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Abstract
Impacts of expected climate change on the water balance in mountain regions may affect 
the activity of hydro-meteorologically driven deep-seated landslides. In the present study, 
an extended empirical monthly water balance model is used for reproducing the current 
and future hydro-meteorological forcing of a continuously moving deep-seated earth slide 
in Vögelsberg, Tyrol (Austria). The model extension accounts for effects of land cover and 
soil properties and relies on time series of air temperature and precipitation as data input. 
Future projections of the water balance are computed until the end of the twenty-first cen-
tury exploiting a bias-corrected subset of climate simulations under the RCP8.5 concen-
tration scenario, providing a measure of uncertainty related to the long-term projections. 
Particular attention is paid to the agreement/disagreement of the projections based on the 
selected climate simulations. The results indicate that a relevant proxy for the landslide’s 
varying velocity (subsurface runoff) is generally expected to decrease under future climate 
conditions. As a consequence, it appears likely that the Vögelsberg landslide may acceler-
ate less frequently considering climate change projections. However, the variability within 
the considered climate simulations still prevents results in full agreement, even under the 
‘most severe’ scenario RCP8.5.

Keywords Landslide activity · Deep-seated earth slide · Water balance model · Climate 
change · EURO-CORDEX · OPERANDUM

 * T. Zieher 
 Thomas.Zieher@oeaw.ac.at

1 Institute for Interdisciplinary Mountain Research, Austrian Academy of Sciences, Innrain 25, 
6020 Innsbruck, Austria

2 Department of Geography, University of Innsbruck, Innrain 52f, 6020 Innsbruck, Austria
3 Department of Physics and Astronomy “Augusto Righi” (DIFA), University of Bologna, viale 

Berti-Pichat 6/2, 40127 Bologna, Italy
4 Regional Model and Geo-Hydrological Impacts (REMHI) Division, Fondazione Centro Euro-

Mediterraneo Sui Cambiamenti Climatici, Via Thomas Alva Edison, 81100 Caserta, Italy

http://orcid.org/0000-0003-2985-5689
http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-022-05558-7&domain=pdf


 Natural Hazards

1 3

1 Introduction

Projected effects of climate change are expected to have an impact on the magnitude and 
frequency of natural hazards, including landslides (Gariano and Guzzetti 2016; Mora et al. 
2018; Hock et al. 2019). Particularly in mountain regions, long-term changes in air tem-
perature and precipitation may affect the hydro-meteorological drivers and triggers of land-
slides (Stoffel and Huggel 2012). On the one hand, related effects have been investigated 
in several retrospective studies comparing records of past landslide activity with paleocli-
matic proxies, highlighting the strong relationship between landslides and climate (e.g. 
Lateltin et al. 1997; Borgatti and Soldati 2010, Panek 2019). On the other hand, prospec-
tive studies investigate the impacts of anthropogenic global warming on landslide activ-
ity by projecting their main hydro-meteorological forcing and geomechanical responses 
into the future (Gariano and Guzzetti 2016). For this purpose, relations between records 
of landslide activity and their hydro-meteorological drivers are first established and sub-
sequently analysed based on downscaled projections of climate variables from general cir-
culation models (GCMs) and regional climate models (RCMs) (Coe and Godt 2012). For 
both, retrospective and prospective studies, it is crucial to distinguish between landslide 
types, as they involve different hydro-meteorological drivers and triggering mechanisms 
(Crozier 2010; Sidle and Bogaard 2016; Jakob 2022).

Several prospective studies have addressed the impacts of climate change on rapid 
landslide types, typically triggered by extreme rainfall events, including debris flows 
(e.g. Stoffel et  al. 2014; Turkington et  al. 2016) and shallow landslides (e.g. Ciabatta 
et  al. 2016; Rianna et  al. 2017; Alvioli et  al. 2018; Jakob and Owen 2021). However, 
the activity of continuously moving deep-seated landslides in soil is typically controlled 
by a slope’s water balance and respective variations of pore water pressure which in 
turn govern the material’s shear strength (Terzaghi 1950; Prokešová et  al. 2013; Lac-
roix et  al. 2020). Their reaction (acceleration and deceleration, typically with consid-
erable temporal delay) depends on the respective type of movement and material, as 
well as local catchment characteristics, including topography (elevation range, hypsom-
etry, aspect and slope), the geological setting (structural and stratigraphic properties), 
land cover, local climate peculiarities and human-induced drivers (Crozier 2010, Coe 
2012, Jaboyedoff et  al. 2016, Pfeiffer et  al. 2021). With this respect, previous studies 
investigated the response of continuously moving deep-seated landslides to projected 
impacts of climate change on a case-study level. Buma and Dehn (1998) conducted 
one of the first studies combining climate projections with hydro-meteorological and 
slope stability models. Based on downscaled precipitation scenarios derived from the 
coupled GCM ECHAM4/OPYC3 (Roeckner et al. 1999), they used a conceptual hydro-
meteorological model for computing recurrence intervals of identified groundwater 
thresholds and related landslide movement. In a related study, Dehn et al. (2000) inves-
tigated the future behaviour of a large mudslide in the Dolomites (northern Italy) by 
coupling the Thornthwaite water balance model (Thornthwaite and Mather 1955) with 
a limit equilibrium and a visco-plastic rheological approach. They calibrated the model 
with a displacement time series covering three years and computed projections of dis-
placement until the end of the twenty-first century. Despite discussed limitations and 
uncertainties of the modelling chain, the results indicate that the displacement reduces 
under future climate conditions, with seasonal variations. Malet et al. (2005) employed 
the spatially distributed hydro-meteorological model STAR WAR S (Van Beek 2002) to 
investigate the dynamics of an earthflow in the Barcelonette catchment (south-eastern 
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French Alps). The authors parameterised the model based on extensive field and labora-
tory tests and calibrated it to reproduce observed groundwater levels. Using the down-
scaled climate projections from Buma and Dehn (1998), they computed projections of 
the groundwater level until 2060, indicating a decreasing average groundwater level and 
therefore a reduced activity of the landslide. Coe (2012) analysed a 12 yr time series 
of annual displacement measurements and correlated the long-term trend with a mois-
ture balance drought index (MBDI), representing the hydro-meteorological forcing 
(groundwater pore pressure) of an earthflow in Colorado (United States). The author 
then computed MBDI time series using the mean of 36 downscaled climate projections 
based on the Intergovernmental Panel on Climate Change (IPCC) emission scenario 
A2 (Nakićenović et  al. 2000), indicating a significantly reduced moisture balance and 
accordingly reduced landslide movement in future. Comegna et al. (2013) investigated 
the future behaviour of an earthflow in southern Italy by combining climate projections 
and a numerical model linking meteorological input to pore pressure response and the 
respective landslide movement. The authors calibrated the model based on available 
displacement time series covering three years. Using the calibrated model, Comegna 
et al. (2013) computed projections of displacement until 2060 based on air temperature 
and precipitation projections considering the IPCC A1B scenario (Nakićenović et  al. 
2000). The authors concluded that in the water balance, evaporation would increase and 
infiltration decrease due to the projected positive trend of mean air temperature and the 
reduction of precipitation. This would cause a gradual decrease in the groundwater level 
and, thus, a reduction of annual displacement.

The summarised previous studies investigate projected impacts of climate change on 
slowly moving deep-seated landslides in soil, employing different modelling techniques 
depending on the characteristics of the respective landslides and the available data. What 
they generally have in common is the conclusion that the activity of this type of landslide 
may decrease under future climate conditions. However, these studies are based on a sin-
gle or a mean of multiple downscaled climate projections of respectively selected climate 
simulation chains (combined GCMs/RCMs), preventing conclusions about the agreement 
of the results based on different climate simulation chains. The present study explores 
impacts of climate change on the water balance and the related activity of a deep-seated 
landslide, individually considering five simulation chains under the Representative Con-
centration Pathway 8.5 (RCP8.5; Riahi et al. 2011). The individual results are analysed and 
compared, showing their agreement and disagreement in regard to future projections of the 
landslide’s water balance. The study is embedded in the H2020 project OPERANDUM 
(Open-air laboratories for nature-based solutions to manage hydro-meteorological risks), 
aiming at identifying, implementing and evaluating nature-based solutions (NBS) against 
the impacts of various hydro-meteorological risks under current and future climate condi-
tions (OPERANDUM 2022). These NBS are co-created together with scientific partners, 
local experts and stakeholders in the project’s ten open-air laboratories (OALs), imple-
mented for promoting innovation and research in a real-world setting. In the Austrian OAL, 
a continuously moving deep-seated landslide is investigated causing severe damage to 
buildings and infrastructure. Observed repeated acceleration phases are hydro-meteorolog-
ically controlled (Pfeiffer et al. 2021, 2022). It is therefore vital to investigate the impacts 
of climate change on the slope’s water balance and related reactions of the landslide. Fur-
thermore, modifications of the slope’s water balance have been identified as potential NBS 
for reducing the landslide’s activity, including an optimized forest cover (e.g. in terms of 
tree species composition) enhancing evapotranspiration in the hydrological catchment area. 
With this respect, the main objectives of the present study are to:
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• Present and evaluate an extended version of the Thornthwaite model (Thornthwaite and 
Mather 1955; McCabe and Markstrom 2007), including effects of land cover on the 
water balance

• Establish projections of a landslide’s water balance with the extended model, based on 
bias-corrected RCM simulations under RCP8.5

• Analyse the impacts of climate change on the future water balance and the landslide’s 
response

• Draw conclusions about the agreement/disagreement between results based on the 
selected GCMs/RCMs

• Investigate the effects of a different forest type considered as NBS on the slope’s water 
balance under current and future climate conditions

The extended water balance model is driven by bias-corrected simulations of five 
selected GCMs/RCMs of the EURO-CORDEX initiative (Jacob et al. 2014), representing 
a broad spectrum of future climate conditions under RCP8.5 and the uncertainty related 
to the long-term projections. In the following, the paper presents the investigated Vögels-
berg landslide (Tyrol, Austria; Sect. 2) and the extended model, its sensitivity analysis and 
parameterisation, as well as the bias-correction procedure (Sect. 3). Section 4 presents the 
insights of the sensitivity analysis, resulting water balance components and their long-term 
trends and future changes relevant to the landslide’s activity. The results are discussed in 
Sect. 5 before presenting the obtained conclusions in Sect. 6.

2  Study area–the Vögelsberg landslide

The Vögelsberg landslide is an earth slide located in the Eastern Alps about 20 km East 
of Innsbruck, Austria (Fig.  1a). The landslide is an active slab of a large deep-seated 
gravitational slope deformation (DSGSD) covering the entire slope with a planimetric 
area of about 5.5  km2 ranging from approximately 800 to 2160 m a.s.l. The currently 
active part of the DSGSD covers an area of about 0.25  km2, with its sliding surface 
reaching down to −48 m below the surface and is located in the lower section of the 
slope (Fig. 1b, c). Monitoring time series from an automatic total station revealed tem-
poral dynamics of its velocity with acceleration phases attributed to varying hydro-
meteorological input from prolonged moist periods and snow melt under current climate 
conditions (Pfeiffer et al. 2021). The geological setting is characterised by rocks belong-
ing to the Innsbrucker Quartzphyllite complex (Rockenschaub et  al. 2003). Different 
varieties of quartz phyllites occur in the study area, where differentiations regarding 
sericite-, chlorite- and calcite-content are obvious. Phyllite outcrops are abundant fea-
tures, particularly in the upper catchment area. However, the soils have mainly devel-
oped from till, which has been dislocated by the DSGSD. At 11 locations, soil pits were 
excavated to investigate the soil type and depth. Cambisols dominate the catchment 
area, with patches of stagnic Cambisol and Gleysol (IUSS Working Group WRB 2014). 
Their depth ranges between 40 and 200 cm, with a mean value of 100 cm. At elevations 
above 1200 m a.s.l., the slope is mainly covered by spruce forests (Picea abies (L.) H. 
Karst) intertwined with larch (Larix decidua Mill.) and stone pine (Pinus cembra L.) 
stands in the uppermost part. Below 1200 m a.s.l., agricultural areas used as meadows 
and for pasture dominate with single forest patches in between (Fig.  1b). Residential 
and agricultural buildings are spread across the slope, and a group of houses is located 
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on top of the active landslide area, including respective infrastructure. Cracks in roads 
and buildings are abundant and visible indications of the landslide’s activity. The land-
slide was continuously monitored with the help of an automated tracking total station 
(ATTS).

In a recent study, Pfeiffer et al. (2021) used a spatially distributed hydro-climatological 
model to investigate the hydro-meteorological drivers of the Vögelsberg landslide under 
present day conditions. Based on spatio-temporal analyses of snow melt, rainfall and evap-
otranspiration, the authors show that the acceleration phases generally correlate with snow 
melt in late winter and spring and with prolonged rainfall events. Enhanced ground water 
recharge and subsurface runoff, which lead to rising pore pressures during such moist peri-
ods, are the main drivers for the acceleration phases within the active landslide area. Fur-
thermore, Pfeiffer et al. (2022) investigated the origin of the water responsible for the land-
slide’s activity. The authors analysed the isotopic composition (stable oxygen and hydrogen 
isotopes) of water sampled at springs and from groundwater wells on the landslide body to 
infer its recharge areas using a novel geostatistical technique. They conclude that the main 
recharge areas are located along the ridge above the landslide, up to the uppermost area in 
the catchment above 2000 m a.s.l. Investigating projected changes of the water balance due 
to climate change and respective impacts on the landslide’s activity must therefore consider 
the whole catchment area ranging up to 2160 m a.s.l.

Fig. 1  Location of the Vögelsberg landslide and the considered meteorological stations (blue squares, num-
bering see Table S1) (a), overview of the study area and the catchment area of the Vögelsberg landslide 
with the latest Corine land cover (b) and map of the active landslide area with displacement vectors in 
horizontal (red) and vertical (orange) direction derived from the ATTS monitoring (c). The displacement 
vectors shown in (c) are exaggerated by a factor of 1000. Data source: Corine land cover 2018 (EEA 2018), 
airborne laser scanning and total station data: federal state of Tyrol, division of geoinformation. The data in 
(b) and (c) are shown in the Austrian GK West projection (EPSG 31254)
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3  Materials and methods

3.1  Extended monthly water balance model, sensitivity analysis 
and parameterisation

In the present study, the Thornthwaite water balance model (Thornthwaite and Mather 
1955; McCabe and Markstrom 2007) has been adopted to compute the water balance of the 
landslide slope from observed and projected atmospheric variables (i.e. precipitation and 
air temperature). The model has been repeatedly modified and extended to include further 
physical processes (e.g. Graves and Chang 2007). In this work, relationships between land 
cover and physical processes have been added, including:

(1) For assessing evaporation, a crop coefficient  Kc in line with the approach proposed 
by Allen et al. (1998): this modification permits to tailor evapotranspiration flows for 
different types of land cover assuming  PETHamon (Hamon 1961) as a reference evapo-
transpiration  ET0;

(2) a variable runoff coefficient based on the Soil Conservation Service curve number 
(SCS-CN) approach (USDA 1986) aimed at including a runoff factor depending on 
monthly precipitation and different types of land cover following Ferguson (1996). The 
original SCS-CN is instead based on daily precipitation.

The extended model accounts for the major physical processes in the study area, includ-
ing the differentiation of rain and snow, snow storage and snowmelt, infiltration, direct run-
off, soil moisture storage, potential and actual evapotranspiration, and subsurface runoff 
(Fig. 2). The latter proved to be a suitable proxy for the activity of the Vögelsberg landslide. 

Fig. 2  Components of the conceptual monthly water balance model applied to the Vögelsberg landslide
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During prolonged rainfall and snow melt periods, enhanced subsurface runoff leads to ele-
vated groundwater levels, causing the landslide to accelerate (Pfeiffer et al. 2021).

Table  1 provides an overview of the equations adopted to model each physical pro-
cess and the adopted parameter values. The modified Thornthwaite model was parame-
terised in three steps. First, the rain- and snowfall temperature thresholds and the maxi-
mum melt ratio were systematically tested. The individual model results were evaluated 
against observed snow cover time series at Kleinvolderberg station, located about 4  km 
West of the landslide area (station no. 1 in Fig. 1a). The best results were obtained using a 
snow-to-rainfall threshold of 2.0 °C, a precipitation-to-snowfall threshold of −0.2 °C and a 
maximum melt ratio of 0.8. Generally, the adopted values agree with the range reported in 
scientific literature although they vary considerably depending on respective site-specific 
conditions (Bock et al. 2016; Hay and McCabe 2010; Jennings et al. 2018; You et al. 2014).

In a second step, a one-at-a-time (OAT) sensitivity analysis (e.g. Zieher et al. 2017) was 
performed to assess the impact of the introduced crop coefficient, the parameters related 
to the SCS curve number and the volumetric water content at field capacity. Respective 
value ranges and central values were adopted from scientific literature (Table 2). The cen-
tral value of the soil water content at field capacity of 34.7% was derived from respective 
recordings at the 11 excavated soil profiles. Also the soil depth was retrieved from the soil 
profiles, ranging from 0.4 to 2.0 m and a mean value of 1.0 m.

In a third step, the computed subsurface runoff was evaluated against landslide velocity 
time series in order to identify a set of parameter values representing the current hydro-
meteorological forcing of the landslide. Landslide velocity was derived from an ATTS 
installed in May 2016 on the opposite side of the valley (Fig.  1b). The ATTS monitor-
ing included 53 retroreflecting prisms distributed across the active landslide area (n = 20) 
and the comparably stable surrounding (n = 33). The monthly mean velocity covering May 
2016 to October 2019 was correlated with the subsurface runoff computed with the model, 
considering various settings of the identified sensitive parameters (crop coefficient and SCS 
curve number). To account for the delayed response of the landslide (Pfeiffer et al. 2021), 
running sums over different periods were considered. The resulting best-performing set of 
parameter values was then adopted for applying the model with the climate projections.

3.2  Climate model data and bias correction

Five climate modelling chains among those made available by the EURO-CORDEX ini-
tiative (Jacob et  al. 2014) were selected (Table 3) to assess the potential changes of the 
landslide’s hydro-meteorological forcing due to climate change. The CORDEX initiative 
is an international framework for the voluntary cooperation of international partners, aim-
ing at improving climate change projections at regional scale with world-wide coverage 
(Giorgi et al. 2009). The European branch EURO-CORDEX provides dynamical and sta-
tistical downscaling for a fixed domain over Europe at different horizontal resolutions (the 
finest one equal to about 12 km (0.11°). For what concerns dynamical downscaling, the 
EURO-CORDEX ensemble exploits GCMs provided by the Coupled Model Intercom-
parison Project (CMIP, Meehl et al. 2000) over which RCMs are nested, while adopting 
a consistent spatial domain and gridding to enhance the combinability and comparability 
of the simulations. However, due to time and resource constraints required to run climate 
simulations, the EURO-CORDEX initiative may lag behind the latest advancements of 
GCMs (e.g. migration from CMIP phase 5 to CMIP phase 6 models). Furthermore, ensem-
ble simulations are usually run at a horizontal resolution accounting for several constraints, 
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including (i) the computational resources of the involved voluntary institutions, (ii) the 
time spans of analyses to proper characterise interannual variability under several scenarios 
of greenhouse gas concentrations and (iii) the added value of high spatial resolutions for 
reproducing local weather patterns (Kendon et al. 2021; Pichelli et al. 2021). In the present 
study, the concurrently available EURO-CORDEX ensemble simulations based on GCMs 
of CMIP phase 5 are used, which are considered feasible for the investigation of climate 
change impacts (e.g. Feyen et al. 2020).

The selection of the five modelling chains has been carried out for all OALs investigated 
within the OPERANDUM project, exploiting multiple climate simulation chains, consider-
ing the same evolution of greenhouse gas concentrations as suggested by the Representa-
tive Concentration Pathway 8.5 (RCP8.5; Riahi et al. 2011). The RCPs are a common set 
of concentration pathways based on socio-economic scenarios, which are used as input 
for climate simulations by the scientific community. These pathways were developed in 
the framework of the IPCC’s Fifth Assessment Report (IPCC 2014) for assessing climate 
impacts and deducing mitigation strategies (van Vuuren et  al. 2011). The suffixes iden-
tify the expected increase in radiative forcing by 2100 compared to the pre-industrial era 
(i.e. 8.5 W/m2 in case of RCP8.5). In this regard, RCP8.5 represents a fossil-fuel-inten-
sive scenario excluding any mitigation policies, entailing the most severe impacts of cli-
mate change. Despite its reliability and actual usefulness for developing climate policies 
is widely debated in the literature (e.g. Hausfather and Peters 2020; Schwalm et al. 2020), 
it has been selected in the framework of the OPERANDUM project to consider the most 
severe impacts of climate change on the hydrological cycle in the context of different 
natural hazards. Furthermore, following Sanderson (2018), the project aims at providing 
a framework that is easily scalable and reproducible while providing insights about the 
uncertainties associated with the modelling.

In this regard, it is worth noting that EURO-CORDEX and their sub-selection represent 
an ‘ensemble of opportunity’ where all the uncertainty sources could not be adequately 
accounted for and quantified. Therefore, the full ensemble could also represent a lower 
boundary of uncertainties affecting the evaluation of future evolution in weather forcing. 
On the other hand, the subsample tries to identify a large range of equilibrium climate sen-
sitivity (ECS) of GCMs, defined as the equilibrium change in annual global mean surface 
temperature following a doubling of the atmospheric concentration of carbon dioxide rela-
tive to pre-industrial levels. Specific sensitivity analyses for GCMs usually assess ECS; the 
numbers shown in Table 3 are based on Meehl et al. (2020) and Wyser et al. (2020).

Despite the increasing performance of RCMs, the limitations in orographic representa-
tions and in sub grid processes, for which physical parameterisations are required, could 
induce a limited representation of the atmospheric physics (in particular for short-duration 
precipitation related to the convective instability), preventing a direct use of atmospheric 
variables in impact models. To reduce this error assumed as systematic, the scientific com-
munity is developing numerous statistical procedures, acknowledged as bias correction 

Table 2  Parameter value ranges 
and central values for the OAT 
sensitivity analysis

Soil moisture 
capacity

Curve number Crop coefficient

Minimum value 0.100 30 0.600
Central value 0.347 55 0.785
Maximum value 0.400 90 1.500



Natural Hazards 

1 3

Ta
bl

e 
3 

 M
et

ad
at

a 
of

 th
e 

se
le

ct
ed

 E
U

RO
-C

O
R

D
EX

 d
at

a.
 G

C
M

: g
en

er
al

 c
irc

ul
at

io
n 

m
od

el
, E

C
S:

 e
qu

ili
br

iu
m

 c
lim

at
e 

se
ns

iti
vi

ty
, R

C
M

: r
eg

io
na

l c
lim

at
e 

m
od

el

N
o

In
sti

tu
tio

n
G

C
M

EC
S 

[°
C

]
RC

M
Pe

rio
d

1
Ir

is
h 

ce
nt

re
 fo

r h
ig

h 
en

d 
co

m
pu

tin
g 

(I
C

H
EC

)
EC

-E
A

RT
H

3.
3

R
A

C
M

O
22

E
19

50
/0

1/
01

–2
10

0/
12

/3
1

2
Ir

is
h 

ce
nt

re
 fo

r h
ig

h 
en

d 
co

m
pu

tin
g 

(I
C

H
EC

)
EC

-E
A

RT
H

3.
3

C
C

LM
4-

8-
17

19
49

/1
2/

01
–2

10
0/

12
/3

1
3

M
et

 o
ffi

ce
 H

ad
le

y 
ce

nt
re

 (M
O

H
C

)
H

ad
G

EM
2-

ES
4.

6
SM

H
I-

RC
A

4
19

70
/0

1/
01

–2
09

9/
12

/3
0

4
M

ax
-P

la
nc

k-
in

sti
tu

te
 (M

PI
)

M
PI

-E
SM

-L
R

3.
6

SM
H

I-
RC

A
4

19
70

/0
1/

01
–2

10
0/

12
/3

1
5

N
or

w
eg

ia
n 

cl
im

at
e 

ce
nt

re
 (N

C
C

)
N

or
ES

M
1-

M
2.

8
D

M
I-

H
IR

H
A

M
5

19
51

/0
1/

01
–2

10
0/

12
/3

1



 Natural Hazards

1 3

(BC) techniques, able to ‘adjust’ the raw model output towards observations in a post pro-
cessing step (Maraun and Widmann 2018).

In this work, the scaled distribution mapping (SDM) procedure (Switanek et al. 2017) 
has been adopted to ‘adjust’ RCM outputs. This technique preserves the changes projected 
by the climate model in the bias-corrected series, avoiding assumptions about stationar-
ity. Operatively, the SDM scales the observed distribution by raw model projected changes 
in magnitude, rain-day frequency (for precipitation), and the likelihood of events according 
to the bias correction period. In this perspective, the period from 1981 to 2010 has been 
used as a reference (REF) according to the World Meteorological Organization guidelines 
for current conditions (WMO 2017), while the time span up to 2100 has been adjusted.

For precipitation bias correction, the SDM procedure considers only values of positive 
precipitation exceeding a specified threshold (e.g. 0.1 mm) and a multiplicative or relative 
amount as a scaling factor. For temperature bias correction, the SDM procedure is applied, 
considering all temperature values and using an absolute amount as a scaling factor. More-
over, temperature data are first de-trended, then bias corrected, and finally, the trends are 
added again. This avoids that temporal trends inflate the variance.

3.3  Water balance projections and evaluation of effects of climate change and land 
use change

The parameterised model, reproducing the landslide’s hydro-meteorological forcing, was 
then applied with the bias-corrected projections of air temperature and precipitation. To 
account for the vertical range of the landslide’s effective hydrological catchment and 
because the water balance is strongly affected by the steep hydro-climatological gradients 
in mountain areas, projections of the water balance were computed for elevation steps from 
660 to 2160 m a.s.l. with 300 m increments (Pfeiffer et al. 2021, 2022). Monthly gradients 
of air temperature and precipitation were computed from in situ observations of six mete-
orological stations in the vicinity of the study area (see Fig. 1a and Table S1 in the sup-
plement material). Particularly air temperature shows a significant gradient and a seasonal 
variation, while precipitation does not show distinct gradients. To account for the tempera-
ture decrease with altitude, the median monthly gradients were adopted for preparing the 
temperature projections for the application of the model across the vertical elevation range.

For assessing changes in the projected water balance and the related activity of the 
Vögelsberg landslide, two indicators were analysed for each GCM/RCM and the consid-
ered elevation steps. They are both based on the subsurface runoff cumulated over three 
months  (SRcum) and include its seasonal maximum  (SRmax) and the seasonal frequency 
of  SRcum exceeding a threshold of 100 mm.  SRmax represents the general activity of the 
landslide in terms of velocity, with low and high subsurface runoff correlated with low 
and high landslide velocity, respectively. Long-term trends of projected  SRmax are derived, 
indicating changes in landslide velocity under future climate conditions. The frequency 
of  SRcum > 100 mm corresponds to the frequency of landslide acceleration phases, during 
which differential movements are induced on the landslide body, causing major damage to 
the settlement and infrastructure travelling on top. Both indicators are evaluated seasonally 
to consider their annual cycles. Changes in the frequency of  SRcum > 100 mm were ana-
lysed relative to the REF period (1981–2010) for 30-year periods mid of the century from 
2021 to 2050 (MID) and towards the end of the century from 2071 to 2100 (END).

In a next step, projections of the water balance were obtained for a land cover/land use 
scenario replacing the contemporary coniferous forest with a mixed forest in the upslope 
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catchment area of the landslide. This intervention is considered as a potential long-term 
NBS to reduce the landslide’s activity. The areas covered by pasture remained unchanged 
in this scenario. The crop coefficient was raised to 1.3 and a curve number of 56 was used. 
The evaluation of both indicators was repeated, comparing the results for the REF, MID 
and END periods relative to the results with the original land cover parameterisation.

4  Results

4.1  Sensitivity analysis and parameterisation

The conducted OAT sensitivity analysis revealed that variations of the crop coefficient (kc) 
have the highest impact on the resulting median of subsurface runoff considering the ref-
erence period from 1981 to 2010 (− 99 to + 30%, Fig. 3a). Also the SCS curve number 
(SCS-CN) has a distinct impact on the resulting median of subsurface runoff (− 34 to + 4%, 
Fig. 3a). The soil water content at field capacity (fc) does not lead to substantial changes in 
subsurface runoff in the considered case study (0.0 to + 0.3%, Fig. 3a). The results of the 
parameter tests combined with varying accumulation periods of the resulting subsurface 
runoff show that the running sum over three months provides the best agreement with the 
observed landslide velocity (Fig. 3b, c). The best result was obtained for a crop coefficient 
of 1.2 and the SCS curve number 55. These parameter values were used for applying the 
model with the climate projections across the considered elevation steps.

4.2  Landslide dynamics and current hydro‑meteorological forcing represented 
by the model

The available time series derived from the ATTS monitoring show a continuous movement 
of the active landslide area of at least 1 cm/yr (Fig. 4a). The kinematic behaviour is char-
acterised by acceleration and deceleration phases which are clearly not related to seasonal 
or other cyclically occurring causes. In the course of the three main acceleration phases, 
the velocity increases up to almost 6 cm/yr in August 2016, to around 5 cm/yr in Novem-
ber 2017, and about 3  cm/yr in March 2019. While the velocity decreases sharply after 
the peak in mid-2016, the movement rate decreases more gradually after the maximum at 

Fig. 3  Results of the OAT sensitivity analysis (a) and the parameter tests for the crop coefficient (b) and 
curve number (c) considering different accumulation periods for the resulting subsurface runoff. The model 
results were evaluated against the monthly median displacement time series by fitting linear models, consid-
ering their coefficient of determination as performance
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the end of 2017 and spring 2019. Pfeiffer et al. (2021) show that the first two acceleration 
phases are related to prolonged moist conditions with above-average rainfall sums. In the 
acceleration phase in early 2019, infiltrating melt water from snow melt starting on the 
lower part of the slope is identified as the main hydro-meteorological driver. Furthermore, 
the landslide shows delayed reactions to the hydro-meteorological forcing of up to 60 days 
(Pfeiffer et al. 2021).

The resulting water balance components based on the identified parameterisation are 
shown for 660 m a.s.l. (Fig. 4b) and 2160 m a.s.l. (Fig. 4c), comparing incoming rainfall 
(R) and snow (SN) (positive) with outgoing components, including the actual evapotran-
spiration (AET), direct runoff (RD), and subsurface runoff (SR). Obvious differences con-
cerning the amount of snow are mainly related to the lower temperatures with increasing 
altitude. In general, the winters in 2017/18 and 2018/19 have been exceptionally snow-rich 
in the Tyrolean Alps (Andre et al. 2019, ZAMG 2022). The reduced actual evapotranspira-
tion resulting at 2160 m a.s.l. compared to 660 m a.s.l. can be again attributed to the lower 
temperature. The direct and subsurface runoff components are more pronounced at high 
elevation in the late spring and early summer season due to rapid snow melt and the higher 
availability of water in the soil due to lower atmospheric demand. At lower elevations, the 
outgoing components are more balanced over the year. Direct runoff mainly occurs during 
the summer months as a response to excessive rainfall.

The subsurface runoff (SR) component rises as a response to snow melt and during peri-
ods of enhanced rainfall. Particularly at low elevations, the resulting SR does not show 
distinct seasonal patterns and generally matches the acceleration and deceleration phases of 
the landslide. The subsurface runoff component of the water balance model cumulated over 
three months shows the best agreement with the monthly landslide velocity (Fig. 4d). The 
respective relationship shows that above a threshold of 100 mm per month the landslide 
moves at approximately 3 cm/year or faster. This threshold is subsequently used to assess 

Fig. 4  Time series of landslide velocity derived from the ATTS monitoring on a daily resolution (a; grey) 
and aggregated to monthly medians (a; red) and monthly water balance components at 660 m a.s.l. (b) and 
2160 m a.s.l. (c). Correlation between monthly landslide velocity and the derived subsurface runoff (d) per 
month (red) and cumulated over two (black) and three months (blue) between 2016/05 and 2019/10. R: 
rainfall, SN: snow, AET: actual evapotranspiration, RD: direct runoff, SR: subsurface runoff
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the occurrence of hydro-climatological conditions favouring the landslide’s acceleration 
under future conditions.

4.3  Trends in the bias‑corrected GCM/RCM projections

For the computation of future projections of the monthly water balance, the model was 
driven with five bias-corrected EURO-CORDEX projections of air temperature and pre-
cipitation. Figure 5 shows bias-corrected seasonal projections of mean air temperature and 
fitted trends from 1981 to 2100 and observations from 1981 to 2019 at Kleinvolderberg 
station (660 m a.s.l.). All observed trends of the projections indicate a statistically signifi-
cant increase in mean air temperature. For the winter (DJF), spring (MAM) and summer 
season (JJA), the trends of mean seasonal air temperature projected by the GCMs/RCMs 
HadGEM2-ES/RACMO22E, EC-EARTH/CCLM4-8-17 and NorESM1-M/DMI-HIR-
HAM5 are in good agreement with observed trends. The GCMs/RCMs HadGEM2-ES/
SMHI-RCA4 and MPI-ESM-LR/SMHI-RCA4 project a distinctly higher increase in mean 
seasonal air temperature compared to the other GCMs/RCMs and observed trends. In the 
fall season (SON), the trends vary with HadGEM2-ES/SMHI-RCA4 projecting the highest 

Fig. 5  Seasonal trends of mean air temperature from observations (1981–2019; black lines) and future pro-
jections from bias-corrected EURO-CORDEX data at the meteorological station Kleinvolderberg (660 m 
a.s.l.). The thin lines show the mean seasonal air temperature (aggregated per year) and the thick lines show 
the linear trends in the respective colours. The boxplots show the distribution of all GCMs/RCMs com-
bined for the reference period REF (1981–2010), MID of the century (2021–2050) and END of the cen-
tury (2071–2100). All shown linear trends are statistically significant at a significance level of 0.05 (solid 
lines), except for the observation data in the fall season (dashed black line). DJF: December–January–Feb-
ruary; MAM: March–April–May; JJA: June–July–August; SON: September–October–November. The box-
plots show the median, the 25 and 75% quantiles (box), the value range of 1.5 times the interquartile range 
(whiskers) and outliers beyond that
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and NorESM1-M/DMI-HIRHAM5 showing the lowest temperature increase. The observed 
temperature trend shows an even lower gradient but is not statistically significant.

The bias-corrected precipitation projections do not reveal consistent seasonal trends 
with all considered GCMs/RCMs in agreement (Fig. 6). For the winter (DJF) and spring 
(MAM) seasons, three out of five GCMs/RCMs project a slight increase while the remain-
ing two indicate no change. For the summer season (JJA), three out of five GCMs/RCMs 
project a distinct negative trend while the variance of the projected seasonal precipita-
tion sums (aggregated per year) is markedly higher than for the other seasons. However, 
the subset of GCMs/RCMs pointing to similar changes in the winter, spring and summer 
seasons is not consistent. For the fall season (SON), only NorESM1-M/DMI-HIRHAM5 
projects a distinct increase in precipitation while the other GCMs/RCMs do not reveal 
changes. None of the observed seasonal precipitation trends is statistically significant.

4.4  Projected changes in the seasonal maximum of subsurface runoff

As shown above, the subsurface runoff cumulated over three months correlates well with 
the time-varying landslide velocity for 2016–2019. In general, the absolute amount of 

Fig. 6  Seasonal trends of precipitation sum from observations (1981–2019; black lines) and future projec-
tions from bias-corrected EURO-CORDEX data at the meteorological station Kleinvolderberg. The thin 
lines show the seasonal precipitation sums (aggregated per year) and the thick lines show the linear trends 
in the respective colours. The boxplots show the distribution of all GCMs/RCMs combined for the refer-
ence period REF (1981–2010), MID of the century (2021–2050) and END of the century (2071–2100). 
Statistically significant linear trends at a significance level of 0.05 are shown as solid lines. DJF: Decem-
ber–January–February; MAM: March–April–May; JJA: June–July–August; SON: September–October–
November. The boxplots show the median, the 25 and 75% quantiles (box), the value range of 1.5 times the 
interquartile range (whiskers) and outliers beyond that
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subsurface runoff increases with elevation (Fig.  7). Combining the results based on the 
considered GCMs/RCMs at 660  m, the mean annual maximum of 3  months-cumulated 
subsurface runoff amounts to 60  mm/yr (ca. 7% of the mean annual precipitation sum) 
in the REF period, whereas at 2160 m around 160 mm/yr (ca. 18% of the mean annual 
precipitation sum) are reached. This difference is owing to the reduced evapotranspiration 
resulting from the lower temperatures at high elevation. The seasonality of  SRmax is more 
pronounced at high elevations, mainly due to the seasonality of precipitation, the predomi-
nantly solid precipitation during the winter and early spring season and the delayed snow 
melt compared to low elevations. The seasonal trends generally suggest a reduction of the 
 SRmax under future climate conditions, except for the results based on NorESM1-M/DMI-
HIRHAM5, which instead suggests an increase particularly in the winter and spring sea-
sons and, at high elevation, also during the summer season.

Figure  8a shows the gradients of the linear models fitted to the projected  SRmax 
(shown in Fig. 7) as a function of elevation, with the colour indicating the underlying 

Fig. 7  Resulting projections of the seasonal maximum of subsurface runoff cumulated over three months 
(1981–2100) at the considered elevation steps. The linear trends shown as solid lines indicate statistically 
significant results, dashed lines fall below the 95% confidence
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GCM/RCM. Positive values refer to an increase of  SRmax during the considered period 
from 1981 to 2100, while negative values indicate a reduction. Trends suggesting sig-
nificant changes are shown as filled dots, non-significant trends as circles. In general, 
the results based on the models EC-EARTH/RACMO22E, EC-EARTH/CCLM4-8-17, 
HadGEM2-ES/SMHI-RCA4 and MPI-ESM-LR/SMHI-RCA4 show similar, mostly neg-
ative trends of  SRmax across the considered elevation steps. However, the results based 
on NorESM1-M/DMI-HIRHAM5 differ considerably, indicating mainly positive trends, 
particularly in the winter and spring seasons. In Fig. 8b, the relative seasonal changes of 

Fig. 8  Seasonal gradients of the long-term linear trends of  SRmax (1981–2100; a and relative change of 
mean  SRmax during the REF and END periods b per GCM/RCM at the considered elevation steps. Statisti-
cally significant trends (significance level of 0.05) in (a) are shown as dots. Positive gradients indicate an 
increase, negative gradients a decrease over the considered period
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mean  SRmax during the REF and END periods are shown considering the GCMs/RCMs 
and elevation steps. The relative changes generally reflect the shown long-term trends 
(Fig. 8a) but emphasize the sensitivity of the projected absolute changes of  SRmax per 
season.

For the winter season, the results based on the NorESM1-M/DMI-HIRHAM5 model 
indicate positive trends with an increase of  SRmax up to 9.8  mm/decade in low and 
medium elevations up to 1500 m. This corresponds to a significant increase of + 19.2%/
decade at 960 m, comparing the means of  SRmax in DJF during the REF and END peri-
ods. The results based on the other considered models indicate minor negative trends 
only significant at low elevations with gradients between −2.4 and −5.4 mm/decade at 
660 m, corresponding to −3.5 to −9.5%/decade comparing the means of  SRmax in DJF 
during the REF and END periods. For the winter season,  SRmax is therefore projected to 
either increase markedly (results based on one GCM/RCM) or decrease slightly at low 
elevations (results based on four GCMs/RCMs).

For the spring season, the resulting gradients based on NorESM1-M/DMI-HIR-
HAM5 are generally positive, with higher values of up to 13.0  mm/decade (+ 12.8%/
decade comparing the means of  SRmax in MAM during the REF and END periods) 
in the uppermost elevation steps considered. The other results suggest a significant 
decrease in  SRmax particularly in low and medium elevations. The results based on EC-
EARTH/CCLM4-8-17 and MPI-ESM-LR/SMHI-RCA4 indicate a decrease in  SRmax of 
−2.4 and −8.8  mm/decade at 960  m respectively, corresponding to −2.7 and −8.5%/
decade comparing the means of  SRmax in MAM during the REF and END periods. For 
the spring season,  SRmax is projected to either increase particularly at high elevation 
(results based on one GCM/RCM) or decrease at low and mid elevation (results based 
on four GCMs/RCMs).

For the summer season, the results based on NorESM1-M/DMI-HIRHAM5 indicate 
significant positive trends in  SRmax only in the uppermost elevation steps of up to 9.9 mm/
decade (+ 3.0%/decade comparing the means of  SRmax in JJA during the REF and END 
periods). In contrast, the results based on the models HadGEM2-ES/SMHI-RCA4 and 
MPI-ESM-LR/SMHI-RCA4 show a distinct decrease in  SRmax, which increases with 
elevation. The results obtained with the model EC-EARTH/RACMO22E show the same 
trends as the latter for the lower elevation steps but less pronounced negative trends at high 
elevations. Results based on EC-EARTH/CCLM4-8-17 show only minor negative trends. 
The negative gradients range from −2.5  mm/decade (not significant) to −16.5  mm/dec-
ade at 2160 m a.s.l., corresponding to −1.3 to −6.2%/decade respectively. At 660 m a.s.l. 
the gradients of the long-term trends are generally lower with −2.2 to −5.8 mm/decade, 
but the relative decrease of −4.5 to −9.9%/decade is more pronounced than at high eleva-
tion. Besides the results based on NorESM1-M/DMI-HIRHAM5suggesting an increase of 
 SRmax in JJA at high elevation, negative trends have been obtained based on the other four 
GCMs/RCMs. Relative changes are higher at low elevations, whereas the changes in terms 
of absolute amounts are higher in the upper elevation range.

For the fall season, the results based on NorESM1-M/DMI-HIRHAM5 do not suggest 
any significant changes of  SRmax. The results based on the other models show a significant 
reduction of  SRmax with steeper gradients at a higher elevation. At 660 m a.s.l. the gradi-
ents of the long-term trends range from −3.5 to −5.8 mm/decade. At 2160 m a.s.l., the gra-
dients are steeper with −5.6 to −14.7 mm/decade projected change of  SRmax. However, the 
relative changes are higher at low elevation (−8.2 to −10.8%/decade comparing the means 
of  SRmax in SON during the REF and END periods) compared to the uppermost elevation 
step considered (−3.1 to −7.7%/decade).
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4.5  Projected changes in the seasonal frequency of subsurface runoff exceeding 
100 mm

According to the findings presented in Sect. 4.2, the landslide moves fastest during periods 
with  SRcum exceeding 100 mm. Figure 9 shows the seasonal relative frequency of  SRcum 
exceeding 100 mm for the REF period and the deviations from that for the MID and END 
period. In the winter season, the results suggest only a few occurrences of  SRcum exceed-
ing 100 mm (f ≤ 10%) in the REF period, evenly distributed across the elevation steps. In 
the MID period, the frequency of  SRcum > 100  mm increases slightly. At low elevation, 
the increase is more distinct considering the GCMs/RCMs EC-EARTH/RACMO22E and 
NorESM1-M/DMI-HIRHAM5. The results based on the latter indicate a markedly increas-
ing frequency of  SRcum > 100 mm towards the end of the century, while the results based 
on the other four GCMs/RCMs point to a slight decrease at low and an increase at high 
elevations.

In the spring season, during the REF period, the frequency of  SRcum > 100 mm is clearly 
higher than during winter, with an emphasis on the medium elevations. In the MID period, 
the results generally suggest a slight increase in the frequency of  SRcum > 100 mm in high 

Fig. 9  Seasonal frequency of subsurface runoff surpassing the identified threshold of 100 mm per GCM/
RCM and elevation step during the reference period (REF; left panels) and respective changes projected for 
the periods 2021–2050 (MID) and 2071–2100 (END). The numbers on the x-axis refer to the considered 
GCMs/RCMs, see Table 3
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elevations and no change or a slight decrease at low elevations, with the exception of the 
results based on NorESM1-M/DMI-HIRHAM5 also suggesting a slight positive change 
at low elevations. The general pattern for spring is more pronounced in the END period, 
except for the results from NorESM1-M/DMI-HIRHAM5, indicating a distinctly higher 
frequency of  SRcum > 100 mm.

In the summer season, the frequency of  SRcum > 100 mm is reaching almost 100% in 
the uppermost elevation step and decreases to 2–17% in the lowest elevation step dur-
ing the REF period. During the MID period, the frequency of  SRcum > 100  mm is gen-
erally projected to decrease, with some results indicating no or slightly positive change. 
The changes are clearly more distinct in the END period, with a reduction of up to −60% 
of  SRcum > 100 mm. The negative changes are projected mainly in the medium and upper 
elevation steps. Only the results based on NorESM1-M/DMI/HIRHAM5 do not indicate 
major changes.

In the fall season, the frequency of  SRcum > 100 mm is considerably high, particularly 
in the uppermost elevations. In the MID period, consistently negative changes in the fre-
quency of  SRcum > 100 mm can only be found for the elevation steps 960 and 1260. Above, 
distinct positive changes are projected based on the GCM/RCM NorESM1-M/DMI-HIR-
HAM5. Also based on the GCMs/RCMs EC-EARTH/RACMO22E and EC-EARTH/
CCLM4-8-17 slightly positive changes are projected in the upper elevation steps. Similar 
to the summer season, a distinct reduction of the frequency of  SRcum > 100  mm is pro-
jected in the END period, mainly in the upper elevations. The results based on NorESM1-
M/DMI-HIRHAM5 suggest minor negative changes in low and minor positive changes in 
high elevations.

4.6  Results based on revised land cover parameterization

The analysis of the frequency of  SRcum > 100 mm per GCM/RCM and elevation step within 
the defined 30-years periods was repeated with the model results considering the adapted 
land cover parameterization. Figure 10 shows the respective changes of the frequency of 
occurrence compared to the results with the concurrent land cover parameterization. In 
general, the frequency of  SRcum > 100 mm reduces when considering mixed forests instead 
of the currently present coniferous forests.

The greatest impacts (in terms of the reduction of the frequency of  SRcum > 100 mm) 
are indicated at medium elevations in JJA and SON for the REF and MID periods. For 
the END period the results based on the selected GCMs/RCMs diverge, with four GCMs/
RCMs indicating main changes in the upper elevation range and one GCM/RCM suggest-
ing the main reduction at low (DJF, MAM, JJA) and medium elevations (SON). Potential 
impacts due to the adjusted land cover during the REF period suggest minor changes in the 
winter season, particularly in high elevations. For the MID and END periods only minor 
changes are projected in DJF, except for the results based on NorESM1-M/DMI-HIR-
HAM5, suggesting a reduced frequency of  SRcum > 100 mm of up to −15% in low eleva-
tions in the END period. In the spring season, the frequency of  SRcum > 100 mm is slightly 
lower than in DJF, particularly in low and medium elevations. The resulting reductions in 
the END period show a slightly higher variability compared to the REF and MID period. 
In the summer season the frequency of  SRcum > 100 mm reduces mainly in the medium ele-
vation range in the REF and MID periods. In the END period four out of five GCMs/RCMs 
suggest a reduction in the uppermost elevation, while the results based on one GCM/RCM 
(NorESM1-M/DMI-HIRHAM5) show a reduction in low and medium elevation ranges. In 
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the fall season, the main reduction of the frequency of  SRcum > 100 mm due to the changed 
land cover parameterization is suggested in medium and upper elevation ranges in the REF 
and MID periods. In the END period, the results based on four GCMs/RCMs indicate the 
main reduction in the upper elevation steps while one GCM/RCM shows the major reduc-
tion in medium elevation range.

5  Discussion

The results of the monthly water balance model based on four out of five selected GCMs/
RCMs suggest that the amounts of subsurface runoff, identified as the main hydro-meteor-
ological driver of the landslide, will generally decrease under projected future climate con-
ditions considering RCP8.5. This finding is generally in line with results presented in the 
review by Gariano and Guzzetti (2016), implying a reduced activity of deep-seated land-
slides in the European Alps and the Apennin under future climate conditions as found in 
dedicated case studies (e.g. Comegna et al. 2013; Malet et al. 2005). However, the results 

Fig. 10  Changes of the seasonal frequency of subsurface runoff surpassing the identified threshold of 
100 mm per GCM/RCM and elevation step considering a land cover scenario compared to the results con-
sidering the concurrent land cover during the reference period (REF; left panels) and the periods 2021–
2050 (MID) and 2071–2100 (END). The numbers on the x-axis refer to the considered GCMs/RCMs, see 
Table 3
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based on the projections of one GCM/RCM indicate no change during the summer and fall 
seasons and a distinct increase in subsurface runoff in the winter and spring season, which 
may generally enhance the landslide’s activity. This proves that the results of studies based 
on a single GCM/RCM simulation or on an ensemble mean cannot not represent the range 
and uncertainties of the spectrum of available GCMs/RCMs. Multiple climate simulations 
should be considered for evaluating climate change impacts on the water balance. Below, 
the results presented in this study are further discussed considering potentialities and limi-
tations regarding (i) the model, (ii) the used data and (iii), characteristics of the study area.

5.1  Potentialities and limitations of the model

The newly introduced modules and parameters allow to consider soil and land cover char-
acteristics, which proved to be sensitive, having a high impact on the model results. The 
crop coefficient modifies the potential and actual evapotranspiration, which is the main 
effect of vegetation on the water balance. For investigating the impacts of forests as nature-
based solution against landslide activity under future climate conditions, this additional 
model element is inevitable. The SCS curve number and related parameters affect the 
amount of surface runoff, which is governed by the duration and intensity of precipitation 
and soil characteristics (e.g. Meißl et al. 2020). The introduced model parameter for setting 
the soil water content at field capacity did not lead to changes of the subsurface runoff in 
the sensitivity analysis, considering current climatic conditions. This is due to the fact that 
under current conditions periods of moisture deficits are rare in the study area. However, 
under drier future conditions the soil water content at field capacity could become a sensi-
tive parameter and should be parameterized carefully.

The monthly water balance model generally proved feasible for reproducing the hydro-
meteorological forcing of the Vögelsberg landslide under present day conditions. The 
subsurface runoff component shows similar non-seasonal cycles comparable to the accel-
eration and deceleration phases of the landslide. However, a monthly temporal scale is con-
sidered coarse for reproducing the landslide’s activity and the hydro-meteorological drivers 
behind, explaining the comparably low coefficient of determination of 0.66. In a recent 
study, Pfeiffer et  al. (2021) analysed the hydro-meteorological drivers of the Vögelsberg 
landslide based on daily time series of water balance components, resulting in markedly 
higher correlations with landslide velocity. However, the monthly water balance model 
employed in this study cannot resolve sub-monthly dynamics, resulting in lower correlation 
coefficients. Nevertheless, applying the water balance model with climate simulations of 
air temperature and precipitation will yield more reliable results on a monthly scale. The 
temporal scale must therefore be considered as a compromise between the response time of 
the landslide and the temporal domain of the adopted model and data.

No significant changes in direct runoff could be observed in the model results until the 
end of the century, indicating that the infiltration capacity of the soils is not surpassed 
under future climate conditions. However, convective rainfall events characterized by sub-
daily durations which typically lead to an increase in direct runoff are not properly covered 
by the selected GCMs/RCMs. Furthermore, the monthly time scale of the presented model 
is not able to identify the role of convective rainfalls related to the temporal dynamics of 
the landslide. However, the findings of a recent study by Pfeiffer et al. (2021) show that 
short-term extreme events apparently do not lead to direct reactions of the landslide. This 
is underlined by the delayed acceleration as a response to the hydro-meteorological forc-
ing of up to 60 days. However, future studies based on model chains implemented at finer 
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spatial and temporal scales will provide further insights regarding the role of convective 
rainfall events towards landslide activity.

5.2  Potentialities and limitations with respect to the selected GCM/RCM 
simulations

The bias-corrected EURO-CORDEX data for the RCP8.5 scenario suggest that the mean 
air temperature will increase in the study area in all seasons, particularly towards the end 
of the century (2071–2100). Since positive trends are found by all selected GCMs/RCMs, 
this result is considered robust under RCP8.5. Inferred trends of the amount of precipi-
tation are not as well in agreement, with three out of five GCMs/RCMs suggesting an 
increase in DJF and MAM and a decrease in JJA. One out of five GCMs/RCMs suggests 
an increase in precipitation in SON. The variance of seasonal precipitation amounts is high 
(particularly in JJA) and some of the trends are therefore not statistically significant (par-
ticularly in SON). As a result of this disagreement, the trends of the projected subsurface 
runoff are not in full agreement. Four out of five GCMs/RCMs suggest a generally lower 
monthly subsurface runoff under future climate conditions, mainly because of increasing 
evapotranspiration due to rising air temperature and no substantial changes in precipitation. 
On the contrary, the increase in precipitation projected by the GCM/RCM NorESM1-M/
DMI-HIRHAM5 can compensate the increase in evapotranspiration (caused by rising air 
temperature) in summer and fall. For the winter and spring season however, the projected 
increase in precipitation is converted into subsurface flow using this particular GCM/RCM. 
The computed water balance is therefore highly sensitive to the selection of climate simu-
lations, which is line with other studies with hydrological foci (e.g. Her et al. 2019; Lee 
et al. 2021).

The introduction of a different land cover in the model on the other hand, resulted in a 
slight but consistent reduction of the frequency of events with a high subsurface runoff. 
The frequency decreases particularly in the summer and fall seasons in the REF and MID 
periods and would thus contribute to a reduction of the landslide’s activity. Related sce-
narios of ecological engineering qualifying as nature-based solutions were considered by 
Malet et al. (2005), including grass seeding, planting of trees and a mix of both. Particu-
larly the planting of trees resulted in a distinct decrease in the groundwater level, which 
would lead to more stable conditions (Malet et al. 2005).

The reference period (1981–2010; 30  years) and the period for parameterizing the 
model (2016–2019; 3.5  years) are much shorter than the projection period (2021–2100; 
80 years). Particularly the short period for parameterizing the model may introduce uncer-
tainties in the long-term projections of the hydro-meteorological forcing and the related 
conclusions about future landslide activity. Related studies were affected by the same issue 
(e.g. Malet et al. 2005; Comegna et al. 2013), and longer monitoring time series for this 
type of landslide are still scarce.

The climate simulation chains, as well as the representative concentration pathway were 
selected in order to fulfil the overall objectives of the OPERANDUM project. In the pre-
sented Austrian case study, the applied bias-correction minimized the differences between 
simulations and observations in the control period. However, further suitable GCM/RCM 
simulations could have been identified in an individual pre-screening step. This could also 
provide a deeper understanding about the actual performance of the different simulations, 
permitting a more confident analysis about the future trends projected by them.
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5.3  Potentialities and limitations regarding the characteristics of the study area

In the present study, particular attention was paid to the elevation range of the landslide 
catchment area. The results clearly show that the water balance depends on elevation. Pre-
vious studies proved that the landslide reacts to hydro-meteorological input from all ele-
vation ranges, but showed almost immediate reactions after snow melt at low elevation 
(Pfeiffer et al. 2021, 2022). This could indicate that the landslide reacts more sensitive to 
groundwater recharge at close-by upslope contributing areas (e.g. up to 1300 m a.s.l.). The 
presented results based on four out of five GCMs/RCMs under RCP8.5 show a distinct rel-
ative reduction of  SRmax at low elevation, while the absolute reduction is more pronounced 
at high elevations. Furthermore, the frequency of  SRcum surpassing 100 mm decreases par-
ticularly towards the end of the century mainly below 1300 m a.s.l. in MAM (−16% mean 
change), at mid and upper elevations in JJA (−36% mean change) and across the elevation 
range in SON (−30% mean change). These results indicate a distinct reduction of subsur-
face runoff across the vertical range of the landslide catchment area. This would lead to 
a reduced velocity and less frequent acceleration phases in MAM, JJA and SON under 
future conditions. On the other hand, the  amount of  SRmax and the frequency of  SRcum 
surpassing 100 mm increases slightly in DJF (+ 2% mean change) and in MAM at high 
elevation (+ 7% mean change). Particularly in future warmer winter seasons, the landslide 
could accelerate more frequently. However, the results based on one GCM/RCM contradict 
these conclusions and instead suggest an increase of  SRmax and the frequency of  SRcum 
surpassing 100 mm in DJF (+ 36% mean change) and MAM (+ 34% mean change) across 
the elevation range, while indicating no change in JJA and SON. These contradictions have 
to be considered at least as uncertainty of the model results. Further uncertainties may be 
related to potential feedback loops in the water balance (e.g. due to land cover change) and 
related changes of the hydrological system, as well as the heterogeneity of the landslide 
catchment area in terms of hypsometry, aspect and lithology which could not be considered 
in the empirical model. Spatially distributed hydro-meteorological models (e.g. Malet et al. 
2005) could provide more detailed insights, but require extensive field and laboratory tests 
for their parameterization and may introduce additional sources of uncertainty.

For interpreting the results in terms of the landslide’s future activity, its mechanic prin-
ciples are assumed to be invariant over time. It is assumed that the correlation between 
velocity and subsurface runoff component as well as the selected threshold will remain 
constant over time and that the landslide will not generally accelerate or decelerate despite 
changes of the hydro-meteorological forcing. However, the landslide’s geometry will 
change continuously, particularly at the foot slope. Due to these changes also the hydro-
logical system and the material properties could change. This could modify the landslide’s 
behaviour and sensitivity with regard to the hydro-meteorological forcing, particularly if 
longer time spans are considered.

6  Conclusions

An extended monthly water balance model was employed for reproducing the current 
hydro-meteorological forcing of a continuously moving deep-seated earth slide in Tyrol 
(Austria). The model relies on time series of air temperature and precipitation and can con-
sider effects of land cover and soil properties. Water balance components were computed 
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across the vertical range of the landslide’s effective hydrological catchment area (660 to 
2160  m a.s.l.) to take their elevation-dependent variability into account. The resulting 
subsurface runoff component cumulated over three months proved to be a suitable proxy 
for the temporal variation of landslide velocity, considering the period from May 2016 to 
October 2019. Then, projections of the water balance components were computed based 
on five selected, bias-corrected climate simulations (EURO-CORDEX) of air temperature 
and precipitation, considering the ‘most severe’ scenario in terms of future evolution of 
greenhouse gas concentration (RCP8.5). The resulting subsurface runoff components were 
analysed, considering trends of its seasonal maximum and the seasonal frequency of the 
3  months-cumulated subsurface runoff exceeding a threshold of 100  mm. Based on the 
results, the following conclusions are drawn.

The bias-corrected projections of mean seasonal air temperature show a positive trend, 
with a distinct increase in the END period (2071–2100). Resulting trends based on three 
out of five selected GCMs/RCMs are in good agreement with observed trends in mean sea-
sonal air temperature for the winter, spring and summer season considering the period of 
1981–2019. The bias-corrected projections of the seasonal precipitation sum do not show 
clear trends and the results of the selected GCMs/RCMs are not in agreement. However, 
as a consequence, the results of the employed water balance model suggest generally dryer 
conditions in the study area, mainly due to enhanced evapotranspiration owing to rising air 
temperatures (according to the results based on four out of five selected GCMs/RCMs). 
This projected change in the water balance entails a general reduction in subsurface run-
off, reducing the landslide’s hydro-meteorological forcing under future climate conditions. 
Particularly during the summer and fall seasons a respective reduction of subsurface runoff 
is suggested across the catchment’s elevation range. At low elevation, the results show a 
reduction of subsurface runoff in all seasons. Furthermore, an alternative land cover could 
further reduce subsurface runoff, but may show main effects under climate conditions dur-
ing the REF and MID periods and mainly in JJA and SON. Altogether, this could lead to 
a reduction of the landslide’s activity (e.g. reduced velocity and less frequent acceleration 
phases).

However, the results based on one GCM/RCM (NorESM1-M/DMI-HIRHAM5) contra-
dict these results to some degree, suggesting an increase in subsurface runoff especially 
in the winter and spring seasons. Therefore, also an increase in the landslide’s activity, 
particularly in DJF and MAM cannot be excluded. For this reason, it is considered vital to 
select a variety of different GCM/RCM simulations for studies investigating the impacts 
of projected climate change on the water balance and related consequences regarding the 
activity of deep-seated landslides.

The response of individual deep-seated landslides to climate change highly depends on 
respective local characteristics affecting the water balance, including topography (elevation 
range, hypsometry, and aspect), the geological setting (structural and stratigraphic proper-
ties), land cover as well as local climate peculiarities in mountain environments. Further 
research is required to include these landslide-specific characteristics in the assessment 
of projected climate change impacts on landslide activity and to upscale the analyses to a 
regional or even continental scale. Furthermore, given the complexity of the investigated 
geomorphological context, major improvements could be expected by adopting the next 
generation of climate simulation chains at very high resolution (1–4  km) permitting an 
explicit resolution of convective processes.
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