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Trenches are the loci of large earthquakes that get progressively 
deeper as the subducting slab gets progressively deeper 



Note that there is no trench off the Pacific Northwest, even though there is a 
ridge system. Was there really an active subduction zone here? 



Note that the coast of Washington has very few earthquakes, and none 
on the subduction zone. How did we get to our present understanding? 



In 1969, the Pacific 
Northwest Seismic 
Network was installed, 
beginning with 6 
stations. After a year of 
monitoring, no 
earthquakes had been 
detected on the plate 
interface and a Wadati-
Benioff Zone was not 
obvious. Crosson 
tentatively concluded 
that subduction had 
ceased. 



In 1979, Ando and Balasz, on the basis 
of limited vertical geodetic modeling, 
concluded that Washington was tilted 
down to the east  and that subduction 
was still occurring but was aseismic. 



In 1981, Savage and others, on the basis of horizontal geodetic modeling, 
concluded that the subduction zone should be seismically active and that the 
vertical geodetics of Ando and Balasz were difficult to reconcile. 



In 1984, John Adams of the 
Geological Survey of Canada, 
suggested that if there were 
great earthquakes in 
Cascadia, they should trigger 
landslides from the edge of the 
continental shelf, and that 
oceanographic studies by Vern 
Kulm and Gary Griggs had 
identified deposits of these 
landslides. 
 
More on that later. 



In Alaska in 1964, 
the ground sank 2 
meters at Portage 
and at Kodiak; to 
the southeast, in 
Prince William 
Sound, uplift was 
as much as 10 
meters on 
Middleton Island. 



This former wave-cut 
platform in Prince William 
Sound was uplifted nearly 
33 feet in the earthquake in 
1964, stranding seaweed 
high above the beach. 
 

 

http://libraryphoto.cr.usgs.gov/cgi-bin/show_picture.cgi?ID=ID. Alaska Earthquake no.     2ct&SIZE=large
http://libraryphoto.cr.usgs.gov/cgi-bin/show_picture.cgi?ID=ID. Alaska Earthquake no.     1ct&SIZE=large


Here is what 
was happening. 
Between 
earthquakes, 
uplift along the 
coast causes 
the tilting that 
Ando and 
Balasz 
observed, but 
the earthquake 
causes the 
abrupt 
subsidence that 
Atwater and 
others have 
observed.  

Presenter
Presentation Notes
A SEISMIC CYCLE of land surface deformation - 
	
	Between earthquakes, the continental and oceanic plates are locked together. This causes the continental plate to deform – GPS measurements show that it is shortening by about 10 mm/yr, and rising by about 1mm/yr.
	At the time of an earthquake, the locked zone releases, and the toe of the continental plate moves out and up, and the area behind the toe drops down. 
		



In the early 1990’s, a 
confluence of 3 events---the 
realization that the Cascadia 
subduction zone produced 
both major earthquakes and 
major tsunamis; the 1991 
Petrolia earthquake, which 
generated a small local 
tsunami; and the 1994 Kuril 
Islands tsunami warning; ---led 
the Senate Appropriations 
Committee, chaired by Mark 
Hatfield, to direct NOAA to 
form a partnership with the 5 
Pacific states to develop a 
plan to safeguard the west 
coast from local tsunamis 



“The Committee appreciates the timely NOAA report on tsunami 
hazard mitigation in response to concerns raised by the 
Committee about tsunami preparedness for the United States. 
The Committee is in agreement with the primary 
recommendation of the report that a federal/state working group 
be formed to discuss the 12 NOAA recommendations and write a 
plan of action. The Committee directs NOAA to serve as lead 
agency by forming the group by November 1, 1995, and 
submitting the action plan by March 31, 1996. NOAA should 
spend no more than $50,000 for group meetings and preparation 
of the action plan. The Committee directs the federal/state 
working group to formulate a budget to implement the tsunami 
hazard mitigation action plan.”  



NOAA invited representatives from the five affected 
states—Alaska, California, Hawaii, Oregon, and 
Washington, along with the Federal Emergency 
Management Agency, the United States Geological 
Survey, and the National Science Foundation, to 
meetings on February 13–14 and March 21 to develop 
the action plan and budget contained in this report. The 
report preparation was delayed due to the unanticipated 
federal furlough. The cost to produce this plan was 
$15,000 for participant travel expenses and report 
preparation, reproduction, and distribution. 









Distant Tsunami Problem 
Recommendation 2 

 
NOAA must establish a real-time reporting network of deep ocean tsunami detection 
buoys. The rationale for this is straightforward. With existing technology, warning centers are 
forced to make a warn/no-warn decision based on indirect and insufficient information, such as 
earthquake magnitude and location, past history of regional tsunamis, and a sparse network of 
tide gauges, which provide data only after the waves have passed and do not provide information 
that can directly predict wave heights at other locations. Thus, false alarms are issued because 
there is no direct verification that a destructive tsunami is propagating across the deep ocean 
toward a distant coastline. Additionally, there is an understandable tendency for warning centers to 
“err on the safe side.” Detection systems strategically located seaward of known tsunami source 
regions will provide the needed verification within minutes of an earthquake through direct open 
ocean wave measurements. If no tsunami is detected, a false alarm evacuation will be averted. 
Conversely, if a tsunami is detected, the detection system will provide warning centers with the 
single most important piece of information required for decision making—the deep ocean tsunami 
amplitude. Consequently, this system will not only decrease false alarms, but will also quickly 
confirm a real tsunami and improve the speed and accuracy of true alarms. Existing technology 
can provide this tsunami detection network; NOAA has already designed and fabricated a 
prototype tsunami buoy system and successfully deployed it for several months off the 
Washington-Oregon coast (Figure 1). 



Establish real-time tsunami detection network – NOAA: 
$800,000/year; out years: 

$600,000/year. Historical and paleoseismic data show that earthquakes 
capable of producing significant Pacific-wide tsunamis are identified in the 
shaded coastal regions on Figure 2. The proposed siting of buoys will ensure 
the detection of any tsunami within these regions within 30 minutes of the 
generating earthquake. NOAA has built and tested a prototype deep ocean 
tsunami detection buoy that measures the tsunami in the open ocean and 
transmits these data to shore in near real time. To protect U.S. coastlines, a six-
buoy array is proposed to quickly detect the propagation of a tsunami from 
areas where earthquakes generate destructive tsunamis and relay tsunami data 
to the warning centers and the states  



Local Tsunami Problem 
Recommendation 2 

 
Improve seismic networks. The current tsunami warning systems are triggered by information from earthquake 
seismic networks. Typically, earthquake magnitudes above certain levels cause tsunami warnings to be issued. 
Despite the use of earthquakes as a trigger, the earthquake and tsunami warning systems have remained separate. 

  
Because of increased capabilities in seismic network technology and tsunami warning systems, these two systems 
will be merged under this Plan. Indeed, as concerns have heightened along the west coast of the United States 
about consequences of a Cascadia earthquake producing both very strong ground shaking and a tsunami, 
combining the capabilities of the two systems becomes a necessary requirement for producing better warnings. 

  
This Plan is designed to provide a virtually seamless, integrated tsunami warning system that delivers notification of 
a major earthquake within 2 minutes of the initial rupture. This initial notification will be followed within 3 minutes by 
detailed seismic parameters that provide an understanding of the likelihood of a tsunami and an estimate of the 
pattern of strong ground shaking. Because the rupture speed of a great earthquake is much slower than the initial 
seismic waves, this capability means that some portions of the west coast will be alerted before the shaking actually 
arrives. Reporting of a potential tsunamigenic earthquake in Alaska, Hawaii, or Cascadia, proposed under this Plan, 
would be complete in 5 minutes; currently the same level of detail not available until at least 1 hour after the event. 
That delay of notification is unacceptable given the lives and property at risk. 

  
Currently, there are over 900 seismometers operating in northern California, Oregon, Washington, and British 
Columbia, Alaska, and Hawaii. These existing seismometers are telemetered in real time to seismic data centers in 
Menlo Park, California, Seattle, Washington, Sidney, British Columbia, Fairbanks, Alaska, and the Hawaiian Volcano 
Observatory (HVO). There, computers analyze the signals, look for earthquake signals, and run location routines. 

  
Typically, earthquake locations are now available in 2 to 6 minutes; however, limitations of existing 
instrumentation make it impossible to offer additional information such as detailed strength of shaking 
or faulting parameters. 



Another component of the 
program was the installation 
of buoys for direct detection 
of tsunamis in the open 
ocean, called Deep ocean 
Assessment and Reporting 
of Tsunamis (DART) 



•Buoy at the D-157 site just after being set in the water and riding high with no mooring 
load. Typical October seas in the North Pacific. 



Seismic network implementation plan – Costs: Years 1–4: 
$2,000,000/year; Year 5 and beyond: $1,600,000. Under this Plan it is 
recommended that 36 existing seismic stations be upgraded and 16 new 
sites installed along the west coast, Alaska, and Hawaii (Figures 3–5). The 
proposed instruments, coupled with improvements to communication links 
and existing data processing centers, will provide state-of-the art warning 
capability. The 36 sites slated for upgrading are of two types. There are 
currently a few modern, digital, instrument sites (open squares in Figure 3) 
operating along the west coast. These broad-band sites are designed to 
provide detailed recording of earthquakes; for all but the largest local events 
these stations provide high-quality data in real time. However, a Cascadia 
event will produce ground motions that will saturate these stations. 
Therefore, we propose to install digital, strong ground-motion sensors at six 
sites (filled squares in Figure 3). 



  
It is estimated that each training program will cost $50,000, funded by FEMA. The first year, 
training would be conducted for Washington and Oregon, while Alaska and California would be 
completed in year two and Hawaii would be completed in year three. The combined value of all the 
city/county engineers’ time is estimated to be $100,000 and would be contributed by each 
community. 

  
The Group also recognized that the one-dimensional models should be supplemented by two-
dimensional models for certain communities. NOAA would continue its development of two-
dimensional models through the formation of a tsunami inundation mapping center. The mapping 
center would consist of one contract employee plus supporting funds for a total of $200,000 for 
the first 2 years and $125,000/year thereafter. 

  
In the first 2 years the mapping center would develop the necessary digitized data bases, adapting 
the two-dimensional model to run on supercomputers and the one-dimensional models to run on 
personal computers, and provide data and support for running the models. Support for the 
generation of inundation maps for appropriate communities would consist of providing required 
bathymetric and topographic data from the center’s data bases and overseeing the running of the 
two-dimensional model. Support to other communities which wish to run the one- dimensional 
model would include providing a personal computer version of the one-dimensional model, the 
required data from the center’s data bases, and instructions on how to apply the model. 

  
After the tsunami flooding maps are completed, the Group recommends that a maintenance effort 
be established to keep the maps updated due to coastal developments and improved mapping 
technology. The cost would be $125,000/year for one full-time NOAA employee plus support. 



Consolidated Reporting of EarthquakeS and Tsunamis (CREST) 



Consolidated Reporting of 
EarthquakeS and Tsunamis 
(CREST)  
 



Consolidated 
Reporting of 
EarthquakeS and 
Tsunamis (CREST)  
 



Local Tsunami Problem 

Recommendation 1 

 

Compilation and distribution of inundation/evacuation maps. Maps 
showing the areas of likely tsunami inundation for at-risk 
communities will be constructed using one- dimensional models 
similar to those presently used in Hawaii for distant tsunami 
evacuation maps. For some communities more sophisticated models of 
inundation may be required. There was unanimous agreement among 
participants that inundation/evacuation maps are the basis of local tsunami 
hazard planning. Without a clear understanding of what areas are at risk 
and which areas are unlikely to be flooded, it is impossible to develop 
effective emergency response plans and education programs. If this Plan 
is funded, all communities will have an inundation map as a basic planning 
tool. 



Tsunami inundation/evacuation maps – 
Costs: Year 1: $600,000; Year 2: $600,000; 
Year 3: $325,000; Year 4 and beyond: 
$125,000. The Group felt that the production of tsunami inundation maps was 
essential to the development of effective hazard planning. In order to produce these 
maps within 3 years of implementation of this Plan, the Group recommended the Hawaii 
approach to evacuation map production. Hawaii updated its tsunami evacuation maps in 
1990 using a one-dimensional modeling technique developed at the University of 
Hawaii. The Group recommends that this technique be taught to city and/or county 
engineers (or state representatives) through a workshop format for each state that lacks 
inundation maps. The workshops will provide basic training on the application of the 
one-dimensional model and provide personal computer software with user manuals to 
aid in the calculations. The instructor will train the engineers at an initial 5-day 
workshop, be available for assisting the workshop participants for the next month while 
maps are being produced, and will conduct a concluding 3- day workshop to review the 
work and finalize the maps. This training process will yieldinundation maps and trained 
local engineers for each coastal community or state representatives to map all 
communities. As physical changes to the community occur, the trained engineer or state 
representative can modify the maps to reflect the changes. The trained engineer or state 
representative can also answer questions about the basis for the maps. 



The original plan, however, did not work out for 
several reasons.: 
• Misunderstanding of funding mechanism 

leading to an overly simplified modeling 
proposal 

• underestimate of the size of the inundation 
mapping project 

• difficulty creating the TIME Center 
• need to revise the mapping and modeling 

program 



The National Tsunami Hazard Mitigation Program, formed in 1995, develops 
tsunami inundation maps for vulnerable coastlines. These are based on a 
combination of numerical modeling, and , where possible, paleoseismology. 



George Priest at DOGAMI had already begun a tsunami modeling program with 
funding from NEHRP 



This is the tsunami hazard 
map that we developed for 
the southern Washington 
coast. The area is within 
the Columbia River littoral 
cell and is dominated by 
accretionary shoreforms 
marked by low relief. This is 
where most of the resident 
population of the outer 
Washington coast lives and 
where evacuation is most 
difficult. 



These 
products guide 
the placement 
of signs such 
as these and 
form the basis 
for our 
education and 
outreach 
programs. 

These graphics were previously created by 
George Priest and colleagues and adopted by 
NTHMP as an international standard, even 
though we had no authority to do so 



On November 21, 2002, 
George Crawford, Rich 
Eisner, Jane Preuss, and 
I held a workshop to 
investigate whether it 
was feasible to design 
facilities to withstand a 
nearfield M9 earthquake, 
suffer so little damage as 
to be attractive for an 
evacuation refuge, and 
also be high and resilient 
enough to serve as a 
shelter for people in the 
near-field. 



Those two buildings 
and other Japanese 
tsunami defense 
structures formed the 
basis of a study of 
buildings that survived 
devastating tsunamis 
when everything else 
in the area was 
destroyed.  



We formed a 
partnership with 
FEMA and the Applied 
Technology Council to 
provide building code 
style guidance for 
building facilities to 
withstand a 
magnitude 9 
earthquake and be 
suitable for vertical 
evacuation. Planning 
for the right size 
earthquake is critical. 



But how to 
build these? 
John Schelling 
launched 
Washington”s 
approach to 
tsunami 
evacuation in 
places that 
have no nearby 
high ground 



Safe Haven Options (from FEMA 646):  
 
Towers – 
• Limited Space 
• Blocks Views 
• Few Options for Shelter 
 
 

Buildings – 
• Expensive 

• Better get it right the first time! 
• Very Large, Likely to Block Views 
• May require Private Development 

• Incentives for Height? 
 

Berms – 
• Least Expensive Option 
• Can be Multi-Purpose 
• May be Placed to Limit View Blocking 
 
 



WE 
DID 
IT! 







Groundbreaking for the Ocosta Elementary School  
tsunami vertical evacuation refuge—first in the U.S. 



Ground-
breaking 
ceremony 
for the first 
tsunami 
vertical 
evacuation 
refuge in  
the U.S., 
Ocosta 
Elementary 
School 







Other events along the way molded the course of the NTHMP: 
• the original plan was never funded by congress, but rather 

the initial funding amount was renewed, again in 
appropriation language (state lobbying essential) 

• after 5 years, NTHMP became base budget 
• NOAA transferred NTHMP from PMEL to NWS Pacific 

Region 
• Undersea tsunami observatory (TWEAK) added to NTHMP 

appropriation 
• Rich Pryzswarty, AK Region director, suggested creating a 

companion program to StormReady, to be called 
TsunamiReady—Ocean Shores Washington the first 
recipient 

• in Washington, George Crawford and then John Schelling 
implemented NOAA Weather Radio-on-a Stick 



Washington State Tsunami 
Program 



TsunamiReady Program 
 Governor’s GMAP Item 

 Ocean Shores Recert - Jun  
 Long Beach Recert – Sep 



Alert and Notification 
Governor’s Priority 

 NOAA Weather Radios 
 150 Radios to tribes, schools and 

counties 
 AHAB Radio 

 2 installed – Sandy Point and 
Ocean Shores upgraded 

 Completed 30 site visits 
 30 Systems ordered – 11 on site 

pending installation and 9 in 
transient 

 EMD approved state funding of 2 
systems for the Lummi Nation 

 Satellite Control Unit bench tested 
due installation Oct 06 
 New AHAB Radios are satellite 

capable 
 

26 Dec 05, Banda Aceh, Indonesia  

Presenter
Presentation Notes
The system was designed and developed in partnership with the EQ Program, Telecommunications Section, and Federal Signal
Prototype installed in Ocean Shores – the first TsunamiReady Community in the Nation 
Prior to this system we had to depend on local response to get message out via police or fire (Many communities have volunteer fire departments which means you add time for them to respond).
During the kurl Island event we used helicopters to drop sand bags with notes to warn people to get to high ground.



FUNDED  SYSTEMS 
TO BE INSTALLED 
BY JUNE 2007 (32) 
 Bay Center  
 Cape Disappointment  
 Clallam Bay   
 Cohasset Beach   
 Copalis Beach   
 Diamond Point 
 Fort Worden   
 Grayland (2)   
 Hoquiam   
 Ilwaco  
 Long Beach  
 Lower Elwha 
 Lummi Nation (2)   
 Pacific Beach 
 Pacific Park  
 Point Hudson 
 Port Angeles   
 Ocean City   
 Ocean Park (4)   
 Ocean Shores (3)  
 Seaview   
 Surfside   
 Taholah   
 Tokeland   
 Westport    

OPERATIONAL (16) 
 Aberdeen  
 La Push  
 McAlder  
 McMillin  
 Neah Bay  
 Ocean Shores  
 Orting  
 Port Townsend  
 Puyallup (2)  
 Sandy Point  
 Seattle (3)  
 Sumner  
 Westport  

Washington State All-Hazard Alert  
Broadcasting (AHAB) Network 

Presenter
Presentation Notes
ALL STATIONS



The December 26, 2004 Nicobar-Andaman 
earthquake and ensuing tsunami dramatically 
reorganized the NTHMP: 
• Executive order expanding program 
• Elevation of management from NWS Pacific 

Region to NWS headquarters 
• TWEA, reorganizing NTHMP, taking the buoy 

program and seismology program into 
separate sections 



Where are we going 
now? That’s up to all 

of us 
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