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ABSTRACT

During the week of 25-31 March 2019, the West Coast of the South Island experienced
an intense rainstorm. The rain was widespread, extending from Haast to Hokitika, with the
highest intensity of rainfall recorded in the range front south of Hokitika. The March 2019 storm
resulted in a record amount of rainfall recorded over a 48-hour period in the Cropp River
Catchment. The result of this extreme rainfall event was widespread flooding and landslides,
including the washout and destruction of the Waiho Bridge on State Highway 6. An aerial
reconnaissance was flown by GNS Science on 17 and 18 April 2019, as part of GeoNet
landslide response, to identify landslides triggered by the storm. High-resolution SkySat
satellite imagery was acquired for a c. 10,000 km? area covering the area of most intense total
rainfall, which extended from inland of Hokitika south to Harihari. This satellite imagery,
combined with pre-storm event aerial imagery obtained from Land Information New Zealand
and Google Earth, was used to map the distribution of landslides that were triggered by the
storm. The storm event triggered 1290 landslides within the study area, with the highest spatial
densities observed in the hill country surrounding Mount O’Connor, southeast of Hokitika.

The landslide distribution was compared against key physiographic attributes such as rainfall,
geology, slope angle, slope aspect and vegetation type to assess controlling influence(s) on
landslide failure. The results of our analysis show that the areas of more intense rainfall do
not correlate with a greater density of landslides. This disparity could be the result of the
interpolated rainfall data not being representative of the true rainfall during the event and may
indicate that rainfall was higher than calculated by the linear interpolation of the rain gauge
data on slopes nearer to the coast (where there is a higher density of landslides) than those
further inland. Additionally, this disparity may be due to variations in rainfall intensity during
this 48-hour period, which are not captured in the 48-hour rainfall totals from rain gauge
data. Additionally, the limitations of the satellite imagery, which include snow cover and
shadow, may have prevented the identification of landslides at higher altitudes. While the
density distribution of landslides in the study area does not correlate with rainfall intensity,
it does correlate with slope angle and aspect. Landslide density increases with steeper slopes,
and north-, northwest- and northeast-facing slopes all display a higher landslide density, which
may be related to the characteristics of the rainfall in the storm event. For the major land-cover
types, sub-alpine shrub displays the highest landslide density, with 2.96 landslides per km?,
and accounts for 16.5% of the study area. The dominant land-cover type of indigenous forest,
accounting for 51.3% of the study area, only displays a landslide density of 1.64 km>.

KEYWORDS

West Coast, South Island New Zealand, March 2019 storm, rainfall-induced landsliding,
satellite imagery

GNS Science Report 2020/36 iii



This page left intentionally blank.

GNS Science Report 2020/36



1.0 INTRODUCTION

1.1 Background

During the week of 25-31 March 2019, the West Coast, South Island, New Zealand,
experienced a storm event that resulted in a record amount of rainfall. NIWA reported that
the Cropp River waterfall recorded 1086 mm of rainfall over a 48-hour period, which is the
highest recorded 48-hour rainfall in New Zealand and exceeds the annual rainfall of some main
centres in New Zealand (NIWA Weather 2019).

West Coast Civil Defence declared a state of emergency due to the damage from the storm.
This damage included the destruction of the Waiho River bridge near the town of Franz Josef
and damage to several roads in the region. The extreme rainfall also caused numerous
landslides, with a section of State Highway 6 from Hokitika to Makarora closed because of the
hazard posed. The following media stories outline, and contain photographs and videos of,
the storm damage:

. https://www.newshub.co.nz/home/new-zealand/2019/03/weather-exceptional-rain-
event-on-west-coast-expected-to-worsen.html

. http://floodlist.com/australia/new-zealand-floods-western-region-march-2019

A GeoNet landslide response was undertaken after the storm to record the nature, extent and
impact of landsliding across the West Coast region. This report provides the findings of the
March 2019 West Coast storm GeoNet response and specifically aims to identify the size,
number, distribution and impacts of landslides that occurred across the region and their
relationship to key physiographic characteristics, including rainfall, geology, land cover, slope
angle, slope aspect and elevation.

1.2 Rainfall Characteristics

Between 25 and 27 March 2019, the West Coast experienced a south-westerly storm
that brought intense rainfall and broke national records for the amount of rain recorded
over a 48 hour period. Rainfall data were obtained from the National Climate Database
(https://cliflo.niwa.co.nz/) and West Coast Regional Council rain gauges in the South Island
for the 48-hour period of rainfall between 25 and 27 March. The data were interpolated using
the Natural Neighbour tool in ArcGIS to approximate the rainfall between the rain gauges and
to create a map of rainfall for the area that was most affected by the storm (Figure 1.1).
As Figure 1.1 shows, the highest rainfall was recorded in the range front immediately to the
southeast of Hokitika, including the Cropp River catchment where the record national 48-hour
rainfall total was recorded. However, heavy rain was recorded all along the West Coast
from Haast to Hokitika and in Fiordland. MetService defines heavy rain as rainfall in an area
of 1000 km? or more of >50 mm over 6 hours or >100 mm over 24 hours (MetService 2008—
2021).
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Figure 1.1 South Island rain gauges and rainfall contour for March 2019 event.

1.3 Aerial Reconnaissance Flight

An aerial reconnaissance was flown by helicopter on Wednesday 17 and Thursday 18 April
by Saskia de Vilder and Dougal Townsend (GNS Science). The flight path focused on areas
where landslides had been reported, as well as on determining the extent of landsliding due
to the widespread heavy rainfall (Figure 1.2).
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Figure 1.2 Aerial reconnaissance flight conducted on 17 and 18 April 2019 by GNS Science staff.

1.4 Landslide Distributions and Types

The technical definitions of the landslide types used in this report are taken from Hungr et al.
(2014):

o A debris avalanche is a very rapid to extremely rapid (5 to ~10 m/s, 15-30 km/hr) shallow
slide or flow of partially or fully water-saturated debris on a steep slope, which is not
confined within an established channel.

o A debris flow is a very rapid to extremely rapid (5—-10 m/s, 15-30 km/hr) flow of water-
saturated, non-plastic (granular) debris in a channel. Speeds are often faster than a
fit human can run. The sediment has a consistency of wet concrete, with sediment
concentrations often in excess of 60% by volume (80% by weight) compared to flood
waters, where sediment concentrations are generally <4% by volume (10% by weight).

During the 2019 West Coast storm event, channelised shallow debris flows were sourced in
soil regolith and/or colluvium overlying weathered bedrock and were mainly initiated in heads
of gullies (Figure 1.3). Some of the debris flows were strongly coupled with stream channels,
which confined debris flow runout along the channel networks, while others formed fresh debris
deposits on existing colluvial and alluvial fans (Figure 1.4).
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Open slope debris avalanches were sourced from either bedrock or soil regolith and/or
colluvium overlying weathered bedrock (Figures 1.5, 1.6 and 1.7). The open-slope debris
avalanches were predominantly not coupled with stream channels. However, numerous
riverbank collapses, in the form of debris avalanches, occurred along streams and river
channels (Figure 1.8).

4 GNS Science Report 2020/36



Figure 1.3  Channelised debris flow and debris fan located to the east of Lake Kaniere (Dougal Townsend,
GNS Science).

GNS Science Report 2020/36




Figure 1.4  Channelised debris flow, which transitioned to an unconfined debris flow observed in the Whitcombe
Valley area (Dougal Townsend, GNS Science). Note the older debris deposits on the fan, which
probably occurred during similar storm events.
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Figure 1.5  Open-slope debris avalanche in soil regolith observed at Kokiraki / The Doughboy, south of Lake
Kaniere (Dougal Townsend, GNS Science).

Figure 1.6 Open-slope debris avalanche, comprising soil regolith and colluvial material, in the Lake Kaniere area
(Dougal Townsend, GNS Science).

GNS Science Report 2020/36 7



Figure 1.7  Open-slope debris avalanche located above a relict debris avalanche source area, comprising
weathered bedrock, northeast of Haast (Dougal Townsend, GNS Science).

Figure 1.8  Riverbank erosion caused collapses in the form of localised debris avalanches, Waiho River, Franz
Josef (Dougal Townsend, GNS Science).
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2.0 LANDSLIDE SEVERITY ASSESSMENT METHODOLOGY

2.1 Data Sources

Satellite imagery was acquired for a c. 10,000 km? area of the West Coast, covering a section
of the Southern Alps from Island Hill southwest to Mount Whitcombe (Figure 2.1). This area
represented both the highest intensity of rainfall (Figure 1.1) and highest density of landslides
observed from the aerial reconnaissance flight (Figure 1.2). SkySat data was acquired
in a series of passes from 29 March through to 22 June, 2019. The satellite imagery
has a ground resolution of 0.8 m. Google Earth historical satellite imagery and the 2016/17
Land Information New Zealand (LINZ) aerial photography (with a 0.3 m resolution) were used
as pre-event imagery. These two sets of pre-event imagery were used to complement each
other to achieve a full spatial coverage of the study area, with Google Earth imagery being
used in areas where the pre-event LINZ imagery was insufficient.
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Figure 2.1 Map of the study area.
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2.2 Landslide Mapping

The post-event imagery was assessed in ArcMap to identify and locate landslides. Once a
landslide was identified in the post-event imagery, it was compared with the Google Earth
and LINZ aerial imagery to determine whether it: (1) was newly formed, (2) had retrogressed,
(3) was re-activated or (4) was a relict landslide (see the example in Figure 2.2). To ensure
that all landslides within the study area were identified and mapped, we used a square grid
pattern to check the full study area. The landslides were mapped manually using the same
method and attributes as the Kaikoura landslide inventory (Massey et al. 2019). Each mapped
landslide consisted of:

o a polygon drawn around the source area of the landslide

) a polygon drawn around the deposit area of the landslide

o inventory information unique to each landslide source and deposit filled out, and

o a point centred on the source area of the landslide.

Due to a combination of the terrain and the resolution of the imagery, it was difficult in
many cases to accurately determine the type of slope failure (debris flow, rock avalanche,
etc). In the case of re-activated landslides, it was difficult to determine how much of the
landslide had re-activated or if it had retrogressed; because of this, the retrogressed landslides
were included in the re-activated category for the analysis. Additionally, relict landslides,
i.e. those that had existed prior to the March 2019 storm and had not visibly changed after the
event, were mapped with a polygon around the landslide and stored as a separate feature
class not used for analysis.

Each mapped landslide was also given a confidence ranking based on its area:

o Rank 0 for a landslide with an area less than 20 m?.

o Rank 1 for a landslide with an area between 20 m? and 50 m?.

o Rank 2 for a landslide with an area between 50 m2 and 100 m?2.

o Rank 3 for a landslide with an area greater than 100 m2.

Rank 0 landslides (a total of 70) were not included in the analysis, as they were deemed too

small for accurate visual analysis and could not confidently be identified as a landslide feature
and may have been some other feature, such as tree fall.

GNS Science Report 2020/36 1
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Figure 2.2  Example mapped landslide displaying the absence of the landslide in the pre-event imagery (a) and
presence in post-event imagery (b), where the colour band has been adjusted.

23 Landslide Inventory Assessment Approach

The landslide polygons that were manually mapped from assessment of satellite images
were overlaid with attribute layers containing key characteristics in ArcGIS to assess the
potential influence of those characteristics in controlling the observed landslide distribution.
The key characteristics included land cover, geological unit, altitude, slope angle, slope aspect
and rainfall intensity. Within ArcGIS, the layers were intersected separately with the landslide
source area polygons and landslide source points to extract the information unique to each
landslide source. The layers used comprised:

) Rainfall: The 48-hour interpolated rainfall raster was reclassified into 100 mm contour
intervals (isohyets) from 0 to 1300 mm, and the area covered by each interval was
calculated. A landslide density (landslides/km?) was calculated for each rainfall interval.

o Geology: The 1:250,000-scale regional geological map (Heron 2018) was used to
determine the underlying geological materials of each landslide source area. The study
area contains 15 rock types (see Figure 2.4). Schist is the most abundant, underlying
40% of the study area, followed by gravel (24%) and semi-schist (15%). The remaining
12 rock types individually comprise a small percentage of the rock types in the study
area. Metamorphic and sedimentary rock types that comprised less than 1% of the
study area were grouped into two categories: (1) ‘other metamorphic rock types’,
which consisted of hornfels and serpentine; and (2) ‘other sedimentary rock types’, which
consisted of breccia, conglomerate, limestone and mudstone.

o Land cover: Land-cover information was obtained from the Land Cover Database v4.1
(Manaaki Whenua Landcare Research), which contained polygons for each land-cover
category at 1:50,000 scale for all of New Zealand. The land-cover map (see Figure 3.3)
contains 19 land-cover types, with indigenous forest covering 51% of the study area,
followed by sub-alpine shrub (17%) and tussock (10%). Each of the other 16 land-cover
types individually comprise a small percentage of the study area.

. Altitude: Elevation data was obtained from the LINZ 8-m-resolution New Zealand
Digital Elevation Model (DEM). The DEM raster was re-classified into 100 m intervals
from 0 to 1700 m.

o Slope Angle: The 8-m-resolution DEM from LINZ was used to develop a series of slope
angle classes based on 10° intervals from 0° to 90°.
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o Slope Aspect: The 8-m-resolution DEM from LINZ was used to calculate the mean slope
aspect for each landslide source area. Slope aspect was re-classified into individual layers
for north, northeast, east, southeast, south, southwest, west and northwest directions.

Source areas for first-time failures and re-activated landslides were separated into different
layers to understand the distribution of landslides that had been generated by the March 2019
storm and those that had already existed but had become re-activated by the storm.

The total area of each feature type was calculated to determine the percentage of the study
area that individual features occupied. These area calculations were used with the locations
of each landslide to calculate the density of the landslides per square kilometre and the
frequency ratio of landslides. The frequency ratio was calculated as:

(N Landslides in band / Area of band)
(Total N Landslides / Total study area)

Frequency Ratio =

This normalised the landslide density for the total area. Landslide density and frequency ratios
were calculated separately for first-time failures and re-activated landslides and the combined
landslide activity within features, both for the polygon intersections and the point intersections.
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Figure 2.3 Intersection of the study area (SkySat coverage) with the main rock types from Heron (2018).
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Figure 2.4  Land-cover categories from the Land Cover Database v4.1 for the study area (SkySat coverage).
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3.0 LANDSLIDE SEVERITY ASSESSMENT RESULTS

Our analysis identified 1289 landslides across the study area that were triggered or re-activated
during the March 2019 storm. The highest densities observed were in the hill country
surrounding Mount O’Connor to the southeast of Hokitika. We identified 440 first-time failures
and 849 re-activated or retrogressed landslides. The mean landslide area was 1506 m? and
the largest was 54,805 m2.

3.1 Landslide Density and Rainfall

The rainfall contour intervals in Figure 3.1 show that the study area received between 300 and
1300 mm of rain over the 48-hour storm period. Landslide density for each rainfall interval
is shown in Figure 3.2, subdivided into first-time and retrogressed failures. The highest total
landslide density of 2.56 landslides per km?, with a frequency ratio of 1.74 (Table 3.1), was
within the 500-600 mm rainfall interval. The second highest total landslide density was 2.05
landslides per km? with a frequency ratio of 1.39 and was within the 700—800 mm rainfall interval.
The highest total number of landslides (282) was found within the 400-500 mm interval, and
the highest number of first-time failures (122) was found in the 700-800 mm interval, while the
highest number of re-activated landslides (202) was within the 600-700 mm interval.

Figure 3.2 shows that, within the 500-600 mm rainfall interval, the increase in landslide
density is correlated with re-activated landslides, with a density of 1.96 landslides per km?and
a frequency ratio of 2.02 (Table 3.1). The 700-800 mm rainfall interval displays the second-
highest landslide density, which is correlated with an increase in the density of first-time failures
at 0.94 landslides per km? with a frequency ratio of 0.94 (Table 3.1). The landslide density
decreases for rainfall bands above 800 mm, and no landslides were mapped in areas that
received between 1000 and 1300 mm of rainfall (Table 3.1).
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Figure 3.2  Landslide densities for both first-time failures and re-activated landslides for the different bands of
48-hour maximum rainfall.
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Table 3.1

Landslide density and frequency ratio for each rainfall band.

% of First-Time First-Time | First-Time Re-Activated Re-Activated Total Total Total
Rainfall Area ° . Landslide Failure Re-Activated Landslide L Landslide | Landslide
2 Total Failure . . Frequency Activity .
(mm) (km?) Area Count Density | Frequency Count Density Ratio Count Density | Frequency
(per km?) Ratio (per km?) (per km?) Ratio
300-400 100.47 11.49% 47 0.47 0.93 44 0.44 0.45 9 0.91 0.61
400-500 149.42 17.09% 90 0.60 1.20 192 1.28 1.32 282 1.89 1.28
500-600 85.55 9.78% 51 0.60 1.18 168 1.96 2.02 219 2.56 1.74
600-700 151.56 17.33% 69 0.46 0.90 202 1.33 1.37 271 1.79 1.21
700-800 129.32 14.79% 122 0.94 1.87 143 1.1 1.14 265 2.05 1.39
800-900 119.94 13.72% 49 0.41 0.81 89 0.74 0.76 138 1.15 0.78
900-1000 66.58 7.61% 12 0.18 0.36 11 0.17 0.17 23 0.35 0.23
1000-1100 44.82 5.12% 0 0.00 0.00 0.00% 0.00 0.00 0 0.00 0.00
1100-1200 19.16 2.19% 0 0.00 0.00 0.00% 0.00 0.00 0 0.00 0.00
1200-1300 7.66 0.88% 0 0.00 0.00 0.00% 0.00 0.00 0 0.00 0.00
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3.2 Controlling Factors for Landslide Initiation

3.21 Geology

Figure 3.3 displays the landslide density that occurred within each geological unit. The highest
number of landslides was found within the schist category (Figure 3.2), which occupies
~40% of the study area and contained 675 landslides (223 first-time failure, 452 re-activated).
Semischist had 16% of the total landslides mapped (52 first-time failure, 169 re-activated) and
mylonite had 13% of the total landslide distribution (60 first-time failure, 180 re-activated).

Schist has a total landslide density of 1.85 landslides per km?, semischist has a total landslide
density of 1.65 landslides per km? and mylonite has a total landslide density of 2.17 landslides
per km?; the categories of other metamorphic rock types (hornfels and serpentinites), granite
and mylonite have the highest frequency ratios of 1.91, 1.56 and 1.47, respectively.
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Figure 3.3  The frequency ratio for both first-time failures and re-activated landslides that occurred within each
geological unit.
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Table 3.2 Landslide density and frequency ratio per geology type. FtF = First-time failure.

% of A Frequency Re-Activated Frequency | Total eI 2 €l Frequency

Geology Area FtF | % of |Density . Re-Activated . % of . . .. |Landslide| Total .
2 | Total Ratio — Density s Ratio— |Activity . . Ratio —

Type (km?) Count| FtF (per Count 2, |Re-Activations . Density |Landslide

Area 2 FtF (per km?) Re-Activated| Count 2 Total

km?) (per km?) | Count

Granite 36.11 | 3.96% | 47 |10.22%| 1.30 2.58 36 1.00 4.06% 1.03 83 2.30 6.16% 1.56
Granodiorite 6.32 | 0.69% 9 1.96% 1.42 2.82 4 0.63 0.45% 0.65 13 2.06 0.97% 1.39
Gravel 219.01({24.01%| 37 8.04% 0.17 0.34 60 0.27 6.76% 0.28 97 0.44 7.20% 0.30
Mylonite 82.92 | 9.09% 60 |13.04%| 0.72 1.44 120 1.45 13.53% 1.49 180 217 13.36% 1.47
Paragneiss 20.48 | 2.24% 14 3.04% 0.68 1.36 9 0.44 1.01% 0.45 23 1.12 1.71% 0.76
Sandstone 39.01 | 4.28% 10 217% 0.26 0.51 24 0.62 2.71% 0.63 34 0.87 2.52% 0.59
Schist 364.55(39.96%| 223 |48.48%| 0.61 1.21 452 1.24 50.96% 1.28 675 1.85 50.11% 1.25
Semischist 134.01|14.69%| 52 |(11.30%| 0.39 0.77 169 1.26 19.05% 1.30 221 1.65 16.41% 1.12
Other
metamorphic
rock types 248 | 0.27% 3 0.65% 1.21 2.40 4.00 1.61 0.45% 1.66 7.00 2.82 0.52% 1.91
(hornfels and
serpentinite)
Other
sedimentary
rock types
(breccia, 6.97 | 0.76% 5 1.09% 0.72 1.42 9.00 1.29 1.01% 1.33 14.00 2.01 1.04% 1.36
conglomerate,
limestone and
mudstone)
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3.2.2 Land Cover

Figure 3.4 displays the frequency ratio of landslides that occurred within each land-cover type.
The highest percentage of landslide activity was in the indigenous forest category (57% of
total landslides), which had a total landslide count of 774 (292 first-time failures and 482
re-activated). The indigenous forest category comprises 51% of the study area. The sub-alpine
shrub category had the second-highest percentage of landslides (34% of total landslides),
with 461 landslides (138 first-time failures and 323 re-activated). The sub-alpine shrub
category occupies 17% of the study area. The highest landslide density was observed for
the ‘landslide’ category, with a density of 14.10 per km? and a frequency ratio of 9.86.
However, the ‘landslide’ category has a total area of <1 km? and contained a total of 11
re-activated landslides (Table 3.3). The landslide category does not represent a land-cover
and vegetation type. The second-highest landslide density was for sub-alpine shrub with
a density of 2.96 per km? and a frequency ratio of 2.07 (Table 3.3). Broadleaf indigenous
forest had the third-highest landslide density of 2.25 per km? and frequency ratio of 1.57,
while indigenous forests have a landslide density of 1.6 per km? and frequency ratio of 1.12.
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Figure 3.4  The frequency ratio of landslides for both first-time failures and re-activated landslides that occurred
within each land-cover type.
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Table 3.3

Landslide density and frequency ratio per land-cover type.

% of | First-Time First-Ti.me First-Ti.me Re-Activated Re-Activ.ated Re-Activ.ated Total Tota! Tota!
Land-Cover Type Are? Total | Landslide Lands!lde Landslide Landslide Lands!lde Landslide Landslide Lands!lde Landslide
(km?) Area Count Density Frequgncy Count Density Frequ?ncy Count Density Freque.ancy
(per km?) Ratio (per km?) Ratio (per km?) Ratio
Alpine Grass / Herbfield 22.73 2.41% 0 0.00 0.00 1 0.04 0.05 1 0.04 0.03
Broadleaf Indigenous Hardwood | 25.78 2.74% 25 0.97 1.99 33 1.28 1.36 58 2.25 1.57
Built-Up Area 0.07 0.01% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
Exotic Forest 0.39 0.04% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
Fernland 1.29 0.14% 0 0.00 0.00 1 0.77 0.82 1 0.77 0.54
Freshwater Vegetation 0.02 0.00% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
Gorse/Broom 3.20 0.34% 0 0.00 0.00 3 0.94 1.00 3 0.94 0.66
Gravel/Rock 79.75 8.46% 2 0.03 0.05 20 0.25 0.27 22 0.28 0.19
High-Producing Exotic Grass 31.61 3.35% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
Indigenous Forest 483.26 | 51.28% 292 0.60 1.24 482 1.00 1.06 774 1.60 1.12
Lake/Pond 11.12 1.18% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
Landslide 0.78 0.08% 0 0.00 0.00 11 14.10 14.98 11 14.10 9.86
Low-Producing Grass 2.96 0.31% 0 0.00 0.00 3 1.01 1.08 3 1.01 0.71
Manuka/Kanuka 5.56 0.59% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
Surface Mine / Dump 0.02 0.00% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
River 5.29 0.56% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
Snow/Ice 17.46 | 1.85% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
Sub-Alpine Shrub 155.53 | 16.50% 138 0.89 1.82 323 2.08 2.21 461 2.96 2.07
Tussock 95.55 | 10.14% 3 0.03 0.06 10 0.10 0.11 13 0.14 0.10
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3.2.3 Altitude

Elevation in the study area ranges from <100 to 1700 m above mean sea level. Figure 3.5
displays the landslide frequency ratio for different altitude bands. The highest total landslide
density is observed at altitudes between 900 and 1200 m. The total landslide density is highest
at 1000-1100 m with 3.06 landslides per km? and a frequency ratio of 2.01, followed by 2.56
landslides per km? and a frequency ratio of 1.68 at altitudes of 900—1000 m and a density of
2.42 landslides/km? and frequency ratio of 1.59 for 1100-1200 m (see Table 3.4). Low numbers
of landslides were observed for altitudes greater than 1200 m.
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Figure 3.5  Frequency ratios for both first-time failures and re-activated landslides for the different altitude levels.
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Table 3.4 Landslide density and frequency ratio per altitude band.
Attitude | Area | %o0f | FirstTime | oo e | elide | Re-Activated | FPTRRAG | Re-Activated |  Total |\ iR | TOS
(m) (km?) 1:::' Lag;i:::td € Density | Frequency Lag;l:rl:td € Density Frelg:t?:cy Lag;i:::td € Density | Frequency
(per km?) Ratio (per km?) (per km?) Ratio
0-100 43.76 4.90% 5 0.11 0.22 3 0.07 0.07 8 0.18 0.12
100-200 97.51 10.91% 16 0.16 0.32 26 0.27 0.27 42 0.43 0.28
200-300 80.03 8.96% 38 0.47 0.92 63 0.79 0.78 101 1.26 0.83
300-400 64.09 717% 52 0.81 1.57 76 1.19 1.18 128 2.00 1.31
400-500 62.96 7.05% 44 0.70 1.35 102 1.62 1.61 146 2.32 1.52
500-600 62.64 7.01% 42 0.67 1.29 93 1.48 1.48 135 2.16 1.42
600-700 58.51 6.55% 40 0.68 1.32 77 1.32 1.31 117 2.00 1.31
700-800 54.81 6.13% 37 0.68 1.30 66 1.20 1.20 103 1.88 1.23
800—900 52.29 5.85% 34 0.65 1.25 69 1.32 1.31 103 1.97 1.29
900-1000 50.82 5.69% 46 0.91 1.75 84 1.65 1.65 130 2.56 1.68
1000-1100 49.43 5.53% 43 0.87 1.68 108 2.19 218 151 3.06 2.01
1100-1200 46.3 5.18% 36 0.78 1.50 76 1.64 1.64 112 242 1.59
1200-1300 43.52 4.87% 23 0.53 1.02 38 0.87 0.87 61 1.40 0.92
1300-1400 39.1 4.38% 5 0.13 0.25 10 0.26 0.25 15 0.38 0.25
1400-1500 | 33.71 3.77% 1 0.03 0.06 5 0.15 0.15 6 0.18 0.12
1500-1600 | 29.94 3.35% 1 0.03 0.06 1 0.03 0.03 2 0.07 0.04
1600-1700 | 24.17 2.70% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
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3.24 Slope Angle

Figure 3.6 displays the landslide frequency ratio for different slope angle categories, with

landslide frequency increasing for steeper slopes up to 70°. The highest total landslide density

of 4.59 landslides/km? and a frequency ratio of 3.32 was observed for slope angles between

60° and 70°. Beyond 70°, the landslide frequency decreases, with no landslides observed in
m Total

the 80° to 90° slope interval (Table 3.5).
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Figure 3.6  Frequency ratios for both first-time failures and re-activated landslides for the different slope angles.
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Table 3.5

Landslide density and frequency ratio per slope angle band.

o . . First-Time | First-Time . Re-Activated | Re-Activated Total Total
% of First-Time . . Re-Activated . . Total : .
Slope Area . Landslide | Landslide . Landslide Landslide . Landslide | Landslide
2 Total Landslide : Landslide . Landslide .
Angle (km?) Area Count Density | Frequency Count Density Frequency Count Density | Frequency
(per km?) Ratio (per km?) Ratio (per km?) Ratio
0-10° 128.71 12.52% 1 0.01 0.02 6 0.05 0.05 7 0.05 0.04
10-20° 93.57 9.10% 7 0.07 0.16 11 0.12 0.13 18 0.19 0.14
20-30° 128.14 12.46% 15 0.12 0.25 27 0.21 0.23 42 0.33 0.24
30-40° 211.53 20.57% 58 0.27 0.58 117 0.55 0.61 175 0.83 0.60
40-50° 272.90 26.54% 175 0.64 1.35 302 1.1 1.22 477 1.75 1.27
50-60° 161.64 15.72% 181 112 2.35 376 2.33 2.57 557 3.45 2.50
60-70° 30.30 2.95% 51 1.68 3.54 88 2.90 3.21 139 4.59 3.32
70-80° 1.46 0.14% 1 0.68 1.44 4 2.74 3.02 5 3.42 2.48
80-90° 0.01 0.00% 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00
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3.2.5 Slope Aspect

Figure 3.7 displays landslide frequency ratios for different slopes aspects. Slopes that face
north, northeast, and northwest have the highest landslide densities of 3.21, 2.29 and 2.31
landslides per km?, respectively. Together, these slopes make up 43.2% of the total study area
and contain 77.5% of landslides mapped.
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Figure 3.7  Frequency ratios for both first-time failures and re-activated landslides that occurred within each slope
aspect band.
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Table 3.6

Landslide density and frequency ratio per slope aspect category.

(292.5-337.5°)

o . . First-Time | First-Time . Re-Activated | Re-Activated Total Total
% of | First-Time . . Re-Activated . . Total . .
Area . Landslide | Landslide . Landslide Landslide . Landslide | Landslide
Aspect 2 Total | Landslide . Landslide . Landslide .
(km?) Area Count Density | Frequency Count Density Frequency Count Density | Frequency
(per km?) Ratio (per km?) Ratio (per km?) Ratio
North
(337 5-22.5°) 136.23 | 14.61% 154 1.13 2.29 283 2.08 218 437 3.21 2.22
Northeast
(22.5-67 5% 128.03 | 13.73% 112 0.87 1.77 181 1.41 1.49 293 2.29 1.58
East
(67.5-112.5) 100.17 | 10.74% 16 0.16 0.32 43 0.43 0.45 59 0.59 0.41
Southeast
(112.5-157.5°) 86.67 9.30% 11 0.13 0.26 12 0.14 0.15 23 0.27 0.18
South
(157 5-202.5°) 100.96 | 10.83% 11 0.11 0.22 7 0.07 0.07 18 0.18 0.12
Southwest
(202.5-247 5% 111.42 | 11.95% 21 0.19 0.38 16 0.14 0.15 37 0.33 0.23
West
(247 5-292.5°) 130.04 | 13.95% 47 0.36 0.73 112 0.86 0.91 159 1.22 0.85
Northwest
138.80 | 14.89% 88 0.63 1.28 233 1.68 1.76 321 2.31 1.60
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4.0 DISCUSSION

The landslide inventory includes no observed landslide activity in areas with rainfall greater
than 1000 mm for this storm. The highest density of landslide activity (Figure 3.2) was within
the 500-600 mm rainfall interval, consisting almost entirely of re-activated landslides, with the
second-highest landslide density recorded for the 700—-800 mm rainfall interval, where the
density of newly generated landslides is almost equal to that of re-activated landslides.
However, for a high-intensity rainfall event, it may be expected that the highest density
of landslides would correlate with areas of highest rainfall. Precipitation tends to increase in
relation to altitude in a process known as orographic enhancement (Napoli et al. 2019).
Therefore, if the rainfall intensity was increasing with altitude, then an increase in landslide
density at high altitude (and high rainfall) may be expected. However, the landslide density
observed for the March 2019 storm does not increase with altitude. Instead, our data displays
the highest landslide density (Figure 3.4) for altitudes between 1000 and 1100 m. The absence
of landslides mapped at both high rainfall and high altitude may be a result of several factors,
including:

1. The limitations of mapping from satellite imagery.

a. Landslides may have occurred but cannot routinely be detected using optical
imagery on the scree slopes that are typical of high altitudes within the region.

b. Slopes facing in a south/southeast direction were obscured by shadow, so landslides
here may not have been detected.

C. Higher-altitude areas were covered with snow at either the time that the pre-event
imagery was captured or at the time that the post-event satellite imagery was
taken, which may have obscured any landslides that occurred in these locations.

2. The limitations of the rain gauge data.

a. The rain gauge data may not accurately represent the distribution of rainfall over
the study area, with interpolation ‘smoothing’ out rainfall across the South Island
as a whole. Importantly, there is only one rain gauge within the study area,
so variations in rainfall across the study area would not be captured in this data.

b.  The linear interpolation between the rain gauges. This method of smoothing the
discrete data may be an incorrect assumption, as the rainfall would likely vary
depending on topography. For example, when the storm front reaches the range
front of the mountains, orographic overturning may result in higher rainfall on the
lower slopes (Houze and Medina 2003).

C. Rain gauge measurements do not capture variations in rainfall intensity during the
48-hour storm period, and this missing variation in rainfall may have influenced
the landslide distribution.

A possible solution to the limitations of satellite imagery may be to use change detection
from 3D surface models captured immediately pre- and post-storm. The inclusion of rain radar
data may help alleviate some of the limitations of the rain gauge data by providing both a
higher spatial and temporal resolution of rainfall during the storm event. Including rain radar
data may also help investigate whether different rainfall thresholds for new landslide initiation
and landslide re-activation exist, as suggested by the differences in landslide type and density
for the 500—600 mm rainfall interval and 700—-800 mm rainfall interval. Confirming these rainfall
thresholds could provide more accurate landslide hazard forecasting for future storm events
in the region and elsewhere. Other factors, such as slope angle and aspect, may also influence
the distribution of landslides. Landslide density was observed to increase with slope angle,
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up to about 70° (Figure 3.5). However, slopes greater than 70° account for less than 0.2% of
the study area, and landslides on such slopes were likely to be obscured by shadow or difficult
to identify if they were exposed rock prior to the storm.

Additionally, the indigenous forest land-cover category covers more than half of the study
area. It has a lower landslide frequency than the sub-alpine shrub category, which comprises
of 17% of the study area. This increased density in the sub-alpine shrub category may be
related to the altitude, with a landslide frequency peak from 900-1200 m, as the treeline
in the South Island can be as low as 900 m (Heenan and McGlone 2013). Vegetation type can
have an impact on the stability of slopes, with forests having a greater stabilising effect on
the cohesion of slopes than grasses and shrubs (Kokutse et al. 2016), and the forest canopies
can intercept rain drops before they reach the ground and reduce the impact on soil erosion
(Keim and Skaugset 2003). These factors may together explain the increase in landslide
density in the sub-alpine zone.

Landslides also preferentially occurred on north-, northwest- and northeast-facing slopes.
The relationship between slope aspect and landslide density may be influenced by the direction
that the storm travelled as it made landfall on the west coast. Further analysis of rain radar
data on the direction and travel of the storm will help us to understand the relationship between
slope aspect, rainfall and landslide density. Due to orographic effects, which increase rainfall
on the windward side of slopes, it is expected that the higher density of landslides would be on
slopes facing in directions closest to the storm as it moved inland. However, due to the shadow
on the satellite imagery of south/southeast-facing slopes, landslides that did occur on leeward
slopes may not have been identified.

The physiographic attributes of slope aspect, slope angle, land-cover type, altitude and rock
type are all attributes that pre-dispose a particular slope to landsliding. Landslide susceptibility
maps, which determine where landslides are likely to occur, correlate the occurrence of
landslide with pre-disposing factors (Reichenbach et al. 2018). However, due to the limitations
of our landslide inventory in the inability to detect landslides in steep, alpine, snow-covered
terrain, caution is required when correlating the physiographic attributes with the landslide
inventory to determine landslide susceptibility.
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5.0 CONCLUSIONS

The 2019 West Coast storm occurred during the week of 25-31 March 2019, in which the storm
broke national records for rainfall measurements over a 48-hour period, leading to a state of
emergency being declared for the West Coast region. Significant damage to infrastructure
and roading occurred due to floodwaters and landsliding. An aerial reconnaissance was flown
by GNS Science on 17 and 18 April 2019 to identify landslides triggered by the storm as part
of a GeoNet landslide response. High-resolution SkySat satellite imagery was subsequently
captured for a 10,000 km? area, which extended from inland of Hokitika south to Harihari.
This satellite imagery, combined with pre-storm-event aerial imagery obtained from LINZ
and Google Earth, was used to map the distribution of landslides that were triggered by the
March 2019 storm. The storm event triggered 1289 landslides within the mapped study area,
with the highest densities observed in the hill country surrounding Mount O’Connor to the
southeast of Hokitika. The landslide distribution was overlaid onto attribute layers containing
key physiographic characteristics (rainfall, geology, slope angle, slope aspect, vegetation type)
to assess the correlation between these slope characteristics and the occurrence of landslides.

The results of our analysis have shown that the more intense rainfall did not appear to result
in a greater density of landslide activity. This pattern of distribution could be the result of the
interpolated rainfall data not being representative of the true rainfall during the event and may
indicate that the rainfall on the slopes closer to the coast was higher than indicated by the
linear interpolation of the rain gauge data. Additionally, the limitations of the satellite imagery,
which include snow cover and shadow, may have prevented the mapping of landslides
at higher altitudes. The inclusion of other rainfall data from rain radar may provide a more
complete analysis of the landslides that were able to be mapped for this study area. This could
provide more accurate landslide hazard predictions for future storm events in the region.

While the density distributions across the study area do not correlate with rainfall intensity,
they do correlate with slope angle, where landslide density increases with steeper slopes and
slope aspect. North-, northwest-, and northeast-facing slopes all display a higher landslide
density, which may be related to the characteristics of the rainfall in the storm event. For the
major land-cover types, sub-alpine shrub displays the highest landslide frequency ratio of
2.07 and accounts for 16.5% of the study area. The dominant land-cover type of indigenous
forest, accounting for 51.28% of the study area, only displays a landslide frequency ratio
of 1.57. This suggests that vegetation may be a control on landslide occurrence.
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