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1. Introduction

Multi-hazard events are groups of hazards that can occur simultaneously or with a
temporal delay, either independently or as secondary hazards triggered by an initial
hazard. This can cause cascading effects and significantly impact an area, often much
more than single hazards (De Ruiter et al. 2020). Ignoring the possibility of multi-hazard
occurrences can lead to underestimating the risk, jeopardizing efforts to enhance
resilience. Aligned with the scope of the MIRACA project, which aims to improve the
adaptability of critical infrastructures in Europe to natural hazards, this deliverable,
related to Task 1.3, focuses on creating an event set for each single hazard, including
climatological (drought, heatwave, windstorm, wildfire), hydrological (flood), and
geological (earthquake and landslides), and then a multi-hazard event dataset of natural
hazards.

Box 1: Definition of different multi-hazard as used within the MIRACA project

We use the United Nations Disaster Risk Reduction (UNDRR) definition of multi-hazard

below:

o Multi-Hazard: (1) the selection of multiple major hazards that a region faces, and (2)
the specific contexts where hazardous events may occur simultaneously,
cascading, or cumulatively over time.

e Compound relationships: Two or more hazards coinciding in space and/or time (e.qg.,
a coastal flood and a river flood occurring in the same region).

Cascading disasters: a primary hazard triggering a secondary hazard.

Consecutive disasters. two or more disasters that occur in succession, and whose
direct impacts overlap spatially before recovery from a previous event is considered
to be completed.

Event sets of hazards are essential data for loss modeling of infrastructures. To
calculate loss metrics that reflect the loss of network functionality, such as
connectivity loss and time delays, it is necessary to estimate the damage to network
components from each particular event. Moreover, to create a dataset of multi-hazard
events, scenarios of single hazards that include the footprint of events and the times
of their start and end are needed to identify events that spatially and temporally
overlap. Moreover, these event sets provide an important input for the five Use Cases,
as outlined in Figure 1.

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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Fig.l. Connection of the various geological, climatological and hydrological hazards to the five use cases.

Deliverable 1.3 (D1.3) builds upon the database constructed in Deliverable 1.2 (D1.2),
where we have provided a comprehensive catalog of reliable hazard resources
specifically for Europe, making it an invaluable starting point for gathering hazard data.
For certain hazards, such as windstorms, drought, landslides, and heatwaves, we utilized
the same references listed in D1.2. However, the hazard data in D1.2—for example, on
floods, earthquakes, and wildfires—primarily focuses on hazard maps or catalogues,
rather than data on individual events. Moreover, the presented flood event set in D1.3
has only been published after the submission of D1.2. D1.3 requires the collection of
historical event data, including each event’s footprint, intensity measures, timing, and
duration. Therefore, we identified additional references that specifically provide these
details for single event sets. D1.2 has been updated accordingly.

In this task, single hazard data is first collected for each hazard. It is ensured that each
event includes a polygon, start and end times, and an intensity measure. For generating
the multi-hazard event set, the MYRIAD-Hazard Event Sets Algorithm (MYRIAD-HESA),
developed by Claassen et al. (2023), is applied. This algorithm compares the events in
single hazards and creates groups of events that spatially and temporally overlap. It also
provides the possibility of defining a time lag for the events that shape a group of
events within the multi-hazard event set. The algorithm requires creating a list of

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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information for each hazard, including the start time, end time, and polygon of the event
footprint.

The first section of this deliverable is a review of the single events for each hazard that
were collected or, in some cases, created. The second section explains the applied
algorithm in developing the multi-hazard event set and the resulting multi-hazard event
sets. It should be mentioned that two types of multi-hazard event sets were developed:
one without considering any temporal delay between events and the other with a 4-day
time lag between events. The results will be compared in the discussion section.

2. Mlethods

For each of the seven hazards in this task, (Drought, Heatwave, Windstorm, Wildfire,
Flood, Earthqauke, and Landslide), a comprehensive search for data was conducted, and
single event data sets were collected. These events are derived from historical, modeled,
or reanalysis data. In cases where single events were available, they were utilized
directly; otherwise, events were generated based on assumptions such as thresholds
for the damaging intensity of the hazard, buffer zones, and clustering methodologies
(see Section 3).

To generate multi-hazard event sets, here we use the algorithm developed by Claassen
et al. (2023). This algorithm (MYRIAD-HESA) uses single hazard event data to determine
the location and timing of each hazard. Each event is represented by a polygon
indicating its spatial extent and includes start and end dates, as well as intensity,
although intensity is only used in creating the final multi-hazard event set. Hazards form
a pair if their event polygons and timeframes overlap.

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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Fig. 2: 3D lllustration of the Algorithm for Generating Multi-Hazard Event Sets. Part (a) shows the
coordinate axes and the time axis to demonstrate the two criteria of time and location in grouping.
Hazards 1,2, 3,and 4 occur sequentially. The grey dashed lines are used to depict the boundaries of hazard
that lie inside the boundary of the other hazard. Part (b) shows the two multi-hazard (\MH) events resulting
from grouping the single hazard events that temporally and spatially overlapped.

Once hazard pairs are identified, they are grouped into multi-hazard events if all
individual hazards in the pairs overlap. Figure 2 is a 3D illustration of the applied
overlapping method. For example, if pairs (Hazard 2, Hazard 3) and (Hazard 2, Hazard 4)
exist, they form a group if (Hazard 2, Hazard 4) also exists. The algorithm can introduce
a time-lag, allowing a second event to occur within a specified number of days after the
first, provided they overlap spatially. This approach captures multi-hazard events that
do not overlap directly in time.

3. Single hazard datasets

In collecting event scenarios, each event should include the polygon of the area that
was exposed to the event, the start time and end time of the event, as well as an
intensity measure map that reflects the severity of the hazard per coordinate to be used
in further loss modeling of the infrastructures (Claassen et al., 2023). However, this data
is not readily available for all types of hazards. Therefore, in cases where we face a lack
of data, some engineering judgments and assumptions are implemented. The sources of
data for this task are either recordings from historical events or from empirical models
or reanalysis.

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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3.1 Drought

According to European Drought Observatory (EDO), several parts of Europe are at the
risk of drought like Spain, Italy, Romania, Poland, Baltic regions, most of Greece, northern
Balkans, and the Mediterranean islands (Joint Research Centre, 2024). The increasing
risk of drought in Europe can be due to global warming and low precipitation rates
(Suarez-Gutierrez et al 2023) due to climate change. As noted in the Low Flow Index
factsheet by the Joint Research Centre (JRC), droughts can be categorized into three
types: agricultural, meteorological, and hydrological. Agricultural drought is related to
low soil moisture, which reduces crop production. Meteorological drought refers to
periods of below-average rainfall in a region, while Hydrological drought pertain reduced
water availability in rivers and reservoirs (European Commission, Joint Research Centre,
2018). Different indicators might be used for different drought types for instance
indicators that refer to temperature and precipitation are used for meteorological
droughts or indicators that are related to water level, streamflow can be used for
hydrological droughts (Bachmair et al. 2016).

Here, concerning hydrological droughts and the exposure of inland waterways, data for
the low flow index (LFI) from the JRC for the years 1995 to 2022, version 2.1.0, are
collected. To define drought events, a threshold of 0.5 for LFI, indicating high drought
risk, was considered. Additionally, a buffer area of 10 km around the drought area is
created to increase the chance of overlapping with other events and facilitate the
generation of multi-hazard event sets, based on the assumption that areas in direct
proximity to the river, particularly those with economic activities, are potentially
impacted by low river flows.

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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Fig 3: Sample of spatial extent of Low flow indices for the United Kingdom
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3.2 Heatwave

The ERAb reanalysis data on temperature, for the years 1987 to 2023, has been collected
from the Copernicus Climate Data Store (Hersbach et al. 2023). The data represents the
hourly temperature at 2 meters above the surface of the land or sea, measured in Kelvin.
To create the heatwave events, the hourly temperature per grid was first converted to
the daily mean per grid. Then, the rolling 95th percentile for a time window of 10 years
for each date and each grid was calculated and compared with the daily mean
temperature for each date and each grid. If the daily meanis greater than its rolling 95th
percentile, that day is considered a hot day. A heatwave event is defined in one spatial

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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grid if there is a hot day for at least three consecutive days. Additionally, a lower
temperature limit of 30°C, or 303.15 K, is set to exclude relatively moderate events. Here
we deviate from the standard definition of a heatwave, which generally only assumes
the exceedance of the 95" percentile for at least three consecutive days. This could
also happen during winter time. For infrastructure systems, we are most interested in
temperatures that may go beyond the design standards of the infrastructure assets (St
Cloud 2022). A clustering algorithm is applied to group those events that occur in
adjacent grids at the same time. When the group of events is created, the maximum
temperature within the events of the same group is considered the temperature of the

group.

Intensity: 31.74 °C

(C) OpenStreetMap contributors (C) CARTO

Fig 4: The spatial extent of a heatwave event

Source | ¢ ERAbB, Copernicus Climate Data Store
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3.5 Windstorm

The winter windstorm footprints are collected from Copernicus Climate Data (Copernicus
Climate Data Store, 2022) for the months from October to March and the years 1979 to
2021. This data is derived from ERAD reanalysis, and the intensity measure for the wind
speed is the maximum speed of a 2-second wind gust at 10m height within 72 hours,
measured in meters per second (m/s). To identify windstorm events, a threshold of 35
m/s is used.

Bl Windspeed > 35 m/s

g

(C) OpenStreetMap contributars (C) CARTO

Fig 5: Windstorm spatial extent from the data set

Source e Copernicus Climate Data Store
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3.4 Wildfire

The footprint of about 70,000 wildfire events (San-Miguel-Ayanz et al., 2012) in Europe
from 2000 to 2024 were collected from the European Forest Fire Information System
(EFFIS) of the European Commission Joint Research Centre. This dataset includes the
polygon of the event, the start and end time of the event, and the area that is burnt (in
hectares). In this dataset, from 2000 to 2005, there is incomplete information regarding
the duration of the events, with multiple events unusually dated January 15t of 20071. We
attempted to reconstruct the correct duration with information from different
resources, through the use of the Global Fire Atlas (GFA) dataset (Andela et al., 2019). To
obtain the correct duration based on the location of fire, we compared the overlapping
events. Events with a similar burnt area (geospatially) are regarded as the same event
and therefore the duration could be updated, corresponding to the GFA (Andela et al.,
2019); however, the dataset from the GFA starts in 2003, so only events from 2003-2005
could be updated. Therefore, due to the lack of data for years between 2000 and 2003,
the start and end times of the wildfires are identical in the final event set.

Burnt Area: 2071 ha

(C) OpenStreetMap contributors (C) CARTO

Fig 6: The spatial extent of a wildfire sample from the data set and the area burnt

Source e European forest fire information system (EFFIS)
- . Place
Wildfire Main Parameters e  Start-end time
Dat Footprints: e Area(hectare)
ata -2000-2024 Number of events | 70479
Version 1.1.0
File format Shapefile (vector)
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3.b Flood

River flooding causes annual losses of around 7.6 billion euros in Europe and the UK, and
this risk is expected to increase by the end of the century. Factors contributing to this
risk include climate change and the growing exposure of populations and assets in
flood-prone areas (Dottori et al.,, 2023). To increase the resilience of infrastructures
against floods, it is crucial to estimate the potential losses from such events in the
region in order to make informed decisions and apply risk mitigation measures.

Here, the modeled potential flood catalog from the study by Paprotny et al. (2024) is
used. This catalog, including 15,000 modeled flood events for 42 countries in Europe
spanning from 1950 to 2020, was generated through a chain of models integrating
climate data, hydrodynamic models, and other factors, with the results validated
against historical records. The database provides detailed information about each
event, including the start and end dates, location, footprint, and water depth. While the
maps of water depth for each flood event are not publicly available at the time of
preparing this deliverable, we obtained this data for Task 1.3 directly from the authors
of the research. A sample of the map of water depth for a flood event is shown in Fig. 7.
The catalog and its associated data are accessible online through the publication by
Paprotny et al. (2024).

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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Fig 7: Footprint of a flood event including the water depth, from flood dataset (Paprotny et al 2024).

Sources | e Paprotny et al. 2024, HANZE catalogue of modelled and historical floods in Europe
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3.6 Earthquake

Earthquakes, a type of geohazard, are caused by the sudden release of energy due to
tectonic movements or volcanic activities. The released energy can propagate in the
form of waves towards the Earth’s surface, causing ground shaking. Earthquakes can
also trigger secondary hazards such as tsunamis, landslides, liquefaction, and surface

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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ruptures. Infrastructures, which are spatially extended, can cross seismic-prone areas
and thus be vulnerable to earthquakes.

In Europe, areas like Turkey, Italy, Greece, Romania, and Albania are high seismic areas
due to their proximity to active tectonic boundaries. To create an earthquake event set,
a catalog of earthquake events from 1900-2023 in Europe from USGS is collected, which
includes information such as time, coordinates of the epicenter, depth, and magnitude
of an event. Normally, a magnitude of 5.5 is the threshold for infrastructure concerns
(Gua et al. 2017, and Li et al 2023), but for MIRACA, which also considers healthcare
systems and schools as critical infrastructure, can be old masonry buildings that might
not have been constructed based on seismic codes, a threshold of magnitude 4.5 is used
for collecting earthquake data. Along with this catalog, packages of ShakeMap from
USGS for each event in the catalog, including shapefiles of maps for several intensity
measures (Peak Ground Acceleration (g), Peak Ground Velocity(cm/s), Spectral
Acceleration(g) at 0.3s, 1s, and 3s natural periods, and Modified Mercalli Intensity), were
collected.

As mentioned before, for generating multi-hazard events, we require a footprint for each
event. For this reason, for Modified Mercalli Intensity maps, a threshold of MMI greater
than 5, which is related to damaging earthquakes, is considered. In total, around 1000
earthquake events within Europe meet these conditions.

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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Fig 8: Map of PGA of an earthquake event in the dataset (USGS), here is plotted for PGA > 0.2 g.
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3.7 Landslide

Landslides are a type of geohazard that mostly occur in sloped areas. Since
infrastructures often extend across different topographies and soil types, they can be
vulnerable to this hazard. The size of landslides ranges from very small to very large
(McColl et al 2024), involving rocks, debris, and unstable soil sliding downward.
Landslides can be triggered naturally by events such as earthquakes, volcanic activity,
heavy rainfall, and erosion. They can also be triggered by human activities like improper
mining.

Europe, with its diverse topography and soil types, has several areas prone to landslides,
including Iltaly, Norwauy, Slovakia, Spain (Herrera et.al 2018), and Greece (Koukis et al.,
2015). However, data about previous events in Europe, including their footprints, is not
publicly available at the time of preparing this deliverable. Therefore, a catalogue of
previous events developed by Kirschbaum et al. (2012, and 2015) and available at NASA
is used here. This catalogue includes information such as the coordinates of a single
point considered as the location of the landslide, the time, the trigger (e.q., rain-induced,
earthquake-induced), and the size of the events. The size is defined by categorical
variables: small, medium, large, very large, or unknown.

An approximate area classification following the study by McColl et al (2024), where the
size of the events is classified by the area affected, is used here. Therefore, around the
coordinates of the landslide location, an approximate radius from 0.0002° for small or
unknown sizes of events to 0.50828° for very large ones is considered.

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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Fig 9: A sample of area that is considered for a landslide in the Landslide data set.

Sources | ¢ National Aeronautics and Space Administration (NASA)
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4, Multi-Hazard Event Set

Having an event set for each single hazard, in this section we group events from the
seven types of hazards that temporally and spatially overlapped. These groups will form
the Multi-Hazard (MH) event set. In creating the multi-hazard events, we first consider
scenarios without any time lag between events, meaning the temporal overlap could
only happen if the events occurred within the duration of another event. For the second
set of MH events, we considered a time lag of four days, which is expected to result in
more MH event cases.

It should be noted that in this task, we do not consider the dynamic nature of some
hazards, such as wildfires, where the spatial extent of the event changes gradually over
different time steps. Instead, we use the total extent and total duration as the spatial
and temporal extent of the event.

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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4.1. Multi-hazard event set without time lag

One of the multi-hazard (MH) event sets is created with no time lag. This means that
events are only considered as a group if they spatially overlap and occur within the same
time window. This assumption potentially overlooks the harmful cascading effects of
events that occur immediately after each other, as it does not consider them as a multi-
hazard event. However, this zero time lag approach, compared to the next section where
time lag is considered, provides insight into the importance of considering a delay
interval between events to include them in a multi-hazard event set.

The resulting MH dataset in this section contains 6,830 pairs of hazard events, 691
groups of 3 hazards, 49 groups of 4 hazards, and 1 group of 5 hazards, either as
combinations of different or identical type of hazards. In Fig. 10 (a, b, c), the frequency
of different combinations of hazards, including groups of 2, 3, and 4, is shown.
Heatwave-wildfire and flood-drought pairs are the most frequent events, while drought-
landslide and heatwave-landslide pairs are the least frequent in this MH dataset.
Additionally, there are no concurrent landslide-earthquake pairs in this dataset.
However, in our single hazard dataset, both the earthquake catalog and the landslide
catalog individually include the Lefkada event from November 2015 in Greece, where an
earthquake-induced landslide occurred, but there is a time delay between the
occurrences of these two events in the single hazard catalogs.

When comparing all three plots in Figure 10, it is evident that the combination of
windstorms and floods is one of the most commonly combinations. The number of
groups of three hazards that include this combination is higher than the number of
extreme wind-flood pairs. This is because the applied multi-hazard algorithm does not
count events multiple times. Whether an event is part of a pair, a group of three, four, or
more, it is only counted once within each grouping category.

These graphs collectively might highlight the prevalence and patterns of multi-hazard
events, indicating that certain combinations of hazards are more likely to occur together
even without any time lag. Of course, the nature of the data, more precisely the
dominance or scarcity of certain events, plays a significant role in creating these
combinations.

- This project has received funding from the European Union’s horizon Europe
research and innovation program under grant agreement No. 101093854
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Frequency of Groups of 2 Hazards in MH Event Set Without Time Lag
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Fig.10: a, b, & c the frequency of MH event sets without a time lag, groups of 2, 3, & 4 hazards respectively
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4.2. Multi-hazard event set with a 4-day time lag

The second MH event set of this task is created with a 4-day time lag. Therefore, events
that spatially overlap can also occur up to 4 days after another hazard. Initially, this 4-
day assumption was intentionally chosen to include events known from history to be
multi-hazard (such as the Lefkada event mentioned in the previous section). This
approach also helps include other hazards, like earthquakes, which occur suddenly but
might coincide with other hazards or even trigger them.

The resulted MH dataset in this section with a 4-day time lag contains 7,362 pair events,
904 groups of 3 hazards, 128 groups of 4 hazards, 8 groups of 5 hazards, and 1 group of
6 hazards. As expected, more events exist in each group compared to the MH event set
without the time lag consideration. In Fig. 1 (a, b, c), the frequency of different
combinations of hazards, including groups of 2, 3, and 4, is shown. According to part (a)
of Figure 11, the highest number of MH events are pairs of heatwave-wildfire and flood-
drought. Pairs of landslide-earthquake, landslide-heatwave, windstorm-landslide, and
windstorm-windstorm are rare events in the dataset. This is still likely due to the lack of
sufficient information about events, such as landslides which required assumptions
about their spatial extent, as well as the limited number certain events in the dataset.

According to parts (b) and (c) of both Figures 10 and 11, in groups of 3 and 4 hazards,
combinations of floods and droughts are more common. The large number of concurrent
drought and flood events in both of our MH event sets may be due to the drought
indicator we used, the LFI, which reflects the drought effect in river areas where floods
can also occur.
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Frequency of Groups of 2 Hazards in MH Event Set With 4 Days Time Lag
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5. Discussion and concluding remarks

In this task, we developed an event set for each of the seven climate hazards most
relevant for the MIRACA project, and used these sets to create multi-hazard events by
identifying spatial and temporal overlaps among single hazard events.

Results indicate that not considering time lags when grouping events can lead to
missing important multi-hazard events. For example, earthquakes and landslides
typically occur suddenly and do not last long, so there is a high probability of missing
earthquake-induced landslides if time lags are not considered in our method.

The analysis shows that heatwaves and wildfires have a high occurrence in our multi-
hazard event sets, while the combination of earthquakes and landslides is among the
rarest (most likely explained due to the limited availability of landslide information). The
indicator used for drought in this task is the low flow index, which relates to river areas.
This may have excluded drought-affected areas from the multi-hazard event set if they
did not overlap spatially with wildfires. Using different drought indicators that reflect
conditions in other areas might result in different multi-hazard combinations.

Itis important to note that this version of the MH-event sets, for both zero time lag and
a 4-day time lag, is based on comparing entire single event sets without aligning their
common time frames. For instance, the heatwave datasets span from 1987 to the
present, while the wildfire datasets start from 2000. Additionally, the scarcity of data
for some hazards and the abundance of data for others might lead to the dominance of
specific types of hazards. For example, there are thousands of events in our datasets
for wildfires and floods compared to hundreds for landslides or winter windstorms.

Data scarcity is a significant issue that can substantially affect the direction of a
project. For example, hail events were also of interest for this task, but to the knowledge
of the authors, there is no accessible data for hail events in Europe at the time of
preparing this deliverable. Consequently, hail was excluded from this task. Similarly,
landslides lacked a footprint or quantifiable intensity measures, requiring assumptions
to be made. In addition, the absence of a standardized database necessitates time
allocation for data cleaning and harmonization to enable comparisons and the creation
of MH event datasets.
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The field of natural hazards is typically divided based on hazard type, and events are
usually recorded individually, even when they occur alongside other hazards. This
approach can lead to an incomplete understanding of the frequency and
interconnections of natural hazards in a region. Therefore, a dataset that includes
multiple hazards is crucial for studying natural hazards as a combination of all threats
that may occur in a region. In this task, we reviewed all available events for different
hazards in Europe and identified multi-hazard events. The assumptions made and the
types of datasets used in this task influenced the results. Further studies on creating
multi-hazard event datasets are necessary to enhance our understanding of multi-
hazard events, their frequency, and the associated risks. Better understanding of multi-
hazard events will shed light on ways to enhance the effectiveness of risk management
and mitigation measures.
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