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Figure 12b — Inset of figure 12a; Close up view of stations around PR, the USVI, and the
Dominican Republic. Illustrates the proximity of the locations recommended in this
study with those already installed by NOS and those recommended by the PRSN. Note
where the locations recommended in this study overlap the NOAA NOS and PRSN
proposed locations.
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CONCLUSIONS and RECOMMENDATIONS

The goal of a tsunami warning system is to mitigate loss of life and property
caused by a tsunami. Different types of systems/networks are currently being
successfully employed to measure, record, and telemeter both oceanographic and
meteorological data for tsunami warning. This study determined prioritized locations for
coastal sea level gauges in the IAS based on tsunami generation risk factors, tsunami
propagation throughout the region, population distribution, and tsunami travel time to
population centers. These locations will give the maximum warning time to the largest
number of people in the most efficient manner.

A database of all sea level gauges installed or thought to be installed was
compiled and used to coordinate the recommended locations. The expansion of the IAS
regional tsunamigenic event risk analysis was accomplished by combining the spatial
frequency of 42 historical tsunamis with a modified tsunami source map from McCann
[2004]. This study assumes that the 42 tsunamis were generated by either a dip/slip
earthquake or massive slide/slump and were regionally destructive. Each historical
tsunami was modeled with the NCOM enabling estimations of where historical tsunamis
have had the potential to affect and the travel time to 10,623 coastal locations. An
animation of each simulation is available from the author upon request. Throughout this
work a GIS database was created which will also be useful to those planning the IAS
tsunami warning system.

This study established that, initially, 12 sea level gauges are recommended, and 3
of these locations already have or are planned to have a gauge. These locations
correspond to the land closest to the center of the relatively higher risk sectors and should
serve as a guide for installation location. The list provided in Table 6 is not all-
encompassing, but represents a start and will primarily warn against tsunamis that
originate in the higher risk sectors. To determine exactly where a sea level gauge should
be installed a thorough site evaluation is necessary. During the site evaluation, factors
that need to be considered are those such as access to open water, proximity to a reef or
other shoaling feature, infrastructure and security of site, and ease of station maintenance.

It is difficult to predict where a tsunami will occur and how much damage it will
do. Quantifying damage prediction for affected areas requires a better understanding of
tsunamigenic event origins, higher resolution bathymetry, propagation modeling in the
littoral zone, and inundation mapping. Run-up and/or inundation calculations must be
performed for areas most susceptible to tsunami impact (Figures 9 — 11). Mercado and
McCann [1998] have begun doing this for Puerto Rico and this is already a viable
product for the Pacific at the Pacific Tsunami Warning Center [Titov, et al., 2001].

Sea level gauges are a part of a larger system that records, processes, and
telemeters data. These stations can provide meteorological and oceanographic data to
support other projects such as hurricane and storm surge monitoring and prediction,
climate change monitoring, and assist in improving numerical models [Alverson, 2005].
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These types of systems in other areas around the US are already used by harbor pilots,
ship captains, the Coast Guard, recreational and commercial divers and fishermen, the
surfing and sailing industry, scientists, and the general public. Therefore, to guarantee
continued existence and viability, these stations must have a multi-mission purpose to
garner multifaceted support because thankfully, tsunamis do not occur very often.
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APPENDIX A: ANOTE ON DRY CELL ISSUES AND BATHYMETRY
ALTERATIONS

The NCOM is running on a 2 arc-min resolution grid with one depth averaged
vertical grid cell. Some of the historical tsunami simulations will cause all of the water in
a shallow grid cell to slosh out leaving the cell dry. The NCOM will crash when this
occurs because it is not able to solve the equations described in Methods (“Modeling”).

To solve this problem, the model is configured to modify the ETOPO2
bathymetry dataset to eliminate cells that are shallower than 2 m. This converts cells less
than 2 m to 2 m. However, this is not sufficient for some of the simulations and the
ETOPO?2 bathymetry is changed to be no shallower than 4 m. It is assumed that
differences observed between a 2 and 4 m modification are equivalent to differences
between a 2 m alteration and no adjustment. This assumption is valid because the
number of cells affected from each modification is equivalent.

Wave propagation, group speed, and therefore travel time are dependant on water
depth. Changing the bathymetry has the possibility of affecting the results of the
simulation. In order to determine if these changes are significant, the 1918 tsunami
originating off of Puerto Rico is simulated with both a 2 and 4 m bathymetry adjustment
and the same locations listed in Appendix B (see Table B1) are evaluated. These
experiments are run for 8 hr. A surface elevation time series is plotted for each location
and the data from one experiment is regressed against the other. Two locations are
specifically discussed.

The linear regression of surface elevation time series’ at Punto Higuero results in
a correlation coefficient of 0.9779. The Santo Domingo site has coefficient of 0.9942 up
to record 171 (approximately 2 hr), but this value declines to 0.8965 once the full 8 hr
(641 records) is used. When comparing the 2 and 4 m simulations to each other, the
majority of the sites (see Table B1) have very similar amplitudes for approximately the
first 100 (74.25 min) to 200 (149.25 min) records but diverge thereafter. Based on the
correlation and amplitude similarities between each simulation for all of the sites, the
difference between bathymetry filters is not significant.
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APPENDIX B: INITIAL CONDITION AND NCOM PARAMETER OPTIONS
EXPERIMENTS
Introduction

Sensitivity tests are run to identify initial wave amplitude and e-folding radius,
bottom roughness coefficient, model time step, surface field output interval, and total run
time. These parameters are tested using the 1918 tsunami originating off of Puerto Rico.
The final results of these tests are discussed in the main body of the manuscript under
Methods (“Modeling”). These choices are used to simulate all 42 historical tsunamis.

Methods

After each 1918 simulation a time series is extracted for 7 locations around Puerto
Rico, the United States Virgin Islands, and the Dominican Republic (Table B1). The grid
resolution and bathymetry data used for these tests is identical to that used in the main
study. Table B2 lists the initial condition and model parameter experiment values tested.
The e-folding radius, bottom roughness coefficient, and total run time values are finalized
in later trials. These later experiments use an initial amplitude, model time step, and a
surface field output interval of 4 m, 7.5 sec, and 45 sec respectively. The bottom
roughness experiment uses all 10,623 CGP’s for analysis.

A surface elevation time series is plotted for each location and the data from one
experiment is regressed against the other. A linear regression correlation coefficient of 1
should result if the change in the parameter(s) does not affect the model output. This
result means that the NCOM is not sensitive to those changes.

Table B1 — Time series analysis locations. The latitude and longitude is rounded to the
nearest CGP and the site elevation is taken from the ETOPO2 bathymetry.

Long | Lat | Siteelev.
Name (E) (N) (m)
Caja de Muertos, PR -66.50 | 18.60 -885
Isabella, PR -67.00 | 18.53 -301
Punta Higuero, PR -67.23 | 18.40 -131
Rio Grande, PR -65.73 | 18.47 -44
Tortola, USVI -64.60 | 18.50 -18
Krum Bay, USVI -64.90 | 18.37 -1
Santo Domingo (Rio Ozama), DR -69.87 | 18.47 -13
Table B2 — Values used in sensitivity experiments 1-10.
Exp Initial In'tegration Surfaqe field [surface field output
4 | amp | timestep | output interval interval (s)] / [time step (5)]
(m) (s) (min)

1 2 12.00 6.00 30.00

2 4 12.00 6.00 30.00

3 4 12.00 3.00 15.00

4 4 12.00 1.50 7.50

5 4 31.00 1.50 2.90

6 4 6.00 1.50 15.00
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APPENDIX B (Continued)

Table B2 (Continued)

Initial | Integration | Surface field .
Exp . : [surface field output
4 amp | timestep | output |_nterval interval (s)] / [time step (s)]
(m) (s) (min)

4 7.50 1.50 12.00
8 4 15.00 1.50 6.00
9 4 3.75 1.50 24.00
10 4 7.50 0.75 6.00

Results and Discussion
Surface field output interval

The parameter that dictates temporal resolution of a surface elevation time series
is the surface field output interval. The limiting factor for this interval is the amount of
space available for data storage. Decreasing the surface field output interval
proportionally increases the memory required to store the output data. Temporal
resolution is important to identify the first peak or trough reaching the CGP.

When the output interval is 6 or 3 min the surface elevation time series resolution
is not high enough to discern the exact moment of impact. Based on the Rio Grande, PR
and Caja de Muertos, PR locations, the output interval needs to be 1.5 min. However, the
location closest to the tsunami origin, Punta Higuero, has a travel time of 1.5 min faster
in experiment 9 than in experiments 7 and 8. To resolve this discrepancy, the surface
field output interval was decreased from 1.5 min in experiment 9 to 45 sec in experiment
10. Experiment 10 uses the same integration time step as experiment 7 and a surface
field output interval of 45sec. Two locations had the same travel time, one location was
45 sec slower and the remaining 4 locations were 45 sec faster. This discrepancy is
within the accuracy of the model output considering its dependence on the initial
conditions and bathymetry.

It should be noted that the integration time step and surface field output interval
must be a multiple of each other in order to compare the effect of changing the
integration time step. The data from each surface field output interval will be
interpolated by the NCOM if the integration time step is not a multiple of the surface
field output interval (see Table B2). Therefore, experiments 4 and 5 data are not used.

Integration time step

An integration time step of 12 sec will run a simulation at 50% real time. The
limiting factor for the time step is the amount of time required to run the simulation. This
must be considered due to the time constraints of this project. Increasing the model time
step proportionally reduces the processing time.

Based on the results from experiments 4 through 8, an integration time step of at
least 7.5 sec is necessary. The model results have significant differences between a 24
and 6 sec and between a 6 and 12 sec integration time step. The differences between
integration time steps of 7.5 sec (experiment 7) and 15 sec (experiment 8) are not as
evident. The travel time calculated to all of the locations (see Table B1) in experiment 7
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APPENDIX B (Continued)

is the same as in experiment 8. However, the phases of the surface elevation time series
at the sample locations produced by experiments 7 and 8 are not in agreement after initial
impact and wave magnitudes are never in agreement. When comparing the locations, the
wave height difference between an integration time step of 7.5 and 15 sec decreases with
distance from origin but this relationship is not linear. There is a stronger correlation
between experiments 7 and 8 with decreasing water depth after normalizing it with either
distance from origin or travel time. The average linear regression correlation coefficient
between the two experiments for all locations is just above 0.5. This correlation is not
sufficient to conclude that an integration time step of 7.5 sec yields the same results as an
integration time step of 15sec. Therefore, an integration time step of 15 sec is too long.
Experiment 9 tests an integration time step of 3.75 sec to determine if an integration time
step of 7.5 sec is sufficient.

The comparison between experiments 7 and 9 (7 and 3.75 sec) gives similar
results to the comparison of 7 and 8 (7 and 15 sec). The general trend of increased
correlation with distance away from the origin and increasing travel time is stronger.

For all but one location, Punta Higuero, PR, the travel time is the same for experiments 7,
8, and 9. The variation between experiments 7 and 9 is acceptable and a time step 7.5 sec
is used.

For an average tsunami celerity in the Caribbean of approximately 450 kph,
roughly 3.5 time integration steps pass as a tsunami moves from one grid point to
another. Almost 2 time steps pass if the celerity is 800 kph (a more typical speed in
deeper water). In either case, the CFL condition is met as long as the celerity is less than
1584 kph (Mach 1.29) which is only possible if the ocean is ~ 255 km deep. The CFL
condition is always be satisfied. CFL is described in more detail in the main body of the
manuscript under Methods (“Modeling”).

Initial amplitude and e-folding radius

Differences in initial amplitude and e-folding radius will change which locations
are impacted. This is because a larger initial amplitude and/or e-folding radius impart
more energy to the ocean and the resulting tsunami travels farther over a shelf or other
shoaling feature. The travel time and phase results appear to be the same when the initial
amplitude is either 2 or 4 m. Based on this and previous works, an initial amplitude of 4
m is an accurate representation of the tsunamigenic events simulated in this study
[Mercado and McCann, 1998; Meyer and Caicedo O., 1998; Zahibo, et al., 2003b;
Zahibo, et al., 2003a].

The travel time is affected by a change in e-folding radius from 10 to 40 km. The
travel time is affected in the short term since the origin with the larger e-folding radius is
closer to a coastline by 30 km. This travel time difference is on the order of 6 — 10 min.
Travel time should not be affected in the long term because celerity is only a function of
bathymetry and gravity. In addition, an e-folding radius of 40 km produces a larger
amplitude wave train, creating dry cells. An e-folding radius of 10 km is used.
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Seafloor roughness

The travel time is also affected by a difference in seafloor roughness. Two
coefficients, 0.01 and 0.003, are tested. Out of 10,623 coastal grid points analyzed,
approximately 2% have a difference in travel time. The average difference is 10 min
with a maximum and minimum difference of 78 and 0.75 min, respectively. Of the
points with a different travel time (2%), approximately 43% of them have a faster travel
time associated with a roughness coefficient of 0.01. This may be to due to wave
interactions and shore reflections. Baptista et al. [2003] showed that travel time and
wave heights change proportionally with seafloor roughness. A more common
coefficient is 0.003 and is used in this study [Mercado and McCann, 1998].

Total run time

Although these experiments are run for 8 hr it is only necessary to run a
simulation for 6 hr. This is determined by observing propagation throughout the IAS via
animations created from the NCOM output. More information regarding the physical
parameters and numerical options used is available upon request of the authors.
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APPENDIX C: TRAVEL TIME POST PROCESSING EXPERIMENTS
Introduction

Using the initial conditions and NCOM parameters identified in the sub-study
described in Appendix B, the 1918 tsunami generated off of Puerto Rico is simulated to
develop a travel time post processing method. A surface elevation time series is
extracted for each location listed in Appendix B (see Table B1). These time series’ are
used to determine a signal to noise threshold and a method for peak and trough
identification.

The travel time to each CGP is defined as the time corresponding to the first peak
or trough. It is easy to manually distinguish between noise and the tsunami signal (Figure
C1). However, in order to automate the travel time calculation process, a threshold
criterion is necessary. The hypothesis is that the arrival of a tsunami should be associated
with a rate of change greater than some value found in the numerical noise. The
requirement is to determine a threshold that is surpassed after the last peak or trough in
the noise but before the first peak or trough in the tsunami signal.

Krum Bay, USVI
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-0.08
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Time (hr)

Figure C1 — Surface elevation time series at Krum Bay, USVI resulting from the 1918
Puerto Rico tsunami. It is important to note that, as explained in the main body of this
manuscript, the elevation is not necessarily representative of realistic amplitude.

Methods and Discussion

The time series output is used to develop and test both the threshold and
peak/trough identification equations. The 9 locations used in the experiment are those
seen in table B1 as well as two other locations along a coastline where an impact is not
expected. This expectation is visually derived from animation created from the NCOM
output.

Data is recorded at every grid point in the model whether a tsunami signal is
present or not. Since the amplitudes calculated by the NCOM may not be accurate, small
amplitude signals (less than 0.25 m) are considered for a tsunami signal. Therefore,
relative changes must be used identify the presence of a tsunami.
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APPENDIX C (Continued)

Using the hypothesis noted in the introduction a simple rate of change formula is
tested (Equation C1).

Hn _ Hn—l (Cl)

where,
H = sea level and n = record number

This equation describes the elevation at the time or record in question minus the
record prior to it. A tsunami signal is considered present if the resulting value is greater
than some number yet to be identified. This number or threshold is derived by applying
the equation to a time series where the tsunami signal can be readily observed as in figure
C1. This formula acts as a criterion to be met before a second formula is applied to
identify the peak or trough. However, equation C1 discriminates between increasing and
decreasing sea level. To eliminate sign bias this equation is squared (Equation C2).

(H-H Y (C2)

Equation C2 fails to consistently distinguish the beginning of the tsunami signal from the
noise and at some locations produces larger values in the noise than at the beginning of
the tsunami signal. Therefore, no limiting value will work and another solution is
required.

Rate of change is defined here, as a change in elevation over a constant time
period. The next hypothesis tests if an increased time period yields smaller values in the
noise than at the beginning of the tsunami signal. The next equation tested is

(Hn o anz )2 (C3)

This equation does not produce higher values in the noise than at the beginning of
the tsunami signal and thus is acceptable. The next step is to determine what the
threshold value should be. Equation C3 is applied to the test locations time series' and
since the time at the first peak is already established for these locations, a value that
marks the beginning of the tsunami signal is selected. The result of this iterative process
is a value of 0.00001 (Equation C4). This consistently marks the beginning of the
tsunami signal when it is present and does not when no signal is present. Figure C2 is an
example of a location that did not record a tsunami signal.

(H —H ) >0.00001 (C4)
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APPENDIX C (Continued)
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Figure C2 - Surface elevation time series at a generic point resulting from the 1918
Puerto Rico tsunami. Note that a tsunami signal is not present and a tsunami would not
be considered to have impacted this location.

Once the threshold is reached, another equation determines the exact record or
time at the peak or trough. Equation C5,

H -H (C5)

results in a positive number if the sea level is going up and a negative number if it is
going down. The same is true for equation C6,

H —-H (C6)

Like sign numbers divided will always yield a positive number and opposite sign
numbers divided will always yield a negative number. As the signal continues in the
same direction the result to equation C7 will be positive, but if it changes direction over 3
records the result will be negative. Therefore, if equation C7 is satisfied it can be said
that a peak or trough is present at record n.

Hn+] _Hn

w5 ()
Hn _Hn—]
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APPENDIX C (Continued)

This only holds true if the temporal resolution is high enough to eliminate the
possibility of two data points having the exact same elevation at the same peak or trough.
Based on the 1918 simulation and locations tested, the temporal resolution (45 sec) is
high enough. However, during the post processing of the NCOM data, it was discovered
that in some cases this resolution is not high enough. Post processing consists of
evaluating a time series at 10,623 points for 42 simulations, to determine the first peak or
trough by applying the criteria shown in equations C4 and C7. Out of these 446,166 time
series, 5 had two points at the same peak, and 2 had two points in the first peak. When a
time series has two points at the same peak or trough, equation C7 will result in a divide
by zero error. The program written for post processing notes this error and returns the
point at which this occurs. This is therefore easily corrected by manually analyzing the

surface elevation time series for those locations and selecting the first peak or trough
value.
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APPENDIX D: ISOCHRON/NCOM TTT COMPARISON TESTS
Introduction

The isochrones are developed using an average tsunami celerity of approximately
450 kph (Figure D1). This value is calculated using historical observations, the NCOM
results, Mercado and McCann [1998] results, and the average depth of the Caribbean.
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1853

60°W
Figure D1 - Sector 130 isochrones. The isochrones start at 5 min and increase in 5 min
intervals out to 30 min. The largest isochron is 60 min. Note the 1767 and 1823
tsunamis have the same origin coordinates.

Methods

Out of the 15 relatively higher risk sectors (see Figure 8 in Methods — Sea Level
Gauge Location Determination), 10 encompass an area where at least 1 historical tsunami
originated. Travel time from the tsunami origins within 9 of the sectors is compared to
travel time calculated from the center of the corresponding sectors. For example, in
figure D1, travel time estimates from the 1969 tsunami are compared to travel time
estimates from the center of sector [30. Note that the tsunami origins being compared are
not in the same location. In the event more than 1 tsunami origin is with in a sector the
tsunami origin closest to the center of the sector is used. Within these 9 sectors, 37
locations are not protected based on the isochron analysis. These 9 sectors are used to
compare the NCOM and isochron warning times. It is not possible to estimate NCOM
travel time to some of the locations selected for a sea level gauge due to the limitations of
ETOPO?2 bathymetry. In these cases the point is adjusted to the nearest CGP.
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Results and Discussion

In general, the NCOM travel times are slower than the isochron travel times but
they are also equal to and faster than the isochron times. The difference between the
isochron and NCOM travel times is larger at locations close to the center of a sector and
at those that have deep water close to the coast. This difference is most significant for
population centers close to or at the 30 min warning time criteria.

The mean travel time difference, where the NCOM travel time is shorter than the
isochron travel time, is 16.5 = 19.45 min. The status of 4 locations could be changed to
warned if this is considered a significant difference. However, as stated above, the
NCOM tsunamis used for comparison originate in slightly different locations and
warning time estimates must be conservative. Changing the status of a few locations
based on this sub-study will eliminate some conservation.
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APPENDIX E: Travel Time Verification Study
Introduction

Travel time is defined as the record or time corresponding to the first peak or
trough seen at a location. A simulation of the 1918 tsunami generated off of Puerto Rico
is used for verification. Although the surface elevation time series’ shown here only
display the first 75 min, this simulation was run for 8 hr. Reid and Taber [1919] report
travel times to a variety of locations, but only Mayagiiez, Aguadilla, and Boqueron are
discussed here for the sake of brevity. These locations are used to compare results from
this study to results from Mercado and McCann [1998] and historical observations from
Reid and Taber [1919]. Travel times reported from both studies are in general agreement
with those calculated here.

Results and Discussion
Aguadilla

The Mercado and McCann [1998] travel time to Aquadilla is very similar to that
found in this study. Both works estimate a travel time of ~ 6 min (Figure 1E). Reid and
Taber [1919] report a travel time from different observers of 4 — 7 min. Mercado and
McCann [1998] show a 3 m trough after the initial crest (0.7 m) and the second peak at
twice the amplitude of the first. Although there are phase and wave height differences,
the relative amplitude of the peaks and troughs shown here are also similar to those found
in Mercado and McCann [1998].

SSH (m)

Time (min)

Figure E1 — Sea level time series at Aguadilla resulting from the 1918 Puerto Rico
Tsunami.

Mayaguez

This study as well as Reid and Taber [1919] show a travel time of approximately
23 min to Mayagiiez. Mercado and McCann [1998] show large trough arriving first at
23 min and the following crest at 30 min. The amplitude seen here (Figure 2E) is smaller
than that seen in the Mercado and McCann [1998] time series (~ 0.8 m). Interestingly,
another time series from this study at a grid point just east of Mayagiiez, in the bay of
Mayagiiez, has a maximum amplitude of ~ 0.9 m (Figure 3E). This time series looks
very similar to that shown in Mercado and McCann [1998]. The offshore grid point may
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APPENDIX E (Continued)

be more appropriate to use for comparison because here, the behavior of the wave closer
to shore may not be properly resolved due to the bathymetry and/or model resolution.
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Figure E2 — Sea level time series at Mayagiiez resulting from the 1918 Puerto Rico
Tsunami.
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Figure E3 — Sea level time series just east of Mayagiiez, in the bay of Mayagiiez resulting
from the 1918 Puerto Rico Tsunami.

Boqueron
Reid and Taber [1919] report a travel time of 45 min, the Mercado and McCann

[1998] time series shows a travel time of approximately 47 min to the first trough (arrives
first), and this study finds a travel time of approximately 45 min to the first crest (Figure
4E). The phase difference between this work and Mercado and McCann [1998] seen at
Mayagiiez is present here as well. In addition, the Mercado and McCann [1998] temporal
resolution appears to be higher than that used in this study (45 sec) which may also effect
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the differences in results. The amplitude seen here (Figure 4E) is smaller than that
published in Mercado and McCann [1998] (0.9 m).
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Figure E4 — Sea level time series at Boqueron resulting from the 1918 Puerto Rico
Tsunami.

Conclusion

Reasons for the discrepancy with Mercado and McCann [1998] may be because
they use a higher bathymetric and horizontal grid resolution, more accurate bathymetry,
and run-up capability. They use a 3 arc-second grid resolution and this study uses a 2
arc-min grid resolution. In addition, the location and shape of the initial wave is also
different. They generate the tsunami along a multi-segment fault line whereas it is
considered a point source here.

Run up and/or local bathymetric effects are not considered and the resulting wave
amplitudes are therefore, in some cases, smaller. This can be taken into account by
adding a multiplier to all of the wave heights but this requires further analysis since the
local bathymetric effects can also decrease wave height. In general, based on
comparisons with Reid and Taber’s [1919] historical observations and the Mercado and
McCann [1998] modeling, this study’s reported relative amplitudes and travel times
appear to be accurate.

60



