JOB AID
Benefit-Cost Analysis for Tsunami Life Safety Mitigation Projects
(Vertical Evacuation Structures)

Background

This document is a job aid that provides background on benefit-cost analysis (BCA) for project subapplicants in
several FEMA mitigation grant programs, including the HMA (Hazard Mitigation Assistance) programs, which
include the Hazard Mitigation Grant Program (HMGP) and the Flood Mitigation Assistance Program(FMA), the
annual Building Resilient Infrastructure and Communities (BRIC) and Legislative Pre-Disaster Mitigation
Program (LPDM). This job aid addresses benefit-cost analysis for tsunami risk, with a focus on Vertical
Evacuation Structures (VESs) as a project type.

Congress passed the original Robert T. Stafford Disaster Relief and Emergency Assistance Act in 1988. Among
other elements of the Act, it established FEMA’s Hazard Mitigation Grant Program (HMGP), which remains the
Agency’s flagship mitigation program. The Stafford Act established the general eligibility requirements for the
HMGP (and for other programs as well), one of which was that in order to be considered eligible for funding
under the HMGP, proposed projects must be determined cost effective. This means that a project must
produce more in benefits over its effective life than it costs initially. FEMA established benefit-cost analysis as
the method for determining cost effectiveness.

BCAs compare risk from natural hazards before a proposed project is initiated (current conditions) to after a
project is completed (future conditions). Risk is an important concept in benefit-cost analysis, and it is defined
as expected future losses from natural hazards. Losses are monetized in BCAs, meaning they are expressed in
terms of dollars — this is so there is a basis to compare them to other projects, and to the project cost. Risks fall
into three general categories.

1. Direct damages
2. Loss of function
3. Injuries and deaths

Direct damages are fairly self-explanatory, and refer to the cost to repair or replace physical elements after
they are damaged by natural hazards, including floods, fires, earthquakes, tsunamis, etc. The project type
addressed in this job aid (vertical evacuation structures) does not mitigate direct damages, except insofar as a
retrofitted existing structure is expected to perform better when exposed to surge and debris impacts when a
tsunami occurs. Direct damage mitigation will never predominate a BCA for a tsunami mitigation project. Loss
of function occurs when a community function is interrupted or stopped due to the impacts of a natural
hazard. Functions include utilities (water, wastewater, electricity, data), roads and bridges,
police/fire/hospitals, EOCs, and so on. When such functions are stopped or diminished, the impacts to the
community are often widespread and very significant. This category of avoided damages (benefits) does not
apply to tsunami mitigation projects. The last category is injuries and deaths. FEMA generally limits the use of
injuries and deaths in BCAs to low-warning events such as earthquakes, tsunamis and tornadoes. This category
of damages will predominate BCAs for tsunami life safety mitigation projects.

Natural hazard frequencies vary considerably among the many different hazards, and determining the
frequencies is in many cases the most difficult part of benefit-cost analysis. Generally, there are two
approaches. The first is to use historical records to establish event frequencies. However, this approach does
not apply to tsunamis because of the lack of site-specific precedent events. As discussed in more detail below,
tsunami life safety-based BCAs require the use of the Professional Expected Damages (hereafter simply
expected damages) methodology to establish both event probabilities and damages.



The general term VES is used in this job aid to include not only new platform-type structures (or other forms of
refuge, as defined in FEMA guidance — see link near the end of this document), but also retrofitting existing
structures for the same purpose, to allow at-risk populations an option for evacuation to a facility with
sufficient structural strength and elevation to provide refuge on short notice. FEMA has very specific
requirements for the siting and structural characteristics for VESs, and subapplicants and project
engineers/designers must familiarize themselves with these and incorporate them into projects.

Starting in 2023 (via the BRIC and FMA programs), FEMA established a policy whereby subapplicants may
submit alternative materials in place of benefit-cost analyses for projects under S1M total project cost. A
narrative and quantitative data to support BCAs are required as part of the grant subapplication. Note that the
narrative/data approach is not required, but is an option for subapplicants. This policy was expanded to the
HMGP and FMA programs in a 2024 guidance document. This option will seldom apply to tsunami life safety
mitigation projects because of the relatively high cost of such activities. See the bibliography at the end of this
document for a link to guidance on using the narrative option.

BCA Software

In most cases, FEMA requires the use of its BCA software to determine the cost-effectiveness of proposed
mitigation projects. The end section of this document includes a link where users can download the software.
The software is based on MS Excel, which may be run via the on-line version of MS Office or in the desktop
environment. Users who encounter difficulties downloading or installing the program should contact FEMA’s
BC Helpline at the email address or the telephone number listed below. In some (rare) cases, system
administrators will want to discuss potential security issues prior to allowing the software to be installed. This
is best addressed by having the system administrator work directly with the BC Helpline.

Mitigation Project Costs and Annual Maintenance Costs

Analysts (which include both subapplicants or their consultants) must include accurate project and
maintenance costs in BCAs. Project costs are usually developed by engineers or whoever designed a project.
However, in many cases costs are preliminary, particularly when projects are phased, and the first phase is
intended to develop specifications and accurate costing and scheduling. In cases where project costs are
preliminary or estimated, it is still important to make them as accurate as possible, and provide credible
documentation. Maintenance costs must be used in project benefit-cost analyses in all cases. They may be
estimated, but must come from a valid source with knowledge of the project type and maintenance
requirements/costs. These costs must be documented. Note that in some cases maintenance costs may be
provided as “life cycle” costs, i.e. a total for the entire life of a proposed project. The FEMA BCA software
requires that the costs are provided as an annual value, and in this case the total cost may simply be divided by
the number of years in the life cycle (which should match the FEMA Project Useful Life) to determine an annual
number. Most of the time, annual maintenance costs for tsunami-related mitigation projects will be minimal,
but they still must be included.

Benefit-Cost Ratio

The benefit-cost ratio is a numerical expression of the total benefits of a proposed project divided by the total
cost. Based on the analyst’s inputs (described below and in the hazard-/project-specific job aids), the FEMA
software will calculate the benefits and costs, and produce a ratio. If the inputs are correct and well
documented, then a ratio of 1.0 or greater indicates a cost-effective project, whereas a ratio of less than 1.0
indicates a project that is not cost-effective. It is always desirable to have “extra ratio” (i.e. more than the



minimum 1.0, and preferably above 1.5 in most cases) so that if reviewers identify problems in an analysis and
the benefits are reduced, then the result will still indicate a cost-effective project. This is not to say that
benefits should be artificially increased or costs decreased, but that an effort should be made to maximize the
benefits within reason.

Methodology

All BCAs for tsunami life-safety mitigation projects will use the Damage-Frequency Assessment (DFA)
methodology. This methodology is based on establishing one or more points where a relationship can be
determined between tsunami frequency and the damage it will cause. Within the general DFA methodology
there are two sub-paths (Historical Damages and Professional Expected Damages), but the expected damages
path is always used.

Earthquake/Tsunami Frequency

Although there is potential for far-field earthquakes (earthquake source greater than 200k) on the Washington
coast, the current consensus is that such events will not produce tsunamis of sufficient severity to threaten the
built environment or lives, except in areas close to the coast and at very low elevations. This is not to say this
cannot happen, just that the effects will be nowhere near as damaging as an earthquake and tsunami
originating in the Cascadia Subduction Zone (CSZ, near-field — earthquake source within 20-60k) The CSZ runs
roughly parallel to northwest coast of the mainland U.S. Although the probability of a major undersea
earthquake in this fault system is relatively low, the likely magnitude is far greater, as are the potential tsunami
effects. As such, this is generally the event used in risk assessment, warning and evacuation planning, and for
the design of vertical evacuation structures and other types of mitigation that are designed for life safety. As
also discussed elsewhere in this guidance, FEMA approved (BRIC 2020) a vertical evacuation structure in
Washington State (Westport, WA VES Project), and the BCA for that offers what is probably the best model
approach for analyses of other such projects. As such, certain elements of that BCA and the associated
technical approach are quoted in this job aid. Subapplicants may use this material verbatim, with the
understanding that this in no way guarantees approval of a BCA or a project subapplication by either the State
or FEMA. All text from the noted BCA is indicated here in blue font.

The state-of-the-art (Goldfinger and others, 2011, note 1 below)
paleoseismic study of large magnitude earthquakes on the CSZ has
documented more than 40 large magnitude earthquakes on the CSZ over
the past 10,000 years:

* 19-20 full or nearly full ruptures (~M9.0 to ~M9.2)
* 4 ruptures of the southern 50-70% of the margin (M8.5+)
* 18-20 smaller southern margin ruptures (~M8.3).

Goldfinger's analysis was updated in 2017, but the changes in the update
did not affect the data germane to the benefit-cost analysis.

Note 1. Goldfinger, C. and others (2011). Turbidite Event History: Methods
and Implications for Holocene Paleoseismicity of the Cascadia Subduction
Zone (USGS Professional Paper 1661-F).
https://pubs.usgs.gov/pp/pp1661f/pp1661f.pdf



https://pubs.usgs.gov/pp/pp1661f/pp1661f.pdf
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The paleo-seismic data summarized above suggest average return
periods for Cascadia Subduction Zone (CSZ) earthquakes of about 230 to
240 years for M8.3+ earthquakes and about 500 to 525 years for M9.0 (or
greater) mega-earthquakes. All of these earthquakes would have
generated large tsunamis because all involve major deformation of the sea
floor, which triggers tsunamis. The last major earthquake on the CSZ was
in 1700. The 320-year interval is longer than the intervals between many
past large earthquakes and thus the probability of a large magnitude
earthquake future is likely significantly higher than the long-term statistical
average. For this conservative BCA we consider only the 19-20 full
ruptures. We exclude the four ruptures of the southern 50-70% of the
margin and the 18-20 smaller southern margin ruptures, because the
impact on Westport is difficult to estimate. This conservative assumption
underestimates the benefit-cost ratio. Furthermore, as noted above,
Goldfinger's modeling based on the paleo-seismic data estimates that the
recurrence intervals for full ruptures of the Cascadia Subduction Zone is
500 to 525 years. Furthermore, as noted above, Goldfinger's modeling
based on the paleo-seismic data estimates that the recurrence interval for
full ruptures of the Cascadia Subduction Zone is 500 to 525 years. To be
conservative, longer recurrence intervals are used in the present analysis:

* ~M9.0 typical full-rupture tsunamis, return period of 525 years,
» ~M9.1 severe full-rupture tsunami, return period of 975 years, and
» ~M9.2 very severe full-rupture tsunami, return period of 2,475 years

Considering only full rupture earthquakes and using longer recurrence
intervals decreases the statistical pre-project risk, and thus the benefit and
the benefit-cost ratio. Thus, this BCA is explicitly conservative and likely
significantly underestimates the benefits and thus underestimates the
benefit-cost ratio. The series of three recurrence intervals above is used
in the BCA.

Life Safety Risk

Life safety is the primary risk associated with tsunamis, and it is the basis for benefit-cost analysis of mitigation
projects of this type. Life safety benefits are directly related to the number of people in an area with tsunami
risk. In addition to the number of people in an area, it is also important how many of them could reasonably be
expected to get to a vertical evacuation structure (VES) before the tsunami impacted the area. There is no
FEMA guidance on this matter, but here again the Westport project offers a precedent. Note that this is only
one possible approach, and subapplicants and analysts are not required to use this methodology.



Step 1. Establish three circular zones centered around the proposed site of the VES, with radii of 0.5, 1.0 and
1.5 miles. The distance is a factor because the farther populations are from the VES, the fewer people will
reach it when a tsunami occurs. There does not appear to be any meaningful research on this subject, so for
Westport it was necessary to use professional judgement to conservatively estimate this factor. Presumably,
determining a site for a VES would consider warning time and the numbers of people who could reach the
structure, and these should be considerations in determining the radii to use in the BCA. There are no fixed
values for this approach, so using the planning/siting as a basis is probably better than arbitrary distances.
Whatever approach and figures are used, they must be explained in detail and documented to the extent
possible. Figure 1 is an example of GIS-based radii.

Figure 1
Example of Multiple Radii Centered on a Proposed VES structure, in Westport, Washington




Step 2. Determine the population in each area as defined by the radii. This can be done by fairly common GIS
approaches. Note that the resulting figures should be only the population between each radii band, not the
entire population, as this would result in double-counting. Figure 2 is an example table showing the
populations in the three zones. Note again that this is an example, not actual numbers that analysts should use
in BCAs.

Figure 2
Example of Full-Time Residents by Zone (Radii)

Full Time Residents: Summary

0.0to 0.5 Mile 114

0.5to 1.0 Mile 44

1.0 to 1.5 Mile 1,406
Total 1,564

Step 3. Estimate the pre-mitigation mortality rate (without the VES in place). There are many variables related
to death rates in tsunamis, making it difficult to determine the existing tsunami life safety risk. The analyst who
completed the BCA for the Westport project used conservative estimates, as shown in example Figure 3. Note
that the return periods (recurrence intervals) correspond to the tsunami frequencies discussed above (and
used as the basis for the BCA in the pre- and post-mitigation DFA tables. Also note that this table combines all
three zones (radii) because the pre-mitigation risk is the same for all of them, and that the monetized losses
reflect FEMA values as of the time this project subapplication was submitted. As of late 2024, FEMA assigns life
safety values as follows: Minor injuries $38,000; Major injuries $3,160,000; Deaths $12,500,000. Injuries are
not included in this analysis because (a) they are very difficult to determine, and (b) the BC ratio resulting from
this example analysis was high enough that using only deaths was sufficient. Injuries could be added if the
rates can be reasonably estimated. The dollar values in the right column (Monetized Loss) are entered in the
pre-mitigation DFA table, associated with the indicated return periods (recurrence intervals).

Figure 3
Example of Pre-Mitigation Tsunami Death Rates by Return Period (Probability)

BEFORE MITIGATION: Without Vertical Evacuation Tower

Residential Population: 0.0 to 1.5 Mile From Evacuation Tower

1,564 People
Return Periods .
1 Death Rate Deaths Monetized Loss
(Years)
525 85% 1,329 $9,970,500,000
975 90% 1,408 $10,557,000,000
2475 95% 1,486 $11,143,500,000




Step 4. The next step is to estimate the effectiveness of the VES in reducing life safety risk. As with the
mortality rate, there are so many variables that any values are necessarily estimates. The reason for
establishing the three (in this case) perimeters around the VES is that the effectiveness of the mitigation
decreases with distance — the closer people are, the more likely they are to be able to get to safety in a short
time. Figure 4 is a series of three example tables that show the death counts by zone before mitigation, the
estimated effectiveness of the VES project, and the reduction in numbers of deaths and the value of these in
dollars. The monetary figures are entered in the post-mitigation DFA table in the BCA software.

Figure 4
Example of Tsunami Deaths Before and After VES Project, with Counts and Value

AFTER MITIGATION: 0.0 to 0.5 Mile from Evacuation Tower

Residential Population: 114
Return Periods| Deaths Before Effectiveness .
1 e Deaths After Monetized Loss|
(Years) Mitigation Reduced Deaths .
Mitigation

525 91 80% 18 $136,800,00(
975 103 75% 26 $192,375,000
2475 108 70% 32 $243,675,000

AFTER MITIGATION: 0.5 to 1.0 Mile from Evacuation Tower

Residential Population: 44
Return Periods] Deaths Before Effectiveness .
1 e Deaths After Monetized Loss
(Years) Mitigation Reduced Deaths o
Mitigation
525 37 65% 13 $98,175,000
975 40 60% 16 $118,800,000
2475 42 55% 19 $141,075,000

AFTER MITIGATION: 1.0to 1.5 Mile from Evacuation Tower

Residential Population: 1406
Return Periods] Deaths Before Effectiveness .
1 e Deaths After Monetized Loss
(Years) Mitigation Reduced Deaths .
Mitigation

525 1,195 50% 598 $4,481,625,000
975 1,265 45% 696 $5,219,775,000
2475 1,336 40% 801 $6,010,650,000

Based on these data entries, the software will calculate the benefits of the project, compare them to the costs,
and calculate a benefit-cost ratio.

Other Considerations

1. Make sure that the design capacity of the VES is equal to or greater than the number of people assumed in
the BCA to use it in a tsunami. See the FEMA technical guidance link at the end of this job aid.



Project Benefit-Cost Analysis Technical Report

WAEMD recommends that subapplicants prepare a BCA technical report that explains the methodologies and
supporting documentation used in the analysis. The technical report is typically structured to match the
general subsections of the BCA. Recommended sections of the report include the following:

= |ntroduction: Brief explanation of the project, from the Scope of Work.

=  Project Useful Life (PUL): Brief explanation or indicate FEMA standard value was used.

=  Project Cost: Indicates the total project cost and references documents that support the project cost

=  Annual Maintenance Cost: Provide basis of the cost, refer to documentation.

=  Pre- and Post-Mitigation Damage and Loss of Function Methodology: This section must include
detailed explanations for either the past events and losses (historical approach) or the basis for
determining event probabilities and losses (expected damages approach).

= QOther Inputs: These are specific to the type of hazard and project being evaluated. See the other job
aids for more discussion of this aspect of the technical report.

=  BCA Results: Summarize the results of the analysis and BCR.

Pre-Testing Cost-Effectiveness

It is important to pre-test projects for cost effectiveness early in the subapplication development process.
Pre-test BCAs are often described as bounded analyses wherein the minimum and maximum possible
benefits are estimated based on preliminary or partial data. The way this is done depends on the hazard
and project type. Generally, a lower bound analysis is based on under-estimating key data inputs. If the
result of a BCA is positive (i.e. over the required 1.0 ratio) then when the analyst develops and enters more
accurate information, then the result will increase. An upper bound analysis is based on the opposite
principle, i.e. to use over-estimated data, and if the result is a benefit-cost ratio of less than 1.0, then
obtaining and inputting more accurate data would only decrease the ratio. It is important to recognize that
if a lower bound analysis yields a BC ratio of less than 1.0, this is not definitive, and the analyst must
proceed with more data collection. The opposite is the case with an upper bound analysis, i.e. if the result
shows a benefit-cost ratio of greater than 1.0, then more analysis is required.




Links to General FEMA Guidance Vertical Evacuation Refuges and VES Design

Guidelines for Design of Structures for Vertical Evacuation from Tsunamis

https://www.atcouncil.org/files/FEMA%20P-646%20Final.pdf

FEMA guidance on vertical evacuation refuges

https://www.fema.gov/grants/mitigation/guide/part-
12/b/7#:~:text=1n%20the%20case%200f%20near,with%20applicable%20fire%20safety%20codes.

Other Tsunami Information

https://www.dnr.wa.gov/programs-and-services/geology/geologic-hazards/Tsunamis

https://www.dnr.wa.gov/wa-tdz#2021-tsunami-design-zone

https://mil.wa.gov/tsunami

Links to FEMA Software and Benefit-Cost Analysis Guidance

Starting point for software and guidance documents

https://www.fema.gov/grants/tools/benefit-cost-analysis

Help with the software or BCA technical questions (the helpline will not review BCAs)

bchelpline@fema.dhs.gov
Or 1-855-540-6744

Link to download the BCA software

https://www.fema.gov/grants/tools/benefit-cost-analysis#toolkit

Training materials

https://www.fema.gov/grants/tools/benefit-cost-analysis/training

2024 streamlined BCA guidance

https://www.fema.gov/sites/default/files/documents/fema policy-206-23-001-bca-discount-rate-and-
streamlined-approaches april-24-2024.pdf
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