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A severe landslide event in the Alpine foreland
under possible future climate and land-use changes
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Landslides are a major natural hazard, but uncertainties about their occurrence in a warmer
climate are substantial. The relative role of rainfall, soil moisture, and land-use changes and
the importance of climate change mitigation are not well understood. Here, we develop an
event storyline approach to address these issues, considering an observed event in Austria
with some 3000 landslides as a showcase. We simulate the event using a convection per-
mitting regional climate model and a statistical landslide model at present and a range of
plausible future climate and land use conditions. Depending on the changes of rainfall and soil
moisture, the area affected during a 2009-type event could grow by 45% at 4K global
warming, although a slight reduction is also possible. Such growth could be reduced to less
than 10% by limiting global warming according to the Paris agreement. Anticipated land-use
changes towards a climate-resilient forest would fully compensate for such a limited increase
in hazard.
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threat to population, urban settlements, infrastructure and

environment across the Alps and their forelands!. The
susceptibility of a location to landslides depends strongly on the
geological conditions, the topography and the vegetation?~4. In
the Alps, landslides are mainly triggered by heavy rainfall or rapid
snow melt®. The interplay of these triggering factors with pre-
conditioning from high soil moisture®-% makes landslide a com-
pound event®.

A vparticularly extreme event happened during June 22-26
200910 when a persistent cut-off low over the Adriatic (Fig. 1a)
brought warm and moist air to Austria, causing three days of
heavy rainfall in northern and eastern Austriall. In the Feldbach
district, in the South-Eastern Alpine forelands, the heavy rain
associated with thunderstorms triggered more than 3000 land-
slides during that event (Fig. 1b; the area marked by the black
rectangle is referred to as Feldbach region in the following). High
soil moisture, caused by a high snow depth during the preceding
winter!?, may have contributed to the severity of the event. A
state of emergency was issued for the whole Feldbach district, and
several houses had to be evacuated. From about 1700 private
damage claims submitted to the state government, 560 were from
the district. The cost for the state of Styria of the actual disaster
operation and reconstruction surpassed 13.4 million euros!?, not
including damages paid privately or by insurance companies.
Anthropogenic factors played an important role in the severity of
the 2009 event, as many of the observed landslides were asso-
ciated with steep or unsecured embankments, filling of slopes or
paved areas!.

Climate change will almost certainly affect the preconditioning
and triggering of landslides: total winter, but also spring, pre-
cipitation is projected to increase over the Alps!>13. The char-
acter of extreme rainfall is expected to change as well: in response
to an increasing water holding capacity of the atmosphere and to
changes in the large-scale atmospheric circulation and stability!4.
Over the Alps, heavy summertime rainfall is projected to increase,
albeit with substantial uncertainties!3:1>16, In the eastern Alpine
forelands, spells of summertime extreme rainfall typically occur
along with cut-off lows as well as Vb cyclones and Genoa
lows!7:18. The rainfall associated with such storms may increase
in a warmer climate!®-21, In contrast, the preconditioning soil
moisture content is projected to decrease over Europe??, con-
sistent with a higher potential for evapotranspiration?3 and a
reduced snowcover'>?4  Given these projected changes in

I andslides are a major natural hazard and an important

a

6000 b

5950

60°N— 5900
5850
55°N-|
5800

5750
50°N—
5700

5650
45°N—

5600

Geopotential height [gpm] at 500 hPa

40°N 5550

5500

T T — 5450
10°W 0 10°E 20°E 30°E 40°E

landslide drivers, it is conceivable that also the landslide hazard
may change in a warmer climate®’. Climate change is just one
possible driver of changes in landslide hazards. Also, changes in
land use and land cover (LULC) modulate the effect of changes in
rainfall and soil moisture”-2>26, In particular changes in forest
cover may be relevant for landslide occurrence, as the root sys-
tems of trees stabilise the soil?”. The relative importance of
changes in these hazard drivers has not yet been investigated.

Despite the growing number of studies on the influence of
climate change on landslide hazard?8-3>, there is still substantial
uncertainty about the identified changes: individual studies pro-
ject different, even opposite, changes in the occurrence of land-
slides. Part of these differences may be explained by the different
climatic and geological conditions across the regions considered
for the analyses. But crucially, the results also depend on the
chosen approach. In particular, several of these studies did not
consider the effect of changes in soil moisture, thus introducing a
substantial source of uncertainty. Moreover, many studies did not
account for uncertainties in climate projections, thus being very
sensitive to the chosen climate model.

Furthermore, to our knowledge, all studies based on climate
modelling suffer from common modelling limitations. Impor-
tantly, none of these studies used convection permitting climate
models with a resolution high enough to realistically simulate
localised intense summertime rain showers®® and to plausibly
represent changes in such events3’. Furthermore, global climate
models (GCMs) typically suffer from large-scale circulation bia-
ses, which distort the simulated local weather conditions, but
often cannot be overcome by downscaling or bias adjustment38-3%,
Linking meteorological drivers and hazards would therefore be
difficult based on standard climate model projections.

Apart from modelling limitations, climate change studies of
landslide hazards often suffer from the limited availability of
precisely dated landslide data which are necessary to link actual
landslides to individual hydrometeorological events*.

To address the issues outlined above, we specifically consider
the 2009 landslide event from Austria and study how such an
event would unfold under possible future climatic as well as
LULC changes. We develop an event storyline approach*!-43 and
ask:

e Ifa 2009-type event, ie., an event with the same large-scale
circulation would occur in a warmer climate, what would
be the associated landslide hazard?

Fig. 1 Meteorological and landslide event of 2009. a Mean large-scale circulation during 22-26 June 2009 over Europe derived from IFS operational
analysis. Sea level pressure (contours, hPa) and geopotential height at 500 hPa (shading, gpm). b Map (region marked as green rectangle in a) of actual
landslides recorded during the 2009 event (green; 2014 landslides additionally used to calibrate the landslide model are marked in brown. See Methods for
detail). The target region (roughly coinciding with the Feldbach district and referred to as Feldbach region in the following) considered for the landslide
assessment is shown as black rectangle (Supplementary Fig. 1). Map © OpenStreetMap contributors. ¢ Aerial view of a landslide occurring during the

event. Credit: State of Styria.
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e What is the relative contribution of changes in rainfall and
soil moisture to changes in the landslide hazard?

e How much would this hazard be reduced if the interna-
tional community accomplished the Paris agreement?

e How could adaptation by LULC management towards a
climate-resilient forest reduce the hazard?

While the main intention of this study is to answer these
research questions, it also serves to introduce advances in mod-
elling event storylines, and to demonstrate the power of the
overall approach. We find that a substantial increase of landslide
hazard from a 2009-type event is plausible in a warmer climate.
Without further efforts to reduce greenhouse gas emissions,
growth in the area affected by a high landslide occurrence
probability of up to 45% has to be considered in climate risk
assessments. However, due to substantial uncertainties in rainfall
and soil moisture projections, also a reduction of this area should
be considered plausible. A successful implementation of the Paris
agreement, i.e., limiting global warming to about 0.5 K compared
to the present climate, would drastically limit the increase in the
affected area from a 2009-type event. Anticipated changes in
LULC towards slight afforestation and a climate-resilient forest
would help to reduce the affected area and fully compensate for
the impacts of warming under the Paris agreement.

Results

To address the considered research questions, we applied an
event storyline approach*!43, Such approaches are more and
more considered an alternative to classical climate projections for
representing climate change uncertainties and assessing climate
risk. In our context, the idea is to first simulate the meteorological
and landslide event as it happened, and then simulate the event
under varying conditions—the storylines—representing a range
of possible regional climatic changes and different LULC change
scenarios. Here, we briefly sketch the approach. For further
details on the approach and information on the data used, please
refer to the methods section.

We simulate the 2009 meteorological event as it happened with
the high-resolution convection permitting regional climate model
(RCM) CCLM** over the eastern Alps, using boundary condi-
tions from reanalysis data. This simulation provides a physically
consistent evolution of the meteorological conditions, closely
resembling the observed weather during the event (Supplemen-
tary Fig. 7, Fig. 2).

As landslide hazard, we consider the landslide occurrence
probability in a specific location during a 2009-type event. We do
not analyse the magnitude and spatial extent of individual land-
slides. The occurrence probability is assessed with a nonlinear
generalised additive model®°. This statistical landslide model is a
modified version of that presented in detail by Knevels et al.?” and
links the landslide occurrence probability to a range of predictors
representing geology, topography, LULC, rainfall characteristics
and soil moisture prior to the event. The model was calibrated to
observed landslides and predictors from the 2009 event and a
similar event in 2014.

To assess the future landslide occurrence probability during a
2009-type event, we first simulate a range of hydrometeorological
storylines with CCLM, each representing physically consistent
and plausible regional climatic changes and thereby sampling
climate model uncertainties. In addition, we consider different
global warming levels compared to present climate (i.e. the 2009
event): 4 K warming compared to present climate, representing a
worst-case scenario; 3 K warming, which is consistent with a
business-as-usual scenario; and 0.5 K, which is approximately the
amount of warming admissible to still meet the target set in the
Paris agreement. Future hydrometeorological predictors for the
landslide model are derived from the observed predictor field,
modified by predictor-specific change factors*¢ calculated from
the RCM simulations. We additionally study the sensitivity of the
landslide occurrence probability to changing LULC by modifying
the corresponding predictors according to several LULC change
scenarios. We limit ourselves to changes from agricultural land to
forest; all other anthropogenic changes are expected to be rela-
tively minor for the considered region and assumed constant (see
Methods section).

To account for possible changes in the large-scale circulation,
we complement the storyline approach by an assessment of
changes in the types of storms causing rainfall events similar to
the 2009 event.

The event as it happened. The rainfall event causing the con-
sidered landslide event from 2009 was severe across Eastern
Austria, but not exceptional. In the Northeast, the 48h rainfall
sums correspond to a 50 year event!l. The severity of the land-
slide event resulted from the compounding effect of pre-
moistening over the preceding winter and spring, and heavy
rainfall triggering the actual landslides. The compound character
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Fig. 2 Actual rainfall and preconditioning soil moisture over the South-Eastern Alpine forelands. a Maximum 5-day aggregated rainfall ending between
22 and 26 June 2009, and b maximum 3-h rainfall between 22 and 26 June 2009 recorded in the INCA data set®4. ¢ Hindcast simulation of maximum 2
m-integrated soil moisture on the day prior to the beginning of the corresponding 5-day rainfall aggregation period. Occurrence dates and thus time
periods are chosen individually for each grid box (see Methods for the exact trigger definition for calibrating the statistical model using the landslide dates,
which can only be derived for locations where landslides have occurred and thus differ slightly from the definition used for these maps). All panels display
the domains used to calculate the delta change factors for the corresponding predictor (13.82E-17.31E and 46.16N-48.01N for precipitation; the target
region for soil moisture, marked by the black box in a, b, see also Supplementary Fig. 1).
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of the event is demonstrated by the identified landslide predictors,
including 5-day aggregated rainfall prior to the landslide occur-
rence, the highest 3-h rainfall intensity on the occurrence day,
and 2m aggregated soil moisture prior to the precipitation
aggregation period (Fig. 2).

During the event, about 3000 deep and shallow landslides have
been recorded in the Feldbach district!?, their locations mostly
coinciding with the high rainfall intensities (Figs. 1 and 2). The
predicted landslide occurrence probability (Supplementary Fig. 6)
illustrates the influence of high-intensity rainfall, but also clearly
indicates the role of topography. Also, LULC was an important
determinant of landslide occurrence during the event (Supple-
mentary Figs. 3 and 5): the highest occurrence probability results
for areas without forest, whereas it is substantially lower for
coniferous forest and even lower for mixed- and broadleaf forest.

Hydrometeorological storylines. We represent uncertainties in
the regional climate change response by four physical storylines.
These storylines describe plausible and physically consistent
future unfoldings of the hydrometeorological conditions in a
2009-type event, as simulated by the convection-permitting RCM
with changes in the boundary conditions prescribed from four
different GCM simulations (Fig. 3 and Table 1).

Five-day aggregated rainfall (left panel) could increase
approximately at the Clausius-Clapeyron rate (7%/K; “much
heavier rain”; “much heavier rain, drier soil” storylines; see
Table 1; note that the scaling here is given with respect to global
mean temperature changes, which is in general not identical to
the local temperature changes), as is often assumed for extreme
precipitation?’, but also a moderate increase only (“heavier rain,
much drier soil”) as well as essentially unchanged conditions
(“drier soil”) are plausible. Heavy summer downpours, repre-
sented by 3 h maximum rainfall intensities could increase by up
to twice the Clausius—Clapeyron rate (10%/K-14%/K; “much
heavier rain”; “much heavier rain, drier soil”; “heavier rain, much
drier soil” storylines), consistent with other findings on short-
term summer extreme rainfall scaling for the regi0n48. Again, a
zero-change is also possible (“drier soil”). Soil moisture changes
range from a strong decrease (“heavier rain, much drier soil”) to a
moderate decrease (“much heavier rain, drier soil”; “drier soil”) to
essentially constant conditions (“much heavier rain”). The
nonlinear response of soil moisture to global warming in the
“heavier rain, much drier soil” storyline has not been further
investigated, but may be explained with a non-proportional
climate change response of the preconditioning precipitation and
evapotranspiration. If the target set in the Paris agreement was

accomplished (0.5 K warming), the hydrometeorological changes
to the event would be marginal.

Landslide storylines. If the 2009 event were to happen in a
warmer climate, the landslide occurrence probability could
change markedly (Fig. 4). Given the range of possible hydro-
meteorological changes, also changes in landslide occurrence
probability are afflicted with considerable uncertainty. If rainfall
intensities were to increase strongly without a substantial decrease
in soil moisture (“much heavier rain” and “much heavier rain,
drier soil” storylines), the landslide occurrence probability would
increase severely. In the core area of the rainfall event, the cor-
responding odds (see Methods for a definition) would increase by
more than 66% in a 4 K warmer world.

But if strong increases in rainfall were compensated by a
substantial decrease in soil moisture (“heavier rain, much drier
soil” storyline), the odds could even decrease by more than 20%
under a 3K warming. In a 4K warmer world, the lower soil
moisture reduction would be roughly balanced by the rainfall
increase; the odds would slightly increase in the core area of the
event, but decrease outside. If rainfall were to stay roughly at
present-day levels, but with a reduction in soil moisture, the odds
would decrease by slightly more than 20% in a warmer world
(“drier soil” storyline). For all storylines, accomplishing the goals
of the Paris agreement would drastically limit any climate-driven
changes in landslide occurrence probability.

Figure 5 summarises the storylines for the area affected by a
high landslide occurrence probability resulting from a 2009-type
event (see caption for definition). In the worst case (“much
heavier rain” and “much heavier rain, drier soil” storylines), this
area would increase by about 45% in a 4 K warmer world. In the
best case, this area would decrease by about 28% in a 4 K warmer
world (“drier soil” storyline) or even 37% in a 3 K warmer world
(“heavier rain, much drier soil” storyline). Under the Paris
agreement, the area affected by a high landslide occurrence
probability during the 2009 event would increase by less than
10%.

The previous results are based on the assumption that landslide
occurrence probability does not further increase in response to
5-day aggregated rainfall beyond a threshold of roughly 80 mm.
This behaviour is physically plausible and consistent with
observational evidence, but we cannot rule out a slight increase
of occurrence probability for higher values of 5-day aggregated
rainfall. The uncertainty in occurrence probability changes
associated with this model uncertainty is, however, only minor.
For the “much heavier rain” and “much heavier rain, drier soil”
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Fig. 3 Storylines of area-mean rainfall and soil moisture changes. a Maximum 5-day rainfall, b maximum 3-h rainfall, ¢ 2m-integrated soil moisture for

different model simulations and warming levels.
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Table 1 Hydrometeorological storylines. Soil moisture values refer to the day prior to the 5-day aggregation period.

Model 5-day rain 3-h rain Soil moisture Description

HadGEM2-CC ++ ++ ° much heavier rain
MIROC-ESM ++ ++ - much heavier rain, drier soil
IPSL-CM5A-MR + ++ - - heavier rain, much drier soil
GFDL-ESM2m ° ° - drier soil

++ strong increase, + increase, « no change, - decrease, - - strong decrease.
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Fig. 4 Maps of landslide storylines over the Feldbach region. Odds ratios of landslide occurrence probability during the 2009 event happening in a
warmer climate relative to present climate, according to Paris agreement (0.5 K warming, left), 3 K warming (middle) and 4 K warming (right). Different
storylines from top to bottom: “much heavier rain” (a-c); “much heavier rain, drier soil” (d-f); “heavier rain, much drier soil” (g-i); “drier soil” (j-I).

storylines, such an increase would amplify occurrence probability
changes with global warming in the core area of the event by less
than about 10% (see Methods for a discussion).

LULC is anticipated to change in the Feldbach region. The
agricultural land area is expected to decline in the coming decades
as a result of mechanisation, demographic changes and in
response to the warming climate. Furthermore, the forestry sector

may adapt to climate change by replacing spruce trees with their
shallow root system by climate resilient mixed-leaf forests with
typically deeper root systems*®. We have therefore developed a
future LULC scenario in collaboration with local authorities,
representing a slight decrease in agricultural land area and
proactive forest management towards a climate resilient mixed-
leaf forest (Methods). We consider this scenario to represent a
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Fig. 5 Storylines of affected area in the Feldbach region. Change in the
area affected by a high landslide occurrence probability of at least 68%
within a 10 m x 10 m cell (corresponding to the 95th percentile of landslide
occurrence probability across all cells in the Feldbach region in present
climate) during the 2009 event happening in a warmer climate. The
horizontal black line indicates the present-day reference. For each global
warming level, the left symbol shows changes under present-day LULC
conditions, the right symbol changes under a climate change resilient
forest.

realistic future land cover. These anticipated changes in LULC
would help to reduce the landslide occurrence probability
compared to storylines with unchanged LULC conditions (Fig. 5).
In the worst-case storyline and for a 4 K warming, the growth in
area affected by a high occurrence probability would shrink from
about 45 to 37%. If the Paris target was met, these land cover
changes would fully compensate for the effect of climate change.
To further study the possible influence of land cover changes, we
additionally considered two idealised scenarios (Supplementary
Fig. 8). These scenarios are by no means realistic, but serve to
illustrate the role of LULC changes relative to climatic changes.
Complete deforestation would dramatically increase the landslide
occurrence probability, more than twice as much as for a 4K
warming under present LULC conditions. Conversely, complete
afforestation of susceptible land would reduce the area affected by
a high landslide occurrence probability to <40% of the present-
day area, even in a 4 K warmer world. The effect of such drastic
forest cover changes is also much larger than climate model
uncertainty (given by the spread across the different storylines).

Atmospheric circulation changes. Our storyline approach con-
siders the effect of climate change on landslides given a
certain situation of the large-scale atmospheric circulation, i.e. a
quasi-stationary storm associated with a cut-off low over the
Adriatic sea. If the occurrence probability of the atmospheric
circulation pattern would change strongly in a warmer climate,
the isolated consideration of the event storyline could be
misleading®0. We, therefore, did not only consider the conditional
storylines of the event itself, but also possible changes in the
conditioning circulation events.

Unfortunately, to our knowledge no projections of future cut-
off low conditions exist so far. But cut-off lows tend to develop as
part of atmospheric blocking events®!, ie. quasi-stationary
anticyclones blocking the mid-latitude westerly flow. Therefore,
we consider changes in blocking as a plausible proxy for changes
in cut-off lows. Indeed, the June 2009 event was associated with
an extensive block, indicated by the high sea-level pressure over
eastern Europe (Fig. 1a). European summer blocking, occurring
on about 8 days per summer in current climate®?, is on average
projected to decrease, independently of the chosen model

ensembles®?, and of the exact definition of blocking®3. Rescaling
the results from ref. °2, we find that the frequency of blocked days
over Eastern Europe in the CMIP6 models decreases in more than
80% of the individual models, with a mean trend of ~ —4% per
degree of global mean warming?2.

In addition to cut-off lows, long-lasting heavy rainfall events in
South-Eastern Austria may be caused by Genoa lows!”:18, Apart
from single model studies, changes in Genoa lows in summer
have not yet been studied systematically. We, therefore,
conducted our own analysis based on a cyclone database from
the CMIP5 ensemble in summer®*>>. For the high-emission
RCP8.5 scenario, the frequency of Genoa lows propagating
northward towards Central Europe decreases on average by
~—3.3%/K, though only 60% of models agree on a future
reduction, partly reflecting large internal climate variability.
Quasi-stationary Genoa lows decrease on average at —2.1%/K
with 68% of the models showing a decrease. These results suggest
a moderate reduction in the occurrence of 2009-type events.

Discussion

In this study, we develop and apply an event storyline approach
to study how a severe landslide event in South-Eastern Austria
may unfold under future climate and land-use changes. This
approach has proven particularly powerful in our context: It
enables us to fully exploit a well-dated landslide data set, with a
huge number of events occurring within a couple of days from
June 22-26, 2009°%°>7. The approach separates the regional,
mostly thermodynamic, climate change response from the
“background” state of the large-scale atmospheric circulation*!.
In doing so, we can simulate the event itself without biases in the
large-scale circulation, typically arising in transient climate model
simulations>%. Moreover, this separation allows us to use different
tailored modelling approaches for the large- and small-scale
response. Crucially, focussing on a single event of a few days
length allows us to conduct regional climate simulations at a very
high resolution and thus to more realistically simulate extreme
(and typically convective) summertime rainfall3¢, and to plausibly
represent changes in sub-daily rainfall intensities for a range of
regional climate change storylines. The storyline approach also
aids the communication of climate risk. Choosing the severe 2009
event as an example, we directly connect to the episodic memory
of the affected people, helping them to better anticipate future
climate risk*1>%. Our results thereby also provide a familiar
event-based frame for regional decision makers®® to take the
hazard from climate change into account, and to raise risk
awareness of the general public.

The three most relevant sources of uncertainty in our analysis
are uncertainties about the regional response of the climate sys-
tem to global warming; structural uncertainty of the statistical
landslide model under extrapolation to higher rainfall intensities;
and the limitation of the considered LULC changes to four
vegetation types only. Uncertainty in the regional climate
response is explicitly sampled by the four different storylines, i.e.,
by considering four different GCMs. Structural uncertainty of the
landslide model pertains to the inclusion of all relevant predictors
and the transformation function between predictors and pre-
dictands. Having included preconditioning soil moisture condi-
tions, 5-day aggregated rainfall, and 3-h maximum rainfall, we are
confident that all relevant predictors are included. Uncertainties
about the transformation function have been estimated for
extrapolation of the 5-day aggregated rainfall. Regarding LULC
changes, the storyline approach allows for an analysis conditional
on non-modelled factors such as the influence of steep or unse-
cured embankments, filling of slopes and paved areas. We con-
sider these factors as given, and address the additional changes in
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hazard due to climatic and forest cover changes. For a detailed
discussion of these uncertainties, please refer to the Methods
section.

Even though our results strictly apply only for the considered
event, they provide insight into the competing roles of changes in
different meteorological drivers and LULC for landslides in
general. Substantial uncertainties exist about changes in long-
duration and short, intense summer rainfall, as well as in the
antecedent soil moisture conditions. If a strong rainfall intensi-
fication dominates, the area affected by a high landslide occur-
rence probability may increase by more than 10% per Kelvin
warming. Such a rainfall intensification is indeed plausible!>¢0.
But a strong reduction in soil moisture could even reduce the
overall landslide hazard. Considering soil moisture is therefore
crucial for studying the effect of climate change on the landslide
hazard, in particular for events in summer, when soil moisture is
projected to decrease in many regions of the world®!. The pos-
sibility of a strong increase in landslide occurrence probability
should be considered by regional decision makers in climate
risk assessments, for instance to define risk zones for regional
planning.

In any case, the study highlights the relevance of climate
mitigation, and the co-benefits of proactive LULC management
for adapting forests to climate change and for reducing the
landslide hazard. Idealised scenarios demonstrate that targeted
afforestation measures towards a climate resilient mixed-leaf
forest could—at least locally—reduce the landslide hazard from
the 2009 event below the present-day level even in a 4 K warmer
world. Of course, such adaptation measures have to be considered
in a broader context. A large area of the district is currently used
for agricultural production and will continue to be so in the
future. Also, as with any climate change adaptation measure,
landslide protection has to be balanced against the conservation
of biodiversity®2. While forests protect very efficiently against
landslides®, the conservation or restoration of semi-natural
orchard meadows may combine basic protection with a species-
rich habitat®3,

Methods
Data. Apart from soil moisture, we used the same data as in Knevels et al.?’. Please
refer to this publication for further details.

Precipitation data were taken from the INCA (Integrated Nowcasting through
Comprehensive Analysis) nowcasting system® provided by the Austrian weather
service (Zentralanstalt fir Meteorologie und Geodynamik) to derive present-day
meteorological predictors for the statistical landslide model. The original data are
provided on a 1 km x 1 km grid at a 15 min resolution but have been aggregated to
hourly resolution.

To derive soil moisture data as predictors for the statistical landslide model, we
conducted simulations with the HRLDAS (High-Resolution Land Data
Assimilation System)®> on a 1km x 1 km grid at 1 h resolution, for the period of
2004-2014. Land surface parameters and soil texture types are obtained from the
WRF Noah-LSM. The model was initiated with ERA-Interim data®. All forcing
data was taken from the INCA data set®, except for incoming longwave radiation,
which was derived by parameterisation®’, and surface pressure, obtained by
extrapolating ERA5 mean sea level pressure® onto the INCA surface height.

Topographical predictors for the statistical landslide model were derived from
an airborne, LiDAR-based, high-resolution digital terrain model (HRDTM) with a
1 m x 1 m resolution, provided by the GIS department of Styria (GIS-Steiermark).
LULC data were derived from the original airborne LiDAR data as well as
RapidEye satellite imagery and classified into four classes: (i) no forest, (ii)
broadleaf forest (0-25% conifers), (iii) mixed-leaf forest (25-75% conifers), and (iv)
coniferous forest (75-100% conifers). All predictors were interpolated to a
10 m x 10 m resolution.

Landslide data for calibrating the statistical landslide model were taken from
two events in June 2009 and September 2014. The data were provided by the
Institute of Military Geoinformation, the Geological Survey of Austria (2009), and
the Styrian Government (2014)27->%7, From all available landslides reported to the
authorities, we selected a subset based on minimum size and expert judgement of
the data reliability. For the 2009 event, 487 landslides were considered, most of
them shallow movements (85%). For the 2014 event, 139 landslides were
considered (60% deep-seated, 5% shallow, 35% not classified).

Land use land cover scenarios. The government of Styria projects a population
decrease of some 10-15% until the year 2060 (no longer projections exist) for the
Feldbach region and a strong ageing of the population, while many inhabitants are
projected to move towards the city of Graz and its surroundings®. We, therefore,
expect future changes in the infrastructure and the built environment to be rela-
tively small, and assume that anthropogenic changes are mostly limited to agri-
cultural land use and forests. We thus developed a LULC scenario in collaboration
with the Regional Forestry Directorate and the District Forestry Authority. Given
that spruce is vulnerable to increasing temperatures and summer dryness*’, we
considered an active forestry management replacing spruce by a climate resilient
mixed-leaf forest. Additionally, the land area used for agriculture is expected to
decline. We, therefore, defined a LULC scenario by replacing coniferous forest with
mixed-leaf forest, and no-forest cover with mixed-leaf forest in areas unfavourable
for agriculture (e.g., with steep slopes). Additionally, we considered two idealised
scenarios representing extreme de- and afforestation, one where all forest is
removed, and one where all no-forest and coniferous forest areas were converted to
mixed-leaf forest. The LULC data required to train our landslide model do not
allow for further discrimination between different types of non-forested areas.

Meteorological simulations. Event storylines have been simulated using the
CCLM RCM* over the eastern Alpine domain [44.5N-49.1N, 10.7E-19.8E] with
3 km x 3 km grid spacing in convection-permitting mode, i.e. without deep con-
vection parameterisation. For an overview of the chosen model parameterisations
see Supplementary Table 1. Soil moisture is explicitly simulated by the RCM land
surface component. Boundary conditions for simulating the event as it happened in
present climate were taken from the integrated forecast system (IFS) of the Eur-
opean Centre for Medium-Range Weather Forecasts (ECMWF)”0. The simulation
consists of a spin-up from 1 October 2008, 00:00 UTC, to 20 June 2009, 00:00 UTC,
to create a balanced soil-moisture field. The spin-up is followed by a ten-member
ensemble simulation of the actual event ending at 28 June 2009, 00:00. The dif-
ferent initial conditions are created by staggering the start of the simulations, from
20 June 2009, 00:00 UTC at 3-h intervals backwards in time.

For simulating future storylines, the RCM boundary conditions were altered by
changes derived from simulations according to RCP8.5 with four CMIP57! GCMs
(see Table 1). The changes are designed to represent changes in climate conditions
during weather events similar to the 2009 event, and are derived as follows: for the
summer months (JJA) of each considered GCM, we calculated the empirical 99th
percentile of 3 day aggregated grid-box rainfall over the period 1975-2004 over all
grid boxes in the area 13.7E-17.5E and 46N-48N, selected all summer days with
events larger than the 99th percentile and calculated mean vertical profiles for these
days over the RCM domain of the three-dimensional temperature and relative
humidity fields from the surface to the lower stratosphere (35 hPa) as well as sea
level pressure. We repeated this analysis for the period 2071-2100 and then
calculated differences between the future and present means.

A scaling approach was applied to these composite changes to define different
global warming scenarios relative to present climate. To this end, the derived
regional temperature, humidity and sea level pressure changes were rescaled with
the ratio between the global mean surface temperature change AT, for a chosen
scenario and the simulated global mean surface temperature change of the chosen
GCM simulation (1975-2004 to 2071-2000 under RCP8.5). We chose AT, values
of 0.5 K (representing the Paris agreement), 3 K (a business-as-usual scenario) and
4K (a worst-case scenario).

Finally, we applied these composite changes to the IFS data in order to provide
modified lateral boundary conditions to the RCM when simulating the event.
Thereby, the surface pressure is changed via the changes of sea level pressure taking
into account the local orography of IFS. This instantaneously changes the IFS
pressure levels. In order to fulfil the hydrostatic equation and to achieve physical
consistency, temperature and humidity are adjusted according to the new pressure
levels and their vertical extension. Now, the vertical profiles of temperature and
humidity changes are added. In the last step, specific humidity is re-calculated from
modified temperature, pressure, and relative humidity via the Clausius-Calpeyron
relation.

Spin-up simulations to create future soil-moisture fields were conducted in a
similar way. Here, the three-dimensional changes in temperature and relative
humidity, as well as the changes in sea level pressure, were calculated based on the
climatological changes between the present and future period, individually for each
day of the year, which were then linearly interpolated in time to provide proper
climate change information at each time step during RCM integration in the spin-
up period. Thus the future soil moisture predictors represent the expected changes
due to changes in rainfall, snow and evapotranspiration during the preceding
months.

We selected GCMs spanning a broad range of changes in the selected GCM-
simulated rainfall extremes (not shown): IPSL-CM5A-MR, HadGEM2-CC (both
with a negative change), GFDL-ESM2m (no change) and MIROC-ESM (strong
positive change).

Delta change approach for the predictors. The present-day precipitation
simulations match very well with observations, but still have slight location
biases’?; soil moisture simulations differ substantially from our reference simula-
tion (supplementary Fig. 7). Moreover, the simulated future precipitation event is
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slightly shifted compared to the simulated present-day event (not shown). To
overcome these issues and to focus on the thermodynamic component of the
change, we therefore do not directly consider the simulated hydrometeorological
fields but use these fields to calculate change factors, which are then applied to the
observed hydrometeorological fields. In a standard change factor approach*®, one
would calculate long-term differences between the simulated future and present
means for a grid box, and add this difference to present day observations. In case of
precipitation, ratios are considered instead of differences. As we consider only a
single event of a few days length, we cannot reasonably average in time. Instead, we
therefore average in space over a region where the climate change signal can be
assumed to be constant. Averaging for precipitation is carried out over 13.82E-
17.31E and 46.16N-48.01N, which roughly corresponds with the area affected by
heavy precipitation during the event. It is large compared to the pattern shifts but
small compared to large-scale gradients in the climate change signal. For soil
moisture, we average across the actual target domain to avoid an influence of
geological variations outside that domain on the climate change signal (note that
only one value per day is available for the CCLM soil moisture simulations, but
temporal variations are small).

A disadvantage of the standard delta change approach is the fact that it applies
an overall change factor across all intensities at all temporal scales. We, therefore,
derive change factors separately for all predictors, i.e., 3-h maximum and 5-day
aggregated rainfall as well as soil moisture. Change factors are calculated as
differences in area averages of present-day and future simulated predictor values.
From all permutations of the ten present-day and ten future ensemble members,
mean change factors (averaging out the effect of local internal variability) are
calculated for the rainfall predictors.

Statistical landslide modelling. The landslide occurrence probability is assessed
based on a semi-parametric generalised additive model2”:4>73, which links m pre-
dictors x;, i = 1... m via transformation functions f( . ) and a link function g~(.) to
the conditional expected value E(.) of the response, here landslide occurrence
probability at a given location, Y:

SEY)) = By +f1(x0) + oo 4 (00), ()

The transformation functions can either be parametric (e.g. linear) or non-
parametric smoothing functions. The link function is chosen as the logit function

g(E(Y)) = log (%), i.e., the model is a nonlinear logistic regression. The inverse

of the logit function maps the predictors onto probabilities (0, 1). The model was
calibrated to observed landslides during the 2009 event and a similar, although
weaker, event in 2014 in a nearby region (Fig. 1). We found that a model combining
shallow and deep-seated landslides performed better and identified physically more
plausible predictor-predictand relationships than separate models for the two
landslide types?’. Furthermore, in a model to predict the landslide type, geological
predictors had the highest explanatory power, whereas the meteorological predictors
during the 2009 and 2014 events could not discriminate between shallow and deep-
seated landslides (not shown). We thus decided to use a combined model. More
details on the model can be found in Knevels et al.?’

For our climate change application, we slightly modified the model
(Supplementary Figs. 2 and 3): first, we included soil moisture as an additional
predictor, to account for a potential soil-drying in a warmer climate. Second, we set
the influence of a 5-day aggregated rainfall constant beyond 80 mm
(Supplementary Fig. 2). The latter choice was made because the corresponding
transformation function was roughly saturated beyond 80 mm, but after a local
maximum slightly bending down and then turning upwards again (all within
sampling uncertainty). The final upward trend caused a strong increase in landslide
occurrence probability with climate change, but we assume that this behaviour was
not a physical feature but rather sampling variability (see also discussion below).

The chosen set of predictors comprises geology (five classes: Neogene
formations dominated by fine-grained sediments, Neogene formations with coarse-
grained layers, pre-Wiirmian Pleistocene formations, Wiirmian and Holocene
sediments, and other units), land surface variables (convergence index, plan and
profile curvature, flow accumulation, normalized height, slope angle, catchment
slope, slope aspect, topographic positional index, SAGA wetness index),
hydrometeorological variables (5-day aggregated rainfall prior to a landslide in a
given 10 m x 10 m cell, 3 h maximum rainfall intensity on the day of landslide
occurrence in the cell, soil moisture just prior to the 5-day aggregation period), and
LULC type (four classes: no forest, mixed-leaf forest, broadleaf, conifer). The
transformation functions for the hydrometeorological predictors are shown in
Supplementary Fig. 2, the predictive power of the predictors in Supplementary
Figs. 3 and 5. To avoid overfitting from predictors explaining only little variability,
smoothing penalty terms are integrated that shrink the effect of unimportant
predictors to zero’3. The modified model has been cross-validated as in Knevels
et al.27. The performance in present climate is essentially identical to that of the
model without the soil moisture predictor (Supplementary Fig. 4). Following the
reasoning of Maraun and Widmann*®, we decided to include soil moisture, as, even
though it may not have strong predictive power for the 2009 event as it happened,
it is an important preconditioning factor and is strongly affected by climate change.

A logistic regression requires observations of events (landslide occurrence) and
no-events (no landslide) for calibration. Given that only a small fraction of the
district has been screened?’, the total number of landslides, as well as the total

landslide-free area, are in fact unknown. In cases where the fraction of events is
very small compared to the fraction of no-events (as in the case of landslides), an
observational sample is therefore typically biased upwards’4. In such a situation,
the predicted landslide occurrence probabilities are too high. In Supplementary
Fig. 6 one should thus compare relative values but not interpret absolute values as
occurrence probabilities. In Fig. 4, we therefore show odds ratios of future and
present landslide occurrence, in Fig. 5 quantiles of the landslide probability
distribution across space, which are both unaffected by these biases. The odds
associated with a probability p are defined as O = p/(1 — p). Odds ratios of future
and present landslide occurrence are then defined as the ratio between future and
present odds:

OR _ Oful _ Pfuz(l _ppres)
Jutfpres Opres ppres(l - pfut)

(2)

To understand structural uncertainty in our landslide model, we investigated
the plausibility of increasing landslide occurrence probability for 5-day aggregated
rainfall above 80 mm. To this end, we considered a linear transformation function,
calibrated for all events with 5-day aggregated rainfall above 80 mm. In this case,
the landslide occurrence probability would be, compared to the chosen model,
<10% higher for the worst-case storyline and a warming of 4 K.

Cyclone tracking. Mediterranean extra-tropical cyclones are identified by applying
the objective cyclone tracking algorithm TRACK’® to model output. Cyclones are
first identified every 6 h on the 850 hPa vorticity smoothed to T42 resolution by
removing the spherical harmonics having total wavenumber <6 and greater than
42. Cyclone tracks are reconstructed by maximising a cost function on track
smoothness and speed. The tracks lasting less than two days are discarded. From
the resulting cyclone database, two classes of potentially high-impact cyclones, i.e.
the quasi-stationary and the Vb-type Genoa lows, are extracted as follows. The
quasi-stationary Genoa lows (as the 2009 event) are identified by requiring cyclone
genesis in the box (40N-46N, 4E-18E), and at least three days of permanence
within the box. The lows following the Vb track are required to have genesis in the
same Mediterranean box, but to subsequently pass in Central Europe (47N-55N,
12E-20E) while avoiding the southern Balkans region (38N-45N, 19E-26E)!°.
Finally, both sets of tracks are required an along-track peak intensity based on the
850 hPa smoothed vorticity exceeding 3 - 10~5s~1. The methodology is applied to
track cyclones in 30-year time slices from the historical (1976-2005) and RCP8.5
(2070-2099) climate simulations of the following 25 CMIP5 climate models: bcc-
csml-1, bee-csm1-1m, CanESM2, CCSM4, CMCC-CM, CNRM-CM5, CSIRO-
Mk3-6-0, EC-EARTH, FGOALS-g2, GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M,
HadGEM2-ES, HadGEM2-CC, inmcm4, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-
CM5B-LR, MIROC-ESM, MIROC-ESM-CHEM, MIROC5, MPI-ESM-LR, MPI-
ESM-MR, MRI-CGCM3, NorESM1-M. The mean projected change is then
obtained as follows. First, for each model, cyclone frequency is averaged across all
available ensemble members. Then, each model climate change response is
obtained as the difference between the RCP8.5 and historical climatologies and
scaled by the corresponding increase in the annual-mean global mean surface
temperature. Finally, the multi-model mean response is divided by the multi-model
mean historical climatology to obtain a percentage change per degree of global-
mean warming.

Applicability of the approach in a climate and LULC change context. Any
statement about future climate change is inherently an extrapolation problem.
Confidence about such statements can be gained by comprehensively assessing
projection uncertainties, combining multiple sources of information and process
understanding’®. The main climate-change-related uncertainty in our study is
climate response uncertainty, i.e., the uncertainty resulting from limitations of
climate models in projecting changes of global climate and the regional response to
these changes. Climate response uncertainty at the global scale is closely linked to
uncertainties about climate sensitivity, i.e., our limited knowledge of how global
mean surface temperature responds to CO, forcing. By conditioning our results on
global warming levels, this uncertainty is (approximately) removed’’. Regional
uncertainties arise both from the GCM-representation of large-scale changes
determining the local event, and the RCM-representation of the local event itself.
Our storyline approach is particularly powerful to assess these factors. The
approach separates the regional, mostly thermodynamic, climate change response
from the “background” state of the large-scale atmospheric circulation?!. In doing
so, we can simulate the event itself without biases in the large-scale circulation,
typically arising in free-running climate model simulations®*. This separation
furthermore allows us to use different tailored modelling approaches for the large-
and small-scale response. On the one hand, we can exploit the full CMIP5 and
CMIP6 simulations to assess changes in the atmospheric circulation and their
uncertainties. On the other hand, we can conduct regional climate simulations at a
very high resolution at a relatively low computational cost. This allows us first to
simulate a range of storylines representing local climate response uncertainty
resulting from GCM uncertainties, and second to more realistically simulate
extreme summertime rainfall3%, and thus to more plausibly represent changes in
sub-daily rainfall intensities for these storylines. All these advantages outweigh the
limitation of using one RCM only.
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Climate change projections are in general also affected by scenario uncertainty
and internal variability’8. We account for scenario uncertainty—the fundamental
inability to predict anthropogenic greenhouse gas emissions into the future—by
considering the landslide hazard conditional on different levels of global warming.
Furthermore, our event storyline approach allows us to essentially remove
uncertainty related to internal variability. The strongest contribution to internal
variability usually arises from the large-scale circulation’?. By keeping the large-
scale circulation fixed we remove this source of uncertainty. Additionally, by
estimating delta change factors as averages across an ensemble of regional event
simulations, we also effectively remove the influence of local-scale internal
variability on local changes.

Uncertainties related to the landslide model arise—as in all statistical models
applied in a climate change context—from uncertainties about the model structure
and parameter uncertainty under extrapolation®¢. Structural uncertainty
encompasses whether all predictors controlling the landslide response in a
changing climate have been included and whether the predictor-predictand
relationship can be extrapolated. The more a statistical model is backed up by
physical process understanding, the higher the confidence in the projections*¢. The
main factors triggering landslides in our study region are the soil water (both the
gravitational effect and the reduction of friction and cohesion) and the mechanical
forcing by intense rain®0. We capture the first factor by the predictors representing
soil moisture preconditioning and rainfall, and the second factor by the 3-hour
maximum intensity rainfall predictor. To constrain the model as much as possible
for extrapolation purposes, we calibrate it to two different events representing two
distinct rainfall and soil moisture conditions. A source of structural uncertainty is
the influence of 5-day precipitation beyond the observed range. As stated in Section
“Statistical landslide modelling”, we compare two models spanning structural
uncertainty and estimate the effect on uncertainty in landslide occurrence
probability to be less than 10% for a 4 K warming. A final potential source of
structural uncertainty is the fact that the statistical model does not discriminate
between shallow and deep-seated landslides. But as discussed in Section “Statistical
landslide modelling”, a joint model for both types provided physically more
plausible results, and meteorological predictors were also not skilful at
discriminating between the two types. We are thus confident that uncertainties
arising from this issue are of minor importance to our results. Parameter
uncertainty of the statistical model arises due to our finite sample. This source of
uncertainty will be assessed separately via a bootstrapping approach using a
Metropolis-Hastings sampler. It will, however, not qualitatively affect our results.

Also, the results of our LULC change analysis are affected by uncertainties, but
again, the storyline approach helps to navigate these*!. The LULC influence of
steep or unsecured embankments, filling of slopes and paved areas on landslide
occurrence during the 2009 and 2014 events has not systematically been recorded.
Similarly, we also do not have information of the specific agricultural land use prior
to the event. These influences therefore cannot be modelled in our statistical
approach. In a standard unconditional climate change study, these influences
would be confounding factors*2. But in our storyline approach, we consider these
factors as given conditions of the event and address the additional changes in
landslide occurrence probability due to climate and LULC change. The decision
not to consider changes in the built environment is further justified by the fact that,
while the Feldbach region has seen substantial upgrades in the regional
infrastructure over recent decades, the state government projects a decrease of the
region’s population for the year 2060%. We thus expect only relatively minor
changes to the area covered by buildings and infrastructure.

Data availability

IFS boundary conditions for the CCLM RCM can be obtained from the ECMWEF
(https://www.ecmwf.int/en/forecasts/datasets(cycle35r2)). ERA5 and ERA-Interim
reanalysis data from ECMWF are available from https://www.ecmwf.int/en/forecasts/
datasets/browse-reanalysis-datasets. Data from the chosen CMIP5 GCM simulations can
be downloaded from the Climate and Environmental Retrieval and Archive (CERA)
Database (https://cera-www.dkrz.de/WDCC/ui/cerasearch). Rainfall data from the
Integrated Nowcasting through Comprehensive Analysis (INCA) System is available
from the Austrian Meteorological Service (https://data.hub.zamg.ac.at). Landslide data
can be requested from the State of Styria (raimund.adelwoehrer@stmk.gv.at), Geological
Survey (GBA, arben.kociu@geolba.ac.at), and the Institute of Military Geoinformation
(IMG, helene kautz@bmlv.gv.at). All topographical predictors are publicly available from
GIS-Steiermark (http://www.gis.steiermark.at, German only). Source data underlying all
manuscript and supplementary figures (apart from Fig. 1b which shows raw landslide
locations; this data can be retrieved from the providers listed above) including landslide
occurrence probability predictions for all considered storylines can be accessed from
https://doi.org/10.5281/zenodo0.6036814.

Code availability

Climate simulations were conducted with the community climate model CCLM (https://
wiki.coast.hereon.de/clmcom/). All statistical modelling and analysis have been conducted
in R using the packages fields and mgcv. The calibrated landslide model as well as custom
codes for analysing the landslide predictions including odds ratios and changes in the
affected area can be accessed from https://doi.org/10.5281/zenodo.6036814. Additional
scripts are available upon request.
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