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Abstract: The 26 June 1917 tsunamigenic earthquake in Samoa is considered the largest historical
event on record to have impacted this region in terms of earthquake magnitude and intensity. Yet,
very little is known about the scale and distribution of tsunami impacts compared with the recent
2009 event which originated about 150 km east along the subduction zone bend of the Northern
Tonga Trench (NTT). In this study we set out to: 1) reconstruct the 1917 tsunami from source to
inundation to understand its hazard risk characteristics in the Samoan islands of Savai’i and Upolu;
and 2) assess the hazard implications of tsunamis sourced from different locations along the sub-
duction zone bend of the NTT on present-day exposure of coastal assets relative to the 2009 tsunami
benchmark. We use the BG-Flood numerical modelling suite to produce model outputs representing
inundation extent and hazard depth intensities at spatially flexible grid resolution (10 m, 20 m and
40 m). These are validated using available tide gauge records in Apia harbour and limited observa-
tions of runup that were derived from historical records. We then combine the inundation model
with available digital distributions of buildings in the RiskScape multi-hazard risk analysis soft-
ware, to produce exposure metrics for understanding the likely impacts on present-day coastal asset
and population distributions if a similar tsunami were to occur. Results of the tsunami modelling
indicate variable modelled-to-observed consistency using available source models, wave and runup
validation data. Discrepancies in recorded vs modelled wave arrival time at Apia of between 30—
40 mins are observed, with modelled runup underestimated in southeast Upolu Island compared
with the rest of the country where runup observations are available (e.g., Savai’i Island). These dif-
ferences likely reflect complexities in the tsunami source mechanism which might not currently be
represented in our modelling. Nevertheless, our results suggest that a larger proportion of people
would be exposed in Savai’i island (71% of exposure total), compared with Upolu island if a char-
acteristic 1917-type event were to occur. While this study provides the first detailed inundation
model of the 1917 tsunami in the Samoan region, the observed discrepancies suggest that further
investigation is required to constrain potential tsunami source complexities which might not be ac-
counted for in this study. Notwithstanding these limitations, our findings help to reinforce an ap-
preciation of the risk to the greater Samoan region faced by local tsunamis sourced at different lo-
cations along the subduction zone bend of the NTT.

Keywords: coastal inundation; historical tsunami records; hazard exposure; impacts; BG-Flood;
RiskScape

1. Introduction
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More than 700 million people live in island states, most of them developing countries,
and low-lying areas at the coast are under constant risk from tsunamis, storm surges or
severe fluctuations of sea levels. In the Pacific, Small Island Developing States (SIDS) rep-
resent a collection of remote island communities with developing economies that are often
at elevated risk from climate change, sea level rise, coastal erosion and both natural and
anthropogenic hazards [1,2]. It is often the case that due to their geography and relatively
small size of these islands, a significant proportion of the population, infrastructure and
the commercial and industrial activity are concentrated in low lying areas, typically in a
strip close to the coasts which render them at considerable risk from coastal inundation
from tsunamis [3].

The central south Pacific region is frequently affected by tsunamis generated from
earthquakes centred on the Tonga Kermadec Trench, including 39 events between 1837
and 2009 that included the 1917 and 2009 tsunamis that affected the Samoan islands [4].
These two nearly identical events suggest that tsunamis in this region are relatively com-
mon and as a consequence the SIDS in this area are exposed not only to global tsunami-
genic events, but also to frequent locally derived tsunamis triggered by earthquakes, vol-
canic eruptions and submarine landslides [5]. Indeed, the recent submarine volcanic erup-
tion of Hunga-Tonga Hunga-Ha’apai (HTHH) in Tonga on 14t January 2022 [6,7], and the
resulting tsunami along with potential inferred predecessors (e.g., [8]), illustrate that there
is a high degree of residual risk to these islands from local tsunami generating events.

Local tsunamis with less than 30 mins impact time are extremely hazardous to the
island communities, due to the limited warnings and response times between the trigger-
ing event (earthquake or eruption for example), and the tsunami wave making landfall.
Consequently, when trying to understand current tsunami risks and the nature and extent
of exposure to these islands, it is common to use data or records from historical events to
constrain the likely intensity (inundation extent and flow depths for example), and then
use this within a scenario-based context to understand the present day exposure if such
an event was to occur today.

The focus of this study is to reconstruct the 1917 tsunami that struck the islands of
Samoa, which was the second most deadly tsunamigenic event on record to affect this
region after the fatal 2009 tsunami which devastated the southeast coast of Upolu [9,10]
(Figure 1). While the 2009 event provides a benchmark to help plan for and mitigate the
impacts of local tsunamis sourced at the Northern Tonga Trench (NTT) in Samoa, areas
which experienced little or no impact gives rise to a public perception that these areas are
at minimal threat to tsunamis. This is particularly the case for coastal areas in Savai'i is-
land to the west of Upolu. However, very little is known about the impacts of the 1917
tsunami predecessor, despite the earthquake source magnitude being the largest ever rec-
orded in this region [11].

The 1917 earthquake epicentre was located along the transform segment of the NTT
margin about 100 km south of west Savai'i, and approximately 150 km west of the 2009
earthquake. Preliminary modelling by Okal et al. (2011) [12] suggests a focusing of tsu-
nami flux northwards toward west and southern areas of Savai’i. This implies that these
areas would have been severely impacted compared with what they had experienced in
the 2009 event. Paradoxically, the evidence presented in [12] does not seem commensurate
with the lack of documented impacts for the event, which led them to hypothesize that
the scale of impacts was masked by the impacts of the 1918 influenza pandemic which
occurred approximately 1-yr after. The 1918 pandemic is Samoa’s deadliest disaster in
history which saw the loss of between 20-25% of the country’s population at the time
[13,14], most of whom were adults or knowledge holders. This gap in our current under-
standing of the scale and magnitude of the 1917 tsunami disaster within the context of
regional hazard risk resilience planning. To help elucidate this enigma, we model the tsu-
nami from source to inundation and use this scenario to evaluate the exposure character-
istics of a similar event-type on present-day distributions of buildings and people.
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Figure 1. Location of the 1917 earthquake epicentre (star) and 2009 earthquakes (circles) relative to
Samoa.

We provide an overview of the geographical and historical event context in Section
2, and describe the data and analytical methods in Section 3. Findings of the analysis are
presented in Section 4, which includes a comparison with observations of the 2009 event.
The uncertainties and implications of our results in understanding the regional hazard
characteristics that tsunamigenic-earthquakes occurring on different segments of the NTT
have on the distribution of exposed areas is discussed in Section 5, with conclusions and
suggestions for future research provided in Section 6.

2. Geographical and Historical Context

Samoa consists of two main islands, Upolu and Savai’i, with several smaller in-ha-
bited and uninhabited islands between them (e.g., Manono and Apolima), as well as east
and south of Upolu (e.g., Fanuatapu, Namu’a, Nu'utele, Nu'ulua and Nu'usafe’e) (Figure
1). Comprising part of a larger archipelago encompassing the geologically younger is-
lands of American Samoa to the east, the island chain originated from hotspot volcanic
activity and is fringed by coral reefs [15-17]. The geology of Samoa largely consists of
mafic material (e.g., basalt and gabbro), due to its oceanic intraplate volcanic hotspot ori-
gins [18]. Savai'i is the bigger island with an area of 1,820 km?, whilst Upolu has an area
of 1,114 km? and accommodates over 67% of the total population of approximately 200,000
people [19]. Apia, the capital of Samoa, is located in the central north of Upolu.

In 1902 a temporary geophysical observatory was established in Apia on the then
German administered island of Upolu, whereby it was initially set up to obtain baseline
earth observations to compare with the British and German south polar expeditions of
1902-1903. Meteorological instruments and seismographs were installed in 1902 and mag-
netic instruments in 1905. These enabled studies into geomagnetism, seismology,
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meteorology, tidal variations and atmospheric electricity, and were so productive that in
1908 the observatory was established on a permanent basis.

In August 1914 troops of the New Zealand Expeditionary Force seized control of Ger-
man controlled Samoa and the observatory. Its operations were much curtailed during
the World War 1 (WW1) years but the German Director (G. Angenheister) continued ob-
servatory operations until it was formerly taken-over by the New Zealand government in
1921 [20-22]. New Zealand administration of the observatory continued until the hando-
ver in 1963 shortly after Samoa achieved political independence and control of the obser-
vatory.

Between 1917 to 1919 four tidal waves were recorded by the observatory on contin-
uously recording tidal gauges that correlated with four earthquakes recorded by the seis-
mograph installed at the observatory, with observations reported in [23].

Situated approximately 100 km north of the Tonga Trench, Samoa is exposed to a
range of local geophysical hazards (e.g., earthquakes, volcanoes, landslides, tsunami). For
example, the subaerial volcanic eruption from 1905 to 1911 on northeast Savai’i caused
displacement / relocation of affected villagers to neighbouring Upolu [24], and generated
several small tsunamis during this period with the most damaging occurring in 1907 [4].
Indeed, the recent 2009 complex earthquake sequence [25] and consequent tsunami which
resulted in severe casualties and livelihood destruction in southeast Upolu reinforces this
vulnerability [26,27].

The lesser known predecessor to the 2009 event, the 26 June, 1917 UTC (local time in
1917 = UTC-11) earthquake and tsunami which originated in a proximal source region
northwest of the 2009 epicentre (Figure 1), is arguably considered the largest earthquake
to have occurred in this region in terms of magnitude (i.e.,, Mw 8.3 compared with Mw 8.1
for the 2009 earthquake sequence) [11,28]. However, the scale of impacts from the result-
ing tsunami appear to have paled in comparison with the devastation observed in the 2009
event (e.g., [12,30]). While anecdotal records indicate that the 1917 tsunami inundation
had flooded several villages and caused damage to buildings and infrastructure (e.g.,
Satupaitea in southeast Savai’i and Lotofaga in southeast Upolu) [4,31,32]], there are vir-
tually no accounts of any casualties. Available modern interpretations assume at least 2
people lost their lives based on generic descriptions of damage recorded after the event
(e.g., [32]).. Here, we use our inundation model for the 1917 tsunami along with present-
day patterns of inundation exposure as a proxy to discuss and offer alternative views to
help elucidate this enigma.

3. Methods and Data

The methods used in this study are described in two sections: 1) tsunami modelling
which describes the process from the initial earthquake to the benchmarking process and
inundation on land; and 2) tsunami exposure and damage analysis used in quantifying
the hazard exposure on present-day buildings and population.

3.1. Tsunami Modelling
3.1.1. Model Setup and Configuration

This tsunami modelling analysis adapts a similar approach used by Bosserelle et al.
(2020) [27] to model the inundation of the 2009 event. For generation of the tsunami from
the initial earthquake through to propagation and inundation, the BG-Flood software was
used. BG Flood (Block-adaptive on Graphics processing unit Flood model) is suited for
the simulation of flooding and/or inundation caused by rivers, rain, tides or tsunamis. It
is based on the formulation of Basilisk as well as on the memory structure on the GPU of
Block Uniform Quadtree of Vacondio et al. (2017) [33]. The block uniform quadtree struc-
ture enables various resolutions with the same memory size, but with different physical
sizes [33].

For tsunami initialization, we used the earthquake parameters for the 1917 event pre-
sented by [12] to configure the source model. To start generating the initial earthquake,
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the following values were needed: fault parameters (strike, dip, rake, slip), the dimension
of the rupture (length and width), the hypocenter of the earthquake (coordinates and
depth) and the timing of the rupture. A rupture length of 150 km with a rupture width of
50 km. The earthquake epicentre was located at 15.13 S° and 173.28 W*° on the 26 June 1917
at 05:49 UTC (i.e., 25t June 1917 at 18:49 local time) at a depth of 10 km. After applying
vertical deformation to the fault, the initial water displacement was calculated as a theo-
retical visco-elastic fault displacement using the formulation of [34].

Figure 2 displays the water displacement after the 1917 earthquake. For the tsunami
modelling, a fault length of 150 km was used to match the runup observations. As the
model uses an adaptive grid (more than one resolution), three output NetCDF files were
created with resolutions of 10 m, 20 m and 40 m.
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Figure 2. Tide gauge records for the 1917 tsunami in Apia harbour. (a) Original maregram taken
from Angenheister (1920) [23]; (b) Inverted and reprojected maregram for digitization; (c) Digit-
ized tide record (grey solid line) and predicted tide (black dashed line). The maregram shows the
fluctuations of the sea in Apia harbour arriving only a few minutes after the earthquake. The
earthquake occurred at 05:49 UTC (dashed red line), with the first noticeable sea level peak at
06:03 UTC. The maregram record prior to the earthquake better matched the predicted tide when
shifting the record by 20 mins (black solid line), which also produces more consistent arrival time
for the tsunami.

3.1.2. Tide Gauge and Runup Observations
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Available tide gauge records from Apia harbour as well as runup observations from
different parts of Upolu and Savai’i were used to validate the inundation modelling and
subsequent assessment of present-day exposure and impacts in the runup zone. Tide
gauge readings for the 1917 event measured in Apia harbour were digitized using the
analog maregraph provided in [23]. The maregram in Figure 2 shows the fluctuations of
the tsunami waves within the harbour. The digitized maregram generally matches the
predicted tide at Apia (predicted by analyzing tide constituent from recent tide record).
However, the tide time reference given in [23] cannot be reconciled with an expected 30—
40 min travel time for the tsunami to reach Apia. Therefore, either the tide time reference
or earthquake time/location is inaccurate. Moving the tide time reference given in [23] to
20 min later improves the correlation between predicted and measured tide and resolve
the arrival time inconsistency. While there is no clear evidence that the tide time reference
from [23] is incorrect, it appears to be the simplest explanation of the inconsistency, and it
still provides the first indication of the likely tsunami arrival time in Apia.

Runup observations derived from historical records of eyewitness accounts docu-
mented in [4,30,31], provided benchmarks to infer the extent of wave runup onto land.
These information were digitized to help validate the tsunami runup modelling.

3.2. Tsunami Exposure and Damage Analysis
3.2.1. Building and Population Exposure Data

Building objects on Savaii and Upolu that were located within the maximum tsunami
inundation extent were remotely digitized from aerial and Google satellite imagery cap-
tured between 2016-2020. Buildings were manually digitized in GIS software, using roof
outlines to create a vector polygon layer. Physical and non-physical attributes including
use category and construction frame were assigned to each building object (Table 1). Sa-
moan building construction frame typologies defined by [9] were attributed to features
based on their size (i.e., outline area), roof shape and use category. In the absence of re-
sources such as Google street view to visually validate use category and construction
frame, these attributes were confirmed by local engineers and disaster risk management
experts. The outline area (m?) for confirmed buildings was calculated in GIS software.

Table 1. Summary of attributes represented in the building exposure data.

Primary Attribute Secondary attribute Metric or Value
Construction Frame Masonry, Steel, Reinforced Concrete, Timber Text
Usually-Resident Population - Floating
Outline Area - m?
Use Category Commercial; Community; Education; Fale; Hotel, Resort; Industrial; Text

Outbuilding; Religious; Residential Dwelling; Tourist Fale

Samoa’s usually-resident population was obtained from the 2016 national census
[13]. Descriptive statistics for ‘usually-resident population” at their residence on census
day are aggregated and publicly available at national, district and village levels. Here, we
apply usually-resident population at village levels (Vrp) to determine a residential build-
ing-object population rate (BPra) as follows:

VBarea = Z?L: 1 BA; (1)
VBPpgte = VPj /VBarea (2

BPrate = VBPrate /BA; (3)
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where, BAi is the outline area (m?) for a residential building located in village j, with n;,
the number of residential buildings within village j. VBare is the total residential building
outline area within village j. Residential building-object VBPra is the per m? residential
building population based on the usually-resident population (VP) of village j.

3.2.2. Building Fragility Model

Fragility functions relate tsunami hazard intensity (e.g., flow depth) to the condi-
tional probability of a building reaching or exceeding a given damage state [35]. Here,
physical building damage is measured from empirical fragility curves representing Sa-
moan buildings damaged in the 2009 SPT [9]. The fragility curves apply a cumulative
lognormal function for ‘timber’, ‘masonry” and ‘reinforced concrete’ construction frame
buildings to determine the conditional probability (0-1) of “light”, “minor”, “moderate”,
“severe”, and “collapse” damage states (DS) being reached or exceeded for a maximum
tsunami inundation depth (Table 2). In the absence of representative fragility curves for
some building typologies, ‘masonry’ curves are applied for ‘steel’ construction frame
buildings while DS1 and DS2 fragility curves are applied for timber and reinforced con-
crete building typologies.

Table 2. Building fragility model parameters applied in this study.

Construction Frame

Damage State . Reinforced L.
Timber Masonry Damage Description
(DS) Concrete
u o u o u o
DS0 None - None
DS1 Light - 0.29 0.46 - Non-structural damage only
Significant non-structural and
DS2  Minor - 046 0.4 -

minor structural damage

Significant structural and non-
DS3 Moderate 1.15 038 1.28 035 138 0.56
structural damage

Irreparable structural damage,

DS4  Severe 126 04 186 041 345 0.54
will require demolition

DS5 Collapse 1.62 028 249 04 73 094  Complete structural collapse

3.2.3. Tsunami Inundation Exposure and Damage Model

A deterministic model is applied to quantify the present-day building and popula-
tion exposure as well as damage from tsunami inundation. To this end we use RiskScape,
an open-source software that provides a multi-hazard risk modelling framework for de-
terministic analysis of tsunami impacts [36]. Here, a deterministic model ‘pipeline’ is de-
veloped to analyze the exposure and damage based on the tsunami model, exposure in-
ventory and fragility model components described in Sections 3.2.1 and 3.2.2. These com-
ponents formed the ‘input data’ for the model pipeline used which sequences a series of
steps and step-functions to sample and analyze deterministic tsunami impacts (Figure 3).
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Figure 3. A schematic representation of the RiskScape model pipeline steps and functions applied
in this study.

The 1917 event input hazard data layer represented at the adaptive grid resolutions
10 m, 20 m and 40 m were segmented using a geoprocessing step-function (i.e., ‘cut by
segment’) to extract all tsunami inundation grid cells within the exposure data layer
(building outlines). Extracted grid cells were then spatially sampled (i.e., ‘all intersec-
tions’) to determine the maximum inundation flow depth (MaxD) at each building loca-
tion. The consequence analysis applies MaxD to determine: 1) building and population
exposure to tsunami inundation; and 2) building damage state. Individual building expo-
sure (Bldey) to inundation is quantified using a simple binary function:

1, MaxD <0m

Bldexy = {0, MaxD > 0m )

When inundation is present or not at a building location, the corresponding binary
value is assigned to the building in the ‘event impact table’ (EIT). Where inundation is not
present (i.e., ‘0"), no damage (DS0) is assumed. Where inundation is present (i.e. '1’), con-
ditional probability (i.e., 0-1) of damage states DS1 to DS5 based on fragility curves from
[9] is calculated in response to the independent variable MaxD. Fragility curves scripted
in python using nested statements apply a lognormal function for each curve based on
the dependant variables shown in Table 2 for the corresponding building construction
frame in Table 1. The conditional probability determined from each fragility curve is then
reported in the EIT for each building exposed to tsunami inundation.

The resulting EIT contains tsunami exposure and damage information for model out-
put reporting. In this study the EIT includes attributes, hazard intensity (i.e., MaxD), ex-
posure (i.e., Blday) and damage state information for each building object. The ‘output
data” pipeline step-function ‘group results by attribute’ is applied here to report descrip-
tive statistics of model results. Building ‘count’ and population ‘sum’ exposure to tsunami
inundation is enumerated and reported at national and village scales, and by hazard in-
tensity (flow depth) bins of 0.5 m. Building damage states are also reported by building
count for 0.1 conditional probability bins between 0 and 1. The step-function ‘results out-
put file format’ outputs this information as spatial file formats (e.g., GIS shapefile, comma-
separated value) for national and sub-national spatial analyses of present-day building
and population exposure, as well as damage to the 1917 tsunami event.

4. Results

4.1. Tsunami Inundation and Validation

Figure 4 shows the modelled maximum tsunami wave heights for the 1917 tsunami
event. Of particular note is that the southwest side of Savai’i is mostly affected where
wave heights of 2 m appear to have impacted the coast. Interestingly, the arrival of the
simulated wave in Apia harbour suggests that it took approximately 34 mins travel time
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to this location. This is consistent with the observed tide gauge record (Figure 5) when

using a 20 mins shift in the reference time.

8800000 +— ' - '
8600000 -
D
-
8400000 -
8200000 |
P
% !
B 1.5 -G_J
8000000 =
i -
' ke
? § -
>
7800000 - o 05 2
o =
,w 0.0
4
7600000 : , 1 1
-200000 0 200000 400000 600000

Figure 4. Maximum wave height offshore for the modelled 1917 tsunami.
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Figure 5. Detided water level recorded in Apia (black line) and simulated (red line). Earthquake
time is also given

Figures 6 and 7 show which parts of Upolu and Savai’i are most affected by the tsu-
nami. Inundation on Savai’i mostly affects the south western side of the island with much
higher flow depths compared with eastern parts of the island including Upolu. Northern
Upolu appears unaffected except in areas near Apia. Observed runup points derived from
historical records identified in Savai’i (Figure 7) and Upolu (Figure 8) highlight the limited
runup observations available for this event.

4.2. Damage to Present-day Buildings and Population Exposure

If a characteristic 1917-tsunami event scenario were to occur in the near future, we
estimate that approximately 2,295 buildings would be affected by the inundation (based
on present-day building stock). Most exposed buildings on both Savai’i and Upolu are
subjected to flow depths >0.0 m to <0.5 m (Figure 8). As flow depth increases, the number
of buildings in each category decreases. However, it is worth noting that 206 buildings on
Savai'i are exposed to flow depths >3.0 m, which generally means these buildings are most
likely to experience moderate to severe damage. Construction frames made of timber have
a higher probability of suffering from severe damage or undergo complete collapse (Fig-
ure 8b).
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Figure 6. Inundation on Savai’i in close-ups (10 m horizontal resolution). The map shows the 10 m
resolution run-up on Savai'i (a) and close-up of inundation in Satuiatua (b), and in Palauli and

Satupa’itea (c).

Apia

Tar, Del orme, Natualior

Z Spatial
Resolution 10m Name: GCS WGS 1984
Value GCS: GCS WGS 1984
- Datum: WGS 1984
- Map Units: Degree
s 0,0164165

Figure 7. Inundation on Upolu in close-ups (10m res.). The map shows the 10 m resolution run-up
on Upolu (a) and in Apia (b), with the most severe inundation in Upolu close to Gagaifo’olevao

(©)-


https://doi.org/10.20944/preprints202203.0041.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 March 2022

do0i:10.20944/preprints202203.0041.v2

g

8

Number of buildings

g

g

100

Hotel

Comumercial Community Education Fale
W Savaii 13 19 1 el
® Upolu 14 9 2 58 1 63

Government

Category

Residential Tourist Fale
767 19
308 = 8

-
Outbuilding  Religious

628 20
225 6

(b)

1200

1000

Number of buildings

» Exposure Total

= Exposure Savai'i

® Exposure Upolu

800
200

D ll.l

Exposure >0.0m  Exposure >05m  Exposure >1.0m  Exposure >1.5m
to <==0.5m to <=1.0m to <=1.5m to ==2.0m
= Exposure Total 970 471 306 212
W Exposure Savai'i 459 356 240 175
» Exposure Upolu 511 115 66 37

Extent of exposure

n i

EXI:S:‘:: ;f‘.ﬂm Exposure >3.0m
127 209
115 206
12 3

(©


https://doi.org/10.20944/preprints202203.0041.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 March 2022

-1541750,000

-1542250.000

I Inundated Buildings
Il Buildings outside inudation zone

Inundation depth (m)
Bl 0.0-05
I 05-1.0
B 10-15
[ 15-20
Bl 20-25

OpenStreetMap

Figure 8: (a) Present-day buildings categories on Savai'i and Upolu. (b) Exposure of buildings in
Savai'i and Upolu to the 1917 modelled scenario event. (c) Close up of Sala’ilua village on south-
west Savai’i showing the modelled tsunami inundation and exposed buildings.

The total number of people living in residential buildings within the modelled 1917
tsunami inundation zone are exhibited in Figure 9. In total approximately 7,919 people
across 1,074 residential buildings (71% of which are in Savai’'i), would be affected by the
tsunami which amounts to approximately 4% of the total population in 2016 [37].

It is worth noting that on Savai'i 13% of the affected inhabitants live in buildings
which are estimated to sustain damage states of DS5 (i.e., complete building collapse).
This is particularly the case for the district of Palauli West. On Upolu, more than half of
the affected population live in buildings estimated to sustain damage states DS0 (i.e., no
damage). The more inundated part of Upolu in the west of the island exposes approxi-
mately 77 people who live in buildings likely to sustain damage state DS3 or greater.
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Figure 9: Number of people affected in residential buildings in the 6 damage states on: (a) Upolu,

and (b) Savai’i.

4.3. Comparison with the 2009 tsunami

The 2009 event is the most devastating tsunami to have affected Samoa in recent his-
tory. Occurring on the 29 of September, at 06:48 am local time, two earthquakes only
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minutes apart shook the ground and caused large waves travelling quickly through the
ocean which caused major destruction and loss of life in less than 30 mins after the earth-
quake rupture [26,38,39]. As the 1917 event can be considered a historical predecessor to
the 2009 event in terms of source region [12], a comparison between the two events is
made.

Apart from the obvious differences in instrumental monitoring quality in 1917 com-
pared with 2009 [26,40], the main differences between the two events in terms of the dis-
tribution of affected coast are highlighted in Figure 10. The main energy beam for the 1917
tsunami was focused towards west and south Savai’i while for the 2009 event, energy was
focused towards American Samoa and southeast Upolu, which reflects the proximal epi-
central locations of the generating earthquakes, respectively, which were about 150 km
apart.

These hazard characteristics help to explain the observed variations in exposure im-
pacts distributions between the modelled 1917 and benchmark 2009 events. A larger pro-
portion of people would be exposed in Savai’i island (71% of the total exposure), com-
pared with Upolu island if a characteristic 1917-type event were to occur. In contrast,
coastal areas in southeast and east Upolu were most severely affected in the 2009 event,
which reflects the epicentral location of the generating earthquake at the subducting bend
of the NTT terminus and main direction of tsunami flux east/northeast towards southeast
Upolu. Whereas the 1917 epicentre 150 km to the west at the transform segment of the
NTT results in the main direction of tsunami flux northward towards Savai’i. This implies
that the distribution of the relative exposure of elements at risk to NTT-sourced tsunamis
depends on location of earthquake origin along the subduction zone bend of the NTT.

Notwithstanding the spatial differences in exposure relative to the location of tsu-
nami origin at the NTT, of note is the time of day that each event occurred. Both events
struck either in the morning (2009 tsunami) or in the evening (1917 tsunami) during times
when residential population were not at maximum capacity. Had they occurred in the
middle of the night, for example, then the scale of human losses might have been signifi-
cantly greater in each event; a key consideration in resilience planning for future NTT
sourced tsunamis.

5. Discussion

Our results suggest that the south coast of Savai’i including parts of south Upolu
were affected by the 1917 tsunami. A comparison of the historic evidence with the mod-
elled inundation shows some inconsistencies. For example, observations of runup in the
village of Lotofaga in southeast Upolu indicate that half of the village was submerged
[4,31], which suggests significantly greater inundation extent and flow depth in Lotofaga
than what our model reproduces. That is, the modelled inundation suggests that Lotofaga
was not severely impacted. This inconsistency likely reflects the simplicity in our tsunami
source model in the light of recent evidence of complex behaviour at ‘subduction-zone
bends’ as is the case at the northern Tonga Trench [26].

In addition, records of the maregram of Apia harbour indicated initial water level
fluctuations only 5-10 mins after the earthquake compared with approximately 34 mins
modelled wave arrival time in Apia. The observed fluctuations of 5-10 mins in Apia after
earthquake initiation is highly unlikely if considering that the tsunami was generated/in-
fluenced by the earthquake source alone, which was located further west of the 2009 epi-
centre and farther away from Apia.
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Figure 10. Epicentres of the 1917 and 2009 earthquakes and corresponding extents at coast which
were predominantly affected by each respective tsunami according to the models. The red crosses
indicate the 1917 runup benchmarks shown in Figures 5 and 6 showing locations which should be
inundated.

On the other hand, the maregram accurately recorded the normal tides at the time of
the event which were within 14 mins of tide predictions. This suggests that either the rec-
orded timing of the tsunami or earthquake were inaccurate, or that there is more complex-
ity in the tsunami source mechanism than what is currently captured in our modelling.
For example, the possibility of complex near-simultaneous faulting source comparable
with that seen for the 2009 event [25,38,39], has not been assessed in this study. It is also
probable that the earthquake could have caused co-seismic submarine landsliding close
to or along the north coast of Upolu, which might explain the early fluctuations observed
in Apia harbour that cannot be accounted for using our current earthquake source mech-
anism (e.g., [41]). Further investigations are needed to unravel this dilemma.

Of particular note is the comparison in total number of casualties between the two
events. In the 2009 tsunami 146 people lost their lives [26] and several thousand displaced,
compared with only 2 casualties inferred from damage descriptions in the 1917 event [32].
In contrast, the extent of inundation inferred from our modelling of the 1917 tsunami,
particularly on Savai'i, suggests that both damage to property, threat to life and displace-
ment would have been more severe than what is currently inferred from the historical
records. It is plausible that loss of life may have been minimal based on the modern anal-
ogy presented by the devastating Hunga-Tonga Hunga-Ha’apai volcano-generated tsu-
nami where 3 casualties along with major destruction to property, homes, businesses and
displacement of approximately 1,500 people were observed [42]. On the other hand, it is
equally plausible that loss of life and human displacement far exceeded that which has
been documented in historical records.

Nevertheless, the hazard risk patterns presented in this study when compared with
the 2009 event, indicate that the 1917 tsunami would have been more severe on the island
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of Savai’i compared with Upolu. However, the absence of verifiable records pertaining to
loss of life in the 1917 event suggest that either: 1) inundation from the 1917 event, on
balance, was less destructive than the inundation caused by the 2009 event; 2) the occur-
rence of the 1917 tsunami in the evening meant that people who felt the earthquake shak-
ing might have been more aware of the potential tsunami threat and self-evacuated which
helped to minimize/avoid loss of life; or 3) potential casualties from this event were simply
not accurately reported and documented in the historical literature. The latter likely re-
flects a probable association with the 1918 influenza pandemic which overwhelmed Sa-
moa and resulted in the loss of close to 25% of the population, most of them adults and
knowledge holders [13,14]. Coupled with the impact of post-WW1 colonialism in Samoa
and shift in political administration could have resulted in the inaccurate reporting of total
loses in the event. An example where this is potentially evident is the significant mis-
representation of post-colonial population decline in Samoa of up to 80-90% compared
with previous estimates of only 20-50% [43]).

6. Conclusions

This study aimed to reconstruct the 1917 tsunami in Samoa and assess the impacts of
inundation on present-day buildings and population exposure. Our findings show varia-
ble consistency between modelled-to-observed event reconstructions, which are exempli-
fied by the inconsistency in the wave arrival time in Apia and underestimation of inun-
dation extent/intensity in southeast Upolu. The observed discrepancies are probably due
to: 1) earthquake source model and geometry configuration; 2) instrumental seismic
and/or tide gauge record uncertainties for Samoa in 1917 which might explain the 20 mins
anomaly in the tidal reference time; 3) limited records of runup observations for valida-
tion; 4) uncertainties in potential source and/or co-seismic mechanisms which might have
exacerbated the observed characteristics of the tsunami (e.g., in Apia harbour). These un-
certainties represent areas for further modelling investigation.

Notwithstanding these discrepancies, our modelling provides a first-order estima-
tion to better quantify the magnitude of impacts for the 1917 tsunami inundation in Samoa
which can support scenario-based hazard risk assessment. Our modelling suggests that
the scale of impacts, in particular on Savai’i and with regards to potential casualties and
human displacement, likely exceeded that which was recorded in historical records. How-
ever, it is equally plausible that while the extent of property damage and displaced peo-
ples were likely severe, the casualty rate may have been low comparable to the death toll
observed in the January 2022 Hunga-Tonga Hunga-Ha’apai tsunami in Tonga.

Nevertheless, comparison between the 1917 and 2009 events suggests that the extent
of present-day exposure distribution around the two main islands of Samoa from local
tsunamis originating at the Northern Tonga Trench is highly influenced on the earthquake
epicentre and location/orientation of co-seismic displacement. That is, Savai’i Island is
more exposed to tsunamis originating along the western segment of the NTT (e.g., 1917
event), compared with Upolu in the east which exhibits greater exposure to outer-rise
events originating along the east NTT segment.
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