the entry point equal to
11h, comparable to the typical trough-to-trough wavelength
of about 10h to 15h [cf. Bowering, 1970, Figure 39]. Thus
x = 11h is probably in the near field in the terms defined in
the main text. We disregard Bowering’s measurements with
gauges at distances x = 33h and x = 58h, which presumably
cannot be considered near-field locations.
[70] We also examined experimental data presented by

other investigators [e.g., Law and Brebner, 1968; Das and
Wiegel, 1972; Sander and Hutter, 1992] but could not
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extract sufficient information from their papers to recast
their results in terms of our dimensionless variables.

Notation

A regression coefficient.
b regression coefficient.
B regression coefficient.
Cd hydrodynamic drag coefficient.
Cf skin friction coefficient.
Cm added mass coefficient.
Cs regression coefficient
Fr Froude number of landslide block at impact.

Frmax maximum landslide Froude number during
submergence.

g acceleration due to gravity, m/s2.
h water depth, m.
H height of landslide release relative to water

surface, m.
I impulse per unit width applied to block entering

water, kg/s.
L length of landslide block, m.
m regression coefficient.
M mass of landslide, kg.
n regression coefficient.
p dimensionless measure of water pressure.
p0 water pressure, Pa.
P momentum per unit width of landslide entering

water, kg/s.
q regression coefficient.

qmax maximum value of qw, m
2/s.

qw flux (discharge) of mass flow per unit width, m2/s.
Q*w dimensionless measure of rate of water displace-

ment per unit width by landslide.
r regression coefficient.

Re Reynolds number.
s dimensionless coordinate in direction of landslide

movement.
s0 coordinate in direction of landslide movement, m.
t dimensionless time.
t0 time, s.
[t] characteristic scale for time, s.
tb portion of landslide travel time along base, s.
tr portion of landslide travel time along ramp, s.
ts characteristic time of submerged landslide motion, s.
tw time for long waves to cross wave generation zone, s.
t*s dimensionless measure of time of submerged land-

slide motion.
T thickness of landslide block, m.
u dimensionless measure of water speed in direction

of water propagation.
u0 water speed in direction of water propagation, m/s.
U0 landslide block speed just before impact with

water, m/s.
~U landslide block speed just after impact with

water, m/s.
Umax maximum landslide speed during submergence, m/s.
Ur Ursell parameter of wave.
Vw landslide volume per unit width normal to direction

of wave propagation, m2.
V*w dimensionless landslide volume per unit width

normal to direction of wave propagation.

w dimensionless water speed in direction normal to
undisturbed water surface.

w0 water speed in direction normal to undisturbed
water surface, m/s.

W width of landslide block in direction normal to
block motion, m.

x dimensionless coordinate in direction of wave
motion.

x0 coordinate in direction of wave motion, m.
[x] characteristic scale for coordinate length in direc-

tion of wave motion, m.
z dimensionless coordinate in direction normal to

undisturbed water surface.
z0 coordinate in direction normal to undisturbed water

surface, m.
a characteristic landslide acceleration during submer-

gence, m/s2.
g bulk specific gravity of landslide.
h h0/[h], a dimensionless measure of wave amplitude.
h0 wave amplitude, m.
[h] characteristic measure of wave amplitude used in

scaling analysis, m.
~h h0/h, wave amplitude as a fraction of water depth.
q slope angle at shoreline.
l characteristic measure of wavelength in the near

field, m.
m viscosity of water, Pa s.
rw density of water, kg/m3.
rg grain density of landslide mass, kg/m3.
tH elapsed time for landslide released at height H to

reach water depth h, s.
tsH submerged part of tH, s.
tss elapsed time for landslide released at shoreline to

reach water depth h, s.
u fitting parameter in block motion analysis.
f friction angle.
~f porosity.
c = sin q (1 � tan f/tan q).
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