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The National Academy of Sciences is a private, non-
profit, self-perpetuating society of distinguished
scholars engaged In scientific and engineering re-
search, dedicated to the furtherance of science and
technology and to their use for the general welfare.
Upon the authority of the charter granted to it by
the Congress in 1863, the Academy has a mandate
that requires it to advise the federal government on
scientific and technical matters. Dr. Ralph J. Cicerone

is president of the National Academy of Sciences.

The National Academy of Engineering was estab-
lished in 1964, under the charter of the National
Academy of Sciences, as a parallel organization of
outstanding engineers. It is autonomous in its ad-
ministration and in the selection of its members,
sharing with the National Academy of Sciences the
responsibility for advising the federal government.
The National Academy of Engineering also spon-
sors engineering programs aimed at meeting na-
tional needs, encourages education and research,
and recognizes the superior achievements of en-
gineers. Dr. Charles M.Vest is president of the Na-
tional Academy of Engineering.

The Institute of Medicine was established in
1970 by the National Academy of Sciences to se-
cure the services of eminent members of appro-
priate professions in the examination of policy
matters pertaining to the health of the public. The
Institute acts under the responsibility given to the
National Academy of Sciences by its congressional
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charter to be an adviser to the federal government
and, upon its own initiative, to identify issues of
medical care, research, and education. Dr. Harvey V.
Fineberg is president of the Institute of Medicine.
The National Research Council was orga-
nized by the National Academy of Sciences in
1916 to associate the broad community of sci-
ence and technology with the Academy’s pur-
poses of furthering knowledge and advising the
federal government. Functioning in accordance
with general policies determined by the Academy,
the Council has become the principal operating
agency of both the National Academy of Sciences
and the National Academy of Engineering in pro-
viding services to the government, the public, and
the scientific and engineering communities. The
Council is administered jointly by both Academies
and the Institute of Medicine. Dr. Ralph J. Cicero-
ne and Dr. Charles M.Vest are chair and vice chair,
respectively, of the National Research Council.
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DEAR LECTURE PARTICIPANT: On behalf of the Ocean Studies
Board of the National Academies,we would like to welcome
you to the Thirteenth Annual Roger Revelle Commemora-
tive Lecture. This lecture was created by the Ocean Stud-
ies Board in honor of Dr.Roger Revelle to highlight the im-
portant links between the ocean sciences and public policy.

ROGER REVELLE
For almost half a century, Roger Revelle was
a leader in the field of oceanography.Revelle
trained as a geologist at Pomona College and
the University of California, Berkeley.In 1936,he
received his Ph.D.in oceanography from the Scripps
Institution of Oceanography.As a young naval officer,
he helped persuade the Navy to create the Office
of Naval Research (ONR) to support basic research
in oceanography and was the first head of ONR'’s
geophysics branch. Revelle served for |2 years as the
Director of Scripps (1950-1961, 1963—1964), where
he built up a fleet of research ships and initiated a
decade of expeditions to the deep Pacific that chal-
lenged existing geological theory.

Revelle’s early work on the carbon cycle suggest-
ed that the sea could not absorb all the carbon di-
oxide released from burning fossil fuels. He organized
the first continual measurement of atmospheric car-
bon dioxide, an effort led by Charles Keeling, result-
ing in a long-term record that has been essential to
current research on global climate change.With Hans
Suess, he published the seminal paper demonstrat-
ing the connection between increasing atmospheric

carbon dioxide and burning of fossil fuels.
Revelle kept the issue of increasing carbon
dioxide levels before the public and spear-
headed efforts to investigate the mecha-
nisms and consequences of climate change.

Revelle left Scripps for critical posts as Science Ad-
visor to the Department of the Interior (1961—-1963)
and as the first Director of the Center for Population
Studies at Harvard (1964—1976). Revelle applied his
knowledge of geophysics, ocean resources,and popu-
lation dynamics to the world's most vexing problems:
poverty, malnutrition, security,and education.

In 1957, Revelle became a member of the Na-
tional Academy of Sciences to which he devoted many
hours of volunteer service. He served as a member of
the Ocean Studies Board, the Board on Atmospheric
Sciences and Climate, and many committees. He also
chaired a number of influential Academy studies on
subjects ranging from the environmental effects of ra-
diation to understanding sea-level change.

SMITHSONIAN'S NATIONAL MUSEUM OF NATURAL HISTORY
The Ocean Studies Board is pleased to have the
opportunity to present the Revelle Lecture in co-
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operation with the Smithsonian National Museum
of Natural History through our partnership with
the National Science Resources Center. The muse-
um maintains and preserves the world’s most ex-
tensive collection of natural history specimens and
human artifacts and supports scientific research,
educational programs, and exhibitions. The museum
is part of the Smithsonian Institution, the world's
largest museum and research complex. Dr. Cristian
Samper is the director.

The National Science Resources Center (NSRC)
was founded in 1985 by the National Academy of
Sciences and the Smithsonian Institution and con-
tinues today as a successful unit of the Smithsonian
Institution. The mission of the NSRC s to transform
K-16 science education learning and teaching for all
students in the United States and throughout the
World. The NSRC does this through the implemen-
tation of a truly systemic approach that engages par-
ticipants at every level, from students and classroom
teachers up through the highest levels of district,
state, national and international leadership.

TONIGHT’S LECTURE

In the past decade, the world has seen the destruc-
tive power of two major tsunamis. In December
2004, the Indian Ocean tsunami killed over 230,000
people and displaced 1.7 million across |4 coun-
tries. Then, just a year ago, the massive tsunami in
Japan killed about 20,000 people and caused over
$220 billion in economic loss to Japan, making it
the world’s most costly natural disaster. These
catastrophic tsunamis have been a wake up call for
countries around the world, including the United
States. Tonight's speaker -- Dr. Eddie Bernard, for-
mer Director and Scientist Emeritus for the Na-

tional Oceanic and Atmospheric Administration’s /
Pacific Marine Environmental Laboratory (PMEL)
-- has over 40 years of experience dealing with is-
sues on tsunami warning systems, tsunami mitiga-
tion and education programs, and tsunami research.
In his lecture, Dr. Bernard will be sharing some of
his personal experiences and insights on the global
impacts of tsunamis and the implications for policy
in the United States.

SPONSORSHIP

The Ocean Studies Board thanks the National Oce-
anic and Atmospheric Administration, the National
Science Foundation, the National Aeronautics and
Space Administration, the Office of Naval Research,
the U.S. Geological Survey, and the Gordon and
Betty Moore Foundation.This lecture series would
not be possible without their generous support.
The Board also thanks the National Science Re-
sources Center and the Smithsonian Institution for
their continued partnership in hosting the lecture
at the National Museum of Natural History.

We hope you enjoy tonight's event.
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Dr. Eddie Bernard is a subject matter expert and consultant
on issues dealing with tsunami warning systems, tsunami mirti-
gation and education programs, and tsunami research. Dr.
Bernard is currently an Affiliate Professor at the University of
Washington and Scientist Emerttus for the National Oceanic
and Atmospheric Administrations (NOAA)/ Pacific Marine
Environmental Laboratory (PMEL). He retired from Direc-
tor of PMEL in 2010, after 40 years of NOAA service. He
directed a broad range of oceanographic research programs
at PMEL including ocean climate dynamics, fisheries oceanog-
raphy, El Nifio forecasts, tsunamis, and underwater volcanoes.

As a noted oceanographer and expert on tsunamis, Dr.
Bernard published over 85 scientific papers and has served
as editor for three tsunami books. He served as Director
of NOAA' Pacific Tsunami Warning Center in Honolulu
for 3 years, which influenced his research toward public
safety. Following the 1993 Sea of Japan tsunami, he led the
U.S.team that surveyed the damage caused by the tsunami.
He served as founding Chairman of the National Tsunami
Hazard Mitigation Program, a joint Federal/State effort, and
as Chairman of the International Union of Geodesy and
Geophysics' Tsunami Commission. He is a member of the
American Geophysical Union, the American Meteorologi-
cal Society,and the Oceanography Society.

Dr.Bernard has also produced a scientific movie on tsu-
nami research and has been featured in over 20 television
specials on tsunamis, including programs on The History

Channel, The Learning Channel, National Geographic,and in-
terviews on national television news programs. Following the
2004 Indian Ocean and 201 | Japanese tsunamis, he was fea-
tured on national and international news networks and was a
guest on several Larry King and Piers Morgan shows.

Dr. Bernard received numerous honors and awards for
outstanding performance in NOAA including the Depart-
ment of Commerce Gold Medal in 2004 and 2005, the Pres-
idential Meritorious Rank Award in 1993 from PresidentWil-
liam J. Clinton, and the Presidential Meritorious Rank Award
again in 2002 from President George W. Bush. In 2008, Dr.
Bernard was awarded the prestigious Service to America
Medal, sponsored by the Partnership for Public Service, for
his leadership in creating a tsunami forecasting capability and
raising the publics awareness of the tsunami hazard.

In October 2010 and for the third time, he was
awarded the Presidential Meritorious Rank Award by Pres-
ident Barack Obama in recognition of Dr. Bernard's trans-
formation of three long-term PMEL research programs
in tsunami warning and education, ocean acidification, and
ocean exploration into Congressional authorization laws.

Dr:Bernard received a Ph.D.and MS.in physical oceanog-
raphy at Texas A&M,and a BS.in physics from Lamar University.






The horrific December 26,2004 Indian Ocean tsunami, which
killed over 230,000 people and displaced |.7 million across |4
countries, stimulated governments of the world into address-
ing tsunami hazards. Many nations in the Indian Ocean did not
even recognize the word “tsunami’” and none had tsunami
preparedness programs in place. lgnorance of the natural signs
of a tsunamis presence led to inappropriate actions and de-
cisions by nations, population centers, and tourist destinations.

The world’s response to this terrible
natural disaster was an unprecedent-

ed $13.5 billion in international aid,

including $5.5 billion from the gen-
eral public in developed nations. The
2004 tsunami, one of the top ten
deadliest natural disasters the world
has recorded, will probably be best
remembered for the global outpour-

ing of help to the innocent victims of
this tragedy.

Tsunamis rank high on the scale
of natural disasters. They are on the
top 10 lists of natural disaster casu-
alties (2004 Indian Ocean) and eco-
nomic losses (201 | Japan).Since 1850
alone, tsunamis have been responsible
for the loss of over 450,000 lives and

over $261 billion damage to coastal
structures and habitats. Most of these
casualties were caused by local tsuna-
mis that occur about once per year
somewhere in the world. Predicting
when and where the next tsunami
will strike is currently not possible.
Once a tsunami is generated, how-
ever, forecasting tsunami arrival and

FIGURE | Locations of about 1,950 historical tsunamis since 1600 BP. Source: National Geophysical Data Center




TSUNAMI PROCESS Tsunamis are ocean waves caused by a
large disturbance at the sea surface, which is triggered by a geo-
logical process such as an earthquake, landslide, explosive volcano,
meteorological event, or asteroid impact. Once the surface is dis-
placed, gravity restores the sea level by forming waves about the
size of the disturbance (Figure 2). A series of these waves then
travel across the ocean with almost no energy loss until they en-
counter the shoreline where the energy is used to flood the coast-
line. Tsunamis can repeatedly inundate coastal regions for hours
while destroying lives and property several kilometers inland.
Tsunamis are classified as local when the coastal residents feel the
earthquake and the tsunami arrives within minutes of the shaking.
Tsunamis are classified as distant when the coastal residents do
not feel the earthquake and the tsunami arrives with no warning.

To be prepared for both local and distant tsunamis, the U.S. has
developed a forecasting capability to warn the public of impending
tsunami hazards once the tsunami has been generated. The energy
transferred from an earthquake to a tsunami is typically less than one
percent (Tang, et al., 2008); therefore earthquake magnitude alone
is NOT a reliable or accurate indicator of tsunami intensity. Using

earthquake magnitude to predict tsunami intensity resulted in over
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warning (leading to loss of confidence) and under warning (leading
to loss of life) by earlier tsunami warning systems. The over warning
problem in Hawaii led the U.S. to develop a more accurate meth-
od of forecasting tsunamis through direct detection of the tsunami.
Data from these tsunami detectors are used in forecast models to
predict the coastal impact of an approaching distant tsunami hours
before arrival. Recently developed real-time, deep ocean tsunami
detectors, termed DART buoys (illustrated in Figure 3a.) have im-
proved the accuracy of tsunami forecasts. Since 2003, DART buoys
have detected 40 Pacific Ocean tsunamis. NOAA scientists were
able to make experimental forecasts for tsunamis generated in the
Aleutian Islands (November 2003), Kuril Islands (November 2006
and January 2007), Tonga (May 2006), Solomon Islands (April 2007),
Peru (August 2007), Chile (November 2007, 2010) and American
Samoa (September 2009) for 12 U.S. coastal communities. VWhen
scientists compared the experimental forecasts with tide data for
the seven tsunamis, they found that the forecasts were within 80
percent agreement with tide gauge records (Titov, 2009). For the
201 | Japanese tsunami, data from four DART buoys near Japan were
used to accurately forecast tsunami flooding for Kahului, Hawaii six

hours before the tsunami struck (Figure 3b. Tang, et al, in press).
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FIGURE 2 Stages of tsunami evolution. Source: NOAA

FIGURE 3a The Deep-ocean Assessment and Reporting of Tsunamis (DART) system, making real-time tsunami
flooding forecasting possible. Source: NOAA

FIGURE 3b Tsunami flooding forecast, based on deep ocean tsunami measurements assimilated into tsunami fore-
cast models, six hours before the Japanese tsunami flooded Kahului, Hawaii. Comparison with measurements and
video show 80% agreement between model and observations Source: NOAA



extent of flooding is possible through
recently developed tsunami modeling
and measurement technologies (Ber-
nard and Robinson, 2009).

As seen in Figure |, tsunamis oc-
cur primarily in the Pacific and Indian
Oceans and the Mediterranean and
Caribbean Seas. The U.S. is vulner-
able to local tsunamis in Alaska, the
west coast, Puerto Rico, American
Samoa, and U.S. trust territories. The
U.S.is vulnerable to distant tsunamis
from the Pacific Rim, the Caribbean,
and Portugal. Because of the vast U.S.
coastline, an Alaskan tsunami can be
a local tsunami in Alaska and a distant
tsunami on the west coast, Hawaii,
and American Samoa. Thus, the U.S.
must be prepared for both local and
distant tsunamis.

|.THE 2004 INDIAN OCEAN
TSUNAMI:AWAKEUP CALL

A.HUMAN AND ECONOMIC
IMPACTS (COSGRAVE, 2007)

The early morning earthquake of
December 26,2004 caused destruc-
tion in Banda Aceh, Indonesia and
other parts of Aceh even before
the arrival of the tsunami.The earth-
quake led to horizontal and verti-
cal movements of seafloor across a
more than 1,200 km (~745 miles)
strip, triggered hundreds of under-
water landslides, and activated hun-
dreds of secondary faults through-
out the region. The underwater land
movements generated a train of
ocean waves that sped across the
Indian Ocean killing about 230,000
people and displacing |.7 million
across |4 countries.

Entire coastal zones were de-
stroyed, with the tsunamis causing
damage up to 3 km inland in some
cases. Indonesia, Sri Lanka, India and
Thailand suffered the greatest loss of
life (Figure 4); Germany and Sweden
also suffered many losses from tour-
ists who were traveling in the region.
The tsunami killed more women than
men, up to twice as many in some
areas. Reasons were attributed to
both sex and gender, such as men’s
greater strength to hold on to trees
and fixed objects and knowledge of
swimming,and women's childcare du-
ties and clothing. Death rates were
also higher for those under 15 and
over 50, on average these groups
were over twice as likely to die as
other adults.While less than one per-
cent of those who died were tourists,
they got most of the media attention
in donor countries.

The impact of the tsunamis de-
pended on location; with towering 30
m (~100 ft) waves (Figure 5 A and
B) inAceh anda 2 m (~7.5 ft) swell
in parts of the Maldives. By the time
they had traveled 8,000 km to South
Africa the tsunamis were barely dis-
tinguishable from the background
pattern of normal waves. This dif-
ference in the severity of the tsuna-
mis showed itself in the numbers of
those who were killed and injured
in different places. In Aceh the ratio
of dead to injured survivors was 6:1,
dropping to 1.5:1 in Sri Lanka and
0.3:1' in India.

The assessments after the tsu-
nami estimated losses and damage

at just under $10 billion. As with all
disasters this is only a very rough es-
timate, as damage is relatively easy
to calculate, the consequent losses
to human well-being are far harder
to estimate. Industries based at the
coast were the worst affected. In
Aceh, ports and harbors were de-
stroyed in addition to the fishing fleet
and industries along the coastal strip.
Fishing and tourism were the two
worst affected sectors overall, but
those with farms near the coast lost
animals and saw their fields made in-
fertile by debris and salt.
B.PHYSICAL CHARACTERISTICS
(IWAN, 2006)

The total energy released by the
Indian Ocean Mw 9.2 earthquake
was estimated to be 1.1 x10'® joules,
which is equivalent to about 250
megatons of TNT.There was at least
a 10 m (~32 ft) movement later-
ally and 4-5 m (~13-16 ft) verti-
cally along the subduction fault line.
In February 2005, the Royal Navy
vessel HMS Scott took a high-reso-
lution survey of the seabed around
the earthquake epicenter, which
revealed that the earthquake had
made a huge impact on the topog-
raphy. Thrust ridges as high as 1,500
m (~ 4900 ft) had collapsed, gener-
ating landslides several kilometers
wide. One such landslide consisted
of a single block of rock some 100 m
(~328 ft) high and 2 km (1.24 miles)
long. The sudden vertical and hori-
zontal movements of the subduc-
tion zone, massive underwater land-

slides, and large splay fault ruptures

FIGURE 4 Loss of life (from least to greatest) in countries bordering the Indian Ocean.
Source: Adapted from Center for Disaster Management and Humanitarian Assistance, 2005
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FIGURE 5a Vegetation stripped away from mountain side at Lhoknga, 13 km (~8
miles) southwest of Banda Aceh. Source: Jose Borrero; USC Tsunami Research Group




during the earthquake displaced
enormous volumes of water, result-
ing in the tsunami.The total energy
of the tsunami was about one per-
cent of the energy released in the
earthquake itself. In many places the
waves reached as far as 3 km inland
(1.86 miles). Scientists investigating
the damage in the province of Aceh,
Indonesia found evidence that the
wave reached a height of 24 m (~79
ft) when coming ashore along large
stretches of the coastline, rising to 37
m (~ 121 ft) in some inland areas.
Because the subduction zone
earthquake was in a nearly north-
south orientation, the tsunami waves
were mostly directed to the east and
west. Bangladesh, which lies at the
northern end of the Bay of Bengal,
had very few casualties despite being
a low-lying country near the rupture
zone. In contrast, the Indian state of
Kerala took a direct hit, despite being
on the western coast of India (fac-
ing away from the rupture zone).The
western coast of Sri Lanka also suf-
fered substantial impacts.At Columbo,
Sri Lanka, the largest tsunami record-
ed was the wave that reflected off the
Maldives island chain arriving 2.5 hours
after the arrival of the first wave.
Distance alone was no guarantee
of safety — Somalia was hit harder
than Bangladesh despite being much
farther away. Sixteen hours after
the earthquake the tsunami reached
as far as Struisbaai in South Africa,
some 8,500 km (~5,300 miles) away.
In Antarctica, tidal gauges at Japan’s
Showa Base recorded oscillations
of up to a meter, with disturbances
lasting a couple of days. Some of the



tsunami's energy escaped into the Pa-
cific Ocean, where it produced small
but measurable tsunamis along the
western coasts of North and South
America.At Manzanillo, Mexico,a 1.0
m (~3 ft) crest-to-trough tsunami
was measured, and the tsunami was
large enough to be detected inVan-
couver, British Columbia, Canada. The
tsunamis measured in some parts
of South America were larger than
those measured in some parts of the
Indian Ocean due to the mid-ocean
ridges which acted as wave guides
to direct tsunami energy over long
propagation paths (Figure 6).

C.GLOBAL RESPONSE

Following the tsunami, an immense
media-fuelled, global response re-
sulted in US$13.5 billion pledged or
donated internationally for emergen-
cy relief and reconstruction, including
more than US$5.5 billion from the
general public in developed countries.
Private donations broke many re-
cords; donors were flexible and rapid
in their funding. In addition, report-
ing of pledges and commitments and
the timeliness of official donations,
were much better than in other di-
sasters. The international humanitar-
ian aid community made an historic
first effort at accountability based
on early recognition that the excep-
tional response to the tsunami disas-
ter, including the amount of money
given, demanded a high standard of
accountability, and provided an op-
portunity for learning about disaster
response at this scale.

In February 2005, a meeting was
held in Geneva with a group of aid




e

FIGURE-5b Banda Aceh in ruins 'followirll'g*.t“'e tsunami destruction. Source: Jose Borrero, USC Tsunami Research Group




agencies to learn from the interna-
tional response to the tsunami disas-
ter through formation of the Tsunami
Evaluation Coalition (TEC). The TEC
studies found the international re-
sponse helped the affected people
and reduced their suffering; many
examples of good practice in emer-
gency response and some welcome
innovations were identified. However,
the studies concluded overall that the
response did not achieve the potential
of the generous funding. The TEC Syn-
thesis Report (Cosgrave, 2007) made
four recommendations around own-
ership (and accountability), capacity,
quality and funding, all focused on one
central idea — that the humanitarian
aid community needs to cede owner-
ship of the response to the affected
population and become accountable
to them. This change needs to be sup-
ported by more equitable and pro-
portionate funding, development of
disaster response capacities, a greater
focus on risk-reduction, and a system
for controlling the quality of the work
done by humanitarian agencies.

The U.S. response to this interna-
tional disaster was swift, generous, and
effective, including about $1 billion in
aid from the U.S. government.The U.S.
military responded by launching Op-
eration UNIFIED ASSISTANCE "to
prevent further loss of life and human
suffering by expeditiously applying re-
sources to the overall relief effort,”
(Elleman, 2007). By January 5, 2005,
only ten days after the earthquake
and tsunamis, UNIFIED ASSISTANCE
included over twenty-five U.S. Navy
ships, forty-five fixed-wing aircraft,and
fifty-eight helicopters and delivered
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FIGURE 6 Tsunami energy distribution of 2004 Indian Ocean Tsunami. Source:

Titov et al., 2005

more than 610,000 pounds of water,
food and other supplies to the region
(Elleman, 2007). In some areas, relief
operations were only possible by he-
licopters supported by offshore ships
due to loss of coastal roads (Figures 7
& 8). Sea basing also proved to be a
culturally sensitive and politically flex-
ible staging platform in this Islamic re-
gion that was the scene of an active
domestic insurgency (Elleman, 2007).
The hospital ship and medical staff
eventually treated more than 9,500
patients in humanitarian missions in
Indonesia. Although the operation
lasted less than two months, the U.S.
military delivered over twenty-four
million pounds of relief supplies.

In Aceh, Indonesia — the region
hardest hit by the tsunami — U.S.
Agency for International Develop-
ment (USAID) funded the timely re-
construction of houses and roads in
the village of Babah le, construction of
Aceh Polytechnic, the restoration of
coastal areas, village clear water sani-
tation and watersheds management
that improved rural livelihoods,and the
rehabilitation of the region’s principal

fish market in Peunayong. In addition,
USAID supported peaceful and demo-
cratic local elections in Aceh Province
as part of a peace agreement signed
between the Indonesian government
and the Free Aceh Movement. Of the
USAID funding, about $14M (0.1%)
was spent on contributing to the es-
tablishment of an Indian Ocean tsu-
nami warning system. Since its launch
in 2005, the program provided sub-
stantial contributions toward ongoing
international and regional efforts to
develop tsunami warning capabilities
in the Indian Ocean led by the Inter-
governmental Oceanographic Com-
mission of the United Nations. Today,
coastal communities are much safer
and better prepared for future risks as
a result of US.support (USAID, 2009).

The Indian Ocean tsunami has
been the most studied of any so far
in history. Surveys of the physical
damage, as well as the psychological
damage to humans, have produced
volumes of data that will provide the
research community with links to
new discoveries, theories, and prac-
tices for tsunami preparedness.



2. TSUNAMI RISK &
PREPAREDENESS: LESSONS
FORTHE UNITED STATES

The Indonesian earthquake and tsu-
nami motivated the U.S.to rethink its
own tsunami risks, as well as a con-
gressional request for the National
Research Council (NRC) to review
warning systems and preparedness.
The 201 | NRC report, TsunamiWarn-
ing and Preparedness, concluded that
the U.S.tsunami hazard is high not only
at shores near regions prone to large
earthquakes such as Alaska, the Pacific
Northwest, the Caribbean, and the
Marianas, but also in regions exposed
o tsunamis generated from afar.Along
the U.S. Atlantic, Gulf, and southern
California coasts, tsunamis caused by
submarine landslides (likely triggered
by earthquakes) present the greatest
known hazard, while the Caribbean is
vulnerable to a tsunami from seismi-
cally active faults and the potential for
landslides (Dunbar and VWeaver, 2008;
as presented in NRC, 201 1.

The NRC report also notes that
a reduction in the risk from tsunamis
requires assessment of the hazard,
including the source, inundation area,
and speed of onset, as well as char-
acterization of the vulnerabilities of
coastal communities to this hazard.
These assessments can be used to
better prepare officials and the public
with the goal of reducing deaths, inju-
ries,and damages from a future event.

The Departments of Commerce
(through NOAA) and Interior
(through the U.S. Geological Survey-
USGS) received $39M (0.4%) to
strengthen the existing U.S. tsunami
warning system. NOAA was tasked
with deploying an array of 39 DART
deep-ocean tsunami detection sta-
tions (see Figure 9) as the foundation
of a global tsunami warning system,
and succeeded in setting up an in-
terim tsunami warning service for
the Indian Ocean in March 2005.The
White House Office of Science and
Technology Policy released the “Tsu-

FIGURE 7 Improvised landing zone of U.S Navy helicopter at Kreung Raya,

Aceh Province. Source: Elleman, 2007

a0

nami Risk Reduction for the United
States:A Framework for Action” re-
port in December 2005 which rec-
ommended developing standardized
and coordinated tsunami hazard and
risk assessments; improving tsunami
and seismic sensor data and infra-
structure for better detection and
warning; enhancing tsunami forecast
and warning capability along our
coastlines; facilitating development of
international tsunami and all-hazard
warning systems; and increasing out-
reach to communities to raise aware-
ness, improve preparedness, and en-
courage the development of tsunami
response plans (OSTP,2005).

In addition, there was a call to
develop a strategic plan for tsunami
research in the U.S,, published as The
National Tsunami Research Plan (Ber-
nard et al, 2007), which recommend-
ed 6 priorities for tsunami research:

|. Enhance and sustain tsunami education,
2. Improve tsunami warnings,

3. Understand the impacts of tsunamis at
the coast,

4. Develop effective mitigation and recov-
ery tools,

5. Improve characterization of tsunami
sources, and

6. Develop a tsunami data acquisition, ar-
chival, and retrieval system.

The plan also summarized contribu-
tions by the various agencies, docu-
menting that the U.S. spent about
$55M in 2005 for tsunami risk re-
duction activities through five fed-
eral agencies (NSF, NOAA, USGS,
USACE, and FEMA).

The U.S. Congress passed the
Tsunami Warning and Education Act
(Public Law 109- 424) as an exten-



sion of the efforts of the National
Tsunami Hazard Mitigation Program
(NTHMP) — a State/Federal part-
nership to reduce tsunami hazards
to US. coastlines that began in 1997
(Bernard, 2005). The Act has four
tsunami elements: warning, educa-
tion, research, and international co-
operation. Both the National Tsunami
Research Plan and the Tsunami Act
emphasize research that supports
a community-based mitigation pro-
gram, embracing the concept of
tsunami resilience - the ability of a
community to quickly recover from
a tsunami.As outlined in "“Preparing
Your Community for Tsunamis” (Sa-
mant et al., 2007), the foundation of
resilience is a community’s ability to
develop local advocates. Communi-
ties often do not have the technical
expertise to evaluate the quality of
science products required to meet
preparedness needs (i.e., inundation
maps, building codes). One approach

FIGURE 8 People desperate for water, Keudeteunom, Aceh Province. Source:

Elleman, 2007

to ensuring that communities receive
quality technical information is to de-
velop tsunami standards for hazard
mapping and education for all com-
munities to apply in crafting their lo-
cal resilience programs.

A notable component of the
TsunamiWarning and Education Act
was the inclusion of a substantial in-
ternational coordination element to
support the United Nation's effort to
standardize a global tsunami warning

Tsunami is a Japanese word represented by two characters: tsu, meaning,
“harbor”, and nami, meaning, “wave”. Unusual wave behavior in Japanese

N
»
/ harbors was the first sign that a tsunami was imminent, so the word

tsunami became the term used in the first tsunami warning system.

system. The global system, comprised
of regional warning centers in the In-
dian,Atlantic, and Pacific Oceans, and
the Caribbean and Mediterranean
Seas (Bernard, et.al, 2010), has over
50 standard deep ocean tsunami
detectors that provide data, freely
shared among nations, for forecasting
tsunami magnitude and arrival times
(Figure 9). In contrast, only three
deep ocean tsunami detectors were
operational in the U.S. when the
2004 tsunami struck.

3.JAPANESE TSUNAMI OF
201 1:WORLD’S COSTLIEST
NATURAL DISASTER

On March 11,2011, a massive Japa-
nese tsunami killed about 20,000
people and caused over $220 bil-
lion in economic loss to Japan, mak-
ing it the world’s most costly natural
disaster (Voice of America, 201 1).
Although the earthquake was ex-
tremely powerful, because it oc-
curred offshore, it was the tsunami
that resulted in the huge scale of this
catastrophe. A preliminary account-
ing of autopsy results showed 92% of
the victims died as a result of drown-

ing and some have estimated that




as many as 96% of the deaths could
be attributed to the tsunami.Among
survivors, 130,229 evacuees were still
in 2,559 shelters two months after
the tsunami (SEEDS Asia, 201 1).As
with the 2004 Indian Ocean tsunami,
there was a global outpouring of as-
sistance to aid the Japanese.The US.
contribution “Operation Tomodachi
(friendship)” (Figure 10) included,

over 20,000 military personnel,about
20 ships,and about |60 airplanes that
delivered about 280 tons of food,
about 2 billion gallons of beverages,
and about 120,000 gallons of fuel at
a cost of about $100M (Mr. Shigeo
Ochi, personal communications). The
Japanese people refer to the March
['1,2011 tsunami as 3.1 1 to reflect
the national impact of the disaster.

FIGURE 9 The present global DART Network, which provides bottom pres-
sure observations of tsunamis in the open ocean to tsunami warning centers
and the research community. Source: NOAA National Data Buoy Center

FIGURE 10 U.S. Navy helicopter flies over the city of Sendai on March 12,
2011 to deliver more than 1,500 pounds of food during Operation Tomoda-
chi (friendship). (U.S. Navy photo/Released)
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A.THE TSUNAMI IN JAPAN (DEN-
GLER AND SUGIMOTO, 201 1)

Over 5,400 water level measure-
ments have been collected along
2,000 km (~1,240 miles) of the Japa-
nese coastline (Tohoku Earthquake
Tsunami Joint Survey Group, 201 1),
making this the largest collection of
tsunami height measurements for a
single tsunami. The data have been
summarized in reports of the IOC/
UNESCO intergovernmental com-
mission on tsunamis (201 1) and have
also been posted at NOAAs Nation-
al Geophysical Data Center (NGDC)
Tsunami Data Base (201 1).The high-
est water levels (38.9 m or ~128
ft) at Aneyoshi Bay south of Miyako
City in Iwate Prefecture were the
maximum ever measured in a Japan
tsunami.Water heights were close to
or exceeded 20 m (~66 ft) in most
populated coastal communities in
Iwate and northern Miyagi prefec-
tures. On the broad plain that charac-
terizes the coast of Miyagi Prefecture
south of Sendai, peak water heights
averaged 8-10 m (~26-33 ft). There
were significant tsunami impacts as
far south as Chiba Prefecture.

In most coastal communities, the
dense city and town centers were
very vulnerable, even though much of
the town or city land area was out-
side of the inundation zone on the
hill slopes and farther inland. A large
percentage of communities on the
low-lying areas of the Sendai plain
experienced flooding. The amount
of time between the earthquake
and the arrival of significant tsunami
waves varied along the Tohoku coast.
The earthquake occurred at 2:46



p.m.about 130 km (~80 miles) off-
shore from the city of Sendai; tide
gauges show the first wave arriving
after 36 minutes at Hachinohe and
29 minutes in Okai Town in Chiba
Prefecture.A web cam at the Sendai
Airport in Natori City showed water
arriving at 3:37 p.m.,and the genera-
tors ceased to function at 4 p.m.This
agrees with a series of time-stamped
photographs in the Yuriage area of
Natori City that show peak flood-
ing at 4:1 1 p.m. Generators at the
Fukushima Dai Ichi Nuclear Plant
stopped at 3:41 p.m; eyewitnesses in
Northern Miyagi and Southern Iwate

Prefectures generally reported 25-
30 min until the tsunami hit. A time-
stamped photo taken from the top
of the Minami-Sanriku Disaster Man-
agement Building shows the structure
fully engulfed at 3:35 p.m. Preliminary
findings indicate that Japan, the most
tsunami prepared nation in the world,
had underestimated tsunami impacts
for evacuation planning and coastal
structures design. Dengler and Sugi-
moto (201 1) provide a gripping ac-
count of some of the shortcomings
of Japanese tsunami preparedness at
three coastal communities during this
devastating tragedy.

Minami-Sanriku Town (popula-
tion 17,000) had gained an interna-
tional reputation for tsunami pre-
paredness before the tsunami and
was a featured field trip stop for
tsunami experts. The three rivers
flowing through the town featured
tsunami gates that could be shut in
|5 minutes to keep the tsunami from
flooding inland through the river
channels. Figure || is an approxima-
tion of the inundation zone, showing
that the tsunami extended nearly 3
km (~1.8 miles) up the Hachiman
River and nearly 2 km (~ 1.2 miles)
up the adjacent river valleys. Officials

FIGURE || The approximate inundation zone in Minimi-Sanriku Town.The tsunami surges destroyed the town cen-
ter and went up the narrow Hachiman River (center) and the Sakura River (on left) and the Oretate River (on right).
Black arrow is 2 km long. (A) marks the location of the disaster management building shown in Figure 13.The gates
shown in Figure 12 are just to the right of (B).The inundation area shown here is based on Google earth imagery and
may change when data from field teams is included. Source: EERI, 201 |
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successfully lowered the gates on
March || (Figure 12),but the tsuna-
mi overtopped the adjacent sea walls
and flooded the city.At the Disaster
Management Center (Figure 13),
more than 30 officials, including the
town mayor, gathered on the roof-
top during the tsunami event, and
twenty died when the building was
inundated (Asahi Shim- bun, 201 1).
Miki Ando,a municipal official respon-
sible for broadcasting emergency in-
formation to the public, remained at
her post on the second floor of the
building and continued broadcasting
announcements; she was credited
by many for saving their lives as they
heeded her warnings to get to higher
ground, but she did not survive (Den-
gler and Sugimoto, 201 1).

This tragedy was repeated
throughout the region where an es-
timated 31 of 80 designated tsunami
evacuation buildings were destroyed
(Japan Times, 201 ).

Ishinomaki City (population
164,000) is one of the largest ports
north of Sendai and is a center of the
rice trade. The main port facilities are
located to the southwest of the pop-
ulation center and experienced water
heights in the 4.5to 5 m (~15-16.5
ft) range (Port and Airport Research
Institute, 201 |).Warehouses and re-
inforced concrete buildings suffered

some damage but did not collapse.

The port returned to nearly full op-
eration in May. Because of the large
exposed population, the city had the
highest casualty total of any commu-
nity in the Tohoku region.The large
amount of debris in the water, includ-

ing boats, caused damage at some

ol ¢ Y

FIGURE 12 Left: gates on the Hachiman River, Minami-Sanriku, in April 2010
in the up position. Right: the same gates in May 201 | after the tsunami.They
closed before the tsunami struck, but failure of the sea walls negated their ef-
fectiveness. Left photo courtesy of ). Bourgeois, University of washington; Right
photo courtesy of L. Dengler, Humboldt State University; Source: EERI, 201 |

FIGURE 13 The disaster management headquarters for the town of Minamis-
anriku. About 30 officials gathered on the upper floor and roof on March I1.
The tsunami completely flooded the structure and only 11 people survived.
Note the location of high ground in the background. Photo: L. Dengler, Hum-
boldt State University; Source: EERI, 201 |

sites even though they were above
the inundation level.
Higashimatsushima City (popu-
lation 34,000) is located in the tran-
sitional zone between the much
steeper terrain to the north and the
broad, low-lying Sendai plain to the
south. This city was particularly vul-
nerable, as tsunami surges attacked it
from four different sources: the coast,
the Naruse River; the Tona Canal,and

Matsushima Bay (Figure 14). One of
the designated evacuation sites was
the multipurpose room adjacent to
an elementary school (Figure 15).The
elementary school was a three-story
building and the upper floors were
above the inundation zone; however,
it was not used for vertical evacua-
tion, perhaps because the stairways
were inside the building and would
not have been accessible if the build-



ing were closed. An estimated 200
people gathered in the multipurpose
room after the earthquake, but only a
few people were able to reach safety
on the ledge next to the windows
when the room flooded. This site was
located at the base of a hill where
everyone could have reached high
ground had they walked a few more
minutes. One family of survivors lived
close to the evacuation site, but they
had only recently moved to the area
and weren't aware of the designated
building. Instead, they headed up the
hillside behind their house after the
earthquake and were able to see the
waves approaching and to move up

the hill when it became clear that the
tsunami was very large.

These dramatic accounts by Den-
gler and Sugimoto certainly bring into
focus the importance of the accuracy
of hazard assessment, especially the
limits of published inundation maps.
They also concluded that the warn-
ing messages, which upgraded the
danger level four times, might have
contributed to the underestimate of
the size of the tsunami because some
evacuees may not have received later
warning messages of the increased
danger. Lastly, they cautioned that
vertical evacuations should be the
option of last resort while education

should emphasize evacuation to high-
er ground and practicing situational
awareness as a means of survival.

B.THE JAPANESE TSUNAMI
OUTSIDE JAPAN

The Japanese tsunami affected the
entire Pacific basin. Three-meter wa-
ter heights (~10 ft) were recorded
in Crescent City, California, the largest
outside Japan. Tide gauges at other lo-
cations on the US.West Coast and lo-
cations in Chile, the Galapagos Islands,
and Maui, Hawaii were in the range
of 2 m (=75 ft). The tsunami caused
damage on Midway Island and in Cali-
fornia, Oregon, and Hawaii, portions of

FIGURE 14 Approximate inundation area in the west area of Higashimatsushima City. This region was particularly
vulnerable because the tsunami attacked from several directions.The star marks the location of the evacuation
building shown in Figure 15. Note its proximity to higher ground on the hillside. Source: EERI, 201 |
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which were declared federal disaster
areas. Two harbors (Santa Cruz and
Crescent City) had major damage, and
less serious impacts were observed at
22 other locations in California. All of
the damage was attributed to strong
currents, which were measured at
speeds of up to 10 knots (Wilson et
al,2011). Losses in California were es-
timated at over $50 million. The only
life lost outside of Japan was in north-
ern California, where three young men
had gone to the mouth of the Klam-
ath River to photograph the tsunami;
all were swept into the water; but two
managed to get back to land.

Brookings Harbor in southern
Oregon was badly damaged by the
strong currents caused by the tsu-
nami. Docks broke loose and several
boats sank, causing an estimated $6.7
million in damage. Damage to docks
was also reported in Depoe Bay
and Coos Bay, Oregon. A few people
were swept into the water in the
Port Orford and Gold Beach areas of
Oregon, but were rescued.

The Japanese tsunami was re-
corded at 30 deep ocean tsunami
detector stations. Data from four
of these detectors near Japan were
used to accurately forecast tsunami
flooding for Kahului, Hawaii six hours
before the tsunami. Coastal areas were
evacuated and as a consequence, lives
were saved. On the island of Hawaii,
the most serious damage was at Keal-
akekua Bay and in Kailua-Kona, where
one house floated to sea and 26 were
damaged. A number of hotels were
damaged, including the landmark Kona
Village Resort, which remains closed to
date. Damage was also reported on

Maui where the port of Kahului was
flooded. At the Keehi Lagoon marina
on Oahu, floating docks broke loose
and sank an estimated 25 boats and
damaged 200 others. The large num-
ber of Japanese tourists who canceled
their trips to Hawaii exacerbated eco-
nomic losses in Hawaii.

4.WHAT TO DO?

Coastlines along the US. are vulner-
able to both local and distant tsuna-
mis. In light of Japan’s underestimation
of the tsunami hazard, the U.S. should
recommit to becoming a more tsu-
nami resilient nation through reau-
thorization of the Tsunami Act. Under

the present elements of the Act:

A.TSUNAMI RESEARCH:
ESTABLISH STANDARDS AND COST
CONTAINMENT

Public safety requires that state-of-the-
science technology adhere to scientifi-
cally accepted standards. Research will
be required to establish scientifically
accepted standards for tsunami fore-
cast products (i.e. Synolakis, et al.2008),
tsunami hazard mitigation and recovery
projects, and tsunami education. New
and/or improved technology from ad-
ditional research could be applied for
containment of tsunami warning, miti-
gation, and education costs. Standards
and cost containment efforts should
be maintained and overseen by cred-
ible research organizations.

B. TSUNAMI EDUCATION:

APPLY STANDARDS AND
BENEFIT /COSTS ANALYSIS

Many thousands of lives have been
saved from tsunamis over the past
decade because people responded

appropriately to tsunami natural

warnings. Every resident and coastal
visitor should understand the natural
warnings of a tsunami (i.e. earth shak-
ing, withdrawal of the ocean, and/or
loud roar) and the official tsunami
warnings provided by state and lo-
cal authorities. Each state and com-
munity needs to steadfastly apply
the same educational standards to
ensure that our citizenry is prepared
for the next tsunami. Only through
the application of standardized edu-
cational programs can we hope to
become a tsunami resilient nation.
We also need to be cost conscious
about the application of mitigation
programs at the local level, such as by
using the FEMA benefit/costs analysis.

Recovery of coastal communities
is an important element of resilience.
The earth shakes for minutes, the
tsunami attacks for hours, but recov-
ery takes years. Recovery can be the
most important part of the process
to ensure that survival from future
tsunamis is incorporated into the
community’s culture.

C.TSUNAMI WARNINGS: PROVIDE
EASY-TO-UNDERSTAND WARNING
PRODUCTS

The recent Chile and Japan tsunamis
in 2010 and 201 | demonstrated that
existing tsunami warning products are
confusing to the public. The confusion
arises, in part, from using text messages
to convey complex information under
stressful conditions.The NOAA evalua-
tion report of tsunami warning perfor-
mance during the 2010 Chile tsunami
recommended the use of graphical
products, such as the one illustrated in
Figure 3b, to reduce public confusion
(NOAA Chile Report, 2010). With



FIGURE 15 The multipurpose room of the Higashimatsushima elementary school, where 200 people gathered after
the earthquake.The site was flooded to the base of the windows and most of the evacuees did not survive.The floor
was used as morgue after the tsunami. Photo: L. Dengler, Humboldt State University; Source: EERI, 201 |

smartphone technology, it is now pos-
sible to disseminate easy to understand
graphical flooding products as shown
in Figure 16.New and improved tech-
nologies should be applied as efficiently
as possible from research activities and
transform warning products from pub-
lic confusion to public service.

Another deficiency of the tsunami
warning system is the lack of products
for ports and harbors. Operators of
our ports and harbors are required
to work in a potentially hazardous

area, yet most large ports lack tsu-
nami evacuation plans. This problem is
due, in part, to the multi-jurisdictional
aspects of port operations. Atthough
the Coast Guard is authorized to or-
der evacuation of ships from harbors,
there are no tsunami warning prod-
ucts available to assist the Coast Guard
in determining if an evacuation order
should be issued. There is a need to
develop a set of warning products for
ports and harbors to minimize disrup-
tion to port operations.

25

D.INTERNATIONAL
COOPERATION:

Tsunamis are inherently an inter-
national issue because destructive
tsunamis do not recognize national
boundaries. In addition, tourists from
other countries, including the US,
suffered both casualties and injuries.
The US. response to the 2004 Indian
Ocean tsunami cost about $1 billion
in taxpayer dollars for a tsunami that
did not damage our shorelines. Inter-
national cooperation, as coordinated



by the United Nation’s Inter-
governmental  Oceanographic
Commission (IOC), has a plan
that calls for international stan-
dards for all warning systems to
ensure interoperability and un-

derstanding by global citizens.

duce the cost of operating and
maintaining regional tsunami
warning centers.

In summary, these four
measures would build upon

| past successes and adjust for

* past omissions and mistakes. If

As the world's leader in tsuna-
mi forecasting technology, the U.S. is
in a position to establish and maintain
international standards for tsunami
forecast products, tsunami hazard
mitigation projects, and tsunami edu-
cation. This would pave the way for
implementing the I0C's goal to have

FIGURE 16 Future tsunami warning
product (from Figure 3b) delivered
via smartphone. Source: NOAA, 2010

all regional warning centers provide a
set of standardized warning products
to serve the global public.Acceptance
of global standards would also re-

these comprehensive and inte-
grated measures were incorporated
into reauthorizing the 2006 Tsunami
Warning and Education Act, the
United States would become a more
tsunami resilient nation and serve
as a guiding light for other tsunami
threatened nations.
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