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Abstract
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Intr oduction

We present in this paper a new dataset of near-field run-up and inundation measure-

ments of the 1946 Aleutian tsunami, obtained during a 4-day field project on the islands of Uni-

mak and Sanak in August 2001.

The exact origin of the great tsunami of 01 April 1946 in the Aleutian Islands remains

controversial. The parent earthquake, whose epicenter relocates along the wall of the continental

slope, at 53.33°N, 163.00°W (Figure 1), features a conventional magnitude of only 7.4, as

reported byGutenberg and Richter [1954]. Yet, its tsunami was catastrophic both in the near

field, where it eradicated the Scotch Cap lighthouse on Unimak Island (Figure 2), and in the far

field, where it killed 159 people in Hawaii, inflicted severe damage in the Marquesas Islands, and

reportedly caused destruction as far away as Antarctica [Fuchs,1982]. Kanamori[1972] pointed

out the slow character of the parent earthquake rupture, a property later confirmed byPelayo

[1990], Okal [1992], Johnson and Satake [1997], andOkal et al.[2001]. Due to the scarcity and

poor quality of adequate seismic records, the static value of the moment of the earthquake

remains somewhat unconstrained between 2 and 8 times 1028 dyn-cm. Onthe other hand,

Kanamori [1985] has speculated that the 1946 event might have inv olved an underwater land-

slide, perhaps comparable to those documented during the 1929 Grand Banks, Newfoundland,

1953 Fiji, 1954 Orle´ansville, Algeria, and 1956 Amorgos, Greece events [Heezen and Ewing,

1952, 1955;Ambraseys,1960;Houtz,1962], or inferred from a variety of evidence for the more

recent 1998 Papua New Guinea (PNG) disaster [Synolakis et al.,2002].

The eventual resolution of the exact nature of the mechanism of generation of the 1946

Aleutian tsunami, and in particular of the role played by any potential underwater landslide, will

have important implications in terms of the evaluation of tsunami risk, in this and other geo-

graphic provinces. In very general terms, the amplitude of the far-field tsunami is largely
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controlled by the deformation of the ocean floor resulting from the seismic dislocation, while any

underwater landslide would affect only the very near field [Okal and Synolakis, 2002]. This point

was particularly strongly illustrated in the case of the 1998 PNG event, whose tsunami was catas-

trophic in the near field but barely detectable in the far field [Synolakis et al.,2002]. In this

respect, most modeling efforts of the 1946 tsunami were carried out using tidal gauge data avail-

able only in the far field [Pelayo, 1990; Johnson and Satake, 1997], which explains that those

studies concluded to the adequacy of a  purely dislocative source. By contrast, the successful mod-

eling of any possible landslide component to the source of the 1946 tsunami must use an adequate

database of run-up values in the near field, since the far field remains essentially insensitive to this

type of source. The present study describes such a database, obtained from field work conducted

over a four-day window in August 2001, from a field base at Cold Bay, Alaska (Figure 1) and

with all local travel by helicopter. It follows in the footsteps of our previous field work on the

1946 tsunami in the far field, in which we gathered a dataset of 54 run-up and inundation points

through the interview of 48 elderly survivors on 8 islands deprived of coral reefs of the Central

and South Pacific [Okal et al.,2002a].

Methodology

The Eastern Aleutian Islands are very sparsely populated, with only one permanent set-

tlement on Unimak Island, the village of False Pass on the narrow straits separating the island

from the southwestern tip of the Alaska Peninsula (Figure 3a). On Sanak Island, two villages

(Sanak and Pauloff, located on the west and north coasts, respectively) were populated in 1946,

but abandoned in the 1970s. As a result, the nature of our watermarks, as well as our general

modus operandi, had to be significantly adapted from our previous surveys in the far field, based

exclusively on the interviews of elderly witnesses. In the present study, we base our observations

on several pieces of evidence and circumstances. At Scotch Cap lighthouse, we can rely on the

detailed Coast Guard report by the Chief Radio Electrician at the radio station on the terrace
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overlooking the lighthouse [Sanford, 1946], and on the interpretation of aerial photographs (e.g.,

Figure 2). While the latter was totally destroyed, the former was merely flooded to the extent that

power was lost from shorted generators. Historical photographs document the destruction of the

building housing the radio station in the 1970s, but its ruins are easily identified on the bluff, and

therefore constitute a watermark.

An additional and extremely important fact is that no trees grow on the eastern Aleutian

Islands, on the Alaska Peninsula west of the Kodiak-Shelikof Straits (158°W), or on any of the

offshore islands, the tallest local vegetation consisting of shrubs.Therefore, any large logs, tree

trunks or stumps found on the islands (Figure 4), tens of km away from any human settlement,

must be considered erratic, the only possible depositional agent being the sea.The farthest pene-

tration of storm surges is generally identifiable as a discontinuous line of debris that defines the

extreme storm tide elevation, usually within a few tens of meters of the shoreline.Thus, their

action can be discarded at elevations of several meters above this line, and at distances of hun-

dreds of meters inland, where pieces of driftwood can be identified unambiguously as tsunami

deposits. We base their associationwith the 1946 event on two lines of evidence: on Unimak

Island, we were able to follow samples of similarly preserved driftwood for a distance of 80 km

along the Southern coast of the island, thus establishing continuity with the watermark at Scotch

Cap lighthouse, for which a definitive association with the 1946 tsunami is available from the

Coast Guard report [Sanford, 1946]. OnSanak Island, we relied on the testimony of an elderly

witness (aged 10 in 1946, then a resident of Sanak Village, now living in False Pass), who con-

firmed to us during a videotaped interview that major pieces of driftwood had been deposited

above storm tide level on Southern Sanak Island and Long Island by the 1946 tsunami.We also

know from these same sources, as well as from tide gauge data, that the 1946 tsunami had signifi-

cantly higher amplitudes, especially in the Aleutian Islands, than generated by any of the large

subsequent earthquakes (Aleutian 1957,M0 ≥ 8. 5× 1028 dyn-cm; Alaska 1964,M0 = 8. 2× 1029
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dyn-cm; Aleutian 1965,M0 = 1. 2× 1029 dyn-cm, as summarized inOkal [1992]).

Once a watermark was identified we determinedinundation, i.e., distance to the nearest

point on the shoreline, andrun-up, i.e., the vertical penetration of the wav e at the watermark.

Given the large inundation distances over which measurements had to be taken (more than 2 km

along Unimak Bight), the potentially hazardous conditions (Unimak Island has a large colony of

grizzly bears and Sanak Island herds of feral bovines), and the short time available, surveys using

on-land level transects, used traditionally in previous tsunami surveys, were not feasible. Rather,

inundation was computed from differences in GPS fixes between the watermark and the nearest

shore, and run-up was obtained from differences in elevation measurements taken at the water-

mark and the shoreline, using the average of two readings on digital barometric altimeters,

deployed side by side at each location for redundancy, with the two sites occupied within a few

minutes of each other, thus minimizing the effect of weather-induced fluctuations in atmospheric

pressure. Becausetsunami deposits had to be above the extreme high storm tide line to be visible,

our lower limit of detection was∼ 5 ± 1 m  above tide level at the tsunami arrival time. We esti-

mate the precision of our measurements at± 1 m  vertically, and 3% (from 2 m to 60 m) horizon-

tally. Finally, note that the runup values measured at the watermarks are actually minima, since

they relate to ground surface on which driftwood was deposited. In the case of large logs or root

boles (such as in Fig. 4), water depth at the site had to be sufficient to move these objects.

The raw runup data were referred to the sea level prevailing at the time of the measure-

ment, and a tide correction (ranging from −0.4 to +1.1 m) later implemented in order to correctly

estimate the amplitude of the tsunami over the tide at the time of inundation.

Results

The resulting dataset is listed in Table 1, and plotted as a function of longitude on Fig-

ure 3b. Our maximum run-up value is 42 m at Scotch Cap, near the ruins of the radio station

(Figure 2). This value is significantly greater than those routinely reported in the literature (30 to
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35 m). Farther East, run-up amplitudes of 30 to 40 m are found consistently on the Southwestern

Coast of Unimak, between Scotch Cap and Cape Lutke, while values fall to 15−20 m along Uni-

mak Bight.

At Sanak Island, we measured run-up values of 15−24 m on Long Island (Figure 3b),

and 7−15 m on the Southeastern side of Sanak proper. Again, these amplitudes are significantly

larger than the 5 to 6 meters previously reported [Fryer and Watts,2000], which relate to the two

villages in sheltered bays on the North Coast.

We found no evidence of watermarks above the storm tide lineEast of False Pass, on

Ikatan Peninsula, or on the Southern Alaska Peninsula, and its offshore islands.

Inundation

Inundation values at the 29 sites surveyed are reported in Table 1. They range from

62 mon Sanak to 2217 m at location 16 along Unimak Bight. The value given for locations 1 and

2, 510 m, represents the width of the narrow beach bar connecting Ikatan Peninsula to the main-

land of Unimak Island.Reports from an eyewitness interviewed at False Pass indicate that the

lowest part of the isthmus was washed over by the tsunami in the vicinity of the abandoned Ikatan

village. Theinundation data are strongly scattered, in direct relationship to the morphology of the

seashore, varying from a flat beach backed by gently rising slopes along Unimak Bight to cliffs

and embankments at Scotch Cap, Cape Lutke, and to a lesser extent along the coast of Sanak.

Discussion

Distribution of run-up and its aspect ratio.

The database of run-up values presented on Table 1 and Figure 3b lends itself to com-

parison with similar datasets gathered in the aftermath of recent tsunamis. Of particular interest

for the identification of the source of the tsunami, is the lateral distribution of run-up along the
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near-field shore.We hav eshown in Okal et al.[2002b] that the aspect ratioA of this distribution

can be used as a discriminant between tsunamis generated by seismic dislocations and by under-

water landslides, the physical argument being that, for an earthquake, A is directly controlled by

the strain released on the fault, which is itself limited by the mechanical properties of the ruptur-

ing material. On the other hand, for an underwater landslide,A is controlled by the ratio of the

amplitude of the original depression at the sea surface to its horizontal extent, which can be sev-

eral orders of magnitude larger than the maximum strain release in crustal rocks [Okal and Syno-

lakis, 2002]. Figure 5 plots the Unimak dataset projected along the azimuth N71°E, which is rep-

resentative of the general direction of the Eastern Aleutian coastline (we exclude the Sanak data

points from the plot). We compute the aspect ratioA = b/a by fitting a curve of the form

�
=

b




x − c

a



2

+ 1

(1)

where
�

is the run-up amplitude at abscissax along the shore.As summarized on Figure 5, the

value for Unimak,A = 6. 4× 10−4, compares very favorably with the aspect ratio derived for the

1998 PNG event (4.8 × 10−4), and is more than an order of magnitude greater than either simu-

lated numerically for various geometries of dislocations [Hoffman et al.,2002], or observed for

example in the case of the 1992 Nicaragua and 2001 Peru tsunamis [Okal et al.,2002c]. This

result must be considered tentative in view of the irregularity of the Unimak coastline (as com-

pared to the much more linear geometries in PNG and Peru), and of the absence of data to the

West of Scotch Cap; nevertheless, it supports the model of a landslide rather than an elastic dislo-

cation as the source of the near-field tsunami.

This scenario, under which a landslide took place during or immediately after the 1946

earthquake, would be legitimate given that surveys using the GLORIA long-range side-scan sonar

have documented significant slumps along most segments of the Aleutian margin, notably off

Unalaska to the West of Unimak [Dobson et al., 1996]. Indeed,Fryer and Watts [2000] have
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interpreted GLORIA data as defining slumps in the vicinity of Davidson Bank. It is also sup-

ported by anecdotal evidence from elderly fishermen now retired in False Pass and King Cove,

who recalled during interviews a substantial impact on halibut fishing operations off Davidson

Bank in the aftermath of the tsunami, which they attributed to "deepening of the sea floor".One

of the witnesses reported to us that their observations were corroborated at the time by US Navy

personnel, who reported depths increased by as much as 600 m (2000 ft.) from post-tsunami en-

route soundings offshore from Unimak Island.

We must stress that this proposed scenario remains speculative and that the definite con-

firmation of the presence, nature, and age of a slide will require a dedicated marine survey.

Preliminary Modeling

In this context, we use here a preliminary slide model to run a simplified simulation of

the interaction of the resulting wav ewith the Unimak shoreline.As summarized on Figure 6, our

computation follows closely the method used inBorrero et al. [2001] andSynolakis et al.[2002].

The initial condition of the sea surface is taken a dipole consisting of a 28-m trough and a 19−m

hump, these figures being consistent with a possible 600−m vertical drop at the continental slope,

with a slump moving at 30 m/s [Tinti and Bortolucci,2000; Okal and Synolakis,2002; ]. The

lever of the dipole is taken as 35 km, which is representative of the horizontal extent of the conti-

nental slope to the trench, where it is likely that the slump abutted or otherwise stopped.The ini-

tial deformation features a sech2 transverse distribution. Thepropagation of the tsunami is then

simulated using the technique ofTitov and Synolakis[1998], which solves the full non-linear

shallow water wav e equations, including the modeling of runup by extending the simulation

domain over wet overland points. In this preliminary computation, we use a grid with an average

five-minute bathymetric sampling, further refined in the vicinity of the coastline.This model is

schematized on Figure 6b.
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Figure 6a presents the distribution of runup along the coasts of Unimak and Sanak, plot-

ted as a function of longitude, and thus directly comparable to the surveyed data on Figure 3b.

While the simulated values remain in general somewhat lower than observed (by about 25%), the

following features reproduce our observations

1. Themaximum runup is observed at Scotch Cap lighthouse and Cape Lutke.

2. Therunup at Scotch Cap lighthouse is modeled at 34 m, an acceptable approximation to

the observed 42 m. Most significantly, this computed runup is five times greater than

the amount of slip allowable on any seismic dislocation featuring a moment of at most

8 × 1028 dyn-cm.

3. Thegeneral shape of the runup distribution (sustained between Scotch Cap and Cape

Lutke, lower along Western Unimak Bight) is reproduced.

4. Runupon Western Sanak reaches 20−25 m.

In conclusion, and notwithstanding a simulated runup larger than observed at the Eastern end of

Unimak Bight, we reproduce both the order of magnitude of the observed runup amplitudes, and

their distribution along the coasts. As such, this simple simulation experiment based on a crude

bathymetric grid does support the model of one or more large landslides as the source of the near-

field tsunami.

Finally, Figure 6c is a time series of the arrival of the wav eat a simulated gauge located

above the 18−m isobath in front of Scotch Cap lighthouse. An important aspect of this plot is the

timing of the first positive wav e, which arrives 48 minutes after origin time.Sanford [1946]

reports the inundation of the radio station at 02:18 local time (13:18 GMT), 49 minutes after the

relocated origin time of the main shock (12:28:59 GMT [Okal and Lo´pez,2002]). Thissuggests

that the generation of the wav e, and hence the landslide, are coeval with the main shock, if one

keeps in mind the significant duration (at least 90 seconds) of the latter’s rupture. We hav e
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verified that this result is robust (within a few minutes) with respect to translation of the source

along the steep continental slope off Davidson Bank, the only possible location for a major under-

water landslide.

Figure 6 also suggests that the catastrophic inundation at Scotch Cap lighthouse was

preceded bya large draw-down, although to our knowledge, no such phenomenon has been docu-

mented. Inthe midst of a moonless night (a new moon occurred on 02 April at 04:38 GMT), it

may have been noticeable only to the staff of the lighthouse (a few minutes before they met their

tragic fate), who had earlier noticed the coseismic uplift following the mainshock, and reported it

by telephone to the radio station before the arrival of the tsunami and consequent destruction of

the lighthouse [Sanford, 1946].

Conclusion

Measurements taken on preserved watermarks of the 1946 tsunami on the islands of

Unimak and Sanak Islands confirm the exceptional amplitude of runup at Scotch Cap lighthouse,

42 m, and document comparable values over a relatively short stretch of coastline extending

Northeastwards 35 km to Cap Lutke. Substantial runup heights reaching 25 m are also found on

Long Island, on the Southwestern shore of Sanak.Both the amplitude of the runup and its spatial

distribution are characteristic of the near field of a tsunami generated by a landslide, rather than

by a dislocation, a conclusion upheld by a preliminary numerical simulation, and also supported

by the tentative evidence from elderly fishermen.

While this scenario will have to be authentificated byin situmarine geological and geo-

physical exploration, our results are in contrast to our previous work in the far field [Okal et al.,

2002a] where in particular the strong directivity of the tsunami required generation by a seismic

dislocation. Thus, the emerging picture of the source of this most dramatic tsunami is that of a

very slow seismic dislocation, sharing the general properties of such "tsunami earthquakes" as
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Nicaragua (1992) or Java (1994), albeit with a much larger moment probably reaching 8× 1028

dyn-cm [Okal and Lopez,2002], which triggered co-seismically a massive landslide at the edge

of Davidson Bank. As previously modeled, the dislocation source can explain the generation of

the far field tsunami, while the landslide generated the exceptional amplitudes in the near field.

The presence of the landslide is not by itself singular: earthquakes routinely trigger

landslides, both on land (e.g., Peru, 1970; Chi-chi, Taiwan, 1999; El Salvador, 2001) and at sea,

where they can locally enhance the runup of tsunami wav es to devastating amplitudes (e.g., 26 m

at Riangkroko during the Flores Sea tsunami of 1992 [Imamura et al., 1995]), but only over very

limited distances (usually at most a few km). Theunique character of the runup along the South-

ern shore of Unimak probably reflects an exceptional volume for the landslide, which in the crude

model of Figure 6 would total at least 200 km3.
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Figure Captions

Figure 1.: General map of the epicentral area of the 1946 Aleutian earthquake. The relocated epi-
center [Okal and Lo´pez,2002] is shown as the large star. Also identified are the islands of
Unimak and Sanak, visited during the survey, the location of the destroyed lighthouse at
Scotch Cap (circle), and our base camp at Cold Bay (triangle).The inset locates the area of
the main map (box) in the Northern Pacific. Theinterval of the bathymetric contours is
1000 m.

Figure 2.: Oblique air view looking NW at Scotch Cap station, taken in 1966 (photo: U.S. Coast
Guard). The white arrows indicate the ruins of the concrete lighthouse destroyed by the
tsunami (right arrow) and of a wooden predecessor (built in 1903, decommissioned in 1940;
left arrow). Thecircled white building was the radio communication facility, flooded by the
tsunami [Sanford, 1946], whose ruins constitute Location 4.The three buildings in the fore-
ground on the bluff postdate the tsunami.The dashed line and the black arrows show the
inundation line identified by debris deposited by the tsunami. Maximum runup is found at
Location 3.

Figure 3.: (a): Map of the field area, comprised of the islands of Unimak and Sanak. The solid
triangles are presently inhabited settlements, the open ones show the villages abandoned in
the 1970s. Solid circles (with location numbers; see Table 1) represent the location of the
watermarks measured in the present study. (b): Run-up values (corrected for tides) along the
coasts of Unimak and Sanak plotted as a function of longitude at the watermark.

Figure 4.: Examples of driftwood watermarks surveyed in the present study. Top: Location 12,
North of Cape Lutke, Unimak Island, view to the east; 13 August 2001.Bottom:Location
29, Long Island (Sanak), view to the southeast; 15 August 2001.

Figure 5.:(a): Distribution of runup values (solid dots) on Unimak Island plotted as a function of
distance measured along the average azimuth (N71°E) of its Southern shore.The red curve
is the best-fitting equation (1) from which the aspect ratioA is computed.(b), (c) and (d):
Same as(a) for the 2001 Peru, 1992 Nicaragua and 1998 PNG events (adapted fromOkal et
al. [2002c]). In the case of the 2001 event, the red curve is obtained after suppressing two
excessive values resulting from the wav ehaving splashed against a cliff. The green curve is
the result of a theoretical simulation [Hoffman et al.,2002]. Notethat the Unimak dataset is
most comparable to that for PNG (1998), where the tsunami was due to a submarine land-
slide [Synolakis et al.,2002]. Bycontrast, the 1992 and 2001 events have aspect ratios at
least one of order of magnitude smaller. The ratio of the horizontal and vertical scales is
common to all plots, thus allowing direct comparison of the shapes of the curves.

Figure 6.: Center:Sketch of the initial model used in the preliminary modeling of the near field
tsunami. The colored contours are isobaths, at 100−m interval down to 500 m, and at 500−m
interval deeper. The positive and negative poles of the source dipole are contoured in black
at 5−m intervals. The red dot indicates the location of the gauge simulated in the bottom
frame.Top: Run-up computed along the coastline of Unimak and Sanak Islands, plotted as a
function of distance in the East-West direction. Note the maxima obtained at Scotch Cap and
Cape Lutke. Bottom: Synthetic wav e amplitude at a simulated gauge located in front of
Scotch Cap. Note the progressive draw down, followed by a strong positive wav e48 minutes
after initial time.
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