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Introduction

A landslide block perched on the northern wall of Tidal Inlet, Glacier Bay
National Park (Figure 1), has the potential to generate large waves in Tidal Inlet and the
western arm of Glacier Bay if it were to fail catastrophically. Landslide-generated waves
are a particular concern for cruise ships transiting through Glacier Bay on a daily basis
during the summer months. The objective of this study is to estimate the range of wave
amplitudes and periods in the western arm of Glacier Bay from a catastrophic landslide in
Tidal Inlet. This study draws upon preliminary findings of a field survey by Wieczorek
et al. (2003), and evaluates the effects of variations in landslide source parameters on the

wave characteristics.
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Figure 1: (top) Location map of Glacier Bay National Park, Alaska. Tidal Inlet

shown along western arm of Glacier Bay. (bottom) Vertical aerial photograph
(1996) showing approximate boundaries of the Tidal Inlet landslide mass and

nearby lineaments (L1, L2, and L3). Figures from Wieczorek et al. (2003).

Modeling waves generated by sudden failure of landslide blocks entering fjords
presents several difficulties. First, an appropriate wave generation model linked to the
geometric and kinematic parameters of the slide must be implemented. The slide-water
impact involves turbulent and non-linear flow that can only be approximated by
modeling. In addition, catastrophic slope failure into fjords can result in wave runup on
the opposite shore, as was observed following the 1958 Lituya Bay (Figure 1) slide (Fritz
et al., 2001; Mader and Gittings, 2002). Runup and backwash is strongly non-linear and
involves a complex parameterization of overland flow. Finally, resonance of wave action
in fjords can also be non-linear, depending on the aspect ratio of the fjord and the

amplification at resonance.



This paper begins with a review of analytic studies of resonance in narrow bays
such as Tidal Inlet. Resonance occurs at discrete length scales and analytic expressions
can help determine if the length-scale of slide-generated waves occurs near the natural
resonance of Tidal Inlet. Using first-order models, estimates are made of wave height
and runup on the opposite shore of Tidal Inlet. Numerical models are then implemented
to calculate the wave dynamics specifically for Tidal Inlet. A slide-impact wave
generation model is used to specify the initial conditions for the propagation model. The
propagation model is based on detailed bathymetry and is used to calculate the wave
history in the western arm of Glacier Bay. Finally, implications of these unique waves on

cruise ships are discussed.

Resonance of Tidal Inlet: Analytic Approach

The geometry of Tidal Inlet is ideally suited to allow a determination of the
modes of natural resonance using analytic expressions. Early work on harbor resonance
using inviscid theory by Miles and Munk (1961) describe the "harbor paradox" as
follows: As the width (2a — see Figure 2) of an elongated harbor or bay decreases, wave
amplification becomes greater and tends toward infinity as a — 0. For real fluids, other
effects such as friction at the harbor entrance and non-linearity become important for
narrow widths (Rogers and Mei, 1978; Mei, 1989; Raichlen and Lee, 1992).

To determine resonance of long and narrow bays, Rogers and Mei (1978) employ
the Boussinesq equations at a constant water depth (/) that include the effects on non-
linearity and dispersion:

n+Veu+Vemu)=0

u, +Vn+ive’ +1u’vn, =0 @)
where 1 is the water surface displacement, u is the depth-averaged horizontal velocity
field, and the small parameter w is defined by u” = w’h/g where  is frequency. The
variables in Equation 1 have been non-dimensionalized with respect to characteristic
length and time scales. A rectangular bay geometry is used with a width 2a and length L

(Figure 2).
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Figure 2: Geometry and coordinate system for a narrow bay.

The resonant wavenumbers (k,) are given by

(k1) = (m+%)n+[(L) ImZ] m=0,1,2,... (2)
[ k’l Jk,.1=(m+-;.)n

where [ is the non-dimensional length of the bay. The entrance impedance of the bay (Z)

is defined by Rogers and Mei (1978) as

2i

2 (1520
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Z=k

where 29 is the non-dimensional bay width and y is Euler's constant. The aspect ratio of
20 1
Tidal Inlet is approximately F] such that the first two resonant modes are

(k,0), = 1.272and (k,1), = 4.050 . These modes are slightly less than the 1/4 and 3/4

wavelength resonant modes predicted by a simple "quarter-wavelength resonator"
(Raichlen and Lee, 1992). At resonant anti-nodes, there is no additional amplification of
waves from resonance within the bay (i.e., unit response).

Outside the bay and far from the entrance, non-linear effects can be ignored.
Rogers and Mei (1978) indicate that most bay and harbor resonant problems can be
decoupled so that non-linear theory is used within the bay and linear theory is used in the
ocean. The radiated wave from the bay, exclusive of incident and reflected waves outside

the bay, is given by the following expression (Rogers and Mei, 1978):



n,,, = iTkdsin(kl) H." (kr) 4)
where r* = x* + y2 >>9, x >0 (Figure 2), Hél) (kr) is the Bessel function of the third kind
(Hankel function) and

T = Alcos(kl) - iZ/ k)sin(k)]" (5)
where A is the non-dimensional amplitude of the incident wave. The wavefield from

Equation (4) is shown in Figure 3.
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Figure 3: Radiant component of wavefield outside the bay from resonance involving

monochromatic input. Axes in non-dimensional units.

Inside the bay, Rogers and Mei (1978) demonstrate that non-linear effects become
increasingly important for longer bays. They compare experimental and theoretical
results for three cases: 28/1=0.275,0.0799, 0.0467. They note that for the shortest bay,
linear theory is adequate to predict the effects of resonance and that entrance loss from

friction may be a more important factor. For the longer bays, non-linearity becomes



more important. Kowalik (2001) indicates that for transient waves associated with
tsunamis, the effects of non-linearity dissipate shorter period waves and tend to preserve
the long-period component of the spectra. When considering the effects of resonance on
transient waves, Kowalik (2001) also notes that resonant amplification also depends on
the duration of the wave train. Short wavetrains, relative to bay length, will not last long
enough to set up resonance. Resonance in elongated coastal inlets may be more of a
concern with longer-period waves from large seismogenic tsunamis (Carrier and Shaw,

1970; Henry and Murty, 1995).

Near-Field Wave Estimates

As indicated by Wieczorek et al. (2003), various analytic and empirical methods
have been proposed to determine the waves generated by landslides at the point of
impact. Because of the complex dynamics of subaerial landslides and the water waves
they generate, most methods involve either a simplification of the physical processes that
are involved or use regression analysis from flume studies or case histories. Analytic
methods and scaling analysis often assume that the landslide can be approximated as a
coherent mass entering the water. From this assumption, the landslide kinematics can be
described using simple parameters such as landslide volume, velocity, and others.
Because the fluid dynamics near the point of impact involves turbulent and non-linear
behavior (e.g., Fritz et al., 2001; Mader and Gittings, 2002), some type of efficiency
parameter is often implemented to account for fluid complexity near the source.

To determine the height of the leading elevation wave generated from a subaerial
landslide, we use the method proposed by Huber and Hager (1997). Wieczorek et al.
(2003) describe the parameters and underlying assumptions of this method. For the
maximum volume (10 Mm’) landslide into Tidal Inlet, the wave height in the center of
the inlet is estimated to be 77 m. We use this estimate to constrain our landslide impact
model (described in the next section) to calculate the initial tsunami wavefield for far-
field propagation. Other methods reviewed by Wieczorek et al. (2003) yield smaller

estimates for initial wave height.



Numerical Model of Hydrodynamics

In order to calculate the wave motion in Glacier Bay using realistic bathymetry,
we use a numerical method to simulate wave propagation generated by a fast-moving
sub-aerial landslide into Tidal Inlet. The initial tsunami wavefield is determined from a
slide-impact model parameterized using the velocity, density, and effective dimension of
the landslide. Wave propagation is modeled using the shallow-water wave equations,

where the wavelength is considered to be significantly greater than the water depth.

Source Model

Whereas studies such as that of Huber and Hager (1997) yield information on the
wave height from a landslide source, a source model needs to be employed that will
specify the initial wavefield for simulating the propagation of these waves using realistic
bathymetry. Wieczorek et al. (2003) indicate that a subaerial landslide would be moving
at a high velocity (67 m/s) when it reaches the water surface. This velocity is greater than
the phase speed of long waves (or celerity) in the inlet, resulting in an impact Froude

number (F=v,, / ‘/ gh , where h is water depth) of approximately 1.5. For comparison,

the estimated velocity of the 1958 Lituya Bay slide is 110 m/s with an impact Froude
number of 3.18 (Fritz et al., 2001). Both the potential Tidal Inlet slide and the actual
Lituya Bay slide have a high relative velocity (i.e., F' > 1), such that the displaced water
generates an air cavity near the point of impact (Fritz et al., 2001; Mader and Gittings,
2002). The motion of the slide after impact is of secondary importance in generating
waves. In contrast, for low relative velocity slides (i.e., F' < 1), such as subaerial slides
that start near the water surface or submarine slides, the water is displaced during slide
movement such that the time history of the slide is a critical parameter in determining
wave height. In summary, for the potential Tidal Inlet slide, and, perhaps for most slides
perched along the walls of fjords, a slide-impact generation mechanism, as indicated by
Fritz et al. (2001) and Mader and Gittings (2002), is most appropriate.

We use the impact model of Ward and Asphaug (2000, 2002) developed for
asteroid-generated tsunamis to define the initial conditions for wave propagation. This

model is chosen because of the direct connection between impact kinematics and



wavefield away from the source. In addition, this model is consistent with waves
calculated using fully-three dimensional simulations of impacts (Ward and Asphaug,
2000). The initial wavefield from an impact is a parabolic cavity of maximum depth D,

and inner and outer radii R and R, respectively:

nr) = Dc[l - (RL) J r<R,

c (6)
nr)=0 r>R,
As indicated by Ward and Asphaug (2000, 2002), if R, = ﬁRC , then the volume of

water displaced from the cavity is preserved along the outer edge as a leading-elevation
wave. The Schmidt-Holsapple (1982) scaling relation links the impactor kinematics
(velocity, V; radius, R;; and density, p,) to the cavity radius (R.):
B 1/3
[(_1L\ V2T (e (G
=R ) V) (7

[\3.22/ gr | \p,) \1.24
where 8 and C, are target properties (f = 0.22 and C, =1.88, see Ward and Asphaug,
2000) and p, is the target density (in this case water, p, = 1.0 gm/cm’). Cavity depth (D,)

is related to the cavity radius by the following expression:

D. =qRc, ®)
where o =1/(2p) -1 and g can be determined from the Schmidt-Holsapple relation (7).
Ward and Asphaug (2000) indicate that the effect of these parameters is that deeper and
narrower cavities are created by smaller diameter impactors travelling at the same
velocity.

Because the dimensions of the potential Tidal Inlet slide are not radially
symmetric and it is unknown as to how the shape of the slide will change during failure
and disintegration, an effective impact radius is calculated from the height of the
landslide generated wave using the method of Huber and Hager (1997). Using an impact
velocity of 67 m/s and an associated wave height of 77 m, the effective impact radius is
115 m (Wieczorek et al., 2003);. Fritz et al. (2001) noted that the wave height for the
Lituya Bay landslide is underestimated using the method of Huber and Hager (1997),
primarily because landslides used to develop this relation were thinner than the Lituya

Bay landslide (thickness = 92 m, compared to 30 m for the potential Tidal Inlet

10



landslide). It is therefore possible that the Huber and Hager (1997) method is more
applicable for estimating wave heights in Tidal Inlet than for Lituya Bay.

To account for the non-equidimensional impactor shape of a subaerial landslide
like the potential Tidal Inlet slide, we modify the impact shape function from the

canonical parabolic cavity (Equation 6) to an elliptic paraboloid of the form:

o)) (7 | () () -

2

n(x,y) =0, (Rci) +(Ri) >2

The same cavity depth is used as for the parabolic cavity and the cavity radius in the

(€))

direction of slide motion (R.,) is set equal to the parabolic cavity radius above. The
cavity radius perpendicular to slide motion (R,) is varied to accommodate different slide

widths. Different source shape functions are shown in Figure 4.

(a) (b) (©)

Figure 4: Source shape functions from the slide-impact model. (a) parabolic impact
from an spherical impactor using the expressions in Ward and Asphaug (2000); (b)
elliptic parabaloid impact from an oblate impactor with width equal to the average
slide width described by Wieczorek et al. (2003); (c) elliptic parabaloid impact from
an oblate impactor with width equal to the maximum slide width described by

Wieczorek et al. (2003).

Propagation Model

With the initial wavefield specified from the modified slide-impact source model
(Equation 9), wave propagation is calculated using a numerical approximation to the
shallow water wave equations (e.g., Geist and Dmowska, 1999; Geist, 2002; Satake,

2002). A standard finite-difference method using a staggered grid (Ax) is used in which
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the time step for the calculations (Af) is constrained by the Courant-Friedrichs-Lewy
(CFL) stability criterion: At < Ax/ ‘/2 gh . The bathymetry used in the calculations is

derived from recently acquired multibeam data (Carlson et al., 2003) merged with older

NOAA data and gridded at a 60 m spacing. The model domain is shown in Figure 5.
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Figure 5: Model domain for wave propagation calculations and bathymetry of

western arm of Glacier Bay and Tidal Inlet.

The time step used in all simulations is 0.5 s and the duration is up to 3 hours. At open
boundaries, a radiation boundary condition is used (Reid and Bodine, 1968). At land-
ocean boundaries, a total reflection boundary condition is used. For regions where there
is significant wave runup (e.g., broadside from the source region), the reflection boundary
condition may overestimate amplitudes of reflected waves that, with overland flow,
would be dissipated by frictional forces. In addition to reflected and refracted waves
propagating throughout the waterways, there also are coastal trapped waves that are
strongest with gentle nearshore slopes (Carrier, 1995; Fujima et al., 2000). These waves

can be approximately modeled with the method applied in this study.
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Using the dimensions of the potential Tidal Inlet slide described above, the small
parameter u” = O(0.1), indicating that waves may be affected by dispersion during
propagation (Rogers and Mei, 1978), especially in the deeper parts of the waterways.
Shuto (1991) and Murty and Kowalik (1993) demonstrate that physical dispersion can be
implicitly modeled by numerical dispersion that results from finite-difference methods
used in this study. They also indicate that this technique for modeling dispersion may, in
fact, be preferable to explicit implementation of the Boussinesq equations (1) under

certain conditions.

Results

The wave-history at any particular location in the study region can be
characterized by the (a) first arrival of waves emanating from the source followed by (b)
a complex wave train or coda resulting from reflections, scattering, and trapped waves.
Outside Tidal Inlet, the first arrivals may include a direct phase, depending on the ray
path to the target location, followed by simple reflection phases. The first waves have a
longer period than waves in the coda and can be thought of as cylindrical waves
emanating from the mouth of Tidal Inlet (Figure 3). Figure 6 shows eight snapshots of

wave propagation from shortly after generation through the first hour.
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Figure 6: Eight snapshots of the tsunami propagation simulation. View to the

northeast. Snapshot at t=0 min shows synthetic wave gauge station locations.
The waves reverberate within Tidal Inlet and eventually pass through the mouth and into

the western arm of Glacier Bay as a series of cylindrical waves. As the waves pass into

the deeper waters of Glacier Bay, the wavelength increases and the amplitude decreases

b 172 1/4
vl G &

where b, / b, represents the spreading of ray paths (b is the distance between rays) and

according to Green's Law:

h, / h, represents the fractional change in depth (Satake, 2002). As the waves re-enter

shallow water, the amplitude increases and the wavelength decreases. This is especially
evident for the later times (Figure 6; t=30, 60 min.) where the shallow reaches of the
waterways have higher amplitude and shorter period waves.

These characteristics can also be demonstrated by examining synthetic wave time
history records or marigrams for several points in the model domain. Six synthetic wave
gauges are positioned from the mouth of Tidal Inlet, across the western arm of Glacier
Bay, and in Blue Mouse Cove (Figure 6; t=0 min). Figure 7a shows marigrams for the

first 10 minutes after the landslide enters Tidal Inlet.
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Figure 7: Synthetic marigrams for six station locations shown in Figure 5 (t=0 min)

for a duration of 10 minutes. Note that the vertical scale for Station 1 (top) is £20 m,
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whereas for the other stations, the scale is £10 m. (a) wave calculations for the
maximum slide width (1200 m); (b) wave calculation for the average slide width

(700 m).

A reduction in wave amplitude in the central part of Glacier Bay is evident (Stations 4
and 5), with a slight increase in first arrival amplitude in Blue Mouse Cove (Station 6).
Also evident in the marigrams for Stations 1 and 2 is the longer-period response of the
first arrival compared to the broadband coda that follows. The hydrodynamic simulation
is re-computed for an average slide width of 700 m (Wieczorek et al., 2003). The
synthetic marigrams are shown in Figure 7b. Most noticeable is an increase in short
period waves in the first arrivals and coda for the smaller slide. In addition, the
maximum wave amplitude appears to be slightly less for the smaller slide.

Figure 8a shows the marigrams for a duration of 3 hours and the maximum slide

width to illustrate decay characteristics at different locations.
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Figure 8: Same as Figure 7 for a duration of 3 hours.

A gradual decay in wave amplitude is evident for station 1, nearest the source. In
contrast, for station 5 in Blue Mouse Cove, the wave amplitude gradually increases and
persists for a long duration. The marigrams for the average slide width (Figure 7b) show
similar station-location characteristics, with a reduction in the overall wave amplitude.
These observations are consistent with the findings of Rabinovich (1997) who examines

the spectra of tsunami waves recorded on tide gauge stations. In that study, it was
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evident that the wave histories were more dependent on the station response caused by
the local bathymetry near the station than on the spectral characteristics of the source.
The long duration of waves generated in semi-enclosed bodies of water is also
observed for tsunamis generated in marginal seas. Satake and Shimazaki (1988)
demonstrate that the free oscillation of the Japan Sea from seismogenic tsunamis can
persist for up to 48 hours. The duration of wave action in Glacier Bay from a landslide-
generated wave source in Tidal Inlet is more difficult to determine. Optimally, a remote
observation system would be available with which to assess the wave activity in Glacier
Bay after a major subaerial slide occurs. This could include land-based or airborne visual

observations and/or telemetered wave-gauge recordings.

Summary and Conclusions

Numerical simulations of waves generated by a major subaerial slide in Tidal
Inlet indicate that significant wave activity would occur in the western arm of Glacier
Bay for more than several hours. A slide-impact source model, consistent with the
findings of Fritz et al. (2001) and Mader and Gittings (2002) for waves generated by
1958 Lituya Bay slide, is used to specify the initial conditions for wave propagation in
the Glacier Bay waterways. The kinematic and geometric parameters for the slide are
taken from Wieczorek et al. (2003). Analytic studies of resonance in a narrow and
elongated bay indicate that the first several modes of resonance are excited by much
longer wave periods than are likely to be generated by a Tidal Inlet subaerial landslide.
Wavetrains of long duration are caused by oscillations at the source that are characteristic
of impact-type generating mechanisms (Momoi, 1964; Ward and Asphaug, 2000). Also
contributing to the long duration are cross channel-resonance and the site-specific
response at locations outside the Inlet.

The maximum volume slide indicated by Wieczorek et al. (2003) generates very
high waves (tens of meters in amplitude with possible >100 m wave runup) near the
source. It is likely that very high amplitude waves would persist throughout Tidal Inlet.
Outside the Inlet, waves of significant amplitude (> 10m) occur in shallow water regions,

especially near the mouth of Tidal Inlet. In the deep waterways of the western arm of
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Glacier Bay, the wave amplitude decreases with distance according to Green's Law. A
landslide with a lower volume generates waves with shorter periods throughout the first
arrivals and coda of the wavetrain. Differences in wave characteristics among locations
in Glacier Bay are primarily dependent on the local bathymetry--changes in slide
parameters primarily influence the overall amplitude of waves. Because the duration of
slide-generated waves is difficult to accurately predict, it is recommended that a remote
observation system be used to assess when significant wave activity following a major
subaerial slide has subsided.

The response of cruise ships in the region to these waves likely depends on which
part of the wavetrain the ships encounter. Near the mouth of Tidal Inlet, the amplitude of
waves is greatest within approximately 40 minutes after the slide enters the water.
Moreover, the first arrivals here and elsewhere in the vicinity of Tidal Inlet are likely to
be long period waves (periods of up to 1 minute) and approximately unidirectional: i.e.,
can be characterized as cylindrical waves emanating from the mouth of Tidal Inlet. In
contrast, the coda of the wavetrain is caused by multiple reflected, scattered, and trapped
waves that are broadband and have a wide range of incidence angles. Further study is
needed and would have to involve nautical engineers to determine the exact response of

ships in the region to these waves.
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