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Abstract

A tsunamigenic earthquake with thrust faulting mechanism occurred off the Loyalty Islands, New Caledonia, in the Southern
New Hebrides subduction zone on the 10*" of February 2021. The tsunami was observed at coastal gauges in the surrounding
islands and in New Zealand. The tsunami was also recorded at a new DART network that was designed to enhance the tsunami
forecasting capability of the Southwestern Pacific. We used the tsunami waveforms in an inversion to estimate the fault slip
distribution. The estimated major slip region is located near the trench with maximum slip amount of 4 m. The computed
seismic moment for the source model of 3.39 x 1020 Nm (Mw 7.65) is slightly smaller than the Global Centroid Moment Tensor
or USGS W-phase Moment Tensor solutions. We evaluate two tsunami forecasting approaches of selecting a pre-computed
scenario and interpolating pre-computed scenarios for coastal regions in New Zealand. For the evaluation, we first computed
the tsunami threat levels in New Zealand coastal regions from the earthquake source model to make a reference threat level
map. The results show that the tsunami threat level maps from a pre-computed Mw 7.7 scenario located closest to the epicenter
and from an interpolation of two scenarios matched the reference threat levels at most of the coastal regions. We also report
on utilization of the coastal gauge and DART buoy data for updating forecasts in real-time during the event and discuss the

differences between the rapid-response forecast and post-event retrospective forecasts.
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Key Points:

e Significant near trench slip on the plate interface of the 2021 Loyalty Island earthquake
was estimated by inverting tsunami waveforms at coastal and offshore stations.

e Accurate tsunami forecast can be obtained from interpolating results of precomputed
earthquake scenarios.

e The new New Zealand DART network is essential in improving the tsunami warning

capability for countries in the South West Pacific.

Abstract

A tsunamigenic earthquake with thrust faulting mechanism occurred off the Loyalty
Islands, New Caledonia, in the Southern New Hebrides subduction zone on the 10" of February
2021. The tsunami was observed at coastal gauges in the surrounding islands and in New
Zealand. The tsunami was also recorded at a new DART network that was designed to enhance
the tsunami forecasting capability of the Southwestern Pacific. We used the tsunami

waveforms in an inversion to estimate the fault slip distribution. The estimated major slip
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region is located near the trench with maximum slip amount of 4 m. The computed seismic
moment for the source model of 3.39 x 10** Nm (Mw 7.65) is slightly smaller than the Global
Centroid Moment Tensor or USGS W-phase Moment Tensor solutions. We evaluate two
tsunami forecasting approaches of selecting a pre-computed scenario and interpolating pre-
computed scenarios for coastal regions in New Zealand. For the evaluation, we first computed
the tsunami threat levels in New Zealand coastal regions from the earthquake source model to
make a reference threat level map. The results show that the tsunami threat level maps from a
pre-computed Mw 7.7 scenario located closest to the epicenter and from an interpolation of
two scenarios matched the reference threat levels at most of the coastal regions. We also report
on utilization of the coastal gauge and DART buoy data for updating forecasts in real-time
during the event and discuss the differences between the rapid-response forecast and post-event

retrospective forecasts.

Plain language summary

We estimated the tsunami source of the 2021 Loyalty Island earthquake from inversion
of tsunami waveforms recorded at offshore DART and coastal stations. These DART stations
are part of a new DART network that was designed to enhance the tsunami forecasting
capability of New Zealand and the Southwestern Pacific region. The inversion result suggest
that the earthquake ruptured the plate interface with relatively large slip near the trench. Our
source model can explain the observed tsunami and its general slip distribution pattern is
consistent with another independent earthquake source study from USGS that used teleseismic
waveforms. The tsunami threat level map for New Zealand coastal regions produced from the
source model is then used as a reference map to evaluate two techniques for rapid tsunami
forecasting. Both techniques utilize pre-computed earthquake scenarios. The first technique is

using the epicenter and magnitude of the earthquake to select the nearest earthquake scenario.
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The second technique interpolates pre-computed results of two earthquake scenarios around
the epicenter. The tsunami hindcast accuracies from the two techniques are high as the resulting

tsunami threat levels matched the reference ones at most of the warning regions in New Zealand.

Keywords: Tsunami waveform inversion, the 2021 Loyalty Island earthquake, Southern New

Hebrides/Vanuatu Subduction Zone, tsunami forecast, earthquake source model

1. Introduction

One of subduction zones in the Pacific Ocean that poses tsunami threats to New Zealand
and other southwest Pacific states is the New Hebrides (also known as Vanuatu) subduction
zone. In this region, thrust earthquakes occur on the plate interface between the subducting
Australia plate and the overriding New Hebrides arc and North Fiji Basin (Calmant et al., 2003).
On the 10" of February 2021, a magnitude (Mw) 7.7 earthquake occurred in this subduction
zone and generated a tsunami (Figure 1). Based on the earthquake’s magnitude, location and
depth, a tsunami warning was issued by the Pacific Tsunami Warning Center (PTWC) for
island nations around the epicenter in the South West Pacific such as New Caledonia, Fiji,
Vanuatu, Tonga, New Zealand, and Australia. The National Emergency Management Agency
(NEMA) of New Zealand issued tsunami threat warnings for several coastal regions in the
country.

According to the United States Geological Survey (USGS), the earthquake occurred at
13:19:55 UTC with a hypocenter located at 23.054° S - 171.601° E and 10 km depth
southeastward of the Loyalty Islands archipelago in the southern part of the New Hebrides
subduction zone. It is located to the east of the region where the Loyalty Ridge, part of the
Australian Plate, is subducted under the overriding Pacific Plate at a convergence rate of ~12

cm/yr and where Mw7.0+ tsunamigenic earthquakes occurred during the last century (Roger
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et al., subm.). Since the May 17, 1995 Mw 7.7 Walpole tsunamigenic earthquake, the New
Hebrides subduction zone, which is amongst the most seismically active, has produced at least
12 small (amplitude < 50 cm) to moderate (0.5 m < amplitude < 5 m) tsunamis. These tsunamis
were triggered by earthquakes, such as the November 19, 2017 Mw 7.0 earthquake or the recent
December 5, 2018 Mw 7.5 Tadine earthquake (Figure 1) whose maximum amplitude reached
more than 2 m in New Caledonia and 4 m in Aneityum Island, Vanuatu (Sahal et al., 2010;
Roger et al., 2019; Roger et al., 2021). Although the central and northern part of the New
Hebrides subduction zone is also known to have experienced tsunamis triggered by even larger
earthquakes of Mw 8.0+ (Ioualalen et al., 2017), there is no clear evidence for Mw&8.0+
earthquakes in the southeasternmost part of the subduction zone (170°E-175°E), where the
February 10, 2021 earthquake occurred. Lack of recorded large events may also have a physical
explanation. In this region, the convergence is no longer eastward verging, as is the case for
the rest of the subduction zone, but instead oriented N17°E perpendicular to the trench with a
rate measured at ~5 cm/yr, making it the slowest converging part of the New Hebrides
convergence zone (Calmant et al., 2003). For comparison, the subduction convergence rate
north of 22°S is ~12 cm/yr.

The focal mechanisms provided by the Global Centroid Moment Tensor (GCMT) and
USGS W-phase moment tensor (WMT) solutions suggest that the earthquake ruptured the plate
interface with a nearly pure thrusting mechanism. The GCMT solution gives a seismic moment
0f 4.01 x 10" Nm and nodal planes with strike =279°/87°, dip = 23°/67°, and rake = 101°/85°.
The USGS WMT solution gives a seismic moment of 4.36 x 10** Nm and nodal planes with
strike = 246°/92°, dip = 17°/75°, and rake = 65°/97°. The USGS finite fault model for the thrust
faulting event maps earthquake rupture all the way to the trench with moment rate maximum

at 15 s after earthquake origin time and rupture termination within 40 s.
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This geometry of nearly pure thrusting earthquakes can trigger tsunamis with a main energy
axis orientation of South-Southwest/North-Northeast, i.e. toward New Zecaland and
Southeastern Australia to the south and toward Vanuatu to the north (Okal, 1988). Thus, the
tsunami from the 2021 Loyalty Island earthquake propagated in the southwestern region of the
Pacific Ocean, and was recorded at local coastal gauges in New Caledonia and Vanuatu, and
also at regional distances in places like Fiji, Western Samoa, Tuvalu, Australia (including
Tasmania) and New Zealand, more than 3000 km away from the earthquake epicenter (Figure
1 and Figure 2 and Table 1). The tsunami was also recorded by the New Zealand network of
DART buoys in the Hikurangi-Kermadec-Tonga subduction zone (Figure 2)(Fry et al., 2020).
Deployment of this network was started by the government of New Zealand in December 2019
(DART NZA, B, C, E, and F) and September 2020 (DART NZG, H, and I) and is scheduled to
be finished in 2022 (DART NZD, J, K, and L) (Power et al., 2018). It was designed to enhance
the capability of New Zealand and other Pacific states to detect and forecast tsunamis in the
Southwestern Pacific and was strongly motivated by the recognized gap in operational response
to events occurring at regional propagation distances (Fry et al., 2018).

The procedures for tsunami early warning in New Zealand make use a two-stage approach
involving initial issuance of “action maps” and subsequent “threat maps”. The action maps are
based on highly uncertain early earthquake and magnitude estimates. They are designed to
rapidly and conservatively assess the possibility of land threat and trigger activation of
emergency response. They are binary maps, assigning “land threat” or “under assessment” to
coastal zones. This early forecast is based on pre-computed tsunami scenarios and simple 1D
tsunami prediction equations (Power, 2017). Following refinement of earthquake source
parameters, typically derived through available w-phase moment tensor inversions,
precomputed tsunami scenarios from earthquake sources located in subduction zones around

the Pacific Ocean are used to issue forecast maps. Forecast maps include tsunami amplitude
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information. The precomputed tsunami scenario catalogue contains a total of ~1000 uniform
fault slip models with earthquake magnitudes ranging from 6.9 to 9.3 (Gusman et al., 2019). A
tsunami threat level map for coastal regions in New Zealand was prepared for every earthquake
scenario. Pre-computed tsunami waveforms at coastal gauges and DART buoys are available
too. In this database, there is a scenario available with the same magnitude and a location very
close to the 2021 Loyalty Island earthquake.

Facing the enduring threat of tsunamis affecting their coastal populations and
infrastructures, many countries have built tsunami pre-computed scenarios databases to support
tsunami preparation and response, for example Japan (Tatehata, 1997; Hoshiba and Ozaki,
2014), French Polynesia (Reymond et al., 2012), Turkey (Onat and Yalciner, 2013), Australia
(Greenslade et al., 2011), Indonesia (Harig et al., 2019), Portugal (Matias et al., 2012), New
Caledonia (Duphil et al., 2021). High resolution tsunami inundation forecasting through
scenario selection of pre-computed scenarios, or deep learning using pre-computed scenarios,
have also been considered (Gusman et al., 2014; Mulia et al., 2018; Mulia et al., 2020). Ways
to improve the use of those databases, and the accuracy of impact forecasting, especially for
scenarios whose magnitude or location lie outside the ranges of the existing ones, are of major
interest.

In this paper, the tsunami waveforms recorded at coastal gauges and DART stations are
used in an inversion process to estimate the non-uniform fault slip distribution of the
earthquake. The tsunami threat level map in New Zealand made from the earthquake source
model was then used as a reference map (true state) to evaluate our tsunami forecasting
approach. We compare the reference threat level map with the map for the nearest scenario
with Mw 7.7 to the epicenter. We also evaluate a map created by interpolating the result from
two Mw 7.7 scenarios around the epicenter. Here we describe the interpolation method to

produce an interpolated threat level map and tsunami waveforms at observation points. Finally,
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we discuss the effectiveness of the pre-computed scenarios for providing accurate tsunami
forecasts for New Zealand coastal regions. We conclude by describing response forecast

calibration based on data from coastal tide gauges and DART stations.

165 170° 175 180°

Topography
B  —
<8 -6 -4 -2 0 2

Figure 1 Major tsunamigenic earthquakes in the New Hebrides subduction zone from 1980. Focal
mechanisms are based on GCMT solutions. Green triangles indicate coastal gauges at which the
tsunami waveforms used in this study were recorded. Convergent plate boundaries are indicated by red
lines.
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Figure 2 Theoretical tsunami maximum amplitude and travel time from the epicenter calculated using
bathymetry data from the 2021 Loyalty Island earthquake source model. Thick blue contour lines
indicate time intervals of 1 hour, while thin blue contour lines indicate time intervals of 10 minutes.
Green triangles indicate coastal gauges and DART stations at which the tsunami waveforms used in
this study were recorded. Plate boundaries are indicated by red lines. Stations names for the green

triangles inside the black rectangle can be seen in Figure 1.



165 2. Tsunami waveform and bathymetric data

166 2.1. Tsunami waveforms

167 The tsunami generated by the 2021 Loyalty Island earthquake was clearly recorded at
168  coastal gauges in New Caledonia, Vanuatu, Fiji, Australia, Samoa, and New Zealand. The
169  coastal gauge records were available from the IOC water level monitoring website
170  (http://www.ioc-sealevelmonitoring.org). We removed the tides using a polynomial fit method
171  to obtain the tsunami waveforms. The tsunami was also recorded at DART buoys NZC, NZE,
172 NZG, and NZI which are located seaward of the Hikurangi-Kermadec-Tonga subduction zone
173  trench (Figure 2). We also removed the tides recorded at the DARTSs by the polynomial fit
174  method. Then high frequency waves were removed using a low pass filter with cutoff period
175  0of 200 sec to get the tsunami waveforms.

176

177 Table 1. Coastal gauge and DART station information and the tsunami records sorted by distance from epicentre

178
Station Location Country/ Longitude Latitude Distance First wave | Travel Maximum
Code Region from amplitude | time amplitude
epicenter (cm) (minute) (cm)
(km)

MARE Maré New 167.8333 -21.5333 418 6.5 49 17.8
Caledonia

LENA Lenakel Vanuatu 169.2333 -19.5333 452 12.8 60 135.1

LIFO Lifou France 167.3000 -20.9000 498 16.6 68 36.6

OUIN Ouinné New 166.7000 -21.9333 515 16.5 72 27.2
Caledonia

NUMBO Nouméa New 166.3667 -22.2333 542 1.7 107.5 4.2
Caledonia

THIO Thio New 166.2333 -21.6000 571 8.1 80 9.8
Caledonia

OUVE Ouvéa New 166.5333 -20.5333 587 6.8 103 12.7
Caledonia

VANU Port Vila Vanuatu 168.2667 -17.7667 673 6.2 122 5.2

HIEN Hienghéne New 164.9333 -20.6667 732 4.1 101 9.5
Caledonia

KINI Norfolk Australia 167.9667 -29.0667 769 11.4 88 43.6

Island

LEVU Lautoka Fiji 177.4333 -17.6000 852 3.0 123 5.6

LITZz Litzlitz Vanuatu 167.4333 -16.1000 878 2.4 115 8.0

VITI Suva Fiji 178.4000 -18.1333 888 4.8 97 4.8

LUGA Luganville Vanuatu 167.1667 -15.5333 947 4.1 137 8.6

NCPT North Cape New 173.4667 -34.4333 1288 3.4 131 28.8
Zealand
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195

GBIT Great New 175.5000 -36.2000 1519 8.8 164 62.8
Barrier Zealand

AUCT Auckland New 174.7667 -36.8333 1571 3.1 250 8.3
Zealand

TAUT Tauranga New 176.1667 -37.6000 1684 1.3 189 3.9
Zealand

LOTT East Cape New 178.1667 -37.5333 1737 6.2 164 239
Zealand

GCSB Gold Coast Australia 153.4333 -27.9333 1902 20.5 240 30.5

UPOL Apia Samoa 188.2333 -13.8000 2026 14 223 4.2

CHST Charleston New 171.4333 -41.9000 2105 Not Not 31.5
Zealand observable | observable

JACK Jackson Bay | New 168.5667 -43.9667 2351 12.8 315 35.5
Zealand

PKEM Port Kembla | Australia 150.9333 -34.4667 2377 2.4 268 19.7

NZG Kermadec Kermadec 186.6000 -23.3667 1533 0.83 147 0.83

NZI Kermadec Kermadec 188.8000 -16.9000 1918 0.62 192.5 0.65

NZE Hikurangi Hikurangi 182.3000 -36.0333 1781 0.79 151.8 0.86

NzC Hikurangi Hikurangi 180.2000 -38.2000 1881 1.05 168.5 1.38

2.2. Bathymetric data and modelling grids

A nested grid configuration can be implemented in tsunami simulations to balance
computational efficiency and numerical accuracy. There are two nested grid configurations
used in this study. One is to simulate the synthetic waveforms for the inversion Green’s
functions, and the other one is used to calculate the tsunami threat levels in New Zealand.

For the synthetic tsunami waveforms simulation, we made a largest modelling domain that
covers the nations in the South West Pacific Ocean around the earthquake source location with
a grid size of 120 arc-sec. A set of nested modelling domains were made to focus on each of
the coastal gauge with grid sizes of 40, 13.333, and 4.444 arc-sec. A combination of available
bathymetric data with different coverage and grid size were used for the tsunami simulation.
The highest resolution bathymetric data is always used to make each tsunami modelling grid.
The GEBCO14 gridded bathymetric data with grid size of 30 arc-sec was used and resampled
for the largest modelling domain and smaller domains in Australia and Fiji. A bathymetric grid
with resolution of 100 m is available for the area around New Caledonia and Vanuatu. Higher
resolution and quality bathymetric grids with resolution of 25 m are also available for the areas

around coastal gauges in Mar¢ (station code: MARE), Lifou (LIFO), Ouinné (OUIN), Thio
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(THIO), Hienghéne (HIEN), Lenakel (LENA), and Port Vila (VANU). For modeling grids
around New Zealand coastal gauges (AUCT, CHPT, GBIT, JACK, LOTT, MNKT, NCPT, and
TAUT), a high quality gridded bathymetric data with grid size of 10 arc-sec is available. The
complete coastal gauge information can be seen in Table 1.

For tsunami threat level map creation, a nested grid configuration with four modelling
domains was prepared. The largest modelling domain covers the whole Pacific Ocean with a
grid size of 4 arc-min. As the main purpose of this grid setup is for tsunami threat estimate in
New Zealand, other locations outside the country are only simulated using the coarsest
modelling grid. The next grid level of modelling domain covers the entire of New Zealand and
have grid sizes of 1 arc-min. The last grid level with finest grid size of 15 arc-seconds includes
two modelling domains that cover the two New Zealand’s main islands and the Chatham

Islands.

3. Tsunami waveform inversion

3.1. Tsunami inversion method

We first calculated two tsunami simulations using single fault models with fault
parameters from the GCMT and USGS W-phase MT solutions. The simulated tsunami
waveforms of these models are comparable. The trench is curved around the source area with
strike angles varying from 260° to 300° based on the USGS SLAB2.0 model (Hayes et al.,
2018). The trench-parallel strike angles according to USGS, GCMT and Geoscience Australia
are 246°, 279°, and 284° respectively. Because the strike angle from GCMT is at the middle of
these values, the strike of 279°, dip of 23°, and rake of 101° from the solution were assumed
for the fault parameters in the inversion as the strike angle from the solution is at the middle of

the other strike angle values (Figure 1). A fault with total length of 120 km and width of 60 km
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was subdivided into 6 sub-faults along strike and 3 sub-faults down dip, resulting in a sub-fault
size of 20 km by 20 km. The top edge of the shallowest sub-faults is located along the trench
at depth of 1 km.

The seafloor displacement from each sub-fault was calculated using the Okada’s formula
(1985). These seafloor displacement models were used as the initial modelling conditions to
simulate the tsunami waveforms. The linear long wave was simulated by solving the non-
dispersive linear shallow water equations with a finite difference method and a staggered leaf-
frog scheme (Satake, 1995). Then a phase correction method (Watada et al., 2014; Gusman et
al., 2015) was applied to the simulated linear long wave to include the dispersion effects due
to the elasticity of the earth, seawater compressibility, and the gravitational potential variation.
A unit slip amount of 1 m was used to construct the tsunami Green’s functions. The tsunami
amplitudes at some of the coastal gauges located near-field or far-field are about an order of
magnitude larger than the amplitudes at DART buoys. To treat the coastal and deep ocean
tsunami waveforms equally, we weight the DART data by 50. As fault slip must be smooth in
some degree (Yabuki and Matsu’ura, 1992), a spatial smoothness constraint was incorporated
by including a smoothing matrix consisting of a Laplacian operator. The Akaike’s Bayesian
Information Criterion (Akaike, 1980) was used to determine the optimal value of the smoothing
factor. More details for the tsunami waveform inversion algorithm used in this study, which is
based on the non-negative least square method (Lawson and Hanson, 1995) are available in

previous studies (i.e., Gusman et al., 2010; Gusman et al., 2015).

3.2. Fault model resolution and quality

The The earthquake source area is surrounded by coastal gauges and DART buoys. To
evaluate the source model resolution, we applied a checkerboard test (e.g., Lorito et al., 2010;
Heidarzadeh and Gusman, 2021). The checkerboard pattern for the target model was made

using slip amounts of 2 and 1 m (Figure 3). The target tsunami waveforms at the coastal gauges
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and DART stations produced using this source model were degraded by adding Gaussian noise.
We applied the tsunami inversion code with the target waveforms to get a slip distribution. We
find that the checkerboard pattern on the shallower part of the fault can be well reproduced by
the inversion, but not the pattern on the deepest part (Figure 3). This is because there is no
nearby station located in the main path of the tsunami energy immediately north of the source.

To measure the uncertainty of the estimated slip distribution caused by various errors
associated with tsunami modelling, we ran 30 tsunami waveforms inversions with different
randomly selected tsunami waveform sets at 20 out of 28 stations. The uncertainty of the

estimated slip distribution is represented by the standard deviation of these 30 slip distributions.

a) Target model b) Inversion result

171° 172° 1717 172°

Figure 3 Checkerboard test result. a) Target slip distribution. b) Slip distribution obtained by an
inversion using synthetic waveforms at the coastal gauges and DART stations generated from the target
slip model. Slip amounts of 2 and 1 m were used to make the checkerboard pattern for the target slip
model. The blue star represents the 2021 Loyalty Island earthquake epicentre.
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3.3.The estimated slip distribution

An initial slip distribution estimated using only tsunami waveforms recorded at the coastal
gauges is not so reliable as it has relatively large slip errors. It is sometime difficult to
accurately simulate the tsunami amplitude and arrival time at coastal gauges especially without
accurate bathymetric data. Some of the coastal gauges in Vanuatu, New Caledonia, and Fiji are
located inside a bay or lagoon showing complex bathymetric features potentially leading to
arrival time shifts, like shown for New Caledonia and Vanuatu by Roger et al. (2021). This
problem of random arrival time shifts, which may be caused by instrumental clock problems,
inaccurate station positions, bay effects, harbour effects, or unknown instrument responses, can
be solved by applying optimum waveform time shifts in the inversion as demonstrated in
previous studies (Romano et al., 2016; Ho et al., 2021).

Tsunami waveforms at DART stations can be used to help solve the problem of inaccurate
simulated tsunami arrival time at coastal gauges. DART stations are located at the deep ocean
thus accurate tsunami amplitude and arrival time can be simulated using the available global
bathymetric dataset. We ran an inversion to get a slip distribution using only tsunami
waveforms at the DART buoys. The simulated tsunami arrival times from this estimated slip
distribution were then assumed to be very close to the actual ones. Thus, any arrival time delay
could be attributed to factors other than the source location, and the simulated waveforms at
the coastal gauges can be used as a reference for the time shift. We found the optimum tsunami
time shift that minimized the waveform misfit at every coastal gauge manually. The time shift
applied to the simulated waveforms at the coastal gauges were up to 5.5 minutes. The tsunami
waveforms at these stations were shifted: MARE (3 min), OUIN (2.58 min), THIO (4.75 min),
VANU (5.5 min), HIEN (3 min), NCPT (3 min), TAUT (4.6 min), and PKEM (3 min). The

final slip distribution was obtained from tsunami waveforms at both coastal gauge and DART
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stations with the optimum time shift applied to the coastal gauges based upon the simulated
waveforms.

The estimated slip distribution has a major slip region near the trench (Figure 4a). This is
consistent with the result from the USGS finite fault model (USGS, 2021) (Figure 4a). The
maximum slip amount estimated in this study is 4.1 m (Figure 4a and Table 2). The estimated
maximum uplift near the trench is 2.1 m while the subsidence is 0.24 m (Figure 4c and Figure
4d). The calculated seismic moment from the slip distribution, assuming a rigidity of 40 GPa
(e.g., Fujii and Satake, 2008), is 3.39 % 10°° Nm or equal to Mw 7.65. This estimated seismic
moment is close to the value (4.01 x 10°° Nm) from the GCMT solution. An inversion using
only DART data which are relatively far away from the source gives a slightly smaller
calculated seismic moment (3.05 x 10°° Nm). The use of data at near-field coastal gauge
stations brings the estimated moment closer to the one from GCMT. Figure 5 shows that the
estimated slip distribution results in tsunami waveforms that largely reproduce the observations
at the coastal gauge and DART stations.

The uncertainty or error for the estimated slip distribution was calculated from the 30
inversions that were made with random combinations of stations. For the sub-fault with the
largest slip (4.1 m), the error of the estimate is £0.2 m or about 6% of the slip amount, which
is very low. Higher error percentages for the sub-faults exist mainly on the eastern part of the
fault model. The error distribution can be seen in Table 2 and Figure 4b. Overall, the reliability
of the estimated major slip region is high with very low slip errors. This error estimate and
also the checkerboard test result (Figure 3) show that the inversion result in the major slip region

is well constrained and resolved by the station coverage.
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Figure 4 a) Slip distribution for the 2021 Loyalty Island earthquake estimated by tsunami waveform

inversion using tsunami waveforms recorded at coastal gauges and DART stations. Blue lines represent

the USGS finite fault model contours at 1 m intervals, the red star represents the epicentre and the

green circle represents the GCMT centroid location. b) Slip error map for the estimated slip distribution.

¢) Calculated co-seismic seafloor vertical displacement from the estimated slip distribution. The

vertical displacement contour interval is 0.5 m. The purple line indicates cross-section A-B. d) The

estimated co-seismic seafloor vertical displacement profile along cross-section A-B. e) Bathymetric

profile along cross-section A-B.
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322

323 Figure 5 Comparison between the observed (black) and simulated (red) tsunami waveforms. Blue lines

324  indicate the observed waveforms that were used in the inversion.

325

326  Table 2 Fault parameters and slip amounts from the tsunami waveform inversion

Lon Lat Length | Width | Depth Strike Dip Rake Slip Error
(deg) (deg) (km) (km) | (km) (deg) (deg) | (deg) | (m) (Em)
172.1421 | -23.2072 | 20 20 1 279 23 101 0 0.25
171.9489 | -23.1783 | 20 20 1 279 23 101 3.12 0.29
171.7557 | -23.1494 | 20 20 1 279 23 101 4.14 0.23
171.5625 | -23.1206 | 20 20 1 279 23 101 2.8 0.16
171.3694 | -23.0917 | 20 20 1 279 23 101 1.1 0.09
171.1762 | -23.0628 | 20 20 1 279 23 101 0 0.08
172.1702 | -23.0435 | 20 20 8.81 279 23 101 0.14 0.37
171.977 | -23.0146 | 20 20 8.81 279 23 101 2.6 0.37
171.7838 | -22.9858 | 20 20 8.81 279 23 101 2.71 0.22
171.5906 | -22.9569 | 20 20 8.81 279 23 101 1.79 0.19
171.3974 | -22.9281 | 20 20 8.81 279 23 101 0.92 0.13
171.2043 | -22.8992 | 20 20 8.81 279 23 101 0 0.08
172.1983 | -22.8799 | 20 20 16.63 279 23 101 0.09 0.26
172.0051 | -22.851 20 20 16.63 279 23 101 0.31 0.21
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171.8119 | -22.8221 | 20 20 16.63 279 23 101 0.01 0.11
171.6187 | -22.7933 | 20 20 16.63 279 23 101 0.61 0.2

171.4255 | -22.7644 | 20 20 16.63 279 23 101 0.88 0.14
171.2323 | -22.7355 | 20 20 16.63 279 23 101 0 0.05

4. Tsunami Forecasting for New Zealand

The COMCOT (Cornell Multi-Grid Coupled Tsunami model) program (Liu et al. 1998;
Wang 2006; Wang and Power 2011) was used to make the database of tsunami threat level
maps for New Zealand. The computer program was used to simulate tsunami generation and
propagation from their sources to New Zealand coasts. A simulation time of 30 hours of
tsunami propagation was used to ensure that maximum tsunami amplitudes were obtained. The
nonlinear shallow water equations were solved to simulate the tsunami. Vertical wall
boundaries were implemented by assuming any grid cell with an elevation larger or equal to -
10 cm to be land.

The New Zealand coast is divided into 43 tsunami warning regions (NEMA 2020). There
are six levels of tsunami threat in New Zealand, which are based on the coastal tsunami
amplitude (Table 3). However, for tsunami warning dissemination, the threat levels are also
grouped into three categories (Table 3), which are No Threat, Beach and Marine Threat, and
Land and Marine Threat. For each earthquake scenario, the 99" percentile of all coastal tsunami
amplitudes within each warning region is calculated and then used to identify the tsunami threat

level. The value for the 99" percentile is used instead of the maximum value to avoid outliers.
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Table 3 Tsunami threat levels in New Zealand with their tsunami height thresholds, colour codes, descriptions
and threat level names for dissemination.

Threat Level Tsunami Colour Description Threat level for
Amplitude dissemination
h<03m White No threat No threat
03<h<Im Green Threat to beach and | Beach and Marine

small boats threat
1<h<3m Light blue Some land threat Land and Marine
3<h<5m Blue Moderate land threat

threat
5<h<8m Pink High land threat
h>8m Purple Severe land threat

4.1. Tsunami threat levels from the estimated fault slip distribution

The tsunami simulation from the estimated fault slip distribution categorizes many
tsunami warning regions as being under Beach and Marine Threat, and no region is under
the Land and Marine Threat. The warning regions that should be under the Beach and
Marine Threat according to that source include the West Coast of the North Island from
Cape Reinga to Kaipara Harbour, and from Mokau to Hawera; the East Coast of the North
Island from Cape Reinga to Waihi Beach excluding the East Coast of Auckland, and from
Matata to Mahia; and the West Coast of the South Island from Farewell Spit to Milford
Sound (Figure 6a). The other coastal regions are under No Threat. However, it should be
noted that the procedure described here for determining the tsunami threat levels from an
estimated source model is challenging during an event. The complexity of tsunami
waveform inversion and the many hours required for simulating the tsunami on high
resolution grids using the source model are the main drawbacks. Real-time
operationalisation of an inversion-based forecasting approach can be improved with
simplification of the problem including possibilities of more coarsely defining the finite

fault earthquake model and using empirical coastal amplitude equations to approximate
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coastal threat zones. In this study, the threat level map from the estimated source model is
used purely as reference to evaluate the forecast based on the pre-computed scenarios.
During the response, the New Zealand Tsunami Expert Panel (NZTEP) used a coarse
simplification to adjust forecasts, described further in section 5.3.

The amplitude of the first observed tsunami wave cycle can be much smaller than the
maximum observed tsunami amplitude at coastal gauges. As an example, the amplitude of
the first wave at NCPT (North Cape) station is only 4 cm while the maximum amplitude
recorded by the same station is 29 cm. The complete list of the observed first wave cycle
amplitudes and the maximum amplitudes at the stations can be seen in Table 1. This
emphasises that the simulation time should be set long enough to capture the maximum
simulated tsunami amplitude.

Several coastal zones in the South Island are identified by this method as being under
the Beach and Marine Threat with tsunami larger than 0.3 m. The observed first tsunami
wave cycle amplitude in Jackson Bay which is located in the West Coast region of South
Island is 13 cm, while the maximum amplitude is 35 cm which validates the tsunami threat
level from the estimated fault slip distribution. Both simulation and observation at Jackson
Bay show that the tsunami is even higher than in some of the stations in the North Island.
Bathymetric features, and especially the Challenger Plateau and Bellona Basin (Figure 7b)
(Uruski, 2010), allow the tsunami to focus part of its energy on the West Coast of the South
Island as shown by the snapshots of the tsunami propagation shown in Figure 7a and the
maximum tsunami amplitude distribution in Figure 7c. The part of the tsunami propagating
over the deeper Bellona Basin goes with a faster speed than the part propagating over the
neighbouring shallower Challenger Plateau: the tsunami front slows down when arriving
on the northwesternmost part of the Challenger Plateau, wrapping around the set of

seamounts in the area around 38°S, 167°E (Rowden et al., 2005) and concentrating the
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energy at the back of the seamounts, with a trajectory still oriented toward the West Coast

of the South Island but with higher amplitudes. In addition, numerous submarine canyon

complexes located along the southwestern margin of the Challenger Plateau (Neil et al.,

2015) act as waveguides to focus tsunami waves on specific locations and can also explain

the higher waves recorded at Jackson Bay (Figure 7d).

a) Fault slip distribution
Cape Reinga
Tsunami (geographic break point)
threat levels

[ ]=03m East Auckland
P o3-1m Kaipara Waihi Beach
[ | 1-3m Harbour Matata
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b) Pre-computed scenario
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Figure 6 Tsunami threat level maps for New Zealand from a) a computation using the estimated fault

slip distribution of the 2021 Loyalty Island earthquake and b) a pre-computed earthquake scenario

(Mw 7.7) that best matches the epicentre and magnitude of the earthquake.
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Figure 7 a) Simulated tsunami propagation snapshots from the 2021 Loyalty Island earthquake source model over Bellona
Basin and Challenger Plateau near New Zealand. Green triangles indicate the locations of JACK and CHST coastal gauges. b)
Observed tsunami waveforms at JACK (Jackson Bay) coastal gauge.

4.2. Tsunami threat levels from a nearest pre-computed scenario

Earthquake scenarios in subduction zones around the Pacific Ocean were used to build
a database of tsunami threat level in New Zealand. The size of the fault patches used for

the earthquake scenarios in the New Hebrides subduction zone is 50 km long and 25 km
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wide. The earthquake scenario moment magnitudes (Mw) are ranged from 6.9 to 9.3, with
magnitude interval of 0.2. The distance between the scenario’s epicentres for magnitudes
7.5, 7.7, and 7.9 is 150 km. The assumed fault parameters and orientations for the fault
models in this region are based on fault patches developed by the U.S. National Oceanic
and Atmospheric Administration (NOAA) (Gica et al., 2008) and those available from
Power et al. (2012). An earthquake scenario in the New Hebrides subduction zone with a
moment magnitude of 7.7 that is the nearest to the 2021 Loyalty Island earthquake epicentre
was selected from the database. This scenario epicentre is ~70 km westward the actual
epicentre. The uniform slip earthquake scenario has four fault patches and a slip amount of
2.2 m.

The predicted threat levels at most of the coastal regions (38 out of 43 regions) matched
the reference ones (Figure 6). Just like the threat level map from the fault slip distribution,
the one from the pre-computed scenario has no warning region that should be under the
Land and Marine Threat (Figure 6b). The warning regions that should be under the Beach
and Marine Threat include the West Coast of the North Island from Cape Reinga to Kaipara
Harbour, and from Port Waikato to Wanganui; the East Coast of the North Island from
Cape Reinga to Waihi Beach excluding the region from Whangaparaoa to Port Charles,
and from Matata to Tolaga Bay (Figure 6b). While the threat levels for the warning regions
in the South Island from the two models are the same. The selected scenario underestimated
the tsunami threat in two warning regions by one level lower and overestimated the threat

in three warning regions by one level higher.

4.3. Interpolated tsunami threat levels from pre-computed scenarios

The tsunami from the earthquake can be approximated by interpolating simulation

results from scenarios located around the epicentre (e.g., Tatehata, 1998). Here we
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interpolated the threat level maps from these two scenarios with the inverse distance

weighting method (Shepard, 1968). A general way of finding an interpolated tsunami threat

level (f;) in the 43 warning regions (i = 1, 2, ..., 43) for a given epicentre based on pre-
computed tsunami threat level in the database f; j for j =1,2, ..., Ns is to use the following
equation:

2w fig

,if d # 0forall j,
fi = §E1Wj
fij if d =0 for some j,

Eq. (1)

where

Eq.(2)

, d being the distance between the earthquake epicentre and scenario epicentre (reference
point), Ns the number of scenarios which is 2 in this case, and p the power parameter set
to 1.

As mentioned above, the reference point or epicentre of the selected scenario is
westward the actual epicentre. We produced a threat level map by interpolating the tsunami
heights in the warning zones from the selected nearest scenario with Mw7.7 located west
of the epicentre (West Mw7.7 described in 4.2) and the second nearest scenario with also
Mw7.7 located east of the epicentre (East Mw?7.7). The vertical displacements and
maximum tsunami amplitude distributions from these two scenarios can be seen in Figure

8. The interpolation result shows that there is one warning region which is the North Cape

area from Ahipara to Bay of Islands (Figure 9a) that should be under the Land and Marine
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Threat, while there is no region under this threat category from the previous two models.
The warning region from Waihi beach to Matata should be under No Threat according to
the reference map (Figure 6a), which is a level lower than the one according to the
interpolation result (Figure 9a). While the threat levels for the other warning regions are the
same as those in the selected scenario.

The interpolated threat levels (Figure 9a) at most of the coastal regions (36 out of 43
regions) matched the reference ones (Figure 6a). Based on the reference threat level map,
the selected scenario underestimated the tsunami threat in two warning regions by one level
lower and overestimated the threat in five warning regions by one level higher. This makes
the forecast accuracy from the interpolation result slightly worse than the one from the
selected scenario nearest to the epicentre. The interpolated threat levels are overall slightly
higher than the one from the selected nearest scenario. The overestimated warning levels
are because the earthquake source model that was used for to make the reference map has
a slightly smaller seismic moment (Mo = 3.39 x 10** Nm equivalent to moment magnitude

Mw?7.65) than the pre-computed scenario one (Mw7.7).
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Figure 9 a) Threat level map obtained by interpolating the results from two Mw?7.7 scenarios nearest to the epicentre. b)
Observed, simulated and interpolated tsunami waveforms. Red lines indicate the interpolated tsunami waveforms from
tsunami waveforms of the selected nearest scenario Mw?7.7 located west of the epicentre (blue lines) and those of a second
nearest scenario Mw?7.7 located east of the epicentre (green lines). The locations of the scenarios are shown in Figure 8a
and b.

5. Discussion

5.1. Toward improved real-time update of tsunami threat level maps

The tsunami forecast using pre-computed scenario database approach may not be
enough if it only relies on the earthquake magnitude estimate. Tsunami records at coastal
gauges and DART stations can be used to confirm or update the tsunami threat level. For
this event, the tsunami arrived in the North Cape of New Zealand approximately 2 hours
after the earthquake. Within 1.5 hours after the earthquake, at least one complete tsunami
wave cycle had been recorded at four coastal gauges (MARE, OUIN, LIFO, and LENA)

located in the azimuthal quadrant west-northwest of the epicentre. The sea level recorded
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within 2 hours after the earthquake at LEVU and VITI which are located in Fiji to the east
of the epicentre can be used to evaluate the tsunami. While the tsunami arrival times at the
two closest DART stations (NZG and NZE) are approximately 2.5 hours after the
earthquake. We note that planned network expansion will provide 3 additional DART
stations within one-hour travel time of this earthquake source. When complete, the array is
designed to detect events originating from any Hikurangi/Kermadec/Tonga/New Hebrides
trench source within 30 minutes. Any warning update for this event based on the currently
operational DART stations would be too late for first wave arrival at North Cape but could
be valuable prior to maximum wave arrivals and also for dynamic forecasting during the
latter stages of the threat, supporting staggered de-escalation. This shows that the already
planned additional DART stations (Power et al., 2018) need to be deployed around the New
Hebrides subduction zone to enable a rapid characterization of any tsunami generated in
this area that threaten New Zealand and the nearby islands.

The existing pre-computed tsunami waveforms at coastal gauges outside New Zealand
were simulated using a low-resolution modelling grid (4 arc-min) as explained in Section
2.2. To make the observed tsunami waveform at coastal gauges more useful in validating
or updating a tsunami warning, the pre-computed tsunami waveforms need to be obtained
using high resolution grids. In this study we simulated the tsunamis at coastal gauges with
our highest modelling grid resolution for the two uniform slip scenarios (West Mw 7.7 and
East Mw 7.7) located around the actual epicentre (Figure 8a and b).

The tsunami waveforms from these two scenarios can be interpolated to get the
estimated tsunami waveforms for the event (Figure 9b). We used a waveform interpolation
method (Wang et al., 2019) which is based on the Huygens-Fresnel principle. Equations
Eq. (1) and Eq. ( 2 ) can be modified and then used to interpolate the tsunami arrival times

and amplitudes for an interpolated event. First, we estimated the arrival time at the stations
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for the interpolated event. The interpolated arrival time at k™ station of tg'" is calculated

from the simulated arrival time from the scenarios t,‘j;-r using the following equation:

Ns . parr
garr j=1Wj tk,]
k - Ns Wi
Jj=1"]

Eq.(3)

The simulated arrival time of each scenario is marked when the amplitude of the simulated
tsunami at the station reached a threshold. The thresholds for coastal gauges are >1 cm
while that for DARTs is 0.1 cm. Then the tsunami waveforms (y;,) can be interpolated from

the amplitudes of the two simulated waveforms (Y} ;) using the following equation:

Ns arr
i Y (t = 68)

it —t") = N
j=1

W.

Eq.(4)

The interpolated tsunami waveforms fit better the observations in term of both
amplitude and arrival time compared to those from the two nearest Mw7.7 scenarios as
shown in Figure 9b. At coastal gauges located west of the epicentre such as MARE, LIFO,
OUIN and LENA, the West Mw7.7 scenario tsunami arrived earlier than the observation,
and the East Mw7.7 scenario tsunami arrived after the observed arrival time. At station
located east of the epicentre such as LEVU and VITI coastal gauges and the DARTS, the
East Mw7.7 scenario tsunami arrived earlier than the observation, and the West Mw7.7
scenario tsunami arrived after the observed arrival time. While the interpolated waveforms
arrived almost at the same time as the observations. To evaluate the scenarios the tsunami

waveforms misfits are calculated. The data-simulation misfit is defined

_ 2
2 Imax(d)-max () , where d and s are the peak amplitudes of the first wave cycle of the
|max (d)||lmax (s)|

observed and simulated tsunami waveforms, respectively. The amplitude data-simulation

misfit for the interpolated (misfit = 15.7) and WestMw7.7 (misfit = 16.2) tsunami
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waveforms are very similar, and these values are much smaller than 25.3 from EastMw7.7
scenario (Figure 10). Some selected waveforms used to calculate these misfits can be seen
in Figure 9b.

In retrospect, after the earthquake moment magnitude became available, we had two
tsunami threat level maps. One was from the scenario nearest to the epicentre and the other
was an interpolated threat level map from two scenarios nearest to the epicentre. To make
a conservative tsunami forecast, the higher threat level at each warning zone from the two
scenarios should be selected. The tsunami waveforms recorded within 1.5 hours at the
nearby four coastal gauges showed that the interpolated scenario have tsunami waveforms
with better tsunami arrival time but slightly worse tsunami amplitude predictions
(misfit spours = 1.09) compared to those from the nearest scenario to the epicentre
(misfit; spours = 0.42) (Figure 10). The analysis with more tsunami waveforms at DART
stations and coastal gauges that were available more than 2.2 hours after the earthquake
suggest that the best scenario was the interpolated scenario which has a smaller misfit

(Figure 10) and better tsunami arrival time prediction.
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567 Figure 10 Misfit and average misfit of tsunami amplitude at observation stations from the interpolated, WestMw?7.7,
568 EastMw?7.7 scenarios. The misfit is increasing over time as the number of stations used for the calculation increases. The
569 average misfit is the misfit divided by the number of stations.

570

571 5.2. Expanding the scenario database

572 The current tsunami threat level maps for New Zealand are all based on thrust
573 earthquake scenarios. The 2021 Loyalty Island earthquake was also a thrust event. The
574 magnitude and focal mechanism of the earthquake can be confidently concluded in about
575 2 hours before the tsunami reaches any New Zealand coastline or 30 minutes after the
576 earthquake occurred. However, initial earthquake magnitude estimates for unusual kinds
577 of tsunamigenic earthquakes such as tsunami earthquakes (Kanamori, 1972) may not be
578 accurately obtained as quickly as those of typical thrust faulting earthquakes. Tsunami
579 earthquake scenarios may be further developed by assuming a rigidity of 10 GPa which is

580 smaller than the currently used one of 40 GPa when calculating the slip amount from any
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given moment magnitude. It has been shown that the use of smaller rigidity for tsunami
earthquakes with a given moment magnitude provides better tsunami impact predictions
(Tanioka et al., 2017).

Large tsunamigenic intraplate earthquakes with the potential to create disastrous
tsunamis may also occur with normal faulting mechanisms, such as the 1933 Sanriku (Mw
8.4), 1977 Sumba (Mw 8.3), and 2017 Chiapas (Mw8.2) earthquakes (Lynnes and Lay,
1988; Tanioka and Satake, 1996; Gusman et al., 2009; Gusman et al., 2018; Melgar et al.,
2018). There is currently no scenario in the database with normal faulting mechanism, thus
an update that includes this earthquake mechanism is recommended.

As shown above, if the current pre-computed scenario were used to forecast the tsunami
in the near field, the actual tsunami arrived after the predicted arrival time in New
Caledonia, while the tsunami arrived before the predicted arrival time in Fiji. This is
because the selected scenario is Westward the actual epicentre and the distance between
scenarios is 150 km. Also, the plate boundary is curved around the earthquake source and
the strike angles of fault model patches there varies from 260° to 300°. These suggest that
the earthquake scenarios around the source region are not dense enough for those two
countries. A simple rule for the distance between the scenarios based on the earthquake
magnitude may be applied to expand the scenarios. The distance can be set to be at least
half of the typical fault length for a given earthquake magnitude. This will give scenario
distance of 50 km for earthquake scenarios with magnitudes from 7.5 to 7.9. Interpolation
between scenarios may be more effective than having more scenarios and would be
computationally more efficient to try to cover every possible earthquake that might occur.
Although adding more scenarios is preferred for areas like the Southern New Hebrides

subduction zone that have fault patches with a significant range (>20°) of strike angles.
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5.3. Rapid Response

In real-time, the response relied on threat-level maps derived from precalculated
scenarios as described above. The NZTEP used modelling based on a coarse simplification
of the earthquake source to validate the pre-calculated models. These simplified models
used 50 km x 100 km subduction zone unit sources and precalculated wave propagation
Green’s Functions from the propDB database accessed within the ComMIT software
(Titov et al., 2011). One unit source (NV37b centered at 22.69° S — 171.55° E) was used
to represent the earthquake rupture with homogeneous slip. Based on a seismic magnitude
of Mw7.7, initial response simulations calculated the tsunami wavefield resulting from 2m
slip. The resulting forecasts were used to augment the threat maps based on the pre-
calculated scenarios described above. During the response, it was noted that forecast
amplitudes were less than those recorded at coastal tide gauges and DARTSs. To account
for this discrepancy, a precautionary approach was taken and the modelled slip was
adjusted to ~4m, increasing the estimated earthquake magnitude to Mw7.9. This is
compatible with the maximum slip amount of 4.1 m as described above. The pragmatic
effect of this adjustment was to inform the expect duration of the Marine and Beach threat.
We note that manual calibration of the forecast is an interim step toward real-time
inversion based forecasting. Current and future work is aimed at implementing inversion
of DART data and improved forecasting. The Loyalty Island earthquake and tsunami
represent a valuable datapoint to help characterize the uncertainties involved in coarse
discretization of the earthquake source and determine an acceptable tradeoff between

computational time and forecast accuracy.
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6. Conclusions

We estimated the slip distribution of the 2021 Loyalty Islands earthquake from tsunami

waveforms recorded at 4 DART stations and 24 coastal gauges. The tsunami threat levels in

coastal regions in New Zealand from the estimated slip distribution are then used as a reference

map to evaluate the performance of our pre-computed earthquake scenario database selection

and interpolation approaches for tsunami forecasting. The main results are:

)

iii)

The major slip region of the estimated fault slip distribution is located near the
trench with maximum slip amount of 4.1 m. The computed seismic moment for the
source model of 3.39 x 10°° Nm (Mw?7.65) is consistent with the Global Centroid
Moment Tensor and USGS W-phase Moment Tensor solutions.

The coastal gauge records clearly showed that the largest amplitudes may be
observed many hours after the tsunami arrived and the oscillation may last for more
than 10 hours after the earthquake. Therefore, long tsunami simulation time is
needed to properly calculate the potential tsunami threat from an earthquake
scenario, for our scenarios the simulation time is 30 hours.

The threat level of coastal regions in the West Coast of South Island of New Zealand
is the same as some of those in the North Island even though the two locations are
as far as 1000 km apart. The tsunami simulation results suggest that the tsunami
was refracted by the Challenger Plateau and Bellona Basin which refocused some
of its energy towards the West Coast of South Island.

A tsunami threat level map can be obtained by interpolating two nearest Mw 7.7
earthquake scenarios (WestMw7.7 and EastMw?7.7) to the epicentre available in the
database. In this case the tsunami waveforms recorded at the coastal gauges and
DART stations show that the interpolated waveforms matched the observed

tsunami amplitude and arrival time better than those from the two Mw 7.7 in the
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database. However, threat level validation or update from the analysis of tsunami
data must be done with caution especially if the station azimuthal coverage is still
poor during an event. The azimuthal coverage can increase as the tsunami
propagates and is recorded by more stations.

V) The threat level maps from the nearest scenario and the interpolation both give
accurate tsunami forecast for most warning zones. For a conservative forecast an
ensemble tsunami threat level map can be obtained from the two maps. In this case
the ensemble tsunami forecast is the same as the interpolation result.

vi) The existing earthquake scenarios are not dense enough to accurately forecast the
tsunami in countries near the epicentre such as New Caledonia, Vanuatu and Fiji.
A solution for this problem is by densifying earthquake scenarios. Another option
with much lower computational cost is by interpolating the threat levels and tsunami

waveforms from the existing available scenarios.
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