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DISCLAIMER 

This report has been prepared by the New Zealand Institute for Earth Science Limited 
(Earth Sciences New Zealand) exclusively for West Coast Regional Council and for the 
specific purpose stated (‘Purpose’). It is based on available information and professional 
judgment at the time of preparation, and is subject to any limitations or assumptions 
set out in the report. Unless otherwise agreed in writing by Earth Sciences New Zealand, 
Earth Sciences New Zealand provides no warranty as to the use of the report other than by 
West Coast Regional Council for the Purpose and Earth Sciences New Zealand will not be 
liable for any loss, damage or expense (whether direct, indirect or consequential) arising 
from use of or reliance on this report or its contents by any person other than to West Coast 
Regional Council for the Purpose. 

PURPOSE 

This report provides regional landslide-debris-inundation hazard and risk in the region 
overseen by West Coast Emergency Management. It provides a lidar-based refinement 
of model outputs previously provided in GNS Science Consultancy Report 2025/28. 
See Section 4 for a list of accompanying datasets. The data presented in this report is 
intended for use by the West Coast Regional Council. 

USE OF DATA 

Date that Earth Sciences New Zealand can use associated data: 
March 2026 
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EXECUTIVE SUMMARY 

This report presents a lidar-based refinement of the regional landslide debris-inundation hazard 
and risk analysis previously completed for the West Coast Emergency Management (WCEM) region 
(Leith et al. 2025). The analysis applies improved terrain datasets within the established Landslide 
Source-to-Inundation Process Model (LS-IPM) framework to enhance spatial representation of hazard 
and risk while maintaining full methodological consistency with the original regional analysis. 

The LS-IPM integrates probabilistic models of landslide susceptibility, debris production and 
downslope transport to generate spatially continuous estimates of: 

• Landslide-debris flux (hazard magnitude). 

• Probability of landslide-debris inundation (Pi) (hazard frequency). 

• Annual Property Loss Risk (APLR) (risk). 

Key Outcomes 

Adoption of lidar-derived topography improves representation of slope geometry, contributing source 
areas and debris pathways, resulting in more spatially refined hazard patterns across the region. 

Revised terrain representation increases identification of smaller landslide sources, leading to locally 
higher estimates of rainfall-induced risk in some populated areas. 

Regional-scale risk remains consistent with the original assessment, with modelled present-day 
building-loss frequencies (~2.6 events/year) broadly aligned with historical claims experience 
(~2.0 events/year) within model uncertainty. 

Under the Representative Concentration Pathway (RCP)6 2081–2100 climate scenario, rainfall-induced 
landslide risk increases by approximately 30% from the present-day estimate, while earthquake-
induced risk shows little systematic regional change. 

Interpretation and Application 

The refined datasets are intended for the same planning and decision-support applications as 
the original LS-IPM outputs, including regional screening, strategic planning and prioritisation of 
detailed investigations. Improved terrain representation enhances spatial realism and confidence in 
hazard delineation but does not replace the need for site-specific assessments where higher certainty 
is required. 

Uncertainty 

Residual uncertainty is dominated by variability in landslide processes, model assumptions and 
vulnerability relationships rather than terrain representation (as was the case in Leith et al. [2025]). 
Recommended uncertainty bounds for the refined 25 m lidar-based datasets are approximately: 

• ±0.75 orders of magnitude (1-sigma), and 

• ±1.75 orders of magnitude (2-sigma). 

These ranges are consistent with expectations for regional probabilistic landslide risk modelling and 
should be considered when interpreting absolute property loss risk values. 
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1.0 Introduction 

1.1 Background 

Landslides pose a risk to life and property along the West Coast of the South Island. The region 
experiences active seismicity and high rainfall, both of which have triggered significant widespread 
landslide events (e.g. 1929 Murchison earthquake, March 2019 storm). Rapidly moving landslides, 
including debris flows, debris avalanches and rock avalanches, typically present the greatest risk to life 
and property from landslides in alpine settings due to large potential runout distances, high vulnerabilities 
of people and property to debris impact and often prohibitively expensive mitigation measures. 

This report follows the completion of ‘Regional landslide-debris-inundation analysis for West Coast 
Emergency Management’ (Leith et al. 2025). That study employed a newly developed Landslide Source-
to-Inundation Process Model (LS-IPM) to deliver regionally consistent datasets describing landslide 
debris-inundation hazards, probabilities and property loss risk, based on the 25-m-resolution national 
elevation data available at the time of contracting (31 March 2022). 

The 2025 update of lidar data for the full West Coast region (Land Information New Zealand 2022) 
provides an opportunity to significantly reduce spatial uncertainties in datasets produced by the LS-IPM; 
in particular, by improving the identification of potential landslide hazard sources and characterisation 
of runout paths. Reducing the total uncertainty of these hazard and risk datasets will increase the 
utility of the LS-IPM outputs for planning purposes (see Section 5 for guidance in applying these results). 
This study presents a lidar-based refinement of 25-m-resolution regional datasets generated within 
Leith et al. (2025). Regionally consistent lidar data were unavailable at the time of the previous project 
contracting. 

1.2 Scope of the Present Update 

To increase the utility of landslide debris-inundation hazard and risk datasets derived from the 
LS-IPM, Earth Sciences New Zealand has generated new, refined datasets based on recently updated 
regional lidar ground models (Land Information New Zealand 2022; updated in 2025). These updated 
outputs provide a more accurate representation of landslide sources and inundation areas and can be 
considered a direct replacement for those previously provided in Leith et al. (2025). The resulting raster 
datasets should be presented at a maximum zoom of 1:50,000 for publicly facing GIS applications 
(a 10x improvement on previously delivered datasets). The pixel-based down-sampling recommended 
for datasets supplied with Leith et al. (2025) will not be required. 

As well as informing regional planning decisions, the outputs of this assessment can be used to 
prioritise further local refinement of LS-IPM outputs (scheduled for Stage 2 of the current contract; 
No. 343762338040). Computational limitations mean that it is not currently practical to increase the 
resolution of the model to grid-cell sizes less than 25 m for the entire region. 

The methodological framework remains unchanged from Leith et al. (2025). This study focuses on: 

• applying refined input topographic lidar datasets within the established LS-IPM workflow; 

• translating updated hazard outputs into probabilistic risk metrics; and, 

• quantifying how uncertainty within hazard and vulnerability components propagates into 
decision-relevant risk estimates. 

1.3 Personnel 

This report has been prepared by Kerry Leith and Sally Dellow (Earth Sciences New Zealand). This report 
was internally reviewed by Edith Bretherton and Sam McColl. 
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2.0 Landslide Debris-Inundation Modelling 

2.1 Landslide Source-to-Inundation Process Model Framework 

The LS-IPM integrates probabilistic representations of landslide initiation, sediment production and 
downslope routing to generate spatially continuous estimates of landslide-debris flux, the probability 
of landslide-debris inundation and associated annual property loss risk (APLR). The model is applied 
to the West Coast region to evaluate inundation hazard and risk under both mean annual and scenario-
based (e.g. rainfall and earthquake forcing) triggering conditions for the present day and a future 
Representative Concentration Pathway (RCP)6 2081–2100 climate-change scenario. The workflow 
consists of four linked sub-models: 

• Landslide Source Susceptibility model (LSS): Estimates spatial probability of landslide 
initiation conditioned on triggering mechanisms. 

• Landslide Sediment Production model (LSP): Quantifies expected landslide volumes using 
probabilistic volume-area scaling relationships across multiple landslide magnitude classes. 

• Landslide Sediment Distribution model (LSD): Simulates debris mobility and routing using 
reduced-complexity runout formulations implemented within the Gravitational Path Process 
model (Wichmann 2017). 

• Landslide Debris Inundation Risk model (LDIR): Converts hazard outputs into probabilistic 
estimates of spatial impact and risk. 

All landslide volume-class definitions, source-geometry assumptions, runout parameterisations 
and trigger-specific probability models employed to create the datasets presented here are adopted 
unchanged from Leith et al. (2025) to maintain internal consistency between hazard and risk outputs 
of the two studies. The only change is the use of the 25 m lidar-based digital elevation model (DEM) 
rather than the national 25 m DEM. 

The following sections briefly describe the LS-IPM hazard and risk formulation and present key results 
from the LSD and LDIR components of the model. This includes a brief overview of model components, 
description of key lidar-derived outputs and commentary on statistical differences from the previously 
delivered datasets. 

We refer readers to Leith et al. (2025) for further detail on all aspects of the data generation and 
associated uncertainties. 

2.1.1 Hazard Formulation 

The primary hazard output is mean annual landslide-debris flux, which represents the integrated effect 
of landslide frequency, magnitude and geomorphic connectivity. Unlike traditional scenario-based 
approaches that track discrete landslides from selected source locations, the LS-IPM encodes 
failure probability directly within the transported debris volume. This enables calculation of spatial 
impact probability by comparing predicted debris flux at a location with a characteristic flux associated 
with representative landslide events. This approach avoids explicit enumeration of discrete runout 
scenarios, allowing regional-scale modelling at full spatial resolution with substantially reduced 
computational cost. 
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2.1.2 Risk Formulation 

Risk is evaluated using the standard framework: 

Risk = Hazard × Vulnerability × Exposure 

where hazard is represented by probabilistic debris flux, vulnerability reflects the susceptibility of 
buildings to debris impact, and exposure describes the spatial distribution of assets. 

Because debris flux integrates both event frequency and magnitude, the LDIR component decomposes 
flux into representative inundation-event probabilities and characteristic event magnitudes. This enables 
derivation of probabilistic risk metrics, including APLR, and facilitates uncertainty propagation from 
hazard through to risk outputs. 

2.2 Landslide Sediment-Distribution Model 

Landslide-debris flux is the average volume of landslide-derived material expected to pass through 
a unit area over a specified time (expressed in m³/m²/year for mean annual conditions). It provides an 
integrated measure of landslide hazard by combining the effects of landslide frequency, magnitude 
and downslope connectivity into a single spatial metric. 

Rather than modelling discrete landslide events, the process-based framework represents the 
cumulative transport of debris generated from all potential source areas, allowing spatial patterns 
of hazard to be evaluated consistently at regional scale. 

As an example, the mean annual landslide-debris flux for all considered triggers, volume classes, 
return intervals and movement modes in the vicinity of Kokiraki is presented in Figure 2.1 (for reference, 
landslide-debris flux derived from the national DEM is presented in Figure 2.2). 

In general, debris flux is highest on steep slopes, near the base of high-relief landforms and along 
convergent terrain such as valleys, where debris becomes concentrated during downslope movement. 
The maximum spatial extent of debris flux reflects the kinematically feasible runout limits of potential 
landslide sources within contributing catchments. 

While debris flux does not explicitly separate event magnitude and frequency, it provides a robust 
indicator of relative hazard intensity and can be interpreted as the expected magnitude of 
inundation for scenario-based models (e.g. earthquake- or rainfall-induced landslide scenarios for 
given return intervals). Further details of the debris-flux formulation, underlying assumptions and 
model sensitivities are provided in Leith et al. (2025). 
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Figure 2.1 Refined present-day mean annual landslide-debris flux in the vicinity of Kokiraki based on the 25-m-

resolution lidar-derived digital elevation model. Vertical exaggeration is 1.25×. 

 
Figure 2.2 Present-day mean annual landslide-debris flux in the vicinity of Kokiraki based on the national 25-m-

resolution digital elevation model from Leith et al. (2025). Vertical exaggeration is 1.25×. 

2.3 Landslide Debris-Inundation Risk Model 

The Landslide Debris Inundation Risk (LDIR) model converts landslide-debris flux outputs into 
probabilistic measures of inundation frequency and associated risk. Because mean annual landslide-
debris flux represents the combined effects of landslide frequency and magnitude, these components 
cannot be directly separated from hazard outputs alone. Instead, the LDIR model estimates 
inundation-event frequency by comparing the debris flux at each location with a pre-calculated 
characteristic landslide-debris flux, representing the expected debris volume passing a location during 
a representative landslide event for each volume class. The ratio between mean annual debris flux 
and characteristic flux provides an estimate of event frequency, which is converted to annual 
probability of inundation (Pi) using a Poisson probability formulation. As an example, the mean annual 
Pi for all considered triggers, volume classes, return intervals and movement modes in the vicinity 
of Kokiraki is presented in Figure 2.3 (for reference, Pi derived from the national DEM is presented in 
Figure 2.4). 
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Figure 2.3 Refined annual probability of landslide-debris inundation in the vicinity of Kokiraki using the 25-m-

resolution lidar-derived digital elevation model. Vertical exaggeration is 1.25×. 

 
Figure 2.4 Previous estimate of annual probability of landslide-debris inundation in the vicinity of Kokiraki 

based on the national 25-m-resolution digital elevation model from Leith et al. (2025). Vertical 
exaggeration is 1.25×. 

Risk is expressed using APLR, defined as the annual probability that debris inundation results in building 
damage exceeding replacement value. APLR is calculated by combining inundation probability with 
empirical building vulnerability relationships derived from New Zealand and international datasets 
(Massey et al. 2019), with inundation depth assumed to scale with characteristic landslide geometry 
for each volume class. Further details of the LDIR formulation, assumptions and benchmarking are 
provided in Leith et al. (2025). As an example, the mean annual APLR for all considered triggers, volume 
classes, return intervals and movement modes in the vicinity of Kokiraki is presented in Figure 2.5 
(for reference, APLR derived from the national DEM is presented in Figure 2.6). 



Confidential 2026  

 

6 GNS Science Consultancy Report 2026/19 
 

 
Figure 2.5 Refined annual property loss risk in the vicinity of Kokiraki using the 25-m-resolution lidar-derived 

digital elevation model. Vertical exaggeration is 1.25×. 

 
Figure 2.6 Previous estimate of annual property loss risk in the vicinity of Kokiraki based on the national 25-m-

resolution digital elevation model from Leith et al. (2025). Vertical exaggeration is 1.25×. 
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3.0 Discussion 

3.1 Insights into Annual Property Loss Risk at Residential Building Locations 

To evaluate the refined LS-IPM outputs against observations in the West Coast Emergency Management 
(WCEM) region, we compare the predicted rate of annual building loss for all residential buildings in the 
study region to annualised records of natural landslide damage within the Natural Hazards Commission 
(NHC) Toka Tū Ake claims database for the years 1997 to 2023. 

The property data compilation (Scheele et al. 2023) used in Leith et al. (2025) is used again to ensure 
that the only change in the regional model is the change from the LINZ (2014) national DEM to the 
LINZ (2022) lidar-based DEM. This dataset includes the locations of 15,000 ‘Residential’ or ‘Lifestyle’ 
buildings across the region. These can typically be expected to be inhabited dwellings, although 
Scheele et at. (2023) note that there are uncertainties in the classification process and locations 
should therefore only be considered indicative of occupation. We sampled the refined APLR at the 
centroid of all buildings and converted these into loss-event frequencies for both present-day and 
RCP6 2081–2100 model climate scenarios. Results for both scenarios are presented in Figure 3.1. 
For reference, Figure 3.2 presents the equivalent data derived from the national 25-m-resolution DEM 
(Leith et al. 2025). 

We separated out the building-loss frequencies associated with earthquake- and rainfall-induced 
avalanches and slides to understand the principal driver of risk at all building locations. Figure 3.1a 
indicates that risk at the location of residential buildings is dominated by inundation from flow-type 
movements for both rainfall- and earthquake-induced landslides. The sum of modelled complete 
economic loss-event frequencies for rainfall-induced landslides under present-day climate conditions 
indicates an average of 2.6 residential-building losses across the study region per year. This is higher 
than the 1.6 annual residential-building loss events reported in Leith et al. (2025) (see Figure 3.2), 
reflecting the more consistent identification of potential landslide source areas in the lidar-based DEM. 

The predicted number of events still compares favourably with the NHC Toka Tū Ake claims data for 
the study region, which indicates an average of 2.0 rainfall-induced landslide claims per year since 1997 
(Leith et al. 2025). The variation between predicted and observed rates is within the 0.75 order-of-
magnitude 1-sigma uncertainty determined for this dataset (see Table 3.1). This suggests that the APLR 
calculated in this study is adequately capturing the broader risk to existing residential-building stock. 
We note that this is a statistical analysis of regional trends, appropriate for the regional-scale hazard 
and risk analysis presented here. 

The present-day annual earthquake-induced landslide risk at residential building sites throughout the 
region is approximately 1.7 times that of rainfall-induced landslides. This in part reflects the relatively 
high population density in areas with a greater susceptibility to earthquake-induced landsliding 
(see Figure 2.11 of Leith et al. [2025]) and in part reflects the greater potential travel distance of 
earthquake-induced flows, which can be expected to have a greater volume than rainfall-induced 
flows. However, the relative risk between the triggers is less than the approximate three-fold higher 
earthquake-induced landslide risk compared to rainfall-induced landslide risk observed in Leith et al. 
(2025). There were approximately 5.5 events per year that Leith et al. (2025) compared against 
4.5 events per year in this report. For rainfall-induced landslides, the risk was significantly lower at 
1.6 events per year in Leith et al. (2025) compared against 2.6 events per year (this report). This change 
is interpreted as reflecting better representation of smaller landforms and inclusion of source areas 
from which many (smaller) rainfall-induced landslides can be generated, which were not able to 
be identified when using the national DEM. The decrease in earthquake-induced landslide risk at 
residential-building locations is a function of the better resolved topography and allows a reduction of 
the maximum landslide volume, as gullies and ridges not evident in the national DEM break source 
areas up into smaller continuous units. This has the greatest effect on earthquake-induced landslides, 
which are, on average, larger and require larger landforms than rainfall-induced landslides in the 
most populated regions. 
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As in Leith et al. (2025), the very low relative proportion of avalanche-type movements intersecting 
building locations is reassuring, as these hazards are commonly associated with the presence of steep 
slopes and are therefore perhaps more readily recognised and avoided when selecting residential 
building sites. 

 
Figure 3.1 Refined annual property loss risk sampled at residential-building locations throughout the region 

overseen by West Coast Emergency Management. (a) Annual exposure to building damage: illustrates 
how the progressive exclusion of high-risk-building locations affects the overall annual property loss 
risk, showing that rainfall- and earthquake-induced flow movements dominate the risk profile. The risk 
is further differentiated between present-day (PD) and future (RCP6) climate scenarios. Values on the 
left vertical axis indicate risk in terms of equivalent number of buildings with 100% damage, while 
the vertical axis to the right indicates the total proportion of residential buildings with 100% damage. 
(b) Probability of residential building damage: represents the probability density function (PDF) of 
building-damage event-return intervals, indicating little systematic change in inundation probabilities 
under future climate conditions (RCP 6), as the majority of risk is associated with earthquake-induced 
landslides (which we assume are unaffected by climate change). 

 
Figure 3.2 Previously estimated annual property loss risk sampled at residential-building locations throughout 

the region based on the 25-m-resolution national DEM (Leith et al. 2025). (a) Annual exposure to 
building damage: illustrates how the progressive exclusion of high-risk-building locations affects the 
overall annual property loss risk, showing that rainfall- and earthquake-induced flow movements 
dominate the risk profile. The risk is further differentiated between present-day (PD) and future (RCP6) 
climate scenarios. Values on the left x axis indicate risk in terms of equivalent number of buildings 
with 100% damage, while the axis to the right indicates the total proportion of residential buildings 
with 100% damage. (b) Probability of residential building damage: represents the probability density 
function (PDF) of building-damage event-return intervals, indicating little systematic change in 
inundation probabilities under future climate conditions (RCP 6), as the majority of risk is associated 
with earthquake-induced landslides (which we assume are unaffected by climate change). 
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We evaluate the exposure profile of all residential buildings across the region by progressively excluding 
the highest risk structures from the datasets. This indicates that approximately 4% of all residential 
buildings (~600 structures) account for almost all rainfall-induced landslide risk. A similar proportion 
of structures account for the majority of earthquake-induced landslide risk, reflecting the consistent 
overlap of potential rainfall- and earthquake-induced runout footprints. As lidar data allow smaller 
landforms to be better resolved, many more potential landslide source areas upslope of building 
locations are identified in the refined model. This has led to an approximate doubling of the number of 
structures at risk with respect to Leith et al. (2025), which identified approximately 2% of all structures 
being at risk to rainfall-induced landslides. As APLR at many of the additional structures is significantly 
less than 1, the increase in the number of structures at risk does not necessarily increase the annual 
risk of building damage across the region. In other words, the new model generally indicates a lower 
risk at structure locations; however, there are more structures exposed to landslide inundation. 

The annual risk of building damage from rainfall-induced landslides under the RCP6 2081–2100 
climate-change scenario is estimated to increase by approximately 30% relative to present-day 
conditions (Figure 3.1a). This increase is broadly consistent with modelled changes in landslide 
susceptibility and debris production within areas where most of the population is concentrated. 

In contrast, estimated risk from earthquake-induced landslides at residential-building locations 
decreases slightly under the future climate scenario, despite allowing for increased debris production 
(see Appendix 4.7 of Leith et al. [2025]). This apparent reduction is limited to the small subset (~0.1%) 
of residential buildings with the highest exposure to landslide-debris inundation and likely reflects 
local topographic effects that preferentially increase the assignment of rainfall-driven debris at these 
locations. When evaluated across randomly distributed locations throughout the region, earthquake-
induced landslide risk shows little to no change under the RCP6 2081–2100 scenario (Section 3.2). 

Given the significant uncertainties associated with climate-driven changes to landslide processes 
and model assumptions, these results should be interpreted with caution (see Sections 2.3.1.6 and 
5.3.2 of Leith et al. [2025]). 

3.2 Insights into Overall Landslide Debris-Inundation Risk at Random Locations 

As well as sampling present-day and future APLR at the location of residential buildings, we can 
gain insight into the hazard and potential risk across the landscape by sampling potential APLR at 
random points across the region (i.e. not just at building locations). In this case, we sampled 10,000 
random points and, as with the residential-building analysis, separated out rainfall- and earthquake-
induced flows and avalanches for the present-day and future climate scenarios. In order to maintain 
consistency with the insights presented at building locations, we employed APLR as our risk metric, 
although it is not expected that a building will be present at any of the random locations. 

The results of this landscape-wide assessment are presented in Figure 3.3. Similar to APLR sampled 
at building locations, we observe significantly higher risks associated with flow- rather than avalanche-
type movements. However, we also observe a number of distinct differences, including that: 

• The probability of damage to hypothetical buildings at random locations is between 10× and 
50× higher than that of actual residential-building locations for most triggers and movement 
types. This suggests a general mitigation (intentional or otherwise) of associated hazards by 
good building-site selection. 

• In terms of the relative proportion of flow- versus avalanche-type movements, the random 
locations indicate a much higher proportion of APLR associated with avalanche-type landslides. 
Again, this indicates that good, or fortuitous, site selection has largely mitigated avalanche-type 
landslide hazards at building locations. 
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• APLR associated with flow- and avalanche-type rainfall-induced landslides at random locations 
increases by approximately 60% under the RCP6 2081–2100 climate-change scenario. Risks 
associated with earthquake-induced landslides are unchanged, as should be expected based 
on the model inputs and assumptions. 

 
Figure 3.3 Hypothetical annual property loss risk (APLR) sampled at random locations throughout the region 

overseen by West Coast Emergency Management. 

Considering risks associated with earthquake-induced landslides, the total proportion of random 
locations subjected to inundation by damaging slides (~0.2%) and flows (~0.25%) is almost identical 
to estimates based on the national DEM (0.21%, and 0.26%, respectively). The proportion of locations 
subject to inundation is also consistent for the two models (approximately 20% in both studies), 
although we note a tendency for fewer locations to carry a greater proportion of risk (for example, 
1% of random locations in this lidar-based study carry 50% of the risk, while the same proportion carried 
60% of the risk in the study based on the national DEM). 

Rainfall-induced landslide risks derived from the lidar DEM are approximately double those derived 
from the national DEM. This reflects the better representation of smaller topography in the lidar DEM, 
which disproportionately increases the potential for rainfall-induced landsliding, as the geometric 
mean volume of rainfall-induced landslides in the region is approximately one order of magnitude less 
than that of earthquake-induced landslides (see Appendix 4.3 of Leith et al. [2025]). 

3.3 Consideration of Uncertainties 

Uncertainty in the refined LS-IPM hazard and risk outputs reflects variability in model parameters 
(e.g. debris production rates and runout behaviour), building vulnerability assumptions and representation 
of terrain through the DEM. These uncertainties were quantified through combined 1D Monte Carlo 
sensitivity analyses of parametric assumptions and 2D comparisons of DEM resolution and accuracy 
(see Appendix 7 of Leith et al. [2025]). In the regional analysis based on the national DEM (LINZ 2014), 
DEM quality and resolution were identified as dominant uncertainty sources; adoption of lidar-derived 
topography reduces this contribution, leaving model parameters and geomorphic-process assumptions 
as the primary residual uncertainties. For the refined 25-m-resolution lidar-based dataset presented 
here, recommended uncertainty bounds are approximately ±0.75 orders of magnitude at the 1-sigma 
level and ±1.75 orders of magnitude at the 2-sigma level (see Table A7.4 of Leith et al. [2025]). These are 
the same values derived from the lidar DEM sample analysed in Leith et al. (2025). 
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Table 3.1 Calculation of total annual property loss risk uncertainties due to combined uncertainties associated 
with model assumptions and parameters, digital elevation model (DEM) accuracy and the combined 
effects of DEM and landslide debris-inundation-risk model resolution (Leith et al. 2025). Uncertainties 
for this study are indicated in black. Uncertainties for the previous 25-m-resolution analyses based 
on the national DEM, as well as an 8-m-resolution analysis based on the lidar-derived DEM, are 
indicated in grey. Inputs denoted as ‘estimated’ are derived based on expert judgement, as well as 
assumptions described in the text above. 

U
nc

er
ta

in
ty

 

Source of 
Uncertainty 

25 m National DEM  
(order of magnitude) 

Leith et al. (2025) 

25 m Lidar-Derived DEM  
(order of magnitude) 

(This Study) 

8 m Lidar-Derived DEM  
(order of magnitude) 

(Stage 2 of this Study) 

1-Sigma 2-Sigma 1-Sigma 2-Sigma 1-Sigma 2-Sigma 

Parametric 
Assumptions 
and parameters 

±0.35 ±0.98 ±0.35 ±0.98 ±0.40 ±0.67 

Spatial 

DEM accuracy ±0.79 ±1.98 
±0 

(estimated) 
±0 

(estimated) 
±0 

(estimated) 
±0 

(estimated) 

Combined DEM 
and model 
resolution 

±0.58 ±1.07 ±0.58 ±1.07 
±0.25 

(estimated) 
±0.5 

(estimated) 

Total 

Total uncertainty ±1.04 ±2.45 ±0.67 ±1.45 ±0.47 ±0.83 

Recommended 
conservative 
estimate 

±1.25 ±2.75 ±0.75 ±1.75 ±0.75 ±1.00 
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4.0 Project Deliverables 

The landslide-debris-inundation hazard and risk analysis evaluates the probability of landslide initiation 
and debris travel as (1) the mean annual product of foreseeable rainfall- and earthquake-inducing 
events and (2) a result of four credible landslide-inducing scenarios. These include: 

• Scenario 1: Present-day precipitation triggers based on 50-, 100- and 250-year annual return 
interval (ARI) 24-hour precipitation totals derived from the HIRDS V4 model. This does not 
represent individual rainfall ‘events’, as the equivalent maximum precipitation is not expected 
to occur across the entire region. The rainfall used reflects the maximum likely precipitation 
for a rainfall event of a given ARI anywhere in the region. 

• Scenario 2: Future precipitation triggers based on 50-, 100- and 250-year ARI 24-hour precipitation 
totals derived from the HIRDS V4 model rainfall projections for a future RCP6 scenario 
(Carey-Smith et al. 2018). This does not represent individual rainfall ‘events’, as the equivalent 
maximum precipitation is not expected to occur across the entire region. The rainfall used reflects 
the maximum likely precipitation for a rainfall event of a given ARI anywhere in the region. 

• Scenario 3: A regional earthquake trigger based on 100-, 250-, 500- and 1000-year ARI peak 
ground acceleration (PGA) derived from the New Zealand National Seismic Hazard Model 2022 
(Gerstenberger et al. 2022). This does not represent individual earthquake ‘events’, as maximum 
shaking is not expected to affect the entire region in a given event. The rupture model used 
produces the maximum likely PGA for an earthquake event of a given ARI anywhere in the region. 

• Scenario 4: Complete rupture of the Alpine Fault throughout the West Coast (e.g. based on PGA 
derived from the AlpineF2K rupture model [Bradley et al. 2017]). This does not represent an 
Alpine Fault ‘event’, as rupture of the Alpine Fault is not always expected to extend the length of 
the entire region. The rupture model used produces the maximum likely PGA for an Alpine Fault 
event anywhere in the region. 

All model outputs are provided as geo-located rasters at a nominal spatial resolution of 25 m. The mean 
annual landslide-debris flux, mean annual probability of inundation (Pi) and mean annual probability 
of landslide risk (APLR) may be the most useful datasets in terms of hazard and risk, respectively. 

• Landslide-debris flux: This dataset describes the average volume of landslide debris likely 
to pass a given location in a given year or in response to a given trigger. Landslide-debris flux 
can be useful for determining landslide-hazard zones (i.e. areas that have the potential for 
debris inundation) and scoping the scale of mitigation and/or remedial options in areas where 
inundation risk is deemed unacceptable. 

• Probability of inundation (Pi): This dataset describes the annual probability of landslide 
debris of any volume inundating a given location. It can be useful for determining areas at risk 
of (or ‘susceptible’ to) any inundation events. Pi does not consider the vulnerability of elements 
in the study region. 

• APLR: This dataset describes the annual probability of landslide debris damaging a hypothetical 
building beyond repair. It can be useful for determining areas at risk of (or ‘susceptible’ to) 
significant inundation events. APLR cannot be directly transferred to evaluate risk to elements 
with differing vulnerabilities (e.g. people, vehicles or isolated power/telecommunications 
infrastructure). 

Due to uncertainties associated with the calculation of landslide debris-inundation hazard and 
risk in this study (see Section 3.3), we recommend that a maximum zoom be fixed at 1:50,000 for 
publicly facing geographic information system (GIS) applications. 

Key landslide-debris flux and APLR deliverables are briefly described in the following section. 
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4.1 Deliverables for Landslide-Debris Flux 

All maps are at 25 m resolution. 

4.1.1 Mean Annual Hazard Maps 

These maps indicate mean annual landslide-debris-flux hazard throughout the regions integrated 
over all foreseeable rainfall- and earthquake-inducing events (e.g. how much debris is likely to pass 
a specific location in a given year [m3/m2]). 

To view the present-day mean annual landslide-debris flux for the region overseen by WCEM, see the 
dataset named ‘WCEM_LIDAR_PD_MaterialFlux_MeanAnnual_25m’. 

4.1.2 Hazard Maps for Scenarios 1–4 

These maps indicate landslide-debris-flux hazard throughout the region as a result of landslides 
generated by events in Scenarios 1–4 (e.g. how much debris is likely to pass a specific location for 
a given event [m3/m2]). 

To view the present-day landslide-debris flux associated with a HIRDS V4 50-year ARI precipitation 
event for the region overseen by WCEM, see the dataset named ‘WCEM_LIDAR_PD_MaterialFlux_ 
HIRDS_ARI50_25m’. 

4.2 Deliverables for Probability of Inundation 

4.2.1 Mean Annual Probability Maps 

These maps delineate mean annual probability of inundation by any volume of landslide debris (e.g. the 
probability of some debris passing this location in a given year). 

To view the RCP6 2081–2100 climate-scenario mean annual probability of inundation for the region 
overseen by WCEM, see the dataset named ‘WCEM_LIDAR_RCP6_PI_MeanAnnual_25m’. 

4.2.2 Scenario-Specific Maps 

These maps delineate the probability of inundation by any volume of landslide debris in a given scenario 
(e.g. the probability of some debris passing this location in this scenario). 

To view the RCP6 2081–2100 climate-scenario AF8 scenario-specific probability of debris inundation 
for the region overseen by WCEM, see the dataset named ‘WCEM_LIDAR_RCP6_PI_AF8_25m’. 

4.3 Deliverables for Annual Property Loss Risk 

4.3.1 Mean Annual Risk Maps 

These maps delineate mean annual probability that a hypothetical building will sustain damage such 
that it is uneconomic to repair (e.g. the probability of a building being destroyed in a given year). 

To view the present-day mean annual APLR risk for the region overseen by WCEM, see the dataset 
named ‘WCEM_LIDAR_PD_APLR_MeanAnnual_25m’. 
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4.3.2 Scenario-Specific Risk Maps 

These maps delineate the probability that a hypothetical building will sustain damage in a given 
scenario such that it is uneconomic to repair (e.g. the probability of a building being destroyed in a 
given scenario). 

To view the present-day mean annual scenario-specific APLR risk for the region overseen by WCEM, 
see the dataset named ‘WCEM_LIDAR_PD_APLR_AF8_25m’. 
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5.0 Applying these Results 

Table 5.1 Application of the results for planning purposes. Refer to Section 5.3.3.2 of Leith et al. (2025) for the 
decision-making framework. 

Application of Results for Planning Purposes 

Key Metrics 

• Landslide-debris flux (m³/m² per year): Volume of debris expected to pass through a location annually. 

• Probability of inundation (Pi) (one per year): Likelihood that debris reaches a location in a given year. 

• Annual Property Loss Risk (APLR) (loss per year): Probability that a generic building at a location will be damaged 
beyond economic repair annually. 

Risk-Tolerance Thresholds 

• A risk-tolerance threshold for acceptability of APLR = 1×10-5/year (1 in 100,000) is recommended as a starting point 
for existing risks. 

• Thresholds may vary depending on activity type, societal norms and planning level. 

Uncertainty Interpretation 

• Adopt uncertainties consistent with the 1-sigma (standard deviation) (84th percentile) confidence interval. 

• Present-day climate: APLR uncertainty at 1-sigma is ±0.75 orders of magnitude. 

• RCP6 2081–2100 climate scenario: APLR uncertainty at 1-sigma is estimated to be ±1.75 orders of magnitude. 

Practical Implication 

When applying a risk tolerance threshold, uncertainty must be included. For example, if the threshold is 1×10-5/year and 
uncertainty is ±0.75 orders of magnitude, then any location with APLR less than 5.6×10-5/year is statistically unlikely 
to exceed the threshold. This means that locations with APLR values below the threshold adjusted for uncertainty can be 
considered as having Acceptable Risk under the current planning framework. 

Use of Results for Planning Purposes (refer to Table 5.2 for planning-level descriptions) 

• Residual uncertainties limit the application of outputs for specific planning activities (see Table 5.2). 

• Raster datasets should be presented at a maximum zoom of 1:50,000 for publicly facing GIS applications. 

• Present-day outputs are suitable for Level B and possibly Level C planning purposes. 

• RCP6 2081–2100 climate scenario outputs are suitable for Level A screening and possibly Level B planning purposes. 

• Reducing uncertainty by using 8-m-resolution lidar data may make outputs suitable for Level B–C applications. 

• Outputs are not suitable for planning applications considered for Level D assessments without site-specific 
refinement. 

• Where risk exceeds thresholds or uncertainty is high, further analysis should: 

˗ Re-evaluate using higher-resolution data (e.g. 8 m lidar). 
˗ Incorporate local geotechnical and hazard information. 
˗ Re-classify sites based on refined risk metrics. 

The refined lidar-based hazard and risk outputs presented in this update should be interpreted and 
applied using the same framework described in Section 5.1 of Leith et al. (2025). The underlying 
LS-IPM and LDIR methodologies remain unchanged; therefore, the purpose and appropriate use of 
the datasets are consistent with the original regional assessment. As in the previous study, results are 
intended primarily for regional-scale analysis, rather than as a substitute for site-specific hazard 
assessments required for detailed planning or consenting decisions. 

The adoption of lidar-derived topography improves representation of slope geometry, debris pathways 
and smaller-scale landforms, resulting in more spatially refined hazard patterns, as well as, in some 
areas, revised estimates of debris flux, probability of inundation and APLR. However, the fundamental 
interpretation of the three key metrics remains unchanged: 
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• Landslide-debris flux represents the relative magnitude of landslide hazard. 

• Probability of inundation (Pi) represents the likelihood that landslide debris will reach a location. 

• APLR represents the probability of economically significant building damage. 

While improved terrain data reduce uncertainty associated with DEM accuracy, residual uncertainties 
related to landslide processes, model parameters and future conditions remain significant. 
Accordingly, planning decisions should continue to consider appropriate confidence levels and 
uncertainty thresholds, and site-specific investigations should be undertaken where higher levels of 
certainty are required. 

To support consistent interpretation, Table 5.2 from Leith et al. (2025) is reproduced below, presenting 
indicative order-of-magnitude uncertainty thresholds and associated confidence levels that may be 
used to determine the suitability of APLR datasets for different planning applications. The guidance 
remains applicable to the refined lidar-based outputs, noting that reduced DEM-related uncertainty 
improves spatial reliability but does not fundamentally change the recommended planning-use 
framework. 

The Landslide Planning Guidance (de Vilder et al. 2024) outlines five levels of landslide susceptibility, 
hazard and risk analysis, providing methodological guidance, residual uncertainty estimates and 
potential applications. An extract of this outline is included in Table 5.2, highlighting the five analysis 
levels and possible applications for the analysis at each level. 

Table 5.2 Indicative order-of-magnitude uncertainty thresholds and associated confidence levels that may be 
applied to determine the utility of annual property loss risk (APLR) datasets for a range of planning 
purpose levels (Leith et al. 2025). 

Level 
Indicative 

Uncertainty 
Threshold 

Indicative 
Confidence 

Level 
Example Implication Application 

A >±1.25 
1-sigma  

(84th percentile) 

It is unlikely that the true 
annual number of events in 
an area will exceed about 18× 
the expected value. 

This is the gateway assessment 
that determines where further assessment 
is required and where it will not be 
required. 

B ±1.00 
1-sigma  

(84th percentile) 

It is unlikely that the true 
annual number of events in 
an area will exceed about 10× 
the expected value. 

This is the recommended minimum 
for plan-making and plan changes for 
rural (rural lifestyle and settlement), 
commercial and mixed use, industrial, 
residential (large lot or low density) 
and future urban zones. 

C ±0.75 
1-sigma  

(84th percentile) 

It is unlikely that the true 
annual number of events in an 
area will exceed about 6× the 
expected value. 

This is the recommended minimum for 
plan‑making and plan changes for general 
residential, medium‑ and high‑density 
residential and tertiary education zones. 

D ±0.50 
1-sigma  

(84th percentile) 

It is unlikely that the true 
annual number of events in an 
area will exceed about 3× the 
expected value. 

This can form the basis for district plans, 
as well as site-specific analysis. 

E ±0.50 
2-sigma  

(98th percentile) 

It is exceptionally unlikely that 
the true annual number of 
events in an area will exceed 
about 3× the expected value. 

This can form the basis for district plans; 
plan changes; and land‑use, subdivision 
and building consents. 
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6.0 Summary and Conclusions 

The lidar-based refinement presented in this report enhances the regional landslide debris- 
inundation hazard and risk datasets previously developed for the region overseen by WCEM while 
retaining full methodological consistency with the LS-IPM framework described in Leith et al. (2025). 
Key conclusions are summarised below. 

Increased DEM accuracy improves landslide source and runout representation. The adoption of 
lidar-derived topography improves identification of landslide source areas and runout pathways. 
This results in more spatially accurate landslide-debris flux, probability of inundation and APLR 
distributions. In particular, improved representation of smaller landforms increases the number of 
identified landslide sources, leading to a larger number of structures at risk. 

Regional risk estimates remain consistent with observations. Modelled annual building-loss frequencies 
remain broadly consistent with historical claims data when uncertainty is considered. The refined 
present-day analysis predicts approximately 2.6 rainfall-induced residential-building loss events per 
year, compared with historical averages of approximately 2.0 claims per year, indicating that the 
updated datasets capture regional-scale risk trends appropriately. 

Climate-change insights remain broadly consistent. Under the RCP6 2081–2100 climate scenario, 
rainfall-induced landslide risk increases by approximately 60%, consistent with increased susceptibility 
and debris production. Regional earthquake-induced risk shows little systematic regional change, 
reflecting our input assumptions, and, as such, should be interpreted cautiously given significant 
uncertainty associated with the scientific understanding of climate-change impacts in this region. 

Spatial and parametric uncertainties remain. While lidar-derived terrain reduces uncertainty 
associated with DEM accuracy, residual uncertainties include those associated with model resolution 
and parameterisation of debris production, mobility and vulnerability relationships. Recommended 
uncertainty ranges for the refined APLR datasets are approximately ±0.75 orders of magnitude (1-sigma) 
and ±1.75 orders of magnitude (2-sigma). 

The refined datasets should be applied using the same interpretation framework described in Leith 
et al. (2025). The reduced uncertainties are likely to improve the utility of hazard and risk datasets but 
do not remove the need for site-specific assessment where planning decisions require higher certainty. 
West Coast Regional Council should determine appropriate uncertainty and confidence levels for 
specific planning applications; however, it is likely that the datasets provided with this report are 
suitable for Level B and possibly Level C planning purposes. 
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