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Intr oduction

We present in this paper a wedataset of nedfield 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 eact origin of the great tsunami of 01 April 1946 in the Aleutian Islands remains
controversial. The parent earthquakwhose epicenter relocates along tladl wf the continental
slope, at 53.3N, 163.00W (Figure 1), features a ceentional magnitude of only 7.4, as
reported byGutenbeg and Riditer [1954]. Yet, its tsunami &s catastrophic both in the near
field, where it eradicated the Scotch Cap lighthouse on Unimak Island (Figure 2), andain the f
field, where it killed 159 people in Maii, inflicted severe damage in the Marquesas Islands, and
reportedly caused destruction as &vay as Antarctica Fuchs,1982]. Kanamori[1972] pointed
out the slav character of the parent earthgeakipture, a property later confirmed Pg@ayo
[1990], Okal [1992], Johnson and Sata&{1997], andOkal et al.[2001]. Due to the scarcity and
poor quality of adequate seismic records, the stalaevof the moment of the earthgeak
remains somehat unconstrained between 2 and 8 time& Hyn-cm. Onthe other hand,
Kanamori[1985] has speculated that the 194@&n¢ might hae invdved an underater land-
slide, perhaps comparable to those documented during the 1929 Grand BawiainNiand,
1953 Fiji, 1954 Orlansville, Algeria, and 1956 Amgos, Greecevents [Heezen and Ewing
1952, 1955Ambrase/s, 1960;Houtz,1962], or inferred from aariety of eidence for the more

recent 1998 &ua N& Guinea (PNG) disasteBjynolakis et al2002].

The e/entual resolution of thexact nature of the mechanism of generation of the 1946
Aleutian tsunami, and in particular of the role played by @otential undenater landslide, will
have important implications in terms of theauation of tsunami risk, in this and other geo-

graphic preinces. Invery general terms, the amplitude of thacfield tsunami is lagely



-4-

controlled by the deformation of the ocean floor resulting from the seismic dislocation, while an
undervater landslide wuld afect only the ery near field Qkal and Synolakj2002]. This point

was particularly strongly illustrated in the case of the 1998 PM&te whose tsunami as catas-
trophic in the near fieldud barely detectable in theurf field [Synolakis et al.2002]. In this
respect, most modelingfefts of the 1946 tsunami were carried out using tidaigg data\ail-

able only in thedr field [Pdayo, 1990; Johnson and Satak 1997], which &plains that those
studies concluded to the adequata purely dislocatie urce. By contrast, the successful mod-
eling of ary possible landslide component to the source of the 1946 tsunami must use an adequate
database of run-upalues in the near field, since tla field remains essentially insengitio this

type of source. The present study describes such a database, obtained froorKieohducted

over a fourday windav in August 2001, from a field base at Cold Balaska (Figure 1) and
with all local trarel by helicopter It follows in the footsteps of our prieus field work on the
1946 tsunami in theaf field, in which we gthered a dataset of 54 run-up and inundation points
through the intervie of 48 dderly survivors on 8 islands deméd of coral reefs of the Central

and South Bcific [Okal et al.,20023].

Methodology

The Eastern Aleutian Islands arery sparsely populated, with only one permanent set-
tlement on Unimak Island, the village oélBe Rss on the namne straits separating the island
from the southwestern tip of the Alaska Peninsula (Figaje ®n Sanak Island, ta villages
(Sanak and &uloff, located on the west and north coasts, respggtiwere populated in 1946,
but abandoned in the 1970s. As a result, the nature of abermarks, as well as our general
modus opendi, had to be significantly adapted from ouryioeis sureys in the far field, based
exclusively on the interviers of elderly witnesses. In the present sfwdy base our obseations
on seeral pieces of widence 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



-5-

overlooking the lighthouseJanfod, 1946], and on the interpretation of aerial photograplus, (
Figure 2). While the latter \as totally destryed, the former as merely flooded to thetent that
power was lost from shorted generators. Historical photographs document the destruction of the
building housing the radio station in the 1970st ibs ruins are easily identified on the jnd

therefore constitute aatermark.

An additional and>@remely importantdct is that no trees groon the eastern Aleutian
Islands, on the Alaska Peninsula west of tlualigk-Shelilof Straits (158W), or on ag of the
offshore islands, the tallest locatgetation consisting of shrubd herefore, ay large logs, tree
trunks or stumps found on the islands (Figure 4), tens ofvkay &rom ary human settlement,
must be considered erratic, the only possible depositional agent being tAdedarthest pene-
tration of storm sues is generally identifiable as a discontinuous line of debris that defines the
extreme storm tide eletion, usually within a f& tens of meters of the shorelin@hus, their
action can be discarded at\sons of seeral meters abee tis line, and at distances of hun-
dreds of meters inland, where pieces of dofbed can be identified unambiguously as tsunami
deposits. W base their associatiomwith the 1946 eent on two lines of @idence: on Unimak
Island, we were able to follosamples of similarly preseed driftwood for a distance of 80 km
along the Southern coast of the island, thus establishing continuity witrateemark at Scotch
Cap lighthouse, for which a defimié association with the 1946 tsunami igadable from the
Coast Guard reporSpnfod, 1946]. OnSanak Island, we relied on the testimaf an dderly
witness (aged 10 in 1946, then a resident of Sailldg¥, nav living in False Rss), who con-
firmed to us during a videotaped intewi¢hat major pieces of driftaod had been deposited
above gorm tide leel on Southern Sanak Island and Long Island by the 1946 tsunafaidso
know from these same sources, as well as from tdegg data, that the 1946 tsunami had signifi-
cantly higher amplitudes, especially in the Aleutian Islands, than generated by the lage

subsequent earthquesk (Aleutian 1957M, = 8. 5x 10?8 dyn-cm; Alaska 1964M, = 8. 2x 10%°
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dyn-cm; Aleutian 1965M; = 1. 2x 10?° dyn-cm, as summarized ®kal [1992]).

Once a vatermark vas identified we determinédundation, i.e, distance to the nearest
point on the shoreline, andin-up, i.e, the \ertical penetration of the ave at the vatermark.
Given the lage inundation distancev® which measurements had to begiaKmore than 2 km
along Unimak Bight), the potentially hazardous conditions (Unimak Island hageacialory of
grizzly bears and Sanak Island herds of ferairms), and the short timeallable, sureys wsing
on-land led transects, used traditionally in pieus tsunami sueys, were not feasible. Rather
inundation vas computed from di#rences in GPS fes between the atermark and the nearest
shore, and run-up &6 obtained from diérences in elation measurements tak at the \ater
mark and the shoreline, using theermge of tvo readings on digital barometric altimeters,
deployed side by side at each location for redunglanith the two dtes occupied within a fe
minutes of each othethus minimizing the ééct of weatheinduced fluctuations in atmospheric
pressure. Becaussunami deposits had to be abdhe extreme high storm tide line to be visible,
our lower limit of detection vas05+ 1 m &ove tde level at the tsunami arval time. We esti-
mate the precision of our measurements Aim \ertically, and 3% (from 2 m to 60 m) horizon-
tally. Finally, note that the runupalues measured at theat@rmarks are actually minima, since
they relate to ground suate on which driftwod was deposited. In the case ofgardogs or root

boles (such as in Fig. 4) ater depth at the site had to befisignt to mwe these objects.

The rav runup data were referred to the sealerevailing 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 tsunawérahe tide at the time of inundation.
Results

The resulting dataset is listed iable 1, and plotted as a function of longitude on Fig-
ure . Our maximum run-up alue is 42 m at Scotch Cap, near the ruins of the radio station

(Figure 2). This alue 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 Capeel.utkile \alues &ll to 15-20 m along Uni-

mak Bight.

At Sanak Island, we measured run-wghues of 15-24 m on Long Island (Figure),3
and 7-15 m on the Southeastern side of Sanak pragean, these amplitudes are significantly
larger than the 5 to 6 meters piausly reported fryer and Vitts, 2000], which relate to the tw

villages in sheltered bays on the North Coast.

We found no gidence of vatermarks abg the storm tide lineEast of Rlse Rss, on

Ikatan Peninsula, or on the Southern Alaska Peninsula, antshsm@f islands.

Inundation

Inundation alues at the 29 sites seged are reported inable 1. Thg range from
62 mon Sanak to 2217 m at location 16 along Unimak Bight. Hhaevgven for locations 1 and
2, 510 m, represents the width of the maris@ach bar connecting lkatan Peninsula to the main-
land of Unimak Island.Reports from any&witness intervizved at Rlse Rss indicate that the
lowest part of the isthmusas washed wer 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, arying from a flat beach bae#t by gently rising slopes along Unimak Bight tofslif

and embankments at Scotch Cap, Caped,iwkd to a lessekient along the coast of Sanak.

Discussion
Distribution of run-up and its aspectio.

The database of run-umiues presented orable 1 and FigurelBlends itself to com-
parison with similar dataset@tpered in the aftermath of recent tsunamis. Of particular interest

for the identification of the source of the tsunami, is the lateral distibof run-up along the
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nearfield shore.We haveshavn in Okal et al.[20020] that the aspect ratié of this distritution

can be used as a discriminant between tsunamis generated by seismic dislocations and by under
water landslides, the pisical agument being that, for an earthgeald is directly controlled by

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

ing material. On the other hand, for an undses landslideA is controlled by the ratio of the
amplitude of the original depression at the seaasarfo its horizontalx¢ent, which can be se

eral orders of magnitude @ar than the maximum strain release in crustal ro0ksl[and Syno-

lakis, 2002]. Figure 5 plots the Unimak dataset projected along the azimufiie N¥hich is rep-
resentatie d the general direction of the Eastern Aleutian coastline fegkide the Sanak data

points from the plot). W mpute the aspect ratid = b/a by fitting a cure o the form

€=—DX_CD2 )

where( is the run-up amplitude at abscissalong the shoreAs summarized on Figure 5, the

value for Unimak,A = 6.4x10* compares gry favarably with the aspect ratio deed for the

1998 PNG eent (4.8 x 10, and is more than an order of magnitude greater than either simu-
lated numerically for arious geometries of dislocatioriddffman et al.,2002], or obsemrd for

example in the case of the 1992 Nicaragua and 2001 Peru tsur@kaiseft al.,200Z]. This

result must be considered tentatin view of the irreggularity 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; wertheless, it supports the model of a landslide rather than an elastic dislo-

cation as the source of the néiaid tsunami.

This scenario, under which a landslide took place during or immediately after the 1946
earthquak, would be Igitimate gven that sureys wsing the GLORIA long-range side-scan sonar
have documented significant slumps along mosjrmsents of the Aleutian mgin, notably of

Unalaska to the W&t of Unimak Dobson et al. 1996]. IndeedFryer and Vdtts [2000] hare
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interpreted GLORIA data as defining slumps in the vicinity ofi@son Bank. It is also sup-

ported by anecdotalvielence from elderly fishermen waetired in Rlse Rss and King Ce,

who recalled during interwes a substantial impact on haltbfishing operations bDavidson

Bank in the aftermath of the tsunami, whichytlaéiributed to "deepening of the sea floo©ne

of the witnesses reported to us that their ols@mns were corroborated at the time by US\Na
personnel, who reported depths increased by as much as 600 m (2000 ft.) from post-tsunami en-

route soundings thore from Unimak Island.

We nust stress that this proposed scenario remains speeuwdadi that the definite con-

firmation of the presence, nature, and age of a slide will require a dedicated masege surv
Preliminary Modeling

In this conta&t, we use here a preliminary slide model to run a simplified simulation of
the interaction of the resultingawewith the Unimak shorelineAs summarized on Figure 6, our
computation follavs closely the method usedBorrero & al. [2001] andSynolakis et al[2002].
The initial condition of the sea sade is takn a dipole consisting of a 28-m trough and a 19-m
hump, these figures being consistent with a possible 60@ttical drop at the continental slope,
with a slump muing at 30 m/s Tinti and Bortolucci,2000; Okal and Synolakis2002; ]. The
lever of the dipole is ta&n as 35 km, which is representatf the horizontal xtent of the conti-
nental slope to the trench, where it iglikthat the slump altted or otherwise stoppedhe ini-
tial deformation features a séctnans\erse distribtion. Thepropagation of the tsunami is then
simulated using the technique ditov and Synolakig1998], which soles the full non-linear
shallov water wave equations, including the modeling of runup bytemding the simulation
domain wer wet overland points. In this preliminary computation, we use a grid withvarage
five-minute batpmetric sampling, further refined in the vicinity of the coastlii@is model is

schematized on Figurd6



-10-

Figure & presents the distnittion of runup along the coasts of Unimak and Sanak, plot-
ted as a function of longitude, and thus directly comparable to theysdrdata on Figureb3
While the simulatedalues remain in general sowtgat lover than obserd (by about 25%), the

following features reproduce our obsErgns
1. Themaximum runup is obseed at Scotch Cap lighthouse and Cape ¢utk

2. Therunup at Scotch Cap lighthouse is modeled at 34 m, an acceptable approximation to
the obsergd 42 m. Most significantly this computed runup is fivimes greater than
the amount of slip allsable on ag seismic dislocation featuring a moment of at most

8 x 10?8 dyn-cm.

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

Lutke, lowver along Véstern Unimak Bight) is reproduced.
4, Runupon Western Sanak reaches 20-25 m.

In conclusion, and notwithstanding a simulated runugelathan obseed at the Eastern end of
Unimak Bight, we reproduce both the order of magnitude of the adsemvmup amplitudes, and
their distritution along the coasts. As such, this simple simulatqgrement based on a crude
bathymetric grid does support the model of one or mogeldandslides as the source of the near

field tsunami.

Finally, Figure & is a time series of the ard of the waveat a simulated @uge located
above the 18—-m isobath in front of Scotch Cap lighthouse. An important aspect of this plot is the
timing of the first positie wave which arrives 48 minutes after origin time.Sanfod [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 GNDkdl and Lgez,2002]). Thissuggests
that the generation of theawe and hence the landslide, are edewith the main shock, if one

keeps in mind the significant duration (at least 90 seconds) of the datipture. V¢ have
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verified that this result is ralst (within a fev minutes) with respect to translation of the source
along the steep continental slopé@avidson Bank, the only possible location for a major under

water landslide.

Figure 6 also suggests that the catastrophic inundation at Scotch Cap lightlaguse w
preceded bw large drav-down, although to our kledge, no such phenomenon has been docu-
mented. Inthe midst of a moonless night (awnenoon occurred on 02 April at 04:38 GMT)), it
may hae been noticeable only to the dtaf the lighthouse (a fe minutes before themet their
tragic fate), who had earlier noticed the coseismic uplift feitgy the mainshock, and reported it
by telephone to the radio station before thevarof the tsunami and consequent destruction of

the lighthouse$anfod, 1946].

Conclusion

Measurements tak on preseed watermarks of the 1946 tsunami on the islands of
Unimak and Sanak Islands confirm theeptional amplitude of runup at Scotch Cap lighthouse,
42 m, and document comparablalues oer a relatively short stretch of coastlinextending
Northeastwrds 35 km to Cap Lugk Substantial runup heights reaching 25 m are also found on
Long Island, on the Southwestern shore of Samakh 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 tentatie evidence from elderly fishermen.

While this scenario will hae o be authentificated byn situmarine geological and geo-
physical exploration, our results are in contrast to ourvres work in the ar field [Okal et al.,
20029] where in particular the strong diradty of the tsunami required generation by a seismic
dislocation. Thus, the enging picture of the source of this most dramatic tsunami is that of a

very slov seismic dislocation, sharing the general properties of such "tsunami eagl(@ak
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Nicaragua (1992) or ¥a (1994), albeit with a much lger moment probably reaching<80?®
dyn-cm Okal and Lopez2002], which triggered co-seismically a massiandslide at the edge
of Davidson Bank. As prgously modeled, the dislocation source caplain the generation of

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

The presence of the landslide is not by itself singular: earteguadutinely trigger
landslides, both on laneé§., Peru, 1970; Chi-chi, diwan, 1999; El Salkdor 2001) and at sea,
where thg can locally enhance the runup of tsunamaives to devestating amplitudese(g., 26 m
at Riangkrok during the Flores Sea tsunami of 19%@gmua et al., 1995]), lut only over very
limited distances (usually at most avfkm). Theunique character of the runup along the South-
ern shore of Unimak probably reflects ageptional wlume for the landslide, which in the crude

model of Figure 6 wuld total at least 200 kin
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Figure Captions

Figure 1: General map of the epicentral area of the 1946 Aleutian earthqUl& relocated epi-
center Dkal and Lgez,2002] is shan as the lage star Also identified are the islands of
Unimak and Sanak, visited during the sayvthe location of the destyed lighthouse at
Scotch Cap (circle), and our base camp at Cold Bay (triangjle.inset locates the area of
the main map (box) in the Northerrad#ic. Theinterval of the batiimetric contours is
1000 m.

Figure 2: Obligue air viev looking NW at Scotch Cap station, ¢aikin 1966 (photo: U.S. Coast
Guard). The white arms indicate the ruins of the concrete lighthouse dgsttdy the
tsunami (right arne) and of a wwoden predecessoruili in 1903, decommissioned in 1940;
left arrav). Thecircled white lilding was the radio communicatioadility, flooded by the
tsunami Banfod, 1946], whose ruins constitute Location Bhe three bildings in the fore-
ground on the bldifpostdate the tsunamiThe dashed line and the black arsoshav 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 onedtshweillages abandoned in
the 1970s. Solid circles (with location numbers; sablél 1) represent the location of the
watermarks measured in the present stythy: Run-up \alues (corrected for tides) along the
coasts of Unimak and Sanak plotted as a function of longitude abteewark.

Figure 4.: Examples of driftwod watermarks sumeyed in the present studyfop: Location 12,
North of Cape Lut&, Unimak Island, vie to the east; 13 August 200Bottom: Location
29, Long Island (Sanak), wieto the southeast; 15 August 2001.

Figure 5.:(a): Distribution of runup ®&lues (solid dots) on Unimak Island plotted as a function of
distance measured along therage azimuth (N7E) of its Southern shorelThe red cure
is the best-fitting equation (1) from which the aspect ratis computed(b), (c) and (d):
Same aga) for the 2001 Peru, 1992 Nicaragua and 1998 Piate (adapted frordkal et
al. [200]). In the case of the 200a@nt, the red cum is dotained after suppressingdw
excessve values resulting from theavehaving splashed ainst a clif. The green cumis
the result of a theoretical simulatioddffman et al.2002]. Notethat the Unimak dataset is
most comparable to that for PNG (1998), where the tsunamidue to a submarine land-
slide [Synolakis et al.2002]. Bycontrast, the 1992 and 200¢erts hae aspect ratios at
least one of order of magnitude smalld@he ratio of the horizontal ancestical scales is
common to all plots, thus alléng direct comparison of the shapes of the esrv

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 ahtown to 500 m, and at 500—m
intenal deeper The positve and nedive les of the source dipole are contoured in black
at 5-m interals. The red dot indicates the location of tlaeige 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 Eastesat direction. Note the maxima obtained at Scotch Cap and
Cape Lutle. Bottom: Synthetic vave amplitude at a simulatedagge located in front of
Scotch Cap. Note the progressdaw down, followed by a strong posit wave48 minutes
after initial time.
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