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ABSTRACT

With climate change the extent of natural hazards is expected to increase and multiple natural hazards are also expected to occur more
frequently. Cascading natural hazards are a type of multiple hazards where one event follows shortly after another because they are depend-
ent on each other or caused by the same triggering event. Although these types of hazards are becoming more prevalent, risk assessment
still tends to focus on one type of hazard at a time. This is also the case for Sweden, where risk mapping is carried out for landslide risk
and flood risk, but not for cases where, for example landslides, cause flooding. This paper presents the development of a semi-quantitative
methodology to assess the possibility of cascading natural hazards associated with landslide risk in Sweden and application of the method

in one study area.

INTRODUCTION

Internationally, cascading natural hazards have been prevalent in the last years. A dramatic example is the Santa Barbara County, USA mud-
slide and debris flows in January 2018 killing at least 20 people. Land already ravaged by wildfire had made the area more susceptible to
landslides. When the heavy rains finally came, large amounts of fire debris and fine-particle (and slick) ash were easily swept away by the
water (Karimi et.al., 2018). In British Columbia large landslides impounding streams and rivers, causing upstream inundation and dam failure
have been more frequent (Gertsema et.al., 2006). In the central Himalayas primary hazards as earthquakes, avalanches and landslides often
trigger secondary hazards as landslide dams and flooding, causing damage to human settlements, infrastructures, and ecosystems (Sharma
et.al., 2023).

The Nordic countries have also experienced such cascading natural events. One recent example is the landslide generated mega tsunami in
Greenland in 2017. A massive landslide in the Karrat Fjord caused an instantaneous surge of seawater that pushed the water more than 90

meters along the coastline (Nature, 2017).

While severe cascading landslide events are rather uncommon in Sweden, they may be increasing in frequency and magnitude due to chang-
ing climatic conditions. A historic example is the landslide at Gota in June 1957. It started as a crack that widened successively and a small
slide occurred. The slide rapidly spread north up to length of 1.5 km along the river and a width of 250 m, due to the occurrence of quick
clay within the area. The landslide partly dammed the river and a 6 — 8 m high flood wave swept over the shores up to the municipality of
Lilla Edet, 3 km from the landslide (Odenstad, 1958).

While cascading natural hazards are becoming more frequent, much international natural hazard literature tends to focus on one type of
hazard (Kappes et al 2012), ignoring that one hazard may lead to another (Gallina el al, 2016). In Sweden, the focus so far has been on single
hazards e.g. landslides or flooding, and the associated risk assessment has been done for that specific hazard (e.g. SGI, 2012, MSB, 2013).
However, as cascading natural hazards are becoming more prevalent due to a changing climate and changing land use patterns, so is the
need to include cascading hazards in risk assessment methods. Therefore, a study was initiated to analyse international methods and cases
of cascading natural events associated with landslides to understand why, how, where and when they happen. These methods are then be
applied to assess the risk for cascading natural hazards associated with landslides in the Swedish context. Based on the literature overview
the paper presents the development of a method for characterizing the cascading natural hazards associated with landslide risk in Sweden

and application of the method in one study area.

Hazards referred to as cascading events, hazard chains or domino effects, are a type of hazard that is temporally oriented and includes those
occurring at the same time or following shortly after each other, because they are dependent on one another or because they are caused

by the same triggering event or hazard (e.g. Kappes et al., 2012, Kumasaki et al., 2016,).

METHODS
The intention in this study was to focus on qualitative methods to analyse cascading natural hazards, but early during the literature survey,

it became evident that a semiquantitative methods would be needed. According to Kappes et al (2012) qualitative methods include descrip-
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tion in words (e.g. high, medium, low) which relate to quality commonly based on expert judgement. Semiquantitative methods use a de-
scription by means of a scale including words or numbers, which allows a relative ranking. One way to assess coupled hazards is to assess
the possibility for coincidences of different hazard events without suggesting direct causal linkages between them. Several studies use this
approach by application of a matrix describing the interaction between different hazards (e.g. Simeoni et.al, 1999, Tarvainen et.al, 2006, De
Pippo et.al 2008, Gill and Malamud, 2014).

The development of a method for assessment of cascading natural hazards in Sweden is based on the work by Simeoni et.al (1999) and De
Pippo et.al (2008), who use an interaction matrix based on system theory to analyse hazards along coastal areas in Italy. One difference is
that we analyse different chains of events where the different events/parameters affect each other and where all events need to be able to

occur in roughly the same place, to be a chain event.

Based on Simeoni et.al (1999) a stepwise workflow was developed: 1) Construction of a matrix with relevant event types and description of
the connections between the event types, see example in Figure 1; 2) Scoring the different connections; 3) Analysing which event types that
have the greatest effect on other event types in the system (interaction intensity); 4) Conversion of the interaction intensity for each event
type into a percentage, which gives each event type a different importance for the development of a cascading event chain; 5) Creating
indicators for an event in the chain to happen at a specific place in an area; 6) Weighting the possibility for the event to happen in this spe-
cific place; 7) Producing a comparable index for a chain of cascading events in each specific place, here called “Index of Cascading Event”

(Kaskadhindelseindex - KHI — in Swedish) (compare CIFI in Simeoni et.al., 1999); 8) Visualizing the results on a map.
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Figure 1. Principle for construction of matrix and connections between events, showing three out of 12 event types. The whole matrix in the background.

The purpose is that the method could be used both for areas along watercourses with slopes in clay and slopes in silt/sand prone to land-
slides. The actual event types to be included in the matrix reflect this purpose. The event types to be included in the matrix to characterise
cascading natural hazards in the Gota River valley were chosen by the research team and discussed and validated in a workshop with ex-
perts and stakeholders in the Gota River valley area. These event types include drought, precipitation, human activity, wildfire, erosion in

the watercourse, surface erosion, landslide, landslide dam, flood wave, flooding and dam burst.

The Gota River valley is one of the most landslide prone areas in Sweden due to thick deposits of loose clay deposited in a marine envi-
ronment. The landscape has mainly been formed by erosion and landslide processes. Quick clay that loosens its strength when disturbed, is
present in the area. Cascading events including landslides have historically occurred in the area, e.g. the landslide at Gota in 1957 (Odenstad,
1958). Along the Gota River, a landslide risk mapping has also been carried out, which could give valuable input to the analysis of cascading

hazards (SGI, 2012). Therefore, a study site along the Go6ta River was chosen as test area of the proposed method, see Figure 2.
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Figure 2. Study area along the Géta River for application of the proposed methodology for assessment of cascading events.

The scoring of the connections between the event types included in the matrix resulted in prioritized cascading hazard chains to be analyzed

further, see Figure 3. The events chosen in the hazard chain have a high impact on the following event in the chain.

Figure 3. Simplified cascading hazard chain for the Gdta River study area to be analyzed.

The next step is to analyze the interaction intensity, that is assessing which event types have the greatest effect on other event types in the
system, and convert the interaction intensity for each event type into a percentage. This resulted in highest interaction intensity for land-

slides, flooding, dam burst and erosion in watercourses.

To assess specific areas along the river with potential for a long hazard chain with major impact, the possibility for each event at a specific
place is given a weighted value (0, 0.5 or 1). This means that not all events may be present in the hazard chain in Figure 3. This assessment
requires substantial background information, and we used previous landslide hazard maps, assessment of quick clay extent, flood maps,
bathymetry, calculated highest water flow and different geological maps. As an indicator for erosion in the watercourse, the climate grid
from the Gota River landslide mapping was used, which shows the impact of erosion on the probability of landslides (SGI, 2012). As an
indicator for landslides, the probability class 4 and 5 (high and substantial probability) from the Go6ta River landslide mapping was used
(SGI, 2012). The indicator for flood wave from a landslide was based on the size of past landslides that caused flood waves compared with
the potential area of a landslide in each specific place. The indicator for flooding of an area from flood wave is based on a flood map for
the Gota River for a specific high-water flow. The indictor for damming is based on how much of the sliding mass from historical landslides
in the area ended up in the river. If the cross-section of a possible landslide in a specific area that could end up in the river is greater than
the cross-section of the river, there is a possibility for damming. Flooding from damming is based on the topography of the area, whether
the water can flow past the dammed area or not. The narrower the valley, the greater the probability of flooding. Assessing the possibility
of a dam burst was very difficult, but we ended up choosing as indicator that if flooding from damming is present, there could potentially
be a dam burst. As precipitation is similar in the whole test area, it was excluded in the analysis.

Using the percentage of the interaction intensity for each event type and weighted value for the event in each specific area, the Index of

Cascading Events (KHI or Kaskadhindelseindex in Swedish) is calculated using the following Equation:

This resulted in different values of KHI in the different places along the river.

RESULTS AND DISCUSSION

To vizualise the result in the Go6ta River valley test area, the KHI was divided in five classes using the automatic natural breaks (Jenks) meth-
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od provided with ESRI ArcGIS software. These intervals can be adjusted to include a different number of classes. An example of the result
from the study site along the Gota River is shown in Figure 4a. This map only shows the KHI, but not the number of events in the chain that
contribute to the KHI. As a complement, the number of events in the cascade chain and the proportion of each event’s contribution to the
KHI can be visualized, for example in pie charts for each indexed area, see Figure 4b. The results and the visualization of the results were

discussed and validated with experts in the Gota River valley area.
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Figure 4. a) Resulting KHI map of the study site. b) Result of the the proportion of each event's contribution to the KHI.

KHI = SUM, (a; x P;) where:

= the percentage distribution of interaction intensity for each event type.
P = the weighted value for each event in each specific place.
i = the events.

j = the respective specific places.

Equ-1

CONCLUSIONS

A resilient society in areas of natural hazards requires good knowledge of the presence of cascading events to be able to prepare for,
manage and deal with them. This paper presents a methodology developed to assess cascading natural hazards associated with landslides
in the Gota River valley. The method, inspired by by Simeoni et.al (1999) and De Pippo et.al (2008) includes building a cascade matrix,
developing a cascading hazard chain of events, assessing interaction intensity and results in the development of a KHI index, which can
then be mapped in GIS. This visualization can be complemented by graphics such as pie charts which show the share and intensity of in-
dividual events. The resulting visualization can be useful for communicating to policymakers and raising public awareness about the nature
of cascading natural hazards in an area. The method, however, requires further testing to assess its relevance, utility and replicability. It
is currently in the process of being tested on the Angerman River valley in northern Sweden and this and subsequent trials may propose

refinements of the methodology.
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