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ABSTRACT

The extraordinary “Hans” storm in August 2023 led to multiple landslides in eastern Norway. The landslides caused substantial damage to
property, railroads, and roads in the affected areas. This paper presents the landslide inventory data for the Ottadalen region gathered during
field surveys after the Hans event. It then considers the pre-conditioning factors for such an event to occur, isolating the location-specific
hydrometeorological, geological and vegetational factors for the Ottadalen region important to the event. Most of the mapped landslides
can be classified as debris flows and debris avalanches. They were triggered in steep forested slopes covered by thin till deposits. The soil
moisture conditions before the storm occurred were considerably high. The 24-h rainfall accumulations were significant over the entire area

with return periods exceeding 100 years.

INTRODUCTION

Norway, as a country with many communities living near the mountains, is susceptible to climate-driven mountain hazards, such as, e.g.,
landslides, debris flows, snow avalanches and slush flows. Extreme weather events, therefore, often have a critical impact on communities
through road closures, damage to transport infrastructure and buildings. The extraordinary storm “Hans” hit southeastern Norway in August
2023, triggering multiple landslide events over the region.

Multiple-occurrences of regional landslide events (MORLEs) can be defined as hundreds of landslides occurring almost simultaneously
over large areas (Crozier, 2005). Therefore, for risk management authorities, it is important to improve the understanding of the conditions
leading to such events so that mitigation strategies can be adapted early in the planning process. MORLEs have been observed in multiple

parts of the world.

The storm Hans was the most severe rainfall event to hit eastern Norway in several decades. Especially the communities in Gudbrandsdalen,
Hallingdal, Ottadalen and Valdres, were heavily impacted by severe flooding and landslides that caused substantial damage to infrastructure.
The storm was formed when the remains of the two low-pressure systems “Petar” and “Antoni” merged over Eastern Europe on the 6th of
August 2023 (Granergd et al., 2023). Hans entered the Scandinavian Peninsula from the southeast, gaining moisture from the air over the

Baltic Sea, and settled over the southern part of Norway.

The Ottadalen area was struck by the rain late on the evening of the 7th of August. The first landslides and debris flows were triggered on
the evening of the 8th of August. By the morning of the 10th of August, when the precipitation stopped, almost 600 landslides had been
released (Rither et al., 2024 accepted), several hundred people had been evacuated, and large areas were isolated due to road damage. The
recorded rainfall accumulations during the 8th and 9th of August 2023 are significant and evaluated to be roughly 30% of the annual average
precipitation in the area. However, some localised areas received as much as 50% of their average yearly precipitation during these two days.
The goal of this paper is to describe the conditions leading up to the Hans MORLEs in the Ottadalen area. To do this, the synoptic conditions
were collated for the study area, and field investigations were conducted to assess the extent of the landslides and the impact on the com-
munities living in the area. The challenge in extrapolating from such an event is in providing a good description of the prior and localised
conditions that contributed to the event alongside the event itself. To make progress on this front, we look to describe the meteorological
and geological considerations relevant to the Ottadalen area. Additionally, we discuss current climate predictions in the context of landslide

mitigation and hazard assessment.

DESCRIPTION OF THE STUDY SITE

Ottadalen is a valley located in eastern Norway (Figure 1). It is the largest tributary valley to Gudbransdalen and extends from the munic-
ipality of Sel (Otta) westwards through the municipalities of Vaga (Vigamo), Lom and Skjak to the water divide in Strynefjellet in western
Norway. The valley has a characteristic glacial U-shape morphology with wide valley bottoms and steep sides. The valley bottoms to moun-

tain plateaus have an altitude range from around 400 m a.s.l. to 2000 m a.s.l., respectively.
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Figure 1: (a) Overview map of the Ottadalen region in Norway and its vegetation. (b) Map of Quaternary geology. The grey circles indicate the location of the mapped landslides. The black

triangles indicate the location of the towns of Lom, Vagamo and Otta.

The geology of the study area is complex. It mainly consists of igneous and metamorphic rocks. Along the valley bottoms, the bedrock is
largely covered by fluvial and glaciofluvial deposits. On the valley sides, the bedrock is generally covered by till deposits of different thick-
nesses (Bargel and Nordgulen, 2001).

According to the Koppen climate classification system, the climate in Ottadalen can be defined as continental (Beck et al., 2018) with warm
summers, cold winters and little precipitation. The valley lies in the rain shadowed east-side of Jotunheimen and Breheimen. The western-
most parts of Ottadalen are among the driest areas in Norway. The average yearly precipitation recorded in the period 1991-2020 was less
than 300 mm.

In Norway, low pressures usually originate in the North Atlantic and enter the country from the west. Thus, the weather situation during
Hans, with a stationary low coming from the southeast, and affecting Eastern Norway for an extended period is considered a rare meteor-

ological event.

INPUT DATA AND METHODS

The datasets used for this study are listed in Table 1. A digital elevation model (DEM) with a resolution of 10 m2 was used to compute the
slope angles and slope orientations. Vegetation and soil information were used to assess the type of vegetation and soil type at the locations
where landslides were triggered. To obtain the vegetation map, shown in Figure 1a, the SR16 forest map and AR50 land use and land cover
map have been combined; SR16 used for forested areas and AR50 for unforested areas. Finally, to analyse the hydrometeorological condi-
tions that led to landslides we used SeNorge2018 gridded rainfall estimates and SeNorge modelled soil moisture information with a 1 km2
resolution. The rainfall product combines the outputs of numerical weather models and rain gauge measurements. Soil moisture information

is the result of the operational runs of the GWB hydrological model.

DATATYPE SOURCE RESOLUTION
Soil type Quaternary map — NGU (“L@smasser - Kartkatalogen,” n.d.) 1:50000
DEM DTM 10 (“DTM 10 Terrengmodell (UTM33) - Kartkatalogen,” n.d.) 10 m?
Vegetation SR16 — forest maps (Astrup et al., 2019; Bergseng et al., 2018) 16 m?

AR50 — Land use and land cover (Heggem et al., 2019) 1:50000
Rainfall SeNorge2018 (Lussana et al., 2019) 1km?, 24 h
Soil moisture | SeNorge — GWB model (Beldring et al., 2003) 1km? 24 h

Table 1: Datasets used in our analysis.
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COLLECTION OF LANDSLIDES DATA

The landslide data was collected during field surveys conducted on foot utilising mapping tools and drones. The drones used in the mapping
were a Dji Mini 2 and a Dji Mavic 3 Enterprise. The drones were only used for photography. In cases where the landslides were in national
park areas, where drone flying is prohibited, and/or the landslides were hard to reach by foot, the mapping was conducted using cameras

and binoculars and georeferenced manually.

For the mapping, a particular focus was placed on the parameters that can be used for landslide hazard modelling, for example, the extent
of the landslides, release area, vegetation, and soil properties. In addition, the triggering cause of the landslides was investigated. Due to
time constraints, mapping as many landslides as possible during the two days of field work was prioritised, with more detailed studies con-
ducted only on the larger landslides. In total, the inventory contains 56 landslides triggered in natural terrain: 33 mapped as polygons and

23 mapped as points. Figure 2 contains a selection of photographs of landslides that were mapped and illustrates several important features.

-~ rar

o

Figure 2: Photographs showing (a) debris flow along stream bed causing road damage near Vagamo. (b) Large shallow landslide initiated from forested slope at Ofigsba, Lom. (c) Entrained

trees in landslide deposit and road damage in Heidal in Sel municipality. (d) Shallow landslide on bedrack initiated in mixed forest in Vagdsareygard, Lom.

ANALYSIS OF THE MAPPED LANDSLIDES

Most of the mapped landslides originated as shallow slides and evolved into mass flows. In most cases, the landslides were classified as
debris flows or debris avalanches (Hungr et al., 2014).

The observed landslides were most frequently triggered on north-facing slopes of over 20 degrees (Figure 3 a and b) covered by mass
movement and till deposits (Figure 3 d). The surface of failure was very shallow and, in many cases, was the underlying bedrock (Figure 2
b and d). Around 17% of the mapped landslides started in areas that are classified as bedrock in the Quaternary map. However, we know
from field observations that these landslides were triggered on steep terrain with shallow till soil layers in the upper parts of the valley sides
where generalisations have been made on the Quaternary maps. Most of the mapped landslides were triggered in forested areas (Figure 3
©). Landslides were most frequently observed in deciduous, and mixed spruce and birch forest. More specifically, over 60% of the landslides
initiated in these two types of forest with a further 13% initiating in pine forests. In many cases, the forest was stripped and entrained into
the landslide (Figure 2 ¢, b, and d).
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Figure 3: Histograms showing the distribution of the Hans landslides that have been mapped in field investigations against a) slope orientation, b) slope angle, c) vegetation type, and d)

soil type.

Figure 4 shows the 24-hour rainfall accumulation recorded during the 8th and 9th of August 2023 in the Ottadalen region. No landslides
were recorded in the areas where the highest rainfall accumulation was observed. This is because these areas corresponded to remote high

mountain areas in National Parks that were not covered during our field investigations. However, the observed landslides occurred in areas

where the rainfall return period was close to 100 years (Figures 5 and 6).
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Figure 4: Rainfall accumulation during (a) 8 August 2023 and (b) 9 August 2023. The black triangles indicate the location of the towns of Lom, Vagdmo and Otta.
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The rainfall time-series and the saturation degree time-series at the locations of the mapped landslides have been analysed. Comparison of
two of the mapped landslides is presented in Figure 5. Here, the month of July shows unusually high levels of precipitation. The soil sat-
uration degree is sensitive to the rainfall and increases after rainfall events. Before the Hans storm, the soil was already partially saturated.

During the 8th and 9th of August 2023, the soil saturation degree was close to 100% at the locations of most of the landslides.
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Figure 5: Time-series showing the 24-h rainfall accumulation and soil saturation degree at the location of two of the mapped landslides. The red-dashed line represents the 100-year return

period for rainfall accumulation over 24 hours.

DISCUSSION AND CONCLUSIONS

This study presents an analysis of the Hans MORLEs in the Ottadalen area. The synoptic conditions specific for Ottadalen were isolated
and an inventory was collated for the location, geological and meteorological factors contributing to the event. Our results show that the
rainfall recorded during the 8th of August had a return period of approximately 100 years. With climate change, this rainfall accumulation
is expected to occur more frequently (Hanssen-bauer et al., 2015). More specifically, under current predictions such events are expected to

happen once every 25 years for the 30% climate factor suggested by Verpe Dyrrdal and Forland (2019) (Figure 0).
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Figure 6: Current return periods for 24-h precipitation and predicted return periods in a future climate. Note that the Hans storm accumulation corresponds to a return period of over 100

years. Such conditions in future are expected to have a return period of 25 years.
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While the storm itself was undoubtedly the trigger for these landslides, the antecedent conditions from a record-breaking precipitation
summer have influenced the ground water conditions in the area. Stresses induced from the excess pore water pressure in the soil reduce
the factor of safety and, thus, directly effects the stability of the slope (Terzaghi, 1943). Additionally, there was no break in the cold, wet
conditions prior to the event which would have allowed the ground to drain. Slopes with a shallow soil cover on top of bedrock were much

closer to failure prior to the event.

Landslides happened on natural slopes in terrain steeper than 200 covered by thin till deposits which is in keeping with existing theory of
shallow landslide release conditions in Norway (Fischer et al., 2012; Eilertsen et al., 2021). Forests are largely believed to have a stabilizing
effect, preventing precipitation from reaching the soil by interception (Breien et al., 2015) and contributing to the reduction of the ground-
water table through evapotranspiration (Lundmark, 1986). Additionally, roots act as lateral and basal reinforcement to the soil (Cohen and
Schwarz, 2017; Norem and Sandersen, 2014). However, the presence of forests does not necessarily reduce the likelihood of landslides;

other factors should be considered.

Our results show that most of the landslides in the Ottadalen area triggered during Hans started in forested areas. More specifically, land-
slides were observed with the highest frequency in deciduous forest, mostly consisting of birch, and mixed spruce and birch forest in areas
where the soil cover is thin. Our field observation is that the sliding surface of most of these landslides is the underlying bedrock. Birches
have a shallow root system and generally do not contribute much to basal soil reinforcement. However, they do add weight to the poten-
tially unstable soil. Therefore, we have a thin, heavy soil cover on a low-friction bedrock surface with good conditions for pore pressures

to build up on the bedrock-soil interface.

Finally, the forest line in southeast Norway has risen to higher altitudes during the last century due to regrowth, human factors (such as less
timber felling) and recent climate changes (Bryn and Potthoff, 2018). Further research is needed to better understand the effects of this on
slope stability of newly grown mixed birch and spruce forests in areas with shallow soil covers that used to have a low-vegetation cover in

the past.
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