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EXECUTIVE SUMMARY
This report is an extension to the studies conducted for Environment Canterbury (ECan)
that provided them with tsunami inundation maps for urban Christchurch (Mueller et al. 2019)
and for Selwyn district (Mueller et al. 2020). In this study, we extend the modelled area to
include northern Banks Peninsula and northern Pegasus Bay. These areas were not covered
in the previous studies but are needed to form a complete picture of the evacuation zoning
requirements in Canterbury’s coastal areas. Throughout the report, we will refer to the previous
studies as the ‘Christchurch study’ and the ‘Selwyn study’, respectively.
In order to better refine the understanding of tsunami impacting the Canterbury coast,
and especially inundating the northern Pegasus Bay and northern Banks Peninsula bays,
we have re-run 240 hydrodynamic models. This includes tsunami produced by earthquakes
from a range of sources, local and Pacific-wide.
In 2018, ECan describes the key problem they seek to solve as follows (from their Request for
Proposal), which is also the key problem for the new study areas:
“Previous hydrodynamic modelling of tsunami inundation for Christchurch has been
undertaken for two ‘worst case’ tsunami scenarios: a distant source scenario
(a magnitude 9.485 earthquake on the Peruvian subduction zone) and a regional
source scenario (a magnitude 9 earthquake on the Hikurangi subduction zone
coinciding with a magnitude 8.8 earthquake on the Wairarapa Fault). These two
modelled scenarios give a significant difference in inundation area for Christchurch,
with the distant source tsunami scenario causing significantly more inundation than
the regional source scenario.
This result is inconsistent with most other areas in New Zealand where ‘worst case’
local and regional source tsunamis are understood to produce more inundation
than ‘worst case’ distant source tsunamis. This situation creates difficulties with
nationally-consistent messaging around tsunami evacuation zones and local and
regional source tsunamis. In particular a ‘long or strong earthquake = evacuate all
zones’ message appears not to apply to Christchurch.”
To help resolve this issue, a large set of local, regional and distant potential tsunami sources
were investigated. For the present study, a total of 244 individual scenarios coming from
the previous Christchurch (Mueller et al. 2019) and Selwyn (Mueller et al. 2020) studies were
re-run using the COMCOT (Cornell Multi-Grid Coupled Tsunami model) tsunami model
(Wang and Power 2011) as the core simulation engine of our assessment. Out of this set,
106 scenarios were run to inundation for northern Pegasus Bay from the Waimakariri river
mouth to 3 km north of the Waipara River mouth, and 138 were run to inundation for the
northern Banks Peninsula Bays from Adderley Head to Katawa Head, and to wave height at
coast above mean sea level for both of them. Inundation simulations for northern Pegasus Bay
also included the interaction between river flow of the major rivers (Waimakariri, Kaiapoi)
and the impacting tsunami. For both regions, we re-run a number of potential ‘Worst Case’
scenarios, including local, regional and distant sources – the ‘worst case’ scenario being
defined here as the largest credible earthquake from a given source location, generating
the largest inundation extent out of all investigated scenarios. Also, two sets of scenarios
from different regions around the Pacific that reach 3 m and 5 m target wave heights at the
coast in the Christchurch and Banks Peninsula tsunami forecasting zones (Zones 29 and 30,
respectively, in the New Zealand Tsunami Threat Level database) have also been computed,
as requested by ECan.
iv
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For northern Banks Peninsula, we conclude that the Hikurangi ensemble and the Pacific East
ensemble are very similar, with the latter having the greatest inundation extent overall.
However, this distinction is not so clear for northern Pegasus Bay. Both Hikurangi and
Pacific East (PE) ensemble tsunami show similar significant flow depths and inundation
extents along the Hurunui District coast of northern Pegasus Bay, while the Pacific East
ensemble appears to have a greater extent on the southern Waimakariri District coastline
around the Waimakariri River mouth compared to the Hikurangi ensemble.
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1.0

INTRODUCTION

1.1

Project Background

This report is submitted by GNS Science in response to a request from Environment
Canterbury (ECan) for hydrodynamic inundation modelling of the northern Pegasus Bay
and northern Banks Peninsula bays and offshore maximum wave height modelling of the
Canterbury coastline.
Two previous studies, including hydrodynamic modelling of tsunami inundation for Christchurch
(Mueller et al. 2019) and Selwyn (Mueller et al. 2020), have been undertaken for different
sets of ‘worst case’ tsunami scenarios, including regional and distant source scenarios. These
scenarios are re-run within the framework of this new study in order to extend the Christchurch
inundation maps further north and south.
To reach this goal, two new Digital Elevation Models (DEM; a combination of topography
and bathymetry) responding to ECan specifications have been built: one for the northern
Pegasus Bay area and the other for the northern Banks Peninsula bays (see Section 2.2).
High resolution topographic data (LiDAR) and nautical charts data have been used to build
these DEMs in order to conduct more detailed inundation flow depth and velocities modelling.
The good quality of the data available for Canterbury enables highly detailed hydrodynamic
inundation modelling. As previously mentioned in Mueller et al. (2019), such data allow the
delineation of more accurate evacuation zones.
The Cornell Multi-Grid Coupled Tsunami model (COMCOT; Wang and Power 2011) is the core
simulation engine of our assessment. It is routinely used and constantly improved for tsunami
research at GNS Science. It has been used previously for tsunami inundation modelling for
several New Zealand cities exposed to tsunami hazard, including Wellington, Napier, Gisborne
and Tauranga, to name a few. Recent simulations of past events (e.g. Japan 2011, Chile 2015)
on the DEM of northern Banks Peninsula used in the present study have shown good
results, especially when comparing real tide gauge records to virtual records at Sumner station
(Roger and Power, in prep.).
Magnitudes given in this report for subduction zone sources are always accompanied by
a label indicating the rigidity 1 that has been assumed to avoid any confusion. Magnitudes
related to 50 GPa are given as MW 50 and magnitudes related to 35 GPa are given as
MW 35. Alternatively, the rigidity is indicated in brackets in the text. Scenario names
(e.g. ‘PE_mw93_4’) always assume 50 GPa.

1.2

Project Task Overview

In this section, we present the request from ECan in its original wording.
1.2.1

Task 1: ‘Worst Case’ Scenario Simulation for Northern Pegasus Bay

ECan has requested GNS Science to model several different ‘worst case’ tsunami scenarios
for northern Pegasus Bay for both regional and distant source tsunami. These scenarios were
run for the two previous multiple scenario tsunami modelling studies for Canterbury 2:

1
2

Often also referred to as shear modulus, which is a measure for the elastic strength of the rock: MW ~ rigidity*slip.
These magnitudes assume 50 GPa rigidity.
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•

M9.0 southern Hikurangi

•

M9.3 southern Kermadec

•

M9.3 Central America

•

M9.45 South America.

‘Worst case’ means the largest credible earthquake from that source that is consistent with an
approximately 2500-year return period (84% confidence level). 3 If there are multiple possible
‘worst case’ scenarios for a particular source (e.g. involving different slip patterns), the ‘worst
case’ is the one(s) that generate the largest wave heights at coast offshore Sumner.
These scenarios are to be simulated to inundation for the Pegasus Bay coast from the
Waimakariri River mouth (NZTM 1577000-5195500) to 3 km north of the Waipara River
mouth (NZTM 1585600-5224200), including Kaiapoi, and the northern Banks Peninsula bays
from Adderley Head (NZTM 15861005172100) to Katawa Head (NZTM 1609600-5158600),
including the whole of Port Levy, Pigeon Bay, Little Akaloa Bay, Okains Bay and Lavericks Bay.
ECan requested time series for these models, relative to mean sea level, for the following
points of interest:
•

Offshore Kowai River mouth (at or near NZTM 1582400-5216400).

•

The entrance to Okains Bay (at or near NZTM 1606800-5164300).

1.2.2

Task 2: Re-Examination and Scenario Simulation for Northern Banks
Peninsula

ECan asked to re-examine the local fault sources modelled for the Christchurch multi-scenario
tsunami modelling project to determine whether any wave heights at coast generated at the
heads of the northern Banks Peninsula bays are higher than those generated by the worst
case regional and distant sources.
If any of the local tsunami scenarios generate wave heights at coast at the heads of the
northern Banks Peninsula bays that are more than the worst case regional and distant sources,
run these models to inundation for the northern Banks Peninsula bays from Adderley Head
(NZTM 15861005172100) to Katawa Head (NZTM 1609600-5158600), including the whole of
Port Levy, Pigeon Bay, Little Akaloa Bay, Okains Bay and Lavericks Bay.
ECan would like to be provided with time series for these models, relative to mean sea level,
for the following points of interest:
•

Offshore the entrance to Pigeon Bay (at or near NZTM 1593900-5171000).

•

The entrance to Okains Bay (at or near NZTM 1606800-5164300).

1.2.3

Task 2: 3 and 5 m Coastal Wave Heights Scenario Simulation for Both Zones

ECan asked to re-run all scenarios that produced a 5 m wave height at coast offshore
Christchurch (Zone 29) and Banks Peninsula (Zone 30) and all scenarios that produced 3 m
wave height at coast offshore Christchurch (Zone 29) and Banks Peninsula (Zone 30) from the
Christchurch and Selwyn multi-scenario tsunami modelling studies, respectively.

3

We note that the NEMA guidelines are that tsunami evacuation zones should at least encompass the 2500-year
(84% confidence) return period tsunami inundation.
2
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These models must be run to inundation for the Pegasus Bay coast from the Waimakariri River
mouth (NZTM 1577000-5195500) to 3 km north of the Waipara River mouth (NZTM 15856005224200), including Kaiapoi (scenarios from the previous Christchurch study), and the northern
Banks Peninsula bays from Adderley Head (NZTM 1586100-5172100) to Katawa Head
(NZTM 16096005158600), including the whole of Port Levy, Pigeon Bay, Little Akaloa Bay,
Okains Bay and Lavericks Bay (scenarios from the previous Selwyn study).
Also, ECan would like to be provided with time series for these models, relative to mean sea
level, for the following points of interest:
•

Offshore Kowai River mouth (at or near NZTM 1582400-5216400).

•

The entrance to Okains Bay (at or near NZTM 1606800-5164300).

1.2.4

Specific Requests from ECan

ECan did not explicitly require suggested tsunami evacuation zone extents to be developed
for this project. They also requested that all bridges should be removed from the model grid so
that water can flow underneath them (rather than them being represented as solid barriers).
A representative (average) flow should be assumed in the Waimakariri and Kaiapoi rivers
(the representative flow can be the same as that used in the multi-scenario tsunami modelling
for Christchurch). Flow for the Waipara, Kowai and Ashley rivers, and streams at the heads of
the northern Banks Peninsula bays, will not be included in the model.
GNS Science was also to assume that the largest wave arrives at Mean High Water Springs
(note that this might not be the same wave at every location in a single scenario). 4 All stop
banks and seawalls were requested to be resolved to an appropriate level in the model grid.
The topography of the dunes should be fixed, rather than modified by scour or erosion during
the tsunami event. Finally, the model should use the Lyttelton Vertical Datum 1937. Mean High
Water Springs is assumed to be 1.20 m above mean sea level (Lyttelton Vertical Datum 1937)
for the Pegasus Bay and northern Banks Peninsula coasts. This is slightly higher than
MHWS10 for this area, as defined by NIWA in 2015 (Stephens et al. 2015), but is consistent
with previous tsunami modelling along the Canterbury coastline.
Deliverables
1.

A consultancy report outlining the methods used to create the models, the limitations of
these methods and a discussion of the results.

2.

Spatial datasets (compatible with ArcGIS) for maximum inundation depth and speed.
Spatial datasets (compatible with ArcGIS) for maximum wave height at coast for the
Canterbury coast for each scenario.

3.

Time series spreadsheets for each scenario, and source images for each scenario.

4

This is achieved in modelling by setting the ambient water level of the entire ocean to 1.2 m.
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2.0

NUMERICAL METHODS

2.1

Simulation Software: COMCOT

The numerical simulation model COMCOT was adopted to calculate both river flows and
tsunami, including the interaction between the two processes. It was originally developed at
Cornell University, USA in the 1990s (Liu et al. 1998; Wang 2008), and, since 2009, it has
been under development at GNS Science, New Zealand (Wang and Power 2011). Multiple
source mechanisms have been integrated in this simulation tool, such as subaerial/submarine
landslides and earthquakes with transient rupture and/or variable slip distributions.
This model has been widely used by researchers worldwide to study various aspects of
tsunami, including tsunami generation mechanism, transoceanic propagation, run-up and
coastal inundation. In recent years, it has also been increasingly used to investigate storm
surges, wave-structure interactions, effects of rivers / tides / sea-level rise on tsunami
hazards and landslides in reservoirs/lakes and downstream flooding (Wang and Liu 2006;
Wijetunge et al. 2008; Beavan et al. 2010; Mueller et al. 2015; Mountjoy et al. 2019; Liu et al.
2018; Power et al. 2019; Wang et al. 2020a, 2020b).
COMCOT uses a modified staggered finite difference scheme to solve Shallow Water
Equations, typically governing tsunami, floods and river flows with shock-capturing upwind
scheme, together with breaking algorithm for hydraulic jumps, e.g. in rivers and tsunami
bores during inundation. Manning’s formula is used for the bed friction. To account for the
shallowness of water depth and ensure enough spatial resolution in near-shore regions,
a nested grid configuration is implemented. It uses a relatively large grid spacing to efficiently
simulate the propagation of tsunami in the deep ocean and uses increasingly refined grid
spaces in coastal regions where high spatial resolutions are needed. This approach balances
computational efficiency and numerical accuracy (Wang 2008; Wang and Power 2011).
In the study for northern Pegasus Bay, a two-stage approach was used to simulate tsunami
inundation process with the presence of background flows in Waimakariri and Kaiapoi Rivers.
The first stage focuses on the simulation of river flows. Using observed river discharge data
as input, river flows are continuously simulated with COMCOT at Mean High Water Springs
(MHWS) until a steady state is reached. The modelled steady state flow field is then saved as
snapshots of water level and velocity components. In the second stage, tsunami are simulated
for all selected source scenarios, including tsunami generation, transoceanic propagation,
coastal run-up and inundation at MHWS. During a tsunami simulation, the saved snapshot
data of steady-state river flow will be loaded into the simulation just before the tsunami enters
the area of high-resolution run-up and inundation calculation and COMCOT will continue to
calculate river flows, tsunami propagation, run-up and inundation, as well as the interaction
between river flow and tsunami till the end of a modelled duration, typically 30 hours for a
distant source tsunami.

2.2

DEM Development and Model Set-Up

In this study, two sets of five levels of DEM grids at different spatial resolutions were used
to simulate tsunami generation, propagation and coastal inundation across different regimes
for northern Pegasus Bay and northern Banks Peninsula Bays, as well as river flows of
Waimakariri and Kaiapoi Rivers for northern Pegasus Bay.

4
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The data for the first-level grids, grid layer 01, came from the NGDC ETOPO2 5 topographic
and bathymetric database, which covers the whole Pacific to simulate tsunami generation
and propagation from distant sources, modelled at a spatial resolution of 2 arc-minutes
(~1.8 km on the Equator, Figure 2.1). The second-level grids, grid layer 02, were derived
from LINZ Charts, the Seabed Mapping CMAP and GEBCO 08 6 datasets, which covers
central New Zealand and its offshore regions at 30 arc-seconds (~640–740 m in New Zealand,
Figure 2.2). The third- and fourth-level grids, i.e. grid layers 03 and 04, derived from the same
sources as the second-level grids, cover the entire Canterbury coast at a spatial resolution
of 6.0 arc-seconds (~130 m, Figure 2.3) and northern Pegasus Bay and northern Banks
Peninsula areas at a spatial resolution of 1.5 arc-seconds (~32 m, Figure 2.4), respectively.

Figure 2.1

5

6

Grid layer 01 set-up for tsunami generation and propagation modelling. This outer grid layer spans
the whole Pacific for tsunami from distant sources. See Figure 2.2, Figure 2.3 and Figure 2.4 for
closer detail of grid layers 02, 03 and 04. Elevation above sea level is colour-coded in metres.

National Geophysical Data Center: https://www.ngdc.noaa.gov; “ETOPO is a topography/bathymetry dataset
which is available in resolutions up to 1 arc-minute.” ETOPO2 has 2 arc-minute resolution:
https://www.ngdc.noaa.gov/mgg/global/etopo2.html
https://www.gebco.net/: “GEBCO’s gridded bathymetric data sets are global terrain models for ocean and land,
and includes the GEBCO 2014 Grid, a global 30 arc-second interval grid.” CMAP: digitisation of marine charts
created by Seabed Mapping International Ltd, Port Nelson, New Zealand.
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Figure 2.2

6

Grid layer 02 set-up for tsunami generation and propagation modelling. This figure shows the nested
grid layers 02 (full extent of the map), which focuses on the southern North Island and most of the
South Island and offshore regions at increasing levels of detail. The red boxes outline the coverages
of grid layers 03 and 04. Elevation above sea level is colour-coded in metres.
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Figure 2.3

Grid layer 03 set-up for tsunami propagation modelling. This figure shows nested grid layers 03
(full extent of the map) and 04 (red box), which focus on the entire Canterbury coast as well as the
northern Pegasus Bay and northern Banks Peninsula areas at increasing levels of detail. Elevation
above sea level is colour-coded in metres.

GNS Science Consultancy Report 2020/136

7

Figure 2.4

Grid layer 04 set-up used for tsunami propagation in the Christchurch area. This figure shows nested
grid layer 04 (full extent of the map) and grid layers 05 and 06 (red boxes), which respectively focus
on the northern Pegasus Bay and northern Banks Peninsula areas at increasing levels of detail.
Elevation above sea level is colour-coded in metres.

The fifth-level grids, grid layer 05 and grid layer 06, respectively cover the northern Pegasus
Bay coast from Waimakariri River mouth to 3 km north of the Waipara River mouth (Figure 2.5)
and northern Banks Peninsula from Adderley Head to Katawa Head (Figure 2.6) for highresolution numerical simulations of river flows, tsunami coastal run-up and inundation and
tsunami–river flow interaction (northern Pegasus Bay layer only). The spatial resolution of
these two grids is 10 m.

8

GNS Science Consultancy Report 2020/136

Figure 2.5

The coverage of the fifth-level grid, grid layer 05, for the numerical simulations of river flows and
tsunami inundation at the highest spatial resolution for northern Pegasus Bay. Elevation in terms of
Lyttelton 1937 datum is colour-coded in metres. The black star symbolises the location of the virtual
tide gauge at Kowai River mouth (172.78°E, 43.20°S).

Figure 2.6

The coverage of the fifth-level grid, grid layer 06, for the numerical simulations of tsunami inundation
at the highest spatial resolution for northern Banks Peninsula. Elevation in terms of Lyttelton 1937
datum is colour-coded in metres. The black stars symbolise the location of the virtual tide gauges at
the entrance of Pigeon and Okains Bays (172.92°E, 43.61°S and 173.08°E, 43.67°S, respectively).

The DEM for northern Pegasus Bay has been developed using the best available topographic
and bathymetric datasets. It has a horizontal resolution of 5 m. The topographic data
come from a 5-m-resolution DEM provided by ECan (Tsunami_5m.tif) that has been
created using the ‘ArcGIS Cell Statistics’ tool, which preserves the maximum cell values of
GNS Science Consultancy Report 2020/136
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different DEM rasters existing in the area, and the 8-m-resolution DEM provided by LINZ 7
for the areas without LiDAR coverage. The bathymetric data consisted of sounding data,
depth contours and Waimakariri-Kaiapoi river estuary data extracted from the nautical charts
(e.g. https://data.linz.govt.nz/layer/51255-chart-nz-63-kaikoura-peninsula-to-banks-peninsula/).
Both topographical and bathymetric datasets were merged together and were re-sampled
using krigging interpolation to create the DEM at 5 m grid spacing, using Lyttelton Vertical
Datum 1937 as a reference level. The southern part of the grid, where the Waimakariri and
Kaiapoi rivers are, overlaps with the previous DEM used by Mueller et al. (2019), which comes
from this DEM. Bridges over rivers were removed to allow tsunami to travel further upstream
along the river channels. Some artefacts have been removed before merging all the datasets
with interpolation processes.
The DEM for grid layer 06 was slightly revised and extended further to the north from the one
used for the Selwyn study (Mueller et al. 2020).
These two DEMs have been used to generate numerical grids 05 (Figure 2.5) and 06
(Figure 2.6), which are used in COMCOT to simulate both river flow and tsunami inundation
at MHWS, 1.2 m above the reference level of Lyttelton Datum 1937. The seafloor displacement
in a simulated earthquake event is calculated using the elastic theory documented in
Okada (1985). Manning’s roughness formula was used to model friction effects on river flows
and tsunami with roughness values consistent with those for tsunami evacuation zone
modelling in Greater Wellington Region (Mueller et al. 2017). A summary of the simulation
parameters for each layer can be found in Table 2.1.
Table 2.1

Parameters for tsunami propagation and inundation simulations. Note that COMCOT uses staggered
grid stencils for water surface elevation and velocity components, leading to an internal grid spacing
half of the input grid size between its water surface elevation and velocity calculations. The Wet/Dry
threshold is the location in the grid where the model assumes no water access and is either an isoline
in the topography (e.g. wall at the coast) or an area of the grid where the flow depth would be smaller
than a given threshold.

Layer

∆x
(arc-min)

∆y
(arc-min)

∆t
(sec)

Roughness

01

2.0

0.84524–2.00000

2.98858190

Disabled

Wall at coast

02

0.5

0.33317–0.38430

1.49429095

Disabled

Wall at coast

03

0.1

0.07017–0.07485

0.49809697

Disabled

Wall at coast

04

0.025

0.01795–0.01832

0.24904849

Disabled

Wall at coast

0.00605–0.00609

0.24904849

0.02500,

10-5 m for calculation

0.01100

10-4 m for output

0.00602–0.00604

0.12452424

0.02500,

10-5 m for calculation

0.01100

10-4 m for output

05

06

2.3

0.00833
(~10 m)
0.00833
(~10 m)

Wet/Dry Threshold

River Discharge and Flow Modelling

The Waimakariri and Kaiapoi rivers are the major rivers whose flow could potentially influence
the tsunami inundation in northern Pegasus Bay. For those rivers, tsunami inundation was
simulated with the presence of modelled background river flows. For more details of the
method, see Mueller et al. (2019).

7

https://data.linz.govt.nz/layer/51768-nz-8m-digital-elevation-model-2012/
10
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3.0

SOURCE SIMULATION

This section presents the different sources that have been used for this study for both regions,
northern Pegasus Bay and northern Banks Peninsula. The sources are grouped into ensemble
sets. As an ‘ensemble’, we define a set of tsunami simulations that belong to a given category
such as ‘all local crustal source scenarios’ or ‘all scenarios from the same source, but with
different distributions of slip across the source surface for each scenario’.

3.1

‘Worst Case’ Scenarios

3.1.1

Local Crustal Fault Sources for the Canterbury Coast Region

‘Worst case’ scenarios from local crustal sources have been selected in the national active
fault database. Selection criterion were a focal mechanism other than strike-slip, recurrence
intervals of less than 63,000 years (to include most cases in the database) and moment
magnitudes greater than or equal to 6.5 MW (sources with smaller magnitudes are assumed to
not create tsunami waves directly according to tsunami catalogues – e.g. see Roger et al.
2019) and were fully or partially offshore. Tsunami modelling helped to conclude that none
of these scenarios need to be considered for any of the requested ‘worst case’ inundation
modelling as their wave heights at coast are considerably smaller than the ‘worst cases’
considered in the previous studies. For more details, see Mueller et al. (2019), where this has
already been demonstrated.
3.1.2

Hikurangi Subduction Zone Interface Sources

The Hikurangi subduction zone has been identified as one of the most important tsunami
sources for New Zealand (Power et al. 2008; Power 2013), including the possibility of wholemargin ruptures of up to approximately MW 9.0 (50 GPa). Recent paleo-tsunami and paleoearthquake studies have also emphasised the importance of this region in terms of tsunami
sources (Clark et al. 2015). In previous studies (e.g. Mueller et al. 2014, 2015), the Hikurangi
subduction zone has been identified as the credible ‘worst case’ tsunami source for the greater
Wellington region. For these reasons, it has also been considered as a potential candidate
for a ‘worst case’ scenario impacting Canterbury, and thus it is also used in this study for
northern Pegasus Bay and the northern Banks Peninsula bays. The scenarios and their
parameters are those used and presented by Mueller et al. (2019) for the Christchurch study
and by Mueller et al. (2020) for the Selwyn study.
3.1.3

Distant and Regional ‘Worst Case’ Sources

The source regions around the Pacific Ocean that produced the largest offshore wave heights
in Christchurch have been identified by Mueller et al. (2019) from the New Zealand Tsunami
Threat Level database. 8 This database includes scenarios up to MW 9.3 (assuming 50 GPa
rigidity or, equivalently, MW 9.2 assuming 35 GPa rigidity) and was searched to find which
of these produced the largest coastal tsunami heights for the Christchurch forecasting zone
(Zone 29 in the New Zealand Tsunami Threat Level database). From this set of source regions,
those where an earthquake of this magnitude was considered plausible have been selected
for the previous studies. In addition to the previous scenarios, a 10-scenario ensemble from

8

The database is a collection of tsunami scenarios with their wave height forecasts for a set of zones around the
New Zealand coast. It is used by the New Zealand Tsunami Experts Panel and GeoNet Duty Officers for initial
tsunami response. Here we are using an unpublished, updated version from the one documented in Power and
Gale (2011).
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Puysegur Trench with magnitude MW 9.3 (50 GPa, PT_mw93_1) and a 10-scenario ensemble
from the Pacific East with magnitude MW 9.45 (50 GPa, PE_mw945_17) have also been
computed and included for both inundation grids. These were the biggest contributors to the
inundation extents in the previous Selwyn and Christchurch studies, respectively. All ‘worst
case’ sets of scenarios are summarised in Table 3.1 and shown in Figure 3.1 for northern
Pegasus Bay and in Table 3.2 and Figure 3.2 for northern Banks Peninsula.
For information, nomenclature for these scenarios follows the naming convention in the
New Zealand Tsunami Threat Level database. As an example, ‘PE_mw93_4_3’ refers to a
scenario in the East Pacific region (PE) with magnitude MW 9.3 (93) and source location 4 (4)
in the set of sources for that region of the database. The additional digit ‘3’ refers to the target
wave height in the forecasting zone (3 m). Please note that magnitudes given in the scenario
names refer to a rigidity of 50 GPa.

Figure 3.1

Northern Pegasus Bay source locations, magnitudes and ID_codes for distant and regional ‘worst
case’ scenario candidates. We do not indicate a location for Hikurangi sources as the source is
complex and refer the reader to the reports of Mueller et al. (2019, 2020). The Puysegur Trench
source is indicated in Figure 3.2.

Table 3.1

Parameters for distant and regional ‘Worst Case’ scenario candidates for northern Pegasus Bay.

12

ID_Code

MW 35

MW 50

Number of
Realisations

Hikurangi_A, B, C

8.90

9.00

30 (10 each)

PE_mw93_4

9.30

9.40

10

KT_mw93_1

9.30

9.40

10

PE_mw945_17

9.35

9.45

10

PT_mw93_1

9.15

9.30

10
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Figure 3.2

Northern Banks Peninsula source locations, magnitudes and ID_codes for distant and regional
‘worst case’ scenario candidates. Please note that the Hjort trench scenario (HT_mw93_1) was
considered implausible, as this source is not expected to produce a MW 9.0 or above earthquake.
‘Height in zone’ refers to the 99th percentile of coastal wave heights measured in the Banks Peninsula
forecasting zone. We do not indicate a location for Hikurangi sources as the source is complex
and refer the reader to the reports of Mueller et al. (2019, 2020). For location of PE_mw945_17,
please see Figure 3.1.

Table 3.2

Parameters for distant and regional ‘Worst Case’ scenario candidates for northern Banks Peninsula.

3.2

ID_Code

MW 35

MW 50

Number of
Realisations

Hikurangi_A, B, C

8.90

9.00

30 (10 each)

NH_mw93_10

9.15

9.30

10

KT_mw93_1

9.15

9.30

10

PT_mw93_1

9.15

9.30

10

PE_mw93_1

9.15

9.30

10

PE_mw93_5

9.15

9.30

10

PE_mw93_16

9.15

9.30

10

PE_mw945_17

9.35

9.45

10

3 m and 5 m Scenario Source Identification and Scaling Methodology

Determination of scenarios that generate 3 m and 5 m tsunami wave heights at coast follows
the methodology to develop the orange evacuation zone in line with the ‘Director’s Guideline’
(MCDEM 2016). The overall methodology for developing the orange zone as well as the source
models used in this study are detailed in Mueller et al. (2019).
3.2.1

Scenarios with 3 m Target Wave Height

In this section, scenarios producing a coastal wave height of ~3 m in the Christchurch forecast
zone (Zone 29 in the New Zealand Tsunami Threat Level database) and the Banks Peninsula
forecast zone (Zone 30 in the New Zealand Tsunami Threat Level database) used in the
Christchurch and Selwyn projects, respectively, have been re-run for northern Pegasus Bay
(Table 3.3, Figure 3.3) and northern Banks Peninsula (Table 3.4, Figure 3.4), respectively.
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These sources have been selected when able to cause a ‘maximum’ wave height (here, the
99th percentile of all wave heights in Zone 29) ranging between 2.5–4 m. This initial information
was taken from the threat level database as described above. Before inundation simulation,
an initial scaling was applied to achieve a 3 m wave height locally, as described in Mueller
et al. (2019, 2020) (at mean sea level).

Figure 3.3

14

Source locations, magnitudes (as per forecasting database) and ID codes for the scenarios with 3 m
target wave height in the Christchurch forecasting zone (Zone 29 in the New Zealand Tsunami
Threat Level database).
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Table 3.3

Parameters for scenarios with 3 m target wave heights for northern Pegasus Bay in the Christchurch
forecasting zone (Zone 29 in the New Zealand Tsunami Threat Level database).

Magnitude
Wall

MW
Inundation
(50/35
GPa)

99th
Perc.
Height
(m)

Scaling
Factor

Modified
Slip (m)

9.0/8.9

9.05

9.11/9.01

2.93

1.23

19.06

25.51

9.3/9.2

9.34

9.51/9.41

1.99

1.81

46.16

PE_mw90_1

14.94

9.0/8.9

9.04

9.11/9.01

2.79

1.29

19.27

KT_mw93_4

24.82

9.3/9.2

9.33

9.35/9.25

3.34

1.08

26.77

PW_mw93_16

24.39

9.3/9.2

9.33

9.43/9.33

2.56

1.41

34.28

PW_mw93_24

24.16

9.3/9.2

9.32

9.44/9.34

2.43

1.48

35.80

PW_mw93_11

23.13

9.3/9.2

9.31

9.40/9.30

2.65

1.36

31.48

PT_mw90_1

13.35

9.0/8.9

9.01

9.10/9.00

2.63

1.37

18.28

PE_mw93_25

21.77

9.3/9.2

9.29

9.33/9.23

3.16

1.14

24.81

KT_mw93_7

21.47

9.3/9.2

9.29

9.27/9.17

3.81

0.94

20.27

PE_mw90_17

12.53

9.0/8.9

8.99

9.08/8.98

2.59

1.39

17.45

NH_mw93_9

20.54

9.3/9.2

9.28

9.34/9.24

2.87

1.25

25.77

PE_mw93_29

51.11

9.3/9.2

9.28

9.37/9.27

2.57

1.40

71.54

KT_mw90_1

12.20

9.0/8.9

8.98

9.06/8.96

2.76

1.30

15.89

PE_mw93_13

19.89

9.3/9.2

9.27

9.35/9.25

2.73

1.32

26.20

PE_mw93_8

18.72

9.3/9.2

9.25

9.29/9.19

3.19

1.13

21.11

HT_mw90_1

11.96

9.0/8.9

8.92

8.84/8.74

4.70

0.77

9.17

ID_Code

Original
Slip of
Scenario

MW
Scenario
(50/35
GPa)

PE_mw90_21

15.49

PW_mw93_21

Figure 3.4

Indicative locations for the sources listed in Table 3.4 (3 m target wave height). Magnitudes are
colour-coded for 35 GPa rigidity. The label numbers refer to the source ID code in the table.
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Table 3.4

Parameters for scenarios with 3 m target wave heights for northern Banks Peninsula in the Banks
Peninsula forecasting zone (Zone 30 in the New Zealand Tsunami Threat Level database).

ID_Code

Original
Slip of
Scenario

MW
Scenario
(50/35
GPa)

Magnitude for
Simulations
to Coast

MW
Inundation
(50/35
GPa)

99th
Perc.
Height
(m)

Scaling
Factor

Modified
Slip (m)

(0) NH_mw90_10

18.73

9.0/8.9

8.99

8.87/8.77

5.41

0.67

12.46

(1) KT_mw90_1

13.61

9.0/8.9

9.01

8.92/8.82

4.99

0.72

9.83

(2) KT_mw93_5

22.27

9.3/9.2

9.3

8.97/8.87

11.41

0.32

7.03

(3) KT_mw93_7

19.07

9.3/9.2

9.26

8.89/8.79

12.94

0.28

5.3

(4) HT_mw87_1

7.36

8.7/8.6

8.72

8.60/8.50

5.31

0.68

4.99

(5) PT_mw90_1

10.42

9.0/8.9

8.93

8.92/8.82

3.83

0.94

9.8

(6) PE_mw90_2

14.72

9.0/8.9

9.03

9.14/9.04

2.52

1.43

21.05

(7) PE_mw90_4

11.38

9.0/8.9

8.96

8.99/8.89

3.21

1.12

12.78

(8) PE_mw93_8

20.56

9.3/9.2

9.28

9.31/9.21

3.18

1.13

23.28

(9) PE_mw93_13

19.7

9.3/9.2

9.27

9.26/9.16

3.72

0.97

19.08

(10) PE_mw90_16

11.23

9.0/8.9

8.96

9.02/8.92

2.93

1.23

13.82

(11) PE_mw90_19

13.67

9.0/8.9

9.01

9.02/8.92

3.48

1.03

14.13

(12) PE_mw93_25

21.49

9.3/9.2

9.29

9.30/9.20

3.48

1.04

22.26

(13) PE_mw93_28

22.89

9.3/9.2

9.31

9.27/9.17

4.14

0.87

19.91

(14) PW_mw93_11

21.56

9.3/9.2

9.29

9.35/9.25

2.94

1.23

26.44

(15) PW_mw93_14

22.94

9.3/9.2

9.31

9.30/9.20

3.71

0.97

22.23

(16) PW_mw93_28

26.09

9.3/9.2

9.35

9.43/9.33

2.72

1.32

34.51

(17) PW_mw93_33

43.08

9.3/9.2

9.34

9.47/9.37

2.33

1.54

66.52

16
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3.2.2

Scenarios with 5 m Target Wave Height

In this section, scenarios producing a coastal wave height of ~5 m in the Christchurch forecast
zone (Zone 29 in the New Zealand Tsunami Threat Level database) and the Banks Peninsula
forecast zone (Zone 30 in the New Zealand Threat Level database) used in the Christchurch
and Selwyn projects, respectively, have been re-run for northern Pegasus Bay (Table 3.5,
Figure 3.5) and northern Banks Peninsula (Table 3.6, Figure 3.6), respectively. These sources
have been selected when able to cause a ‘maximum’ wave height (here, the 99th percentile
of all wave heights in Zone 29) of 5 m. This initial Information was taken from the threat level
database as described above. Before inundation simulation, an initial scaling was applied to
achieve a 5 m wave height locally, as described above (at mean sea level).

Figure 3.5

Source locations, magnitudes (as per forecasting database) and ID_codes for the scenarios with 5 m
target wave height in the Christchurch forecasting zone (Zone 29 in the New Zealand Tsunami
Threat Level database).
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Table 3.5

Parameters for scenarios with 5 m target wave heights for northern Pegasus Bay in the Christchurch
forecasting zone (Zone 29 in the New Zealand Tsunami Threat Level database).

Magnitude
Wall

MW
Inundation
(50/35
GPa)

99th
Perc.
Height
(m)

Scaling
Factor

Modified
Slip (m)

9.3/9.2

9.40

9.47/9.37

4.70

1.28

39.86

31.04

9.3/9.2

9.40

9.59/9.49

3.09

1.94

60.36

PE_mw93_24

28.96

9.3/9.2

9.38

9.44/9.34

4.87

1.23

35.67

HT_mw90_1

19.94

9.0/8.9

9.07

9.02/8.92

7.19

0.83

16.63

KT_mw93_2

27.35

9.3/9.2

9.36

9.42/9.32

4.87

1.23

33.71

PE_mw93_20

27.09

9.3/9.2

9.36

9.42/9.32

4.79

1.25

33.94

KT_mw93_8

52.38

9.3/9.2

9.35

9.39/9.29

5.14

1.17

61.20

PE_mw90_5

15.37

9.0/8.9

9.05

9.12/9.02

4.63

1.30

19.93

PE_mw93_22

25.19

9.3/9.2

9.34

9.43/9.33

4.29

1.40

35.24

PE_mw93_7

23.32

9.3/9.2

9.31

9.39/9.29

4.63

1.30

30.22

PE_mw90_4

13.40

9.0/8.9

9.01

9.11/9.01

4.21

1.43

19.10

PE_mw93_14

22.19

9.3/9.2

9.30

9.38/9.28

4.52

1.33

29.44

PE_mw93_16

20.74

9.3/9.2

9.28

9.34/9.24

4.91

1.22

25.36

PE_mw93_3

18.26

9.3/9.2

9.24

9.35/9.25

4.11

1.46

26.64

NH_mw93_10

44.92

9.3/9.2

9.24

9.28/9.18

5.22

1.15

51.61

PE_mw93_18

17.47

9.3/9.2

9.23

9.29/9.19

4.96

1.21

21.11

PE_mw93_1

27.18

9.3/9.2

9.21

9.30/9.20

4.35

1.38

37.51

KT_mw93_1

26.58

9.3/9.2

9.20

9.24/9.14

5.24

1.15

30.44

PT_mw93_1

25.95

9.3/9.2

9.20

9.29/9.19

4.34

1.38

35.91

ID_Code

Original
Slip of
Scenario

MW
Scenario
(50/35
GPa)

KT_mw93_6

31.23

PW_mw93_13

Figure 3.6
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Indicative locations for the sources listed in Table 3.6 (5 m target wave height). Magnitudes are
colour-coded for 35 GPa rigidity. The label numbers refer to the source ID code in the table.
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Table 3.6

Parameters for scenarios with 5 m target wave heights for northern Banks Peninsula in the Banks
Peninsula forecasting zone (Zone 30 in the New Zealand Tsunami Threat Level database).

ID_Code

Original
Slip of
Scenario

MW
Scenario
(50/35
GPa)

Magnitude
for
Simulations
to Coast

MW
Inundation
(50/35
GPa)

99th
Perc.
Height
(m)

Scaling
Factor

Modified
Slip (m)

(0) NH_mw90_10

31.23

9.0/8.9

9.13

8.89/8.79

14.06

0.43

13.33

(1) NH_mw93_10

37.26

9.3/9.2

9.18

8.91/8.81

15.48

0.39

14.44

(2) KT_mw93_6

36.23

9.3/9.2

9.44

9.18/9.08

15.03

0.4

14.47

(3) KT_mw93_2

28.51

9.3/9.2

9.37

8.94/8.84

26.58

0.23

6.44

(4) KT_mw93_8

53.28

9.3/9.2

9.35

9.08/8.98

15.2

0.39

21.03

(5) PW_mw93_11

35.93

9.3/9.2

9.44

9.54/9.44

4.29

1.4

50.31

(6) PE_mw93_2

24.09

9.3/9.2

9.32

9.39/9.29

4.77

1.26

30.31

(7) PE_mw93_3

22.12

9.3/9.2

9.3

9.29/9.19

6.22

0.96

21.33

(8) PE_mw90_4

18.98

9.0/8.9

9.11

9.16/9.06

5.02

1.19

22.66

(9) PE_mw93_6

19.45

9.3/9.2

9.26

9.26/9.16

6.14

0.98

19

(10) PE_mw93_7

24.52

9.3/9.2

9.33

9.35/9.25

5.58

1.08

26.39

(11) PE_mw93_5

17.38

9.3/9.2

9.23

9.25/9.15

5.68

1.06

18.37

(12) PE_mw93_10

31.04

9.3/9.2

9.4

9.51/9.41

4.04

1.49

46.11

(13) PE_mw93_14

23.66

9.3/9.2

9.32

9.34/9.24

5.52

1.09

25.7

(14) PE_mw90_17

17.08

9.0/8.9

9.08

9.14/9.04

4.82

1.25

21.28

(15) PE_mw93_18

20.19

9.3/9.2

9.27

9.25/9.15

6.48

0.93

18.69

(16) PE_mw93_19

21.94

9.3/9.2

9.3

9.32/9.22

5.59

1.07

23.53

(17) PE_mw93_22

25.21

9.3/9.2

9.34

9.36/9.26

5.47

1.1

27.64

(18) PE_mw93_24

31.77

9.3/9.2

9.4

9.44/9.34

5.29

1.14

36.07

(19) PT_mw90_1

17.36

9.0/8.9

9.08

9.00/8.90

7.92

0.76

13.15
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4.0

SIMULATION RESULTS

In this section, we present the simulation results from source ensembles. As an ‘ensemble’,
we define a set of tsunami simulations that belong to a given category such as ‘all local crustal
source scenarios’ or ‘all scenarios from the same source, but with different distributions of slip
across the source surface’. We refer to the variable parameters of such a set of sources as
‘ensemble parameters’. As an example, we could be discussing the ensemble maximum of
the maximum wave height for a set of scenarios or the ensemble inundation extent, which is
the union of all inundation distributions for a set of scenarios.
In the previous Christchurch study (Mueller et al. 2019), the ‘worst case’ source ensembles
have been categorised into several classes (Hikurangi, Kermadec regional 9 and distant).
They are used also for this study, as well as the ones used for the Selwyn study (Mueller et al.
2020), and the modelling results are discussed hereafter. Following this, we discuss the
results obtained from the 3 m and 5 m inundation scenarios and, finally, compare all cases.
Please note that local crustal fault sources have not been run to inundation as the initial
investigation concluded that these sources will not play a role in the ‘worst case’ scenario
category (Mueller et al. 2019).

4.1

Worst Case Scenarios

This section presents the results, including inundation ensemble maps (flow depth and
inundation occurrence frequency), wave heights at the coast and tide gauge series at given
points of interest 10, starting with the scenarios from Hikurangi followed by other regional and,
finally, distant ‘worst case’ scenarios considered as requested by ECan. Inundation occurrence
frequency (IOF) describes in a percentage how often a particular part of the grid will be
inundated by the given scenarios in an ensemble, e.g. 50% IOF would mean only half of the
scenarios flood this part of the grid.
The colour scale is limited to a maximum of 10 m to allow direct comparison of the figures
presented throughout the report. Simulations assume that the largest waves arrive at mean
high water springs (1.2 m above mean sea level).
4.1.1

Scenarios Located at the Hikurangi Subduction Zone (HIK)

We present summary figures for simulation results for all sources in the Hikurangi subduction
zone. We combine in this section results for northern Pegasus Bay (Figure 4.1) and northern
Banks Peninsula (Figure 4.2).
4.1.2

Scenarios Located at the Kermadec Trench (KT)

We present summary figures for simulation results for all sources in Kermadec subduction
zone. We combine in this section results for northern Pegasus Bay (Figure 4.3) and northern
Banks Peninsula (Figure 4.4). 11

9

It should be noted that scenarios originating further north on the Kermadec Subduction Zones, other than the
ones considered here, are ‘distant’ for Christchurch if they have greater than three hours travel time.
10 Offshore Kowai River mouth, offshore Okains Bay and offshore the entrance to Pigeon Bay.
11 The reader should note that the source (KT_mw93 for the SOUTH) is a source from the Selwyn study
(Mueller et al. 2020) and not from the Christchurch study (Mueller et al. 2019). The Christchurch source had a
larger magnitude and therefore there is no surprise that it is flooding more effectively.
20
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4.1.3

Scenarios Located at the Southern New Hebrides Subduction Zone (NH)

We present summary figures for simulation results for all sources located at the southern
New Hebrides subduction zone. Note that these have been run only for the northern Banks
Peninsula. Results are summarised in Figure 4.5.
4.1.4

Scenarios Located at the Puysegur Trench (PT)

We present summary figures for simulation results for all sources on Puysegur Trench.
We combine in this section results for northern Pegasus Bay (Figure 4.6) and northern Banks
Peninsula (Figure 4.7).
4.1.5

Scenarios Located along the Pacific East Subduction Zone (PE)

This section presents the ensemble Pacific East scenarios for the northern Pegasus Bay
(Figure 4.8) and northern Banks Peninsula (Figure 4.9).
Ensembles corresponding to a specific geographic zone for the Pacific East (i.e. PE_mw93_1,
PE_mw93_4, PE_mw93_5, PE_mw93_16, PE_mw945_17) are detailed in Appendix 1.
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Figure 4.1

22

Ensemble Hikurangi scenarios for northern Pegasus Bay. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay. In grey are all time series and black is the average
time series out of all scenarios.
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Figure 4.2

Ensemble Hikurangi scenarios for northern Banks Peninsula. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay. In grey are all time series and black is the average
time series out of all scenarios.
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Figure 4.3
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Ensemble Kermadec scenarios for northern Pegasus Bay. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay. In grey are all time series and black is the average
time series out of all scenarios.
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Figure 4.4

Ensemble Kermadec scenarios for northern Banks Peninsula. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay. In grey are all time series and black is the average
time series out of all scenarios.
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Figure 4.5

26

Ensemble New Hebrides scenarios for northern Banks Peninsula. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore;
offshore values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury.
The central plot (ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context.
Bottom right: tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay. In grey are all time series and black
is the average time series out of all scenarios.
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Figure 4.6

Ensemble Puysegur scenarios for northern Pegasus Bay. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay. In grey are all time series and black is the average
time series out of all scenarios.
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Figure 4.7

28

Ensemble Puysegur scenarios for northern Banks Peninsula. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay. In grey are all time series and black is the average
time series out of all scenarios.
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Figure 4.8

Ensemble Pacific East scenarios for northern Pegasus Bay. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay. In grey are all time series and black is the average
time series out of all scenarios.
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Figure 4.9

30

Ensemble Pacific East scenarios for northern Banks Peninsula. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore;
offshore values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury.
The central plot (ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context;
Bottom right: tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay. In grey are all time series and black
is the average time series out of all scenarios.
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4.2

Scenarios with 3 m and 5 m Target Wave Heights

In this section, we present the inundation simulation results and other requested data
(wave heights at coast and tide gauge data at given points of interest) for the scenarios
that reach 3 m and 5 m in the Christchurch and Banks Peninsula tsunami forecast zones,
as described in Mueller et al. (2019) and Mueller et al. (2020). Simulations assume that
the largest waves arrive at mean high water springs (1.2 m above mean sea level). The digital
attachment to this report provides all data for individual scenarios separately. Please note that
indicating an average for the tide gauge data is not useful because conflicting phases
cancel out this signal for sources located in different regions around the Pacific.
4.2.1

Scenarios with 3 m Target Wave Heights

Here, we present summary figures for simulation results for all 3 m sources. We combine
in this section results for northern Pegasus Bay (Figure 4.10) and northern Banks Peninsula
(Figure 4.11).
4.2.1

Scenarios with 5 m Target Wave Heights

Here, we present summary figures for simulation results for all 5 m sources. We combine
in this section results for northern Pegasus Bay (Figure 4.12) and northern Banks Peninsula
(Figure 4.13).
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Figure 4.10

32

Ensemble 3 m scenarios for northern Pegasus Bay. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore values
refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay.
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Figure 4.11

Ensemble 3 m scenarios for northern Banks Peninsula. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay.
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Figure 4.12

34

Ensemble 5 m scenarios for northern Pegasus Bay. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore values
refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay.
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Figure 4.13

Ensemble 5 m scenarios for northern Banks Peninsula. Top left: inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes). Top right: inundation occurrence frequency. Bottom left: maximum wave heights at coast for all of Canterbury. The central plot
(ensemble mean) is correctly geolocated. The ensemble maximum (shifted up in the plot) and the ensemble minimum (shifted down) are given for context. Bottom right:
tide gauge series at points of interest offshore Kowai river mouth, entrance to Okains Bay and entrance to Pigeon Bay.
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5.0

DISCUSSION

The simulations carry several unknowns that will lead to over- or under-estimation of the actual
amount of inundation observed for each scenario. These include uncertainties in modelled
surface roughness, digital elevation and bathymetric models, as well as variability of the
modelled geometry of the rupture surface, the sequence in which slip is triggered on that
surface and the rake angle of individual slip patches. These effects have not been studied
for reasons of practicality. We currently assume that the effect of rupture complexity in the form
of non-uniform slip is one of the most important effects for local and regional sources
(Geist 2002; Mueller et al. 2015), which is supported by our results. Another important factor
that carries a significant amount of uncertainty is the actual rigidity (stiffness) of the subduction
interface and the medium surrounding it. Our study also does not include an investigation into
the effects of this uncertainty. All simulations of subduction plate interface sources assume a
rigidity of µ = 50 GPa for consistency with the National Tsunami Hazard Model (Power 2013),
and this has been used by GNS Science for tsunami hazard and evacuation zoning studies
in the recent past. Upper plate crustal sources were modelled with a rigidity of µ = 35 GPa.
However, we have given source magnitudes for µ = 35 GPa and µ = 50 GPa in the text,
figures and tables and labelled them accordingly. Further investigation of the effect of
changes to the assumed rigidity (which, in reality, varies with both depth and distance from
the interface) on inundation extents is recommended for future modelling research from the
tsunami research community.
The data provided in this report is intended to form the basis for Canterbury city and district
councils to develop their evacuation zones if they wish to do so in the future: encompassing
the areas indicated as being subject to inundation but also using a conservative approach
to simplifying the outlines of the zones, e.g. in areas where the modelled inundation has an
irregular boundary, or to align the evacuation zone boundary with clearly identifiable features,
such as roads.
The reader should note that changes in DEM creation, such as more detailed representation
of rivers and stop banks, etc., as well as changes in the location of the DEM boundaries,
can cause differences in the results presented in this study when compared to the previous
Christchurch and Selwyn studies.
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6.0

CONCLUSION

A large set of local, regional and distant potential tsunami sources was re-run from the previous
Christchurch and Selwyn studies (Mueller et al. 2019, 2020). It represents a total of 244
individual scenarios, including ‘worst cases’ and sets of scenarios for the 3 m and 5 m target
wave heights (in tsunami forecasting zones 29 and 30 in the New Zealand Tsunami Threat
Level database) that were run using the COMCOT (Cornell Multi-grid Coupled Tsunami
model) tsunami model (Wang and Power 2011) as the core simulation engine of our
assessment. For our assessment, all of these scenarios were run to inundation for
the northern Pegasus Bay coast from Waimakariri River mouth to 3 km north of the Waipara
River mouth and northern Banks Peninsula Bays from Adderley Head to Katawa Head.
Inundation simulations also considered the interaction between river flow of the major rivers
and the impacting tsunami in the northern Pegasus Bay area. This includes the Waimakariri
and Kaiapoi rivers.
We now summarise our observations and, in Figures 6.1 and 6.2, compile the most important
inundation maps for the worst cases in this section for the reader’s convenience.
For northern Banks Peninsula, we conclude that the Hikurangi ensemble and the Pacific
East are very similar, with the latter showing the largest inundation extent overall, while this
distinction is not so clear for northern Pegasus Bay. Both the Hikurangi and Pacific East
ensembles show significant flow depths and inundation extent along the northern Pegasus Bay
coast, although the Hikurangi ensemble floods more efficiently in the north of this area
(Hurunui District coast) and the Pacific East ensemble has a greater impact on the southern
part of this area (the southern Waimakariri District coat). We also observe that the Kermadec
Trench and the Puysegur Trench ensembles are significant for the two areas of interest in
this study but overall show less inundation extent and flow depths in most places.
The fact that distant and regional sources contribute to larger inundation extents than to local
sources in Pegasus Bay (including Christchurch) and Banks Peninsula is unusual compared
to other parts of the New Zealand coast. Pegasus Bay and the Canterbury coast do not have
large local sources such as Hikurangi. Most crustal faults here show strike-slip mechanisms.
The largest tsunami source nearby is the Hikurangi subduction interface but, due to travel
times greater than one hour, is classified as a ‘regional source’.
The significant effects of sources from the Pacific East (Peru in particular) could be due to a
combination of factors (for details, please see Mueller et al. 2019):
•

Higher magnitudes for the distant and regional Puysegur and Kermadec sources
compared to the regional Hikurangi source in this study.

•

Effective radiation of tsunami energy towards Christchurch from particular sources.

•

A channelling effect of the Chatham Rise.

•

A focusing effect of Pegasus Bay.
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Figure 6.1

Inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes) Hikurangi scenarios for northern Pegasus Bay (top left).
Pacific East scenarios (top right), Kermadec Trench scenarios (bottom left) and Puysegur Trench
scenarios (bottom right).

Figure 6.2

Inundation extent represented as ensemble maximum flow depth for all modelled (onshore; offshore
values refer to maximum wave amplitudes) Hikurangi scenarios for northern Banks Peninsula
(top left). Pacific East scenarios (top right), Kermadec Trench scenarios (bottom left) and Puysegur
Trench scenarios (bottom right).
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7.0

DATA PRODUCTS

This report is accompanied by digital products corresponding to the data presented and
discussed in this report.
The digital products are provided as zip files , each of which contains a set of scenarios:
Zip File Name

Description

WORST_CASES_Hikurangi.zip

Non-uniform slip scenario results for Hikurangi sources

WORST_CASES_PacificEast.zip

Non-uniform slip scenario results for East Pacific sources

WORST_CASES_Kermadec.zip

Non-uniform slip scenario results for Kermadec sources

WORST_CASES_Puysegur.zip

Non-uniform slip scenario results for Puysegur sources

ORANGE_ZONE_5mScenarios.zip

Scenarios with 5 m target wave height

ORANGE_ZONE_3mScenarios.zip

Scenarios with 3 m target wave height

Each zip file contains a file with the extension ‘.JSON’ that has information about magnitudes
of each scenario and contains the following files per scenario (here by example of scenario
‘Hikurangi_new_0_1’, which corresponds to Model C [see Section 3.1.2.3]):
File Name

Description

Hikurangi_new_0_1_Kowai_River_tideGauge.csv

Tide gauge time series

Hikurangi_new_0_1_Okains_Bay_tideGauge.csv

Tide gauge time series

Hikurangi_new_0_1_Pigeon_Bay_tideGauge.csv

Tide gauge time series

Hikurangi_new_0_1_coastalWaveHeights.shp

Coast wave heights shape file

Hikurangi_new_0_1_coastalWaveHeights.prj

Coast wave heights projection file

Hikurangi_new_0_1_flowDepth.asc

Maximum flow depth record in Arc ASCII format

Hikurangi_new_0_1_flowDepth.prj

Maximum flow depth record projection file

Hikurangi_new_0_1_velocity.asc

Maximum flow velocity record in Arc ASCII format

Hikurangi_new_0_1_velocity.prj

Maximum flow velocity projection file

Because of the size of these files, the data products will be delivered to the ECan by download
and/or hard drive.
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APPENDIX 1

PACIFIC EAST SUB-ENSEMBLES

This Appendix section presents PE ensemble worst case scenarios for each separate set of
scenarios MW 9.3 and MW 9.45 for northern Pegasus Bay (PE_mw93_4, Figure A1.1 and
PE_mw945_17, Figure A1.2) and northern Banks Peninsula (PE_mw93_1, PE_mw93_5,
PE_mw93_16 and PE_mw93_17, respectively, for Figures A1.3, A1.4, A1.5 and A1.6).
Simulations assume that the largest waves arrive at mean high water springs (1.2 m above
mean sea level). These results have been added here as a special request from ECan in
addition to the complete ensembles presented within the report.

Figure A1.1

Ensemble Pacific East MW 9.3 scenarios (PE_mw93_4) for northern Pegasus Bay. Left: inundation
extent represented as ensemble maximum flow depth for all modelled (onshore; offshore values refer
to maximum wave amplitudes). Right: inundation occurrence frequency.

Figure A1.2

Ensemble Pacific East MW 9.45 scenarios (PE_mw945_17) for northern Pegasus Bay. Left: inundation
extent represented as ensemble maximum flow depth for all modelled (onshore; offshore values refer
to maximum wave amplitudes). Right: inundation occurrence frequency.
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Figure A1.3

46

Ensemble Pacific East MW 9.3 scenarios (PE_mw93_1) for northern Banks Peninsula: Central
America. Top: inundation extent represented as ensemble maximum flow depth for all modelled
(onshore; offshore values refer to maximum wave amplitudes). Bottom: inundation occurrence
frequency.

GNS Science Consultancy Report 2020/136

Figure A1.4

Ensemble Pacific East MW 9.3 scenarios (PE_mw93_5) for northern Banks Peninsula: Central
America. Top: inundation extent represented as ensemble maximum flow depth for all modelled
(onshore; offshore values refer to maximum wave amplitudes). Bottom: inundation occurrence
frequency.
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Figure A1.5

48

Ensemble Pacific East MW 9.3 scenarios (PE_mw93_16) for northern Banks Peninsula: South
America. Top: inundation extent represented as ensemble maximum flow depth for all modelled
(onshore; offshore values refer to maximum wave amplitudes). Bottom: inundation occurrence
frequency.
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Figure A1.6

Ensemble Pacific East MW 9.45 scenarios (PE_mw945_17) for northern Banks Peninsula: South
America. Top: inundation extent represented as ensemble maximum flow depth for all modelled
(onshore; offshore values refer to maximum wave amplitudes). Bottom: inundation occurrence
frequency.
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