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Abstract. Fragility functions in terms of flow depth, flow velocity and hydrodynamic force are
developed to evaluate structural vulnerability in the areas affected by the 2009 Samoa earthquake
and tsunami. First, numerical simulations of tsunami propagation and inundation are conducted to
reproduce the features of tsunami inundation. To validate the results, flow depths measured in field
surveys and waveforms measured by Deep-ocean Assessment and Reporting of Tsunamis (DART)
gauges are utilized. Next, building damage is investigated by visually interpreting changes between
pre- and post-tsunami high-resolution satellite images. Finally, the data related to tsunami features
and building damage are integrated using GIS, and tsunami fragility functions are developed based
on the statistical analyses. From the developed fragility functions, we quantitatively understood a

vulnerability of coastal region in American Samoa characterized by steep terrains and ria coasts.

1 Introduction

On 29 September 2009 (UTC), an earthquake doublet of magnitudes 8.0 and 7.9 and a subsequent
tsunami struck the Samoan Islands and Tonga (Beavan et al., 2010; Lay et al., 2010). After the
event, an International Tsunami Survey Team (ITST) was deployed, and the mechanism and impacts
of this earthquake and tsunami have been studied in terms of geology, geophysics, seismology, so-
ciology and engineering (Apotsos et al.,2011; Dudley et al.,2011,Jaffe et al.,2011; Lamarche.,2010;
Okal.,2011; Roeber et al.,2010; vanZijlldeJong et al.,2011; Wilson et al.,2011). Okal et al. (2010)

surveyed the tsunami run-up height at nearly 400 points and found maximum run-up heights of
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17.6 m at Poloa in American Samoa and 22.4 m at Tafahi in northern Tonga. The tsunami caused
nearly 200 deaths in independent Samoa, American Samoa, and Tonga (Okal et al.,2010; Dudley et
al.,2011).

To construct communities that will be resilient to destructive tsunami disasters, it is necessary to
evaluate not only the mechanism and impacts of the disaster but also the vulnerability of the coastal
region. “Tsunami fragility functions” have been developed to evaluate the structural vulnera-
bility of coastal communities to tsunami disasters and have been tested on several tsunami events
(Koshimura et al.,2009,2010; Mas et al.,2012; Porter et al.,2007, Reese et al.,2011, Suppasri et
al.,2011,2012,2013). In recent studies, new approaches have been attempted to identify the rela-
tionship between the building damage and the features of tsunami inundation using a new statistical
model (Charvet et al.,2014a,2014b, Leelawat et al.,2014).

Tsunami fragility functions express the relationship between the proportional damage to build-
ings, vegetation, or human life and the tsunami-inundation features, such as flow depth, current
velocity and hydrodynamic force. These parameters are described quantitatively, making it possi-
ble to distinguish safe and potentially damaged zones. For the 2009 Samoa event, only Reese et
al. (2011) have developed fragility functions using surveyed data. Fragility functions are developed
probabilistically; to more accurately evaluate the vulnerability of affected areas, fragility functions
should be proposed from several points of view.

The primary objective of this study is to develop tsunami fragility functions by integrating tsunami-
inundation features with the spatial distribution of building damage using GIS. To derive the tsunami-
inundation features, a detailed consideration of the tsunami-source model and numerical modeling
of the tsunami inundation are conducted. Different grades of building damage are then interpreted
using pre- and post-tsunami high-resolution satellite images. The tsunami-simulation and building-
damage results are verified using field-survey data. Finally, the data related to tsunami features and
building damage are integrated using GIS, and tsunami fragility functions are developed based on

the statistical analyses.

2 Post-tsunami field survey

The study area encompassed Pago Pago, Leone, Poloa, and Amanave, American Samoa (Fig. 1).
The types of structures in these areas are of wooden and reinforced concrete (RC). Most of the build-
ings for residents are made of wood. Some churches and stores made of RC are also distributed in
these areas. To investigate the actual building damages and tsunami characteristics, two field surveys
were conducted, from 5 to 8 October 2009 and from 23 to 26 July 2010. In the first survey, flow
depth, run-up height, and the inundation-area boundary were investigated, and each building in the
affected areas was photographed using a GPS-equipped camera (Koshimura et al.,2010; Namegaya

et al.,2010). In the second survey, precise land elevations were measured at Pago Pago, Leone, Poloa
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Fig. 1. Study area (Pago Pago, Leone, Poloa and Amanave, American Samoa)

and Amanave, American Samoa, using a Magellan kinematic GPS (ProMark3). This kinematic GPS
is highly accurate; if sufficient satellite coverage exists, positional accuracies of +20 mm (horizon-
tal) and £30 mm (vertical) can be achieved. These data are used for verification of building damage

interpreted using satellite images and the results of tsunami numerical simulations.

3 Tsunami numerical simulations

In contrast to most earthquakes, the 2009 Samoa earthquake involved the nearly simultaneous rup-
ture of distinct faults with different geometries (Beavan et al.,2010; Lay et al.,2010). To under-
stand the mechanism and impacts of the 2009 Samoa earthquake and tsunami, some researchers
have conducted numerical simulations of the tsunami (Beavan et al.,2010; Didenkulova,2013; Fritz
et al.,2011; Roeber et al.,2010). Several hypotheses related to a series of earthquake doublets have
been proposed; however, no consensus has been reached regarding the earthquake seismology. Here,
to understand the tsunami-generation mechanism and to reproduce the tsunami inundation to the
coastal areas more precisely, two types of numerical simulations were conducted. First, numeri-
cal simulations of far-field tsunami propagation and reverse propagation were conducted, and the
parameters of the ruptured faults were studied to reproduce the waveforms measured by the Deep-
ocean Assessment and Reporting of Tsunamis (DART) network. Second, tsunami inundation model
was simulated to investigate the flow depth, current velocity and hydrodynamic force at Pago Pago,

Leone, Poloa and Amanave, American Samoa.
3.1 Far-field tsunami simulations

To understand the tsunami-generation mechanism, the far-field tsunami propagation was simulated

to reproduce the waveforms observed at DART gauges 51525, 51426 and 54401. The simulations
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Fig. 2. Comparison of the modeled waveforms from the tsunami propagation model and observed waveforms

at the DART gauges.

were conducted according to the fault parameters of Beavan et al. (2010).

Initially, the fault-rupture areas related to tsunami generation were roughly estimated based on
reverse-propagation analyses from each DART gauge. For outer-rise fault rupture, the rise time was
fixed at 60 seconds, and the time of rupture onset was assumed to be 17:48 on 29 September 2009
(UTC). For fault rupture on the interface, 20 sets of rise times ranging from 0 to 600 seconds at
30-second intervals were examined. The wave forms derived from these outer-rise and interface rise
times were combined with different times of initial fault rupture ranging from 10 minutes before to
10 minutes after earthquake generation.

Despite numerous attempts using trial and error, the waveforms of the DART gauges located north
and south of the epicenter could not be reproduced simultaneously using the original fault parameters
of Beavan et al. (2010). To find a set of fault parameters that would simultaneously reproduce the
northward and southward DART waveforms, the fault parameters were modified slightly based on
the distribution of aftershocks during the week after the initial earthquake generation while satisfying
the coincidence of the seismic moment, as shown in Table. 1.

These simulations showed that the waveforms of the three DART gauges were reproduced well if
the fault rupture on the interface started three minutes before the fault rupture on the outer rise. The

simulated and observed DART waveforms are shown in Fig. 2.
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Table 1. Fault parameters used for far-field tsunami-propagation simulations.

Fault parameters Outerrise 1  Outerrise 2 Interface

Lat (°) -15.613 -15.842 -15.940
Long (°) -171.859 -171.804 -172.718
Strike (° ) 330 330 175
Dip (°) 48 48 16
Rake (°) -150 -90 85
Length (km) 52.5 17.5 109
Width (km) 45 45 90
Area (km?) 2362.5 743.75 9810
Depth (km) 13 13 18
Slip (m) 8.6 8.6 4.1
Time delay (sec) 0 0 -180
Rise time (sec) 60 60 480

Rigidity (Nm~2)  3.00E+10  3.00E+10  3.00E+10
Moment (Nm) 0.61E+21  0.19E+21  1.19E+21

Mw (total = 8.13) 7.79 7.45 7.98

3.2 Tsunami-inundation simulations
3.2.1 Tsunami source model

The fault proposed above accurately reproduced the DART waveforms but did not accurately repro-
duce the tsunami characteristics such as flow depth in American Samoa. To reproduce the observed
tsunami characteristics at Pago Pago, Leone, Poloa and Amanave, tsunami-inundation simulations
were conducted according to the fault parameters of Beavan et al. (2010). The simulated tsunami
waveforms at the DART gauges according to Beavan et al. (2010) and corresponding fault param-
eters are shown in Table. 2 and Fig. 3. An example of a tsunami source model is shown in Fig.

4(A).
3.2.2 Digital bathymetry and topography grid model

For the numerical simulation of tsunami inundation at Pago Pago, Leone, Poloa and Amanave, Tu-
tuila Island, American Samoa, the model was based on a set of non-linear shallow-water equations

with bottom friction in the form of Manning ~ s formula according to land use. The equations were
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Table 2. Fault parameters used for the numerical models of tsunami inundation (Beavan et al.,2010).

Fault parameters Outer rise Interface
Lat (°) -15.542 -15.940
Lon (°) -172.237 -172.718
Strike (° ) 352 175
Dip (°) 48 16
Rake (°) -41 85
Length (km) 114 109
Width (km) 28 90
Depth (km) 13 18

Slip (m) [PagoPago/Amanave/Poloa/Leone]  9.6/14.6/12.6/10.6  4.1/4.1/4.1/4.1

Rigidity (Nm*2) 3.00E+10 3.00E+10
Moment (Nm) 0.82E+21 1.19E+10
Mw 7.9 8.0
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Fig. 3. Comparison of the modeled waveforms from the tsunami propagation model and observed waveforms

at the DART gauges. The tsunami source model is used for modeling tsunami inundation.

discretized according to the staggered leapfrog finite-difference scheme. To develop the computa-
tional grids for the numerical model, we used a digital-bathymetry grid derived from the GEBCO
30-sec bathymetry dataset and an NOAA-NGDC topography grid with a 3-arcsec Digital Elevation
Model (DEM) of American Samoa.
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To model tsunami inundation in densely populated zones, we applied low resistance with a com-
posite equivalent roughness coefficient based on the land use and building conditions (Aburaya and
Imamura,2002). In the equivalent roughness coefficient, we incorporated building density by gener-
ating building-footprint data from the pre-tsunami QuickBird satellite images acquired on 15 April
2007 and 24 September 2009.

3.3 Verification of tsunami inundation simulation

We modified the fault slip to reproduce the inundation-area boundary and flow depth at each locality.
The minimum slip is 9.6 m at Pago Pago and the maximum slip is 14.6 m at Amanave. The increment
of slip in outer rise fault does not affect to the total moment magnitude so much. The total moment
magnitude changes from 8.15 to 8.21 as the slip increases from 9.6 m to 14.6 m. At Pago Pago,
we measured several tsunami-inundation features, such as flow depth and run-up height. These data
were used to validate the numerical simulations based on Aida (1978). According to Aida (1978),
the geometric mean K and geometric standard deviation k derived from surveyed data can be used
to evaluate the reproducibility of numerical simulations of tsunami events.

Aida’s K and k are defined as follows:

1 n
logK = — E logK; (1)
g
1 n
1 =.|—- logK;)2 — (logK)? 2
ogr n;:l(og )? — (logK) 2
R;
K,=— 3
T, (3

where R; and H; are the measured and modeled values of inundation height/depth at point 3, re-
spectively. K is defined as the geometrical mean of K; and k as the deviation or variance from K,
and these indices are used as criteria to validate the model by comparing the modeled and measured
tsunamis. For Pago Pago, K =0.97 and x = 1.13 were obtained. These values satisfy the ade-
quacy criteria for tsunami numerical modeling established by the Japan Society of Civil Engineers
(0.95 < K <1.05, k< 1.45). For Leone, Poloa and Amanave, due to the lack of measured points,
the numerical simulation was validated based on the inundation-area boundaries measured in the
field survey (Jaffe et al.,2010, Koshimura et al.,2009). Examples of the simulated results in terms of
flow depth are shown in Fig.4(B)-(E).

4 Interpretation of building damage

Building damage was visually interpreted using pre- and post-tsunami high-resolution satellite im-

ages in a GIS framework. An IKONOS satellite image acquired on 15 April 2007 and published by
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Fig. 4. (A) Tsunami source model used for tsunami-inundation simulations and examples of tsunami inundation

at (B) Pago Pago, (C) Poloa, (D) Amanave, and (E) Leone.

the GeoEye company in the U.S. and a QuickBird satellite image acquired on 24 September 2009
and published by the Digital Globe company in the U.S. were utilized as pre-event images. Quick-
Bird satellite images acquired on 29 September 2009, 02 October 2009, and 02 November 2009 and
published by the Digital Globe company were utilized as post-event images.

A total of 451 buildings in the inundated areas were investigated using remote-sensing technology
and field surveys. Building damage was classified into four degrees:“Survived”, “Major damage”,
“Collapsed”, and “Washed away” (Fig.5:left), according to Miura et al. (2006). These buildings are
classified focusing on the changes of roofs between pre- and post-event satellite images. Criteria of
the classification are as follow, (a) Survived : No change is observed on the roof, (b) Major damage
: Changes in small part of the roof is observed, (c) Collapsed : Changes in large part of the roof
is observed, (d) Washed away : Vanishment of the roof is observed. The classified results were
validated based on the photos of each building taken using a GPS-equipped camera during the field
survey. The damage-interpretation results are shown in Fig.5(right) and Table.3. The “Survivied”
or “Washed away” buildings could be interpreted almost perfectly. On the other hand, with respect
to “Major damage” or “Collapsed” buildings, the accuracies of classification decreased because
the satellite images captured from vertical direction sometimes could not comprehend the detailed

structural damages.
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Table 3. Building-damage interpretation results

Damage category  Number of buildings [PagoPago/Amanave/Poloa/Leone/Total]

a) Survived 54/34/4/196/288
b) Major damage 14/2/0/12/28
¢) Collapsed 7/3/1/7/18

d) Washed-away 34/42/13/28/117
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Fig. 5. Left: Classification criteria (left photo: pre-tsunami; right photo: post-tsunami). Right: Interpreted
building damage at (A) Pago Pago, (B) Poloa, (C) Amanave and (D) Leone.

5 Developing tsunami fragility functions
5.1 Tsunami fragility functions

Fragility functions provide a new method to estimate structural damage and casualties due to tsunami
events. These functions are developed through an integrated approach using numerical simulations
of tsunami inundation and GIS analyses and are expressed as the probabilities of structural damage
or death rates with respect to the hydrodynamic features of tsunami inundation, such as flow depth,
current velocity and hydrodynamic force (Koshimura et al.,2009).

According to Koshimura et al. (2009), fragility functions are defined by the following formulas:

PD@):Q{x;”} “)

1 (t—p)?
_/_Oo 27rUexp(— 952 >dt (®)]




165

170

175

180

Pp(z) = @ [m«g—A} 6)
YA T _(lnt—)\)Q)
_/_oo\/ﬂgte p< S ) )

where @ is the standardized normal (lognormal) distribution function, z is a hydrodynamic feature
of the tsunami (e.g., flow depth, current velocity or hydrodynamic force), and, p and ¢ (X and &)
are the mean and standard deviation of x (Inz), respectively. The two statistical parameters for the
fragility function,  and o () and ), are obtained by plotting « (or Inz) against the inverse of ®
on normal or lognormal probability and performing least-squares fitting of this plot. Consequently,
two parameters are derived by determining the intercept (= p or A) and the slope (= ¢ and £) by the

following formulas:

=0 ®)

Inz=£0"14 ) ©)

Throughout the regression analysis, the parameters shown in Table.4 were used to obtain the best
fit for fragility functions with respect to the maximum flow depth (m), maximum current velocity
(m/s) and maximum hydrodynamic force on structures per unit width (kN/m). Here, the hydrody-
namic force acting on a structure is defined as the drag force per unit of width:

1
F=-
2

Cppu?D (10)
where Cp is the drag coefficient (Cp = 1.0 for simplicity), p is the density of water(= 1000 kg/m?),
 is the current velocity (m/s), and D is the flow depth (m).

To develop the tsunami fragility functions, the four damage levels were grouped into two classes,
“Destroyed” and “Non-destroyed”. “Destroyed” buildings were defined as structurally damaged
buildings and included three damage levels: “Washed away”, “Collapsed”, and “Major damage”. “
Non-destroyed” buildings were defined as structurally non-damaged buildings that were classified as
“Survived” in the building-damage interpretation. Because the number of buildings for developing
fragility function was not statistically enough, fragility functions in terms of this damage class are
developed.

The resulting fragility functions, which are presented in Fig.6, show the relationships between

damage probabilities and the hydrodynamic features of tsunami inundation in American Samoa.
5.2 Discussion

The fragility function of flow depth, shown in Fig.6(A), begins to increase as the flow depth exceeds
1 m, and 80 to 90% of buildings are destroyed as the flow depth reaches 6 m. This sudden rise in
damage at a relatively low flow depth implies the vulnerability of this coastal region, which is likely

to experience high water levels during tsunami events due to its ria coasts.

10
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Table 4. Fragility-function parameters obtained from the regression analysis. R? is the coefficient of determi-

nation obtained by least-squares fitting.

z for fragility functions P(x) n o A 13 R?
Flow depth (m) N/A NA 1.17 0.69 0.89
Current velocity (m/s) N/A NA 054 165 0.73

Hydrodynamic force per width (kN/m) N/A  N/A 1.07 3.16 0.72
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Fig. 6. Fragility functions of (A) maximum flow depth, (B) maximum current velocity, and (C) maximum

hydrodynamic force.

The fragility function of current velocity, shown in Fig.6(B), rises steeply at a low current velocity
of less than 2 m/s and rises gently at current velocities greater than 2 m/s. The fragility function of
hydrodynamic force, shown in Fig.6(C), also rises steeply at low hydrodynamic forces and rises
gently at forces greater than 5 kN/m. Compared to the flow-depth fragility function, these two
functions show the variation among the interpreted points. A closer examination showed that the
widely spread points represented buildings constructed of concrete or brick. Notably, churches and
other simplified buildings consisting of poles and a roof, which can be found in many parts of the
islands, were likely to survive tsunami inundation with high flow depth and flow velocity. These
simplified buildings consisting of poles and a roof are used as assembly halls in the Samoan Islands

region. The tsunami flow passes under the roof of these simplified buildings, leaving most buildings

11
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Table S. Numbers of destroyed buildings estimated by the developed fragility functions.

Study area  Tsunami feature Estimated Observed Accuracy ratio
Flow depth 39.98 0.71
Pago Pago  Flow velocity 40.74 55 0.74
Hydrodynamic force 39.97 0.73
Flow depth 29.69 0.42
Amanave Flow velocity 28.81 47 0.37
Hydrodynamic force 29.12 0.39
Flow depth 12.15 0.85
Poloa Flow velocity 11.74 14 0.81
Hydrodynamic force 12.64 0.89
Flow depth 37.62 0.75
Leone Flow velocity 55.59 47 0.85
Hydrodynamic force 49.46 0.95
Flow depth 118.54 0.62
Total Flow velocity 136.88 163 0.81
Hydrodynamic force 131.19 0.76

of this type intact.

To validate the fragility functions, the number of destroyed buildings in each study area was esti-
mated by multiplying the fragility functions by the corresponding tsunami features at each building
locality. These values were compared, and accuracy ratios were calculated for Pago Pago, Leone,
Poloa and Amanave, as shown in Table.S. The fragility functions tended to underestimate the true
damage by 10 to 20%. These observations imply that buildings that are resilient against tsunami
inundation, such as concrete buildings and Samoan-specific simplified buildings, caused the un-
derestimation of the fragility functions. When these functions are applied in city planning, these
features should be taken into account. In Pago Pago, Poloa, and Leone, the fragility functions of
hydrodynamic force showed relatively greater accuracy. Therefore, the actual force that acts on the
buildings should be given stronger consideration than the flow depth and current velocity. The ac-
curacy ratios for Amanave were lower than those for the other areas because the actual topographic
conditions at Amanave differ from the DEM published by NOAA-NGDC, and we were unable to

accurately reproduce the tsunami characteristic in this area.

6 Conclusion

In this study, tsunami fragility functions in terms of flow depth, flow velocity and hydrodynamic

force were developed for American Samoa by integrating tsunami numerical modeling with remote-

12
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sensing technology. The mechanism of tsunami generation was analyzed through numerical simu-
lations. The waveforms measured by three DART gauges were reproduced well if the fault rupture
on the interface was assumed to begin three minutes before the fault rupture on the outer rise. The
tsunami-inundation distributions were then derived and validated using field-survey data. The spatial
distribution of building damage was interpreted by comparing pre- and post-tsunami high-resolution
satellite images of the affected areas. Finally, fragility functions were developed, and structural
vulnerability in American Samoa was quantitatively evaluated. These functions were validated by
estimating the number of destroyed buildings and comparing these estimates to the observed data.

These developed functions can be utilized to estimate the risks to tsunami in the other coastal
areas in American Samoa. In addition, we can expect the areas with high potential to be devastated
by the tsunami, by integrating the numerical modeling and the fragility functions.

On the other hand, there are some limitations in the fragility functions. For example, effects from
floating debris and scourings are not taken into account in this fragility functions. Furthermore,
building types, the age of buildings or floors of the buildings were mixed when developing the

fragility functions. These limitations should be improved in future works.
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