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Abstract—The Fritz surveys after the December 26, 2004 Indian Ocean Tsunami found the death zone was the areas below 10 meters and less than 1 kilometer from shore and that all areas below 5 meters above sea level and within 3 miles of shore line need to be evacuated.  The only current evacuation zone in Hawaii that would be adequate for a M9+ tsunami similar to the 2004 Indian Ocean tsunami is that of Hilo, Hawaii.  
Hawaii is especially vulnerable to M9+ tsunamis from the Japan Trench, the Marianas Trench and the Tonga Trench in addition to those from the Aleutian and Chile trenches.  The current Hawaii  evacuation zones leave tens of thousands of Hawaiians at risk from a Tsunami similar to the 2004 Indian Ocean tsunami.

Other sources of tsunami hazards to Hawaii are landslides and asteroid impacts in the ocean.  Tsunami waves of up to 100 or more meters amplitude could be generated by these sources and destroy most of the coastal cities in Hawaii.
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I.  Introduction 

    Dr. Herman Fritz surveys of the December 26, 2006 Indian Ocean tsunami are described in Reference [1].  He found that the death zone was the area below 10 meters and less than 1 kilometer from shore.    He reported that on Sri Lanka most witnesses described three main waves.  The first wave knocked them off their feet, the second wave picked them up and carried them, often up to 50 km/hr, and the third wave bore them up to 15 meters high or sucked them under.  He concluded from the surveys that evacuation zones should include

  1.  All areas below 15 meters above sea level and within 0.25 mile of shoreline or along rivers.

  2.  All areas below 10 meters above sea level and within 1.0 mile of shoreline or along rivers.

 3.  All areas below 5 meters above sea level and within 3 miles of shoreline.

   These three areas that need to be evacuated are called the Fritz criteria and has been used by Meadows in Reference [2] to define the areas in the Hawaiian islands that would be vulnerable to a M9+ event similar to the 2004 Indian Ocean tsunami.

    The April 1, 1946 tsunami was caused by a 7.5-8.1 magnitude earthquake off the Aleutian Islands located about 60 miles SW of Scotch Cap, Unimak Island where the tsunami destroyed the lighthouse and radio towers located more than 30 meters above sea level as described in Reference [3].

     The tsunami which arrived in Hawaii destroyed three wide valleys and what occurred is historical evidence that the Fritz criteria is also appropriate for Hawaii.

  1.  In Waipio Valley, Hawaii the tsunami run-up amplitude was 12 meters and swept 1 mile up the valley pulling away homes and people leaving only foundations of the buildings.

 2.  In Waikolu Valley, Molokai the tsunami run-up amplitude was 16.4 meters and destroyed farms and buildings up the entire valley.

 3.  At Makapuu Point, Oahu the tsunami run-up amplitude was 11.1 meters and after three waves it had destroyed the nearby ranch buildings leaving only foundations.

     The May 23, 1960 tsunami was caused by an 8.5 magnitude earthquake occurring near Peru, Chile.  At Hilo, Hawaii  the first peak of the tsunami was followed by a second peak 36 minutes later and then by a third peak,  with a run-up amplitude up to 8.5 meters high, about 20 minutes later which was a bore at the Hilo Harbor twice as high as the previous waves.  The 1960 tsunami completely destroyed all of Hilo near the ocean and the area was turned into a park.

    A numerical study of  tsunami wave generation, propagation and flooding is described in Reference   [3] and the same codes were used to evaluate the potential tsunami hazard to Hawaii from tsunamis generated by M9+ events in the Tonga Trench, the Marianas Trench and the Japan Trench.  The results of the study are available in Reference [4] and [5].
II. Landslides
    As described in Reference [3], a mega-tsunami was generated in Lituya Bay, Alaska  on July 8, 1958  by a landslide triggered by a 7.5 magnitude earthquake that washed out trees to a maximum altitude of 520 meters at the entrance of Gilbert Inlet, and denuded much of the rest of the shoreline from 10 to 200 meters altitude.  During the last 150 years, five giant waves have occurred in Lituya Bay.  The previous event on October 27, 1936 washed out trees to a maximum altitude of 150 meters and was not associated with an earthquake.
    The 1958 tsunami was caused by a 30 million cubic meter landslide that impacted the ocean and created a wave about 250 meters high near the slide which ran up to 520 meters on the slope across from the landslide.

    The Lituya Bay impact landslide generated tsunami was modeled with a Navier-Stokes Adaptive Mesh Refinement Eulerian compressible code NOBEL including the effects of gravity.  The calculated  wave profiles of the Lituya impact landslide generated tsunami are shown in Figure 1 and the resulting wave runup in Figure 2.
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Figure 1.  Calculated density profiles of the Lituya impact  landslide  generated tsunami at times of 0, 4, 8, 16, 20, 24, 26, 30, 34, 42, 50 and 60 seconds.  The water (red) is initially 120 meters deep and 1.4 kilometers long. The slide region is 12,000 square meters of basalt above the water on the left slope moving with a velocity of 110 meters/second.
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     Figure 2.  Lituya Bay map showing the location of the rockslide and the height of run-up in meters.
    On November 3, 1994 a tsunami wave with a period of 3 minutes and maximum height of 25 to 30 feet occurred in the Taiya Inlet at Skagway, Alaska caused by an underwater 
landslide  of a massive amount of sediment from the  Skagway       

 River.  Since no earthquake occurred at the time of the slide,  it was probably triggered by a low tide.  The landslide and resulting tsunami was modeled using the NOBEL code as described in Reference [3].

     There is topographic evidence of many underwater landslides in Hawaii.  The  Alika 2 landslide off the coast of Kona, Hawaii approximately 105,000 years ago had a volume of 6000 cubic kilometers.  A series of coral-bearing gravels were deposited  on the Hawaiian islands at the same time as the Alika 2 landslide based on uranium-series dating that  reached 326  meters above the current sea level  on Lanai (375 to 425 meters relative to sea level at the time of the waves) and 60 to 80 meters on the islands of Oahu, Molokai, Maui and Hawaii.  Modeling of the landslide and the resulting tsunami is described in Reference  [6] and a computer movie in the directory  tsunamiv.mve/hiland.mve  of Reference [4].
       Thus there is considerable evidence that an impact landslide such as occurred in Lituya Bay or an underwater landslide could generate a tsunami wave as high as 100 meters  in the Hawaiian islands.
III  Explosions, Projectiles and Asteroids
   As described in Reference [3],  the interaction of an explosion or a projectile with the ocean and the generation of a tsunami wave is a complicated process.  Numerical modeling of  the physics has been accomplished using a compressible Eulerian hydrodynamic code, NOBEL, which has continuous adaptive mesh refinement for following the shocks and contact discontinuities with a very fine grid that includes gravity.
In the late 1960's and early 1970's, B. G. Craig at the Los Alamos National Laboratory, while studying the water waves formed from explosions, reported observing the formation of ejecta jets and roots from cavities generated by spherical explosives detonated near the water surface while the gas cavity was expanding.
While investigating the water waves formed from projectile impact with water, Gault and Sonnet in the early 1980's at the University of Arizona also found the formation of jets above the bubble cavity and roots below the cavity.  They observed quite different behavior of the water cavity as it expanded when the atmospheric pressure was reduced from one to a tenth atmosphere with the jets and roots not occurring below a third of an atmosphere.

The experimental  observations of Craig and Sonnet  were reproduced  by the NOBEL code.  When the atmospheric pressure was increased, the difference between the pressure outside the ejecta plume above the water cavity and the decreasing pressure inside the water plume and cavity as it expanded resulted in the ejecta plume converging and colliding at the axis above the expanding bubble forming a jet of water proceeding above and back into the bubble cavity along the axis.  The jet proceeding back through the bubble cavity penetrated the bottom of the cavity and formed the root observed experimentally.  

Now that a code is available that can describe the experimentally observed features of projectile interaction with the ocean, we have a tool that can be used to evaluate explosive, projectile or asteroid interactions with the ocean and the resulting generation of tsunami waves.

Two- and three-dimensional compressible hydrodynamic modeling using the NOBEL code has been performed to study the generation of tsunamis by asteroid impacts with the ocean. The goal was to determine the characteristics of impact generated tsunami waves as a function of the size and energy of the asteroid.  Claims in the popular press that a small (100 to 250 meters in diameter) asteroid could generate large tsunamis that could threaten distance shores were based on faulty shallow water modeling.

While tsunamis up to a kilometer in initial height are generated by impactors of a kilometer diameter, they do not propagate as long period tsunamis such as generated by large earthquakes.  Asteroid impact generated waves are highly complex in form and interact strongly with shocks propagating through the water and ocean crust.  They decay more rapidly than the inverse of the distance from the impact point.

All asteroid impacts, including oblique ones, produce a large underwater cavity with nearly vertical walls followed by a collapse starting  from the bottom and subsequent vertical jetting.  Substantial amounts of water are vaporized and lofted into the atmosphere.  In the larger impacts, significant amounts of the crustal and even mantel material are lofted as well. The amount of water displaced during the formation of the cavity scales linearly with the kinetic energy of the asteroid.  A fraction of this displaced mass is vaporized during the explosive phase of the encounter, while the rest is pushed aside by the pressure of the vapor to form the crown and rim of the transient cavity.

 Tsunamis up to a kilometer in initial height are generated by the collapse of the vertical jet.  These waves are initially very complex in form and interact strongly with shocks propagating thru the water and the crust.  Tsunami waves out to 100 kilometers from the point of impact have periods and wavelengths of the intermediate type waves and not shallow water waves.  The waves decay as the inverse of the distance from the impact point.  
A kilometer diameter iron asteroid with a velocity of 20 kilometers/second has a kinetic energy of 195 gigatons, a maximum cavity diameter of 25.2 km, cavity depth of 9.7 kilometers and forms a tsunami with a 27 kilometer wave length and velocity of 175 meters/second in 5 kilometer deep water (the shallow water velocity is 221 meters/second).  The  initial wave amplitude of 1 kilometer decreases to 100 meters after traveling about 500 kilometers from the source.
The KT Chicxulub event that is believed to have resulted in  mass extinctions 65 million years ago was caused by an asteroid of about 10 kilometer in diameter impacting 30 degrees from the horizontal from the south west  at Chicxulub, Yucatan, Mexico.  The asteroid encountered layers of water, anhydrite, gypsum and calcium carbonate, which resulted in the lofting of many hundreds of cubic kilometers of these materials into the stratosphere, where they resided for many years and produced a global climate cooling that was fatal to many large animal species on earth.  Ocean water is mostly vaporized in the crater region and beyond the crater to the debris curtain which separates from the rim of the crustal crater.  The initial shallow 300 meter deep water where the  KT asteroid impact occurred would not have supported the generation of major long period tsunami waves.  However, the ocean water was driven by strong shock waves and the expanding curtain out into the surrounding deep ocean.  This resulted in large, long period tsunamis that propagated around the world and left tsunami deposits well inland in North America.
There is considerable evidence that an asteroid impact with the ocean could generate a tsunami 100 meters or higher in the Hawaiian islands.
IV.  Hawaii Inundation by a 100 meter high Tsunami
The inundation of the Hawaiian Islands by a 100 meter high, 2000 second period Tsunami wave was  described in Reference [7] and a computer movie in the directory tsunamiv.mve/hiast.mve  of Reference [4].   The SWAN shallow water code. which solves the nonlinear long wave equations including Coriolis and frictional effects, used a 30 second grid of the ocean generated using a 1 minute gird of the ocean, the NOAA ship tracks data, and the TOPO30 land data.  The 100 meter high tsunami approached the Hawaiian Islands from the West.  The location of the asteroid impact could be anywhere from half way between Hawaii and Asia or America for a high density asteroid to near the Hawaiian island chain for a smaller, lower density asteroid.   The location of the landslide would need to be in the ocean near the Hawaiian islands.
The 100 meter high tsunami results in inundation of much of the Hawaiian islands to between 100 and 300 meters
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Figure 3.  Picture plots showing the initial topography of the island of Oahu in the first graph and showing the island at maximum inundation in the second graph.  The land and water contour intervals are 50 meters.  Most of the island is inundated to 150 meters and local inundations to over 300 meters occurs particularly on the leeward side of the island.
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Figure 3.  Picture plots showing the initial topography of the island of Maui in the first graph and showing the island at maximum inundation in the second graph.  The land and water contour intervals are 50 meters.  Most of the island is inundated to 100 meters. 
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Figure 5.  Picture plots showing the initial topography of the islands of Kauai, Molakai and Lanai in the top graphs and showing the islands at maximum inundation in the lower graphs.  The land and water contour intervals are 50 meters.  Most of the islands are inundated from 100 to 150 meters.
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Figure 6.  A 100 meter high, 2000 second tsunami wave intereacting with the Hawaiian Island chain.  The contour interval for the ocean  is 50 meters.
Conclusions
An impact landslide in Lituya Bay in 1958 resulted in a 250 meter high that washed out trees to 580 meters.  The Alika landslide off the Kona coast of Hawaii about 105,000 years ago generated a tsunami that reached 425 meters high on Lanai and over 100 meters on the other islands. 

A one kilometer iron asteroid impacting the ocean at 20 kilometers/second would generate a one kilometer high tsunami near the impact that would decay to 100 meters high after traveling about 500 kilometers.  A 10 kilometer asteroid similar to the KT event  resulted in tsunamis that propagated around the world.

Thus there is considerable evidence that tsunami waves up to 100 or meters amplitude could be generated by landslides in the Hawaiian islands and asteroid impacts in the Pacific ocean.
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A 100 meter high tsunami would result in inundation of much of the Hawaiian islands to over 100 meters with most of Oahu inundated to 150 meters and local inundations of over 300 meters, most of Maui and Hawaii to over 100 meters, and most of Kauai, Molakai from 100 to 150 meters.
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