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ABSTRACT
The California Tsunami Program is finalizing Probabilistic Tsunami Hazard Analysis (PTHA)
maps for multiple risk levels that cover all 20 coastal and San Francisco Bay Area counties. It also
partnered with the USGS to analyze the “time to safety” for populations within various PTHA
ARP risk levels to determine the most appropriate risk-level for use in designating tsunami “zones
of required investigation” through the State of California’s Seismic Hazard Mapping Act. The
program created a PTHA Technical Review Panel to evaluate the accuracy and applicability of the
PTHA products for use. A separate PTHA Application Panel, comprised of at least a dozen
stakeholders, was formed to develop strategies for using the PTHA products in land-use planning
and building design work. All finalized maps, review work, and an overarching planning guidance
document are set to be completed by the end of 2018.
There are many federal, state, and local stakeholders interested in the use of the PTHA maps and
the proposed planning document, including:
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California Geological Survey – 475-, 975- and 2475-year average return period (ARP)
maps for creating “zones of required investigation” through the Seismic Hazard Mapping
Act.
California Building Standards Commission – 2475-year ARP maps for Tsunami Design
Zones for use in the 2019 update to the California Building Code.
Federal Emergency Management Agency – 100- and 475-year ARP maps as RiskMAP
products equivalent to existing Flood Insurance Rate Maps.
California Governor’s Office of Emergency Services – 975-, 2475- and 3000-year ARP
maps for evaluating and updating existing deterministic tsunami inundation maps for
evacuation and response planning, as well as assisting communities with vertical
evacuation structure planning.
California Department of Transportation (Caltrans) – 975-year PTHA maps for coastal
bridge foundation analysis and construction.
California Coastal Commission – PTHA maps covering multiple risk levels for use in both
Local Coastal Program (LCP) policy updates and project-level review reflecting a
“performance-based” approach.
Harbors/Ports – PTHA maps covering a range of risk levels and Harbor Improvement
Reports that cover recommended mitigation activities of maritime facilities and
infrastructure.
Local communities – PTHA maps covering a range of risk levels for land-use planning
through LCPs and risk-reduction measures through the Local Hazard Mitigation Plans.

With these new products and product application strategies, the State of California has become the
first state to fully integrate PTHA products into its preparedness, mitigation, construction, and
land-use planning activities.
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 California Governor’s Office of Emergency Services – 975-, 2475- and 3000-year ARP maps
for evaluating and updating existing deterministic tsunami inundation maps for evacuation and
response planning, as well as assisting communities with vertical evacuation structure planning.
 California Department of Transportation (Caltrans) – 975-year PTHA maps for coastal bridge
foundation analysis and construction.
 California Coastal Commission – PTHA maps covering multiple risk levels for use in both
Local Coastal Program (LCP) policy updates and project-level review reflecting a
“performance-based” approach.
 Harbors/Ports – PTHA maps covering a range of risk levels and Harbor Improvement Reports
that cover recommended mitigation activities of maritime facilities and infrastructure.
 Local communities – PTHA maps covering a range of risk levels for land-use planning through
LCPs and risk-reduction measures through the Local Hazard Mitigation Plans.
With these new products and product application strategies, the State of California has become the
first state to fully integrate PTHA products into its preparedness, mitigation, construction, and landuse planning activities.

Introduction
The impacts to people and property in the wake of the 2004 Indian Ocean tsunami (230,000
fatalities in 14 countries) and the 2011 Japan tsunami (18,000 fatalities in Japan alone; costliest
modern natural disaster at $235B) emphasize the need to improve tsunami preparedness, response,
mitigation and recovery planning efforts in California. The greatest threat of a large local tsunami
would be from an earthquake generated along the Cascadia Subduction Zone off the coast of
northern California. Distant source tsunamis can also cause significant damage statewide. A
recent study by the U.S. Geological Survey (USGS) indicated that a large tsunami event
originating from the Aleutian Islands could cause coastal flooding that would lead to significant
damage and years of recovery, costing the state billions of dollars [1]. However, this study also
found that 80-90% of the damage and casualties could be prevented with improved emergency
response and land-use planning efforts as well as improved building codes.
The California Tsunami Program, led by the California Governor’s Office of Emergency Services
(CalOES) and the California Geological Survey (CGS), is responsible for creating products to help
the 20 coastal and San Francisco Bay Area counties with preparedness, response, mitigation, and
recovery planning. In 2009, the program completed statewide tsunami inundation maps for
evacuation planning based on large, realistic, local and distant tsunami sources [2]. However,
because sources were deterministically based, these maps have limitations as tools for making
land-use and construction decisions at a local level.
In 2014, a report from the California Tsunami Policy Work Group recommended that the state
produce tsunami hazard zones under the authority of the Seismic Hazard Mapping Act of 1990
(SHM Act), and that those zones be compatible with maps/products for other hazards (flood,
seismic shaking, etc.) [3]. Furthermore, in 2015, a detailed evaluation by a group of tsunami
science experts reported that accurate probabilistic tsunami hazard analysis (PTHA) maps suitable
for the SHM Act could reliably be produced [4]. Based on this guidance, PTHA maps representing
multiple risk-levels (i.e. average return periods, or ARPs) appropriate for land-use planning and
construction decisions have been completed for all low-lying, populated coastal areas of
California.

PTHA Methodology
The following section is summarized from Thio, 2017 [5], which provides a detailed description
of the tsunami source characterization and methods used for the California PTHA project.
Initial work on the PTHA products included an evaluation of a number of methodologies that have
been used for PTHA in California and along other parts of the west coast [6][7][8][9]. The Seaside,
Oregon tsunami pilot PTHA study was the first time in the U.S. that federal, state, academic, and
non-governmental partners cooperated on such a comprehensive project [6]. The project
incorporated the best available paleoseismic and paleotsunami information, tsunami source
characterization, and numerical modeling to produce tsunami inundation lines for various risk
levels and set the standard for PTHA work on the west coast of the U.S. However, these maps
only covered a small area of coastline and involved a significant effort and cost to produce.
In order to more effectively cover a large area such as the California coast, efforts were made to
create maps of probabilistic offshore tsunami wave-heights by using a Green’s function summation
approach [8]. This approach enabled the integration over a wide range of source zones and
magnitudes and the inclusion of
epistemic uncertainties that describe
our incomplete knowledge and
understanding of natural processes, and
aleatory variability, which expresses
the randomness in natural processes.
The methodology is similar to the
common approach in probabilistic
seismic hazard analysis (PSHA; Figure
1). Both methods use an integration
over a range of earthquake magnitudes
and locations. While PSHA uses
ground motion prediction equations to
compute the ground motion amplitude
at a site, the PTHA approach uses
numerical models to predict the waveFigure 1. Schematic comparison between PSHA and PTHA heights and inundation areas.
(from ref. [5]).

The basic PTHA methodology can be summarized with the following list of steps:
1.
2.
3.
4.

Identification and setup (subfault partitioning) of earthquake sources;
Computation of fundamental Green’s functions for every subfault to near-shore locations;
Definition of earthquake recurrence model;
Generation of a large set of scenario events that represents the full integration over
earthquake magnitudes, locations and sources, for every logic-tree branch;
5. Computation of near-shore probabilistic wave-height exceedance rates;
6. Identification of dominant sources through source disaggregation;
7. Computation of probabilistic inundation hazard using a non-linear runup model anchored
by offshore wave-heights (Figure 2).

Figure 2. Probabilistic offshore hazard. Left: Shows the offshore hazard, with bar height and colors
indicating the exceedance amplitude in meters at 975 year ARP. Right: Source disaggregation
showing the relative contribution for different ARPs (from ref. [5]).

The main PTHA process can divided into generation, propagation, and inundation models. The
source characterization for the tsunami models consists of a geometrical characterization of the
source, recurrence models for earthquakes that define magnitudes and their recurrence rate, and a
generation mechanism for slip distribution on the fault. The recurrence model for most of these
sources is quite generic, except for Cascadia and Alaska where a more extensive logic tree
approach was used, because they are the most important sources for tsunami hazard in California.
The logic-tree approach for Cascadia sources is similar to the 2014 U.S. Geological Survey
National Seismic Hazard Map update [10] to be consistent with earthquake hazard products.
Two approaches to computing tsunami waves were used for the best efficiency for large ensemble
computations. The Green’s function summation allows a full integration over more than 10,000
events that span the magnitude range of significance, the various epistemic branches and aleatory
source variability. The offshore probabilistic wave-heights contain both the epistemic (alternative
source characterizations) and aleatory variability (modeling error, tides, etc.).
Using these offshore wave-heights, the actual probabilistic inundation was computed in the second
stage of this project by performing fully non-linear tsunami inundation simulations for a suite of
scenarios that provide offshore amplitudes that are consistent with the maps computed in the first
stage. For these computations, a modified Clawpack-based code was used [11]. The Clawpack
platform was benchmarked for accuracy of inundation and velocity results, and verified as part of
National Tsunami Hazard Mapping Program (NTHMP) workshops [12][13]. The inundation
model results were generated using high-resolution (10 meters) bathymetry/topography, and
represent maximum tsunami amplitude, flow depth, velocity, and momentum flux (force). The
modeling covers six PTHA risk levels, or average return periods (ARPs): 100 years, 200 years,
475 years, 975 years, 2475 years, and 3000 years; this set of risk levels was chosen based on the
interest of the stakeholders in the 2015 California PTHA Work Group [4].

Map Production and Review Process
CGS performed a rigorous review of the model results during the map-making process. This
review included: 1) evaluation of the topography used in the analysis [10-meter resolution digital
elevation models (DEMs)] compared to recently collected one-meter resolution LiDAR DEMs; 2)
assessment of spatial GIS accuracy of the tsunami inundation line using the one-meter LiDAR
DEM and high-resolution NAIP orthophotography; and 3) field evaluation of inundation impacted
by minor natural and man-made flood protection features not shown on the 10-meter DEM, such
as dunes, berms, and river levees.
Once the model results were reviewed, inundation map areas were created. These PTHA maps
and the accompanying report [ref. 5] went through an internal CGS review, as well external review
by a Technical Review Panel (TRP) with expertise in numerical tsunami modeling, source
characterization, and PTHA methods. Comments and questions were addressed and the TRP
members were allowed to review the updated report.
Evacuation Time Analysis
In order to understand the tsunami risk to people within the PTHA map areas, the USGS assisted
the state by running pedestrian evacuation models for the 475-, 975-, and 2475-year ARP
inundation zones statewide. The USGS Pedestrian Evacuation Analyst software was used, which
implements an anisotropic path-distance approach for pedestrian evacuation from sudden-onset
hazards [14]. The model estimates evacuation potential based on elevation, direction of evacuee
movement, land cover, and travel speed, and creates a map showing travel times to safety
throughout a hazard zone. Model results provided a general, static view of the evacuation
landscape at different pedestrian travel speeds and can be used to identify areas outside the reach
of naturally occurring high ground. In addition, data on the size and location of different populations within the hazard zone was integrated with travel-time maps to create tables and graphs of
at-risk population counts as a function of travel time to safety. As decision-support tools, these
maps provide the capability to evaluate the effectiveness of various vertical-evacuation structures
and related land uses within a study area, both through time maps of the modeled travel-time
landscape with a potential structure in place and through comparisons of population counts within
reach of safety.
PTHA Applications
There are a wide range of potential applications for the PTHA maps at the state, federal, and local
level. A PTHA Application Panel was formed comprised of partners interested in using the PTHA
maps and related products. The state is working closely with individual stakeholders as they each
have a different responsibility, a different level of understanding of the PTHA products, and a
different timeline of potential product implementation. The purpose of this collaboration is to
ensure that all needs are filled in the map-making process, and that the result is an end-to-end
“performance-based” approach to tsunami risk reduction; see Table 1 as an example. The
following is a summary of some of these applications starting with the Seismic Hazard Mapping
Act, which helped initially facilitate the creation of this suite of PTHA maps statewide.

Table 1. Example of potential performance-based approach using PTHA maps; see sections below for
detailed discussion. All risk levels might be utilized by California Coastal Commission and in
the HAZUS application.
Risk level
Annual rate of Response/
(in years
exceedance Evacuation
ARP)
100

50% in 50yr

200

25% in 50yr

475

10% in 50yr

975

5% in 50yr

Mitigated

FEMA FIRM

CalOES

2475

2% in 50yr

CalOES

3000

1.67% in 50yr

CalOES

Structure Specific in Building Code
Immediate
Collapse
Operational
Life Safety
Occupancy
Prevention
Building Risk Building Risk Building Risk
Cat. IV
Cat. III
Cat. II

Seismic Hazard
Mapping Act and
FEMA FIRM
Seismic Hazard
Mapping Act and
Caltrans
Seismic Hazard
Mapping Act

Building Risk Cat.
Vertical
Building Risk III and possibly II
Evacuation
Cat. IV
(over certain
Buildings
height)

Seismic Hazard Mapping Act
In response to the October 17, 1989 Loma Prieta magnitude 6.9 earthquake that killed 63 people
and caused property losses of $6B (1989 dollars), the legislature enacted the Seismic Hazard
Mapping Act (SHM Act) of 1990 (Public Resources Code, Chapter 7.8, Section 2690, et seq.).
The purpose of the SHM Act is to require site-specific investigations within zones delineated by
the State Geologist that lead to mitigation measures in areas where there is an immediate threat to
life safety from earthquake hazards. The initial language of the SHM Act called for creation of
“zones of required investigation” for soil liquefaction, earthquake-triggered landslides, and
amplified ground shaking hazards.
Following the April 25, 1992 Cape Mendocino Magnitude 7.2 earthquake, which caused a minor
tsunami along the north coast, language was added to the SHM Act to address hazards related to
tsunamis and seiches. Section 2692.1 of the SHM Act states that the State Geologist may include
tsunami maps/zones/planning when “information becomes available” and that “information is
appropriate for use by local government.” Both criteria were found to be met by the California
Tsunami Policy Work Group [3] and the California PTHA Work Group [4].
CGS is working with a core group of members of the PTHA Application Panel to determine how
to best implement tsunami hazard zones and mitigation through the SHM Act. Because the SHM
Act applies to a wide range of land development and construction options, multiple risk-levels
ranging from 475-year and 2475-year ARPs may be utilized. The evacuation time analysis will
be used to locate the most vulnerable populations to determine where life-safety may be an issue,
and more stringent mitigation requirements would be recommended. The applicable PTHA
products and SHM Act implantation plans are expected to be completed in 2018.

Other State-Level Applications
There are a number of other state organizations within the PTHA Application Panel interested in
incorporating the PTHA products into their response, mitigation, and construction planning:


California Building Standards Commission (CBSC): A new section in the California
Building Code addressing tsunami loads on critical and essential facilities (Building Risk
Category III and IV) and potentially other high-occupancy structures (Building Risk
Category II), is set to be included in the 2019 update of the code. To be consistent with
other hazards, the Tsunami Design Zone (TDZ) maps represent a 2,475-year ARP.
Although there were TDZ maps created for this update by the American Society of Civil
Engineers (ASCE), these maps are of a lower quality and accuracy than the maps being
developed by California, and are therefore not ideal for making design and construction
decisions. For example, the existing ASCE TDZ maps are prepared at a 60- to 90-meter
resolution, a very large grid size which covers roughly six typical residential lots, while the
resolution of the CGS PTHA maps is 10-meters grid size which covers less than one typical
lot. The result is that the ASCE maps commonly exaggerates the area of inundation
showing tsunami flooding too far inland and overflowing river levees and other structures
where they shouldn’t. For this reason, tsunami-resistant design would be required
unnecessarily in those areas; this is shown in Figure 3. The PTHA maps produced by CGS,
which use the same source characterization and probabilistically based offshore wave
heights as the ASCE maps, are of much higher quality and accuracy. CGS is working with
the CBSC to replace the existing ASCE maps with the new, higher accuracy maps.

Figure 3. Comparison of the ASCE Tsunami Design Zone and California 2,475-year ARP zone in part of
Huntington Beach. Note the difference in resolution of the edge of each zone and the areas in
red that appear to be overflowing the channels and levees where they should not.



California Governor’s Office of Emergency Services (CalOES): CGS has been a longtime partner of CalOES through the California Tsunami Preparedness and Mitigation
Program and California Tsunami Steering Committee. CalOES plans to use the CGS
PTHA maps for a number of potential projects when they become available:
o CalOES and CGS will use the PTHA maps, especially PTHA risk levels 975-,
2475-, and 3000-year ARP, to verify and update the accuracy of the 2009 tsunami
inundation maps for evacuation planning, possibly replacing the 2009 maps with
the new maps at some locations as appropriate.
o CalOES will use the PTHA maps and the evacuation time analysis to help local
communities determine if vertical evacuation structures should be built to protect
vulnerable populations that cannot evacuate to high ground before a local- or
regional-source tsunami arrives.
o Tsunami risk information will be added to Harbor Improvement Reports for harbors
to obtain local hazard mitigation funding to improve design and construction.
o PTHA maps will set the foundation of community risk for local and state tsunami
recovery planning guidance being developed by CalOES, CGS, and their partners.



California Coastal Commission (CCC): Prior to development of the PTHA products,
many communities used the 2009 tsunami inundation maps for evacuation planning for
their Local Coastal Program (LCP). As previously stated, the 2009 maps are based on
deterministic scenarios and the State Geologist has determined that these maps are not ideal
for making land-use decisions. The new PTHA maps will provide the CCC with a more
appropriate set of maps applicable for community level, land-use planning through their
LCP program, providing options for planning through a performance-based approach.



Caltrans: Prior to development of the PTHA products, Caltrans had not considered
tsunami loads in their analysis of coastal highways and bridges. The CGS PTHA maps and
products, primarily the 975-year ARP, will be used in retrofitting existing bridges and
highways, and in the design and construction of future bridges and highways. This will
produce a more resilient transportation infrastructure from the effects of future tsunamis.

Federal Applications
As little or no funding was available from the State of California, a significant amount of the work
on the PTHA for California was funded through federal agency grants. The National Oceanic and
Atmospheric Administration (NOAA) and the Federal Emergency Management Agency (FEMA)
funded the workgroups related to the initial PTHA analysis, as well as most of the numerical
modeling and map development for the PTHA. For NOAA, the work in California provides a
foundation as a pilot project and guidance for the National Tsunami Hazard Mitigation Program
(NTHMP). Other NTHMP states were invited to participate in the initial work group looking at
the Cascadia Subduction Zone source and options for PTHA.
For FEMA, there are a number of programs which plan to utilize the results from the CGS PTHA
products:





PTHA maps will be created and included in FEMA’s RiskMAP program, which provides
flood hazard maps to the public outside of the existing Flood Insurance Rate Map (FIRM)
program.
PTHA maps, especially those covering risk levels of 100-year and 475-year ARP, will be
compared to existing FEMA FIRMs to determine if and how they should be merged into
the existing FIRMs that restrict new development in flood prone areas.
PTHA maps will be used as inputs to FEMA’s new HAZUS Tsunami Module to
complete risk analyses and loss models for coastal planning efforts.

Local Applications
As previously inferred, the state and federal applications of the California PTHA products help
with specific needs of local government agencies and the public in general. PTHA products can
provide context to the tsunami hazard compared to other potential hazards, such as seismic,
flooding, and the impacts of climate change (sea-level rise). The following are additional specific
applications for local governmental and non-governmental entities:
 Community level land-use planners can use the PTHA maps in updates to their General
Plans, LHMPs, and LCPs, as well as in the review of subdivision and site development
applications. This information in the LHMPs can help communities apply for Hazard
Mitigation Grants following federal disaster declarations.
 City and county building departments can utilize the PTHA products in review of grading
and building permit applications in their communities.
 Communities can use the evacuation time analysis to help determine if and where vertical
evacuation structures or other mitigation measures are needed, and HAZUS results to
evaluate their tsunami risk.
 Harbor masters and maritime engineers can use the PTHA results to help plan expansions
and upgrades to their harbors, and determine the appropriate design standards to initiate.
Conclusions
California is the first state to complete a standardized set of statewide PTHA maps. This suite of
PTHA maps enables stakeholders to identify the tsunami risk to populations, property, and
infrastructure in the state. Application of PTHA maps provide state and federal stakeholders the
capability to implement tsunami risk-reduction regulations and strategies similar to other hazards
(seismic, flooding, etc.). Local implementation of risk reduction measures through improved landuse planning, design, and construction will enhance the resilience of both maritime and coastal
communities to tsunami hazards in the future.
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