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Abstract: Climate change is set to increase landslide frequency around the globe, thus increasing the
potential exposure of people and material assets to these disturbances. Landslide hazard is commonly
modelled from terrain and precipitation parameters, assuming that shorter, more intense rain events
require less precipitation volume to trigger a slide. Given the extent of non-catastrophic slides,
an operable vulnerability mapping requires high spatial resolution. We combined heterogeneous
regional slide inventories with long-term meteorological records and small-scale spatial information
for hazard modelling. Slope, its (protective) interaction with forest cover, and altitude were the most
influential terrain parameters. A widely used exponential threshold to estimate critical precipitation
was found to incorrectly predict meteorological hazard to a substantial degree and, qualitatively,
delineate the upper boundary of natural conditions rather than a critical threshold. Scaling rainfall
parameters from absolute values into local probabilities (per km2) however revealed a consistent
pattern across datasets, with the transition from normal to critical rain volumes and durations being
gradual rather than abrupt thresholds. Scaled values could be reverted into site-specific nomograms
for easy appraisal of critical rain conditions by local stakeholders. An overlay of terrain-related
hazard with infrastructure yielded local vulnerability maps, which were verified with actual slide
occurrence. Multiple potential for observation bias in ground-based slide reporting underlined the
value of complementary earth observation data for slide mapping and early warning.

Keywords: landslide; climate change; precipitation; morphology; vulnerability; trigger function;
hazard nomogram; observation bias

1. Introduction

1.1. Problem Space

Landslides (henceforth “slides”), as natural disasters, threaten human health and infrastructure.
Note that this article deals with the situation in Central Europe (with Austria as example), while risk
and vulnerability issues probably differ elsewhere, e.g., temporary loss of agricultural production is a
minor risk in this paper’s focus. Primary modes of damage are direct physical impact, undercutting of
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foundation, or obstruction of bottleneck line infrastructure with potentially cascading economic loss.
The influence of climate change on the slide occurrence (along with other terrestrial mass movements)
continues to receive much attention, and predicted consequences depend on anticipated changes in
precipitation patterns [1]. An increase of rainfall extremes with climate change is both expected from
theory and already observed [2–10], including Austria [11,12], the geographic focus of this study. In the
Alps, long-term (1960–2011) seasonal shifts in slide frequency have been attributed to climate change [13].

Mapping slide risk in a changing climate faces a two-fold challenge: first, to identify appropriate
precipitation triggers for slides and project their development under climate change and, second,
achieve sufficient spatiotemporal resolution for meaningful delineation of exposed assets. In this work,
we adopt the concept of the Intergovernmental Panel on Climate Change (IPCC ) [14] of risk as a
combination of hazard, vulnerability, and exposure and consider vulnerability in its socioeconomic
sense only, as opposed to biophysical vulnerability [15] (referred to here as “hazard”).

Of the three risk constituents above, social vulnerability to slide hazard is distributed relatively
homogeneously across Austria, given, e.g., a nationwide Gini index around 27 [16] (on a 0 to 100 scale
of increasing inequality), an observant institutional spatial planning with openly accessible hazard
cadasters [17–19], and, last but not least, an unbureaucratic (though somewhat faceted) framework of
public recompense [20,21].

Slide hazard, the second risk component, is far more variable and difficult to predict. Hazard
estimation requires understanding and quantification of how meteorology interacts with a number of
environmental factors to trigger a slide. Most of the environmental factors (geology, terrain, land cover)
are constant compared to the velocity at which the third risk component, exposure, changes. In other
words, for planning settlements or roads, geology or terrain are already well-investigated hazard
constants for a given site. In fact, expert judgement of such spatial information can yield operable
hazard maps at larger scales.

However, incipience and reach of landslides are typically (by frequency, not by damage caused)
small-scale (tens of meters) phenomena, which require correspondingly high spatial resolution for
adequate planning and protection [22].

Equally important, there remains one pivotal variable (apart from human intervention, e.g.,
transversal road construction) that indeed changes rapidly at a given location, namely soil water
saturation. Soil water saturation modulates slide hazard via both gravitative pull and shear-strength
of the affected slope. Because soil water saturation, like other small-scale drivers of slide susceptibility,
is not readily observed or modelled at adequate resolution [23], considerable scientific effort has been
put into predicting critical saturation levels from their main driver: precipitation. The latter is easily
measured and readily available from meteorological data. Accordingly, hazard models commonly
exploit the acute combination of rainfall intensity (I) and duration (D) that lead to a slide, although
single studies do regard antecedent rainfall as more influential than intensity [24]. Different types of
threshold functions have been suggested in numerous studies. Two comprehensive reviews [25,26]
suggest the following combination of I and D:

I = a ·D−b (1)

This nonlinear ID-relationship, first proposed in 1980 [27], has been adopted in these reviews
as the model function to fit precipitation thresholds to data from (i) over 800+ slide events from
65 papers (mainly Europe) [25] and (ii) over 2600 observations from numerous studies worldwide [26].
Both reviews suggest Equation (1) as a generic threshold pattern. Equation (1) has two notable
characteristics: (i) the exponential decline of I with D requires less precipitation volume to trigger a
slide when released in a short downpour than when delivered through prolonged rainfall (implying
that more frequent torrential downpours in a warming climate increase slide frequency), and (ii) it
does not consider how extreme, statistically, a given rain event is for local conditions.

Apart from sufficient precipitation to trigger the slide, several environmental parameters
predispose an area to slides [28]. Vegetation affects slide susceptibility both hydrologically (interception,



Sustainability 2020, 12, 6182 3 of 17

evapotranspiration, run-off) and mechanically (roots) [29], whereby woodland has a particularly
protective effect [30,31]. The protection by woodland, in turn, can suffer from climate change [32] when
forest stability is affected physically (drought, fire, storm) and biologically (beneficial conditions for
present and invasive pest species).

Only when hazard can be modelled at small enough spatial units—regarding the extent of
slides and dispersion of infrastructure—can hazard and exposure be mapped at sufficient spatial
resolution [22]. Such maps can then help reduce vulnerability by providing (i) planners with localized
maps of present and future slide disposition and (ii) local authorities and individuals with threshold
nomograms for rapid assessment of meteorological risk.

1.2. Rationale

As shown above, the assessment and mapping of both hazard and vulnerability requires sufficient
spatial resolution. For the non-meteorological factors (geology, terrain, and forest cover), there are
established GIS and modelling routines, so the most challenging part is probably the availability of
sufficiently granular geodata—including reliably located slide reports.

However, the knowledge of predisposition (by non-meteorological influences) has to be
complemented by a workable proxy for slide-critical soil hydrology. For mapping purposes, this proxy
must be relevant and accurate at the same scale as hydrologically characteristic properties (e.g., lithology).
Validating and, if necessary, advancing existing “threshold functions” of precipitation is, thus, a core
requirement to map both slide hazard and vulnerability to slides.

2. Materials and Methods

2.1. Analytical Framework

2.1.1. Theoretical

We considered risk R as a product of hazard probability P and (socioeconomic) vulnerability V,
the latter being the exposed asset remaining after prevention and protection measures: R = P (A0 −AP),
where A0 is the assets in reach of the hazard and AP the asset secured through measures. Probability P
has a site-specific (quasi)constant, a highly variable meteorological, and a gradually variable component
(land cover, particularly forest).

2.1.2. Conceptual

We adopted a dedicated conceptual framework for vulnerability to landslides [33], which proposes
total vulnerability (social and other) as a product of landslide intensity and susceptibility (of elements
at risk), as shown in Figure 1.
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Figure 1. Risk components of (a) generic concept and (b) vulnerability concept by [33]. Note that
damage intensity as a subcomponent shifts between both concepts. s1 . . . sn: susceptibility components.
Probability is highlighted, as it turned out to be the most variable and least defined component in
the framework.

This framework assumes total susceptibility as a sum of susceptibility components that relate to
structures (susceptibility factors: type and state of maintenance), persons (income, age,) and persons
in structures (abundance and strength of shielding infrastructure; population density; in our study,
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the stability of uphill protective forest factors as another susceptibility component). The concept also
recognizes the influence of the “preparedness level” [28] and the capacity to anticipate a landslide as a
susceptibility factor [34].

As explained earlier (Section 1.1), the components of social vulnerability in this framework vary
comparatively little across Austria, compared to damage intensity and slide probability. The latter,
i.e., how often slides strike and where, were thus the focus of our study.

In addition to prioritizing the risk (sub) components, in particular the susceptibility factors
from the literature, we surveyed practitioners and stakeholders (mainly forest and natural hazard
management) to gather their expert assessment of landslide risk and vulnerability in conjunction with
climate change. Project outputs were further reconciled with stakeholder needs and expectations in a
concluding workshop.

2.2. Data Sources

Most information (except precipitation and some slide records) was available from open or freely
accessible data (Table 1).

Table 1. Data used.

Feature Type Res 1 Source

1 slides point province administrations 2

2 geology polygon GBA 3 via Geoland.at 4

3 elevation raster 10 Geoland.at

4 slope, exposition (azimuth) raster 10 derived from (1) with a 70 × 70
moving window

5 morphology raster 10 derived from 1
6 forest cover raster 30 BFW 5

7 infrastructure vector OpenStreetMap
8 precipitation raster 1000, 1 ZAMG 6 [35]
9 aerials of slide sites raster varying Bing

10 expert risk and trend assessments own data (survey)
1 resolution in meters, days; 2 scope and purpose varying per province; 3 Geologische Bundesanstalt (Austrian
Federal Geological Agency); 4 Austrian open data hub; 5 Bundesforschungszentrum für Wald (Austrian Federal
Forest Research Center); 6 Zentralanstalt für Meteorologie und Geodynamic (Central Agency for Meteorology and
Geodynamics).

To date, Austria shares the lack of a harmonized national slide database with many
countries [28,36,37]. Consequently, we had to resort to evidence from five different sources of varying
purpose, duration, administrative scope, and protocol.

The largest and longest standing of five stocks (n = 1624, ca. 50 years) originated from private
damage claims. Another (n = 1533) was a public inventory with an apparent focus on road damage.
Two more datasets were collected during single extreme events, thus covering large spatial variation
but little temporal (and no seasonal) patterns (Figure 2).
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Figure 2. Temporal distribution of slide inventories from five Austrian provinces. Note the narrow
observation windows for inventories B and V: These are compilations of single large range catastrophic
rain events.
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2.3. Preprocessing

Only located and dated landslide records were considered. The accuracy of slide dates was
re-checked with the originating authorities. Events with an uncertainty of more than one week were
omitted (delays between occurrence, observation, and notification were common, particularly for older
records).

The spatial accuracy of the largest province-wise dataset was examined by inspecting aerial
photographs of the reported coordinates for a random sample of 94 recent (not older than two
years) reports.

Topological data were derived from a digital elevation model using standard GIS routines except
for morphology, for which we used the geomorphon package [38].

Local precipitation patterns were obtained by splitting the 50-year precipitation record of each
1 km2 grid cell into segments of continuous rainfall (using breakpoints of two or more dry days in
a row). Locally characteristic precipitation volumes were derived as empirical cumulative density
functions for a given duration. These functions yield the extremeness (in terms of cumulative probability
cp) of a given rain volume and duration at a specified square kilometer, i.e., a rain event with a cp ≥ 0.9
belongs to the top 10 percent observed at that km2 during 1961–2010.

Logistic modelling of slide probability required balanced subsets of positives (observed slides) and
negatives (spots where no slide was observed under identical meteorological conditions). One negative
per observed slide was pinned randomly within a 300 m radius, and the terrain conditions at these
spots were derived like those for the true slides.

2.4. Modelling

The following features were selected as site-specific predictors of slide probability: altitude,
geology, exposition, distance to nearest forest, and slope. The following transformations were applied
as suggested by the univariate distribution of features at slide sites (i.e., to approach a linear relation
between predictor and slide frequency): (i) a total of 50 bedrock categories, most of which sparsely
populated with slides, was transformed into a binary variable (“critical geology”) by spatiotemporal
slide density; (ii) a cosine transformation of slope (angle) because slide frequency peaked at ca. 20◦

with symmetrical decline to shallower or steeper angles; (iii) ranking of geomorphon classes (10 classes,
ranging from depression over slope to summit) by increasing slide frequency; (iv) discretization of
forest distance into 10 m classes and linearization of the slightly exponential decline (sic) of slide
frequency with forest distance.

Slide probability (odds ratio) was then modelled as a logistic function from the above features,
including second-order interactions. Each model run used automated feature removal from the
full set; models were trained with 50-fold k-validation at an 80:20 ratio of training/test observations.
Prediction quality was assessed with the AUC criterion. In a complementary probabilistic approach [39],
the relative importance of features for slide probability was assessed with a classification tree.

Survey responses were summarized with standard descriptive statistics, and free commentary
was appraised through expert judgement, whereby responses of similar content were grouped.

2.5. Threshold Functions

Due to the comprehensiveness and significance of the meta-studies by Guzzetti and colleagues [25,26],
we set out with their parametrization of the ID-function for Austria: I = 41.66 ·D−0.77 (mm·h−1, h).
Austria thus lies clearly in the upper intensity range (note logarithmic scale) of numerous ID-thresholds
worldwide (Figure 3; note that despite similar function type, the derived critical precipitation intensity
varies by an order of magnitude between studies).
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2.6. Software

The following software was used: R (for modelling, particularly packages GLM for generalized
linear models and the modelling frameworks caret and tidymodels), Julia (manipulation of large datasets),
GRASS (processing of spatial data), QGIS (cartography), and LimeSurvey (stakeholder survey).

2.7. Uncertainty

2.7.1. Location and Date

The reliability of reported locations and dates varied, especially so for older records (when,
e.g., GPS services were not readily available). Annotations in the inventories themselves or consultation
with the data providers suggested that a substantial part of the records might lag the actual event by
several days, particularly so before digital means became widespread in remoter areas.

The data stemming from compensation claims contained additional spatial inaccuracies:
sometimes the presumable slide location was actually the claimant’s physical address, and sometimes
(small) embankment movements after fresh construction works (as evident from aerials) were reported
as landslides. Of a random subsample (n = 94) of this dataset, only 42% could be confirmed from aerial
imagery, and another 10% were implausible (e.g., surrounded by flat, built areas).

2.7.2. Observation Bias

All data stem from individual reports, whether on private or public initiative. Reported cases,
thus, are the result of cost–benefit assessment. Costs include the effort of identifying and interacting
with any kind of registration service, or monitoring areas of low accessibility (altitude, terrain,
infrastructure, etc.). Benefits include remuneration of damage or public savings through timely
infrastructure maintenance. In fact, the fraction of false negatives in an apparently “slide-proof” area
cannot be reliably ascertained without representative coverage. To illustrate, a forested hillscape may
offer few slide sightings because of its robust terrain and hydrological buffers—or just because it is
neither accessible nor (micro) economically vulnerable to landslides.

3. Results and Discussion

3.1. Characteristic Slide Conditions and Probable Observation Bias

The two largest inventories revealed a marked azimuthal gradient of slide frequency, as most slides
were recorded on south-facing slopes. A less pronounced accumulation to the north was documented
in one province-wise inventory only (Figure 4). This phenomenon has plausible physical explanations
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(e.g., stronger diurnal temperature gradients, exposure to precipitation-heavy Adriatic depressions in
the case of the south-dominated inventory), but observation bias has to be accounted for, too. Northern
slopes are more likely used for forestry or extensive grassland, so that damage will less frequently be
reported or even noted. We thus opted to exclude exposition from the subsequent modelling.
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Figure 4. (a) Most slides occurred on south-facing slopes; (b) annual slide reports reach their
highest counts in years of local elections (1980–2016; values: slide count per year and annual
precipitation volume).

The largest dataset consisted of private compensation claims to public reimbursement funds,
which are processed and settled via public authority. From 1980 to 2016, most reports entered this
inventory in years of local elections, followed by years when elections on a regional (provincial) level
took place. Periods of no elections counted the fewest slide reports (Figure 4).

Although this suggests a reporting bias, we included all years of the particular dataset in the
modelling. The bias is temporal, but hardly spatial (because elections throughout the originating
province are synchronous and, thus, can be expected to affect all areas alike).

Regardless of dataset (province), slide frequency did not steadily increase with slope inclination
but peaked within a range of 25◦ to 30◦ (Figure 5). Again, a contribution of observation bias cannot be
excluded (steep terrain coincides with low accessibility and sparse economic assets).
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Figure 5. (a) The relative frequency of slides peaked between 15◦ and 30◦, depending on province;
(b) among morphological features, slopes were by far most prone to slides.

As expected, slopes were the morphological feature that bore the most slides by far. About six
times as many slides were observed on slopes as on spurs or hollows (Figure 5).

3.2. Feasibility of ID-Threshold for Local Slide Prediction

The ID-curve suggested as a country-specific threshold for Austria [25] could not be verified for
our data. Even though the underlying data originated from slides within ca. 100 km distance [40],
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their generalization produced hazard estimates that were neither accurate nor sufficiently precise for
the scales involved (main assets exposed: line infrastructure and housing). While the function did
work out, in principle, for one of five provinces (although undercutting the observed volumes V by far),
up to 100 percent of slides had already occurred below this threshold in the remaining four provinces.
The threshold’s accuracy also changed with the duration D of the rain event (Figure 6).

Sustainability 2020, 12, x FOR PEER REVIEW 8 of 17 

3.2. Feasibility of ID-Threshold for Local Slide Prediction 

The ID-curve suggested as a country-specific threshold for Austria [25] could not be verified for 
our data. Even though the underlying data originated from slides within ca. 100 km distance [40], 
their generalization produced hazard estimates that were neither accurate nor sufficiently precise for 
the scales involved (main assets exposed: line infrastructure and housing). While the function did 
work out, in principle, for one of five provinces (although undercutting the observed volumes V by 
far), up to 100 percent of slides had already occurred below this threshold in the remaining four 
provinces. The threshold’s accuracy also changed with the duration D of the rain event (Figure 6). 

 
Figure 6. A precipitation threshold in absolute units fails to predict slide hazard (dots: rain events 
cumulating in a slide, shaded: fraction of triggering events observed below the country-specific 
threshold suggested in [26]). 

Rather than forming a threshold beyond which slides would occur, the exponential ID-curve 
turned out to limit the range of ID-combinations—critical or not—observable in Austria (Figure 7). 
The ID-function was, thus, an envelope function, i.e., an upper boundary of all ID-combinations that 
have ever occurred in the whole province (as extracted from about 5000 50-year records), regardless 
of their potential to trigger a slide. Critical parameter combinations will accumulate towards the 
extreme of this envelope, so that retrospective inspection of only “successful” rain events (positives) 
will reproduce which rain conditions are possible at all rather than discern normal from critical 
events. 

It is, thus, conceivable that the widespread form of threshold functions (Equation (1)) describes 
the extreme range of ID-combinations, obviously populated by disastrous events, rather than the 
onset of critical conditions. This is not surprising when fitting a function to a subsample of positives 
(=slide-effective) among all possible ID-conditions for a given area. The resulting function will 
describe the conditions under which a slide will most likely occur, instead of when a slide becomes 
likely. Limiting analysis to the upper boundary of naturally occurring rain conditions turns up 
somewhat counterintuitive corollaries, e.g., short downpours requiring less volume to trigger a slide. 
A threshold (as opposed to upper limit), in contrast, requires some kind of statistical discrimination 
between slide-critical and normal conditions. There are practical obstacles because negatives 
(uncritical combinations of precipitation parameters) are obviously not a subject of investigation and 
have to be reasonably assumed from climatological resources. Nevertheless, a lower boundary could 
be estimated from the bandwidth of critical conditions, e.g., through quantile regression. 

Quantile regression in our example revealed that the intensity required for triggering a slide 
increased with duration. Thus, longer slide-associated rain events also have a higher average intensity 
and, consequentially, volume (Figure 8). A higher average intensity is a sign of steady, rich rainfalls 
preceding a, not necessarily extreme, ultimate event. The important role of presaturation has been 
pointed out by various authors (e.g., [28,41,42]), notably also for one Austrian province included here 
[43]. However, the considerable additional monitoring effort excludes it from many studies; 
antecedent rainfall factors in in less than one tenth of the 2600 observations compiled in [26]. 

Figure 6. A precipitation threshold in absolute units fails to predict slide hazard (dots: rain events
cumulating in a slide, shaded: fraction of triggering events observed below the country-specific
threshold suggested in [26]).

Rather than forming a threshold beyond which slides would occur, the exponential ID-curve
turned out to limit the range of ID-combinations—critical or not—observable in Austria (Figure 7).
The ID-function was, thus, an envelope function, i.e., an upper boundary of all ID-combinations that
have ever occurred in the whole province (as extracted from about 5000 50-year records), regardless
of their potential to trigger a slide. Critical parameter combinations will accumulate towards the
extreme of this envelope, so that retrospective inspection of only “successful” rain events (positives)
will reproduce which rain conditions are possible at all rather than discern normal from critical events.Sustainability 2020, 12, x FOR PEER REVIEW 9 of 17 

 
Figure 7. An exponential decline of intensity with duration draws an envelope rather than a threshold 
for slide-critical combinations of rain intensity and duration (red curve: a countrywide threshold 
function in a common exponential form; black line: a linear function indicating the first quartile of 
slide-critical intensity at a given duration). See Figure 2 for the deviating pattern observed in 
provinces “B” and “V”. 

 
Figure 8. A logarithmic increase of V with D (as required under the assumption of an exponential ID-
threshold) forms an envelope (red curve) rather than a threshold (black line) for slide-critical 
combinations. Moreover, a linear threshold is also consistent for sparse observation sets (“B” and “V”, 
compare Figure 7). 

Any attempt at deriving a threshold in absolute units (volume, duration, or a combination of 
both) gave poor model fits at smaller scale, and Figure 9 illustrates why. Although rain events show 
similar density contours, viz. slope of typical rainfall volume vs. duration, absolute values differ 
between drier and more humid provinces—even under otherwise identical determinants (terrain, 
land use, etc.). 

 
Figure 9. Probability density of rain periods, depending on duration and volume (“standard”: 11,000–
60,000 rain events per province from 1961 to 2010; “trigger”: 700–1600 rain events preceding a slide). 

Figure 7. An exponential decline of intensity with duration draws an envelope rather than a threshold
for slide-critical combinations of rain intensity and duration (red curve: a countrywide threshold
function in a common exponential form; black line: a linear function indicating the first quartile of
slide-critical intensity at a given duration). See Figure 2 for the deviating pattern observed in provinces
“B” and “V”.

It is, thus, conceivable that the widespread form of threshold functions (Equation (1)) describes
the extreme range of ID-combinations, obviously populated by disastrous events, rather than the
onset of critical conditions. This is not surprising when fitting a function to a subsample of positives
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(=slide-effective) among all possible ID-conditions for a given area. The resulting function will
describe the conditions under which a slide will most likely occur, instead of when a slide becomes
likely. Limiting analysis to the upper boundary of naturally occurring rain conditions turns up
somewhat counterintuitive corollaries, e.g., short downpours requiring less volume to trigger a slide.
A threshold (as opposed to upper limit), in contrast, requires some kind of statistical discrimination
between slide-critical and normal conditions. There are practical obstacles because negatives (uncritical
combinations of precipitation parameters) are obviously not a subject of investigation and have to be
reasonably assumed from climatological resources. Nevertheless, a lower boundary could be estimated
from the bandwidth of critical conditions, e.g., through quantile regression.

Quantile regression in our example revealed that the intensity required for triggering a slide
increased with duration. Thus, longer slide-associated rain events also have a higher average intensity
and, consequentially, volume (Figure 8). A higher average intensity is a sign of steady, rich rainfalls
preceding a, not necessarily extreme, ultimate event. The important role of presaturation has been
pointed out by various authors (e.g., [28,41,42]), notably also for one Austrian province included
here [43]. However, the considerable additional monitoring effort excludes it from many studies;
antecedent rainfall factors in in less than one tenth of the 2600 observations compiled in [26].
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Figure 8. A logarithmic increase of V with D (as required under the assumption of an exponential
ID-threshold) forms an envelope (red curve) rather than a threshold (black line) for slide-critical
combinations. Moreover, a linear threshold is also consistent for sparse observation sets (“B” and “V”,
compare Figure 7).

Any attempt at deriving a threshold in absolute units (volume, duration, or a combination of both)
gave poor model fits at smaller scale, and Figure 9 illustrates why. Although rain events show similar
density contours, viz. slope of typical rainfall volume vs. duration, absolute values differ between drier
and more humid provinces—even under otherwise identical determinants (terrain, land use, etc.).
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Absolute measures of precipitation parameters (V, D, or I) thus were not suited for deriving
a threshold to distinguish between standard and critical rain events. Particularly, the widespread
nonlinear ID-threshold function suggested for Austria in the global comparison [25] was not only
inaccurate but inconsistent, i.e., it either under- or overestimated precipitation-related slide hazard
depending on province and rain duration.

We therefore standardized observations through scaling relative to a locally representative average.
Such scaling has been applied by different authors using aggregates like annual precipitation (cf. [26]).
Aggregates, however, only loosely approximate the actual probability (viz. extremeness) of a rain
event; the probability of a downpour does not decline linearly with its deviation from average. Instead,
we used the long-term empirical probability at the particular km2. For instance, an extreme rainfall
volume of 0.8 tops 80% of all volumes observed from 1961 to 2010 at that particular location (km2);
a rain duration of 0.1 is very common (exceeded by 90% of the 50-year rainfall record for that spot).
Scaling resulted in congruent patterns, regardless of dataset (province). Moreover, the standardized
VD-curves turned out to be linear in the area where standard and slide-critical combinations of V
and D diverge (Figure 10). This means that any threshold for critical rainfall should be found along
this line, and the divide between standard and critical events can conveniently be fitted as a linear
discriminant function of V and D. The critical value is then a linear combination of local probabilities
of V and D. As such, it could easily be used in further models or retransformed into absolute values,
e.g., as a simple precipitation hazard nomograph for handout (see below).
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Figure 10. Characteristic VD-combinations for standard (50-year records) and potentially slide-critical
(rainfall preceded a slide) rainfalls (single events, n = 3000–60,000, replaced by density clouds; brighter
areas indicate that more rainfalls were observed at the VD-combination; dots: intersections of 25th
percentiles of scaled variables).

Describing rainfall in terms of local meteorological probability, viz. extremeness, revealed a
similar ID-pattern across datasets (=provinces, precipitation regimen, etc.). Descriptors thus became
instrumental once they were scaled relative to local precipitation regimen. This also suggests that,
over decennia, and modulated by both large-scale influences (geology, altitude) and mesoscale
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intricacies (from soil hydraulics to vegetation interception and root stabilization), current landscape
and its “slideable” mass reservoirs have equilibrated with precipitation to the extent where only locally
extreme rain events give rise to significant mass movement.

Transforming from absolute values to local probabilities revealed the following corresponding
patterns across datasets (Figure 10). Again, datasets “V” and “B” deviate from the general pattern,
as these are the subsets of temporal sparse observations

1. The longer and richer (by V) a rain event, the higher the probability that it will be followed by
a slide;

2. Standard and critical rains do not differ in their characteristic VD-combinations, but critical rains
exceed both standard D and V;

3. An extraordinarily long-lasting rain period (high D) is more distinctive for critical rainfall than an
unusually large precipitation volume;

4. Slide probability increases faster with duration than with volume of the preceding rain;
5. Standard rains hardly exceed a duration of 0.75 (local probability) and a volume of 0.25.

Figure 11 illustrates that the above linear combination of D and V has more discriminative
value to discern between locally normal and critical rainfalls than either parameter alone. However,
the transition is gradual and does not show a sudden variation that would qualify as a threshold.
Instead, a threshold would have to be set at an arbitrary cumulative density of critical rainfalls deemed
a limit for acceptable risk.
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Figure 11. Local probabilities of (a) volume or (b) duration have less discriminative value than (c) a
linear combination of both dimensions, but the transition between normal and critical VD-combinations
is gradual rather than a pronounced threshold.

Reverting relative (by probability) V and D into absolute values based on long-term observations
yielded per-km2 nomographs, which give the local stakeholder an estimate of how far a particular
rainfall already has developed into what is critical for the region in question (Figure 12).
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Figure 12. Example of a local (per km2) rain hazard chart for laymen; darker regions indicate that the
rainfall has proceeded further towards critical VD-combinations (blues: values of the discriminant
function scaled from 0 to 1, most to least typical for this spot, and classed as intervals of 0.2).

3.3. Hazard Modelling and Mapping

Overall prediction quality of (logistic) regression models was poor, with an average (statistics
from 50 training runs) AUC of 0.6 (on a scale from 0.5 to 1), and classification trees performed only
slightly better (with an AUC of around 0.7). Slope was the single and strongest predictor for slide
probability (expressed as odds ratio) and reoccurred in the most influential interaction term (slope,
forest distance) and again as a morphological form. The interaction of slope and forest distance
had the highest predictive value. Its positive coefficient means that slope and distance from forest
combine to increase slide hazard (Table 2; only significant coefficients, p ≤ 0.05, are listed). This finding
corroborates a stabilizing effect of forest on slopes.

Table 2. Significant 1 model coefficients (importance) of terrain features.

Mean Sd Sd% Mean

forest distance: slope 0.16 0.021 13
slope 0.13 0.016 12

altitude * morphology 2 −0.07 0.007 11
altitude −0.08 0.011 15

altitude * slope −0.09 0.014 17
forest distance * morphology −0.09 0.014 15

1 significant at α ≤ 0.05; 2 notation: feature A * feature B interaction of features A and B.

While classification algorithms are a promising tool for hazard mapping [39] and also yielded more
accurate predictions (typically around 0.8 on a 0 to 1 scale) in our example, the mechanistic regression
approach is more interpretable in terms of importance and interaction of individual predictors. As such,
it is also much easier to comprehend and reproduce by stakeholders than the random forest “black box”.
Interestingly, altitude attained the highest parameter importance in random forest (RF) ensembles,
about 1.6 times as high as slope. The different assessment from a mechanistic perspective (expert
judgement/regression) or a black box probabilistic approach (RF) was also observed by [44] focusing
on one of the provinces examined here. It demonstrates the different rationale between both; RF
classification optimizes prediction accuracy (only) so that altitude turns out to be the most important,
likely because it subsumes—for the region the RF was trained on—correlated parameters like slope,
average precipitation, and geology. Regression, in turn, allows much better insight into the trend of
feature dependencies including their interactions. Therefore, hazard maps were derived from the
regression models.

In the present study, slope alone or in combination with forest proximity, (closely related)
morphology, or altitude had the highest influence on slide susceptibility. This is illustrated by Figure 13
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in which modelled hazard and observed slides concentrate in the abrupt descents from hills to valley
bottoms and lakes. On a larger, province-wide scale, such accumulations were also seen along the vaults
where different geologies meet (not shown). Figure 13 also shows the higher density on south-exposed
terrain (compare northern and southern lake regions). Again, observation bias might play a role,
as slide reports concentrate near infrastructure in the valleys and at the lakesides.
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Figure 13. Overlay of modelled landslide hazard (saturation of red increases with odds of a slide)
and actual slide observations. Slides occurred almost exclusively in the “red zone”, which in turn is
primarily defined by steepness of terrain (base map: basemap.at).

Figure 14 demonstrates how the regional model is easily converted into local overview maps
(Figure 14). With standard GIS operations, slide probability can be aggregated over exposed assets
and scaled with asset or reparation costs to arrive at value exposed. Such maps both reduce social
vulnerability by helping locals to anticipate landslides [34] and are indispensable to assessing damage
intensity, whether regarded as part of the hazard or the vulnerability [33].

basemap.at
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Figure 14. Masking the hazard map outside an appropriate buffer allows a rapid insight into vulnerable
road sections. Red: modelled risk (risk increasing with deeper shade). Stars: actual slides (base map:
basemap.at).

4. Conclusions

In contrast to good progress in regional climate projections and modelling forest growth under
climate change induced disturbances (manuscripts in preparation), the local inaccuracy of existing
precipitation threshold functions turned out to be the primary obstacle for landslide risk mapping.
Our results suggest that a spatially meaningful mapping requires the observance of local long-term
precipitation probabilities rather than the selection of extreme cases from a regional or larger scope,
which can severely mislead both short-term prevention and long-term planning endeavors. As our
example demonstrates, locally representative modelling has become quite feasible with the current
availability of computational and meteorological resources.

We demonstrate that the meteorological component of slide hazard has a strong local variation and
provide an example of how this variation can be visualized for easy apprehension by the local population.

Our investigations turned up a number of potential and at least one actual instance of bias
incurred by ground observation and the spatially, technically, and institutionally disperse array of
slide documentations. These together profoundly impede a systematic examination of evidence for
planning and prevention and introduce bias. The difficulties encountered underline the necessity to
install and maintain a harmonized inventory of damage caused by extreme weather, which is still in its
pilot stages in Austria.

The preferential observation of easily accessible and/or immediately economically vulnerable
spots does not only introduce bias but is prone to overlooking potentially fatal [45] precursor flows
and minor clefts in uphill zones. We therefore recommend increased exploitation of earth observation
data, which is already in a semi-automated state [46], as an indispensable complement to traditional
ground-based surveillance.

Author Contributions: Conceptualization, I.O., H.F., P.L., and M.J.L.; Data curation, I.O. and D.L.; Formal analysis,
I.O. and P.L.; Funding acquisition, H.F. and P.L.; Investigation, A.F., H.F., N.G., D.L., A.S. and M.J.L.; Methodology,
I.O., N.G., P.L. and M.J.L.; Project administration, M.J.L.; Resources, A.F., N.G. and D.L.; Software, I.O.; Supervision,
H.F. and M.J.L.; Validation, A.S.; Visualization, I.O.; Writing—original draft, I.O. and M.J.L. All authors have read
and agreed to the published version of the manuscript.

basemap.at


Sustainability 2020, 12, 6182 15 of 17

Funding: The results presented here are an outcome of research project GLADE, funded by the Austrian Climate
& Energy Funds (Klima+Energiefonds) through the Austrian Climate Research Programme (ACRP).

Acknowledgments: Huge credit is due to our deceased colleague Martin König, who enthusiastically
masterminded the conceptualization of this project to further explore the interaction between climate change
vulnerability and macro economy. We are grateful to Matthews Bradley for proofreading and helpful comments
on an earlier version of the manuscript. We are very grateful for the contributions of all those FOSS and open data
communities to the machinery we ran our analyses and presentations with!

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gariano, S.L.; Guzzetti, F. Landslides in a changing climate. Earth-Sci. Rev. 2016, 162, 227–252. [CrossRef]
2. Allan, R.P.; Soden, B.J. Atmospheric Warming and the Amplification of Precipitation Extremes. Science 2008,

321, 1481–1484. [CrossRef]
3. Crozier, M.J. Deciphering the effect of climate change on landslide activity: A review. Geomorphology 2010,

124, 260–267. [CrossRef]
4. Min, S.-K.; Zhang, X.; Zwiers, F.W.; Hegerl, G.C. Human contribution to more-intense precipitation extremes.

Nature 2011, 470, 378–381. [CrossRef]
5. Trenberth, K.E. Changes in precipitation with climate change. Clim. Res. 2011, 47, 123–138. [CrossRef]
6. Reichstein, M.; Bahn, M.; Ciais, P.; Frank, D.; Mahecha, M.D.; Seneviratne, S.I.; Zscheischler, J.; Beer, C.;

Buchmann, N.; Frank, D.C.; et al. Climate extremes and the carbon cycle. Nature 2013, 500, 287–295.
[CrossRef]

7. Kendon, E.J.; Roberts, N.M.; Fowler, H.J.; Roberts, M.J.; Chan, S.C.; Senior, C.A. Heavier summer downpours
with climate change revealed by weather forecast resolution model. Nat. Clim. Chang. 2014, 4, 570–576.
[CrossRef]

8. Paranunzio, R.; Laio, F.; Nigrelli, G.; Chiarle, M. A method to reveal climatic variables triggering slope
failures at high elevation. Nat. Hazards 2015, 76, 1039–1061. [CrossRef]

9. Westra, S.; Fowler, H.; Evans, J.; Alexander, L.; Berg, P.; Johnson, F.; Kendon, E.; Lenderink, G.; Roberts, N.
Future changes to the intensity and frequency of short-duration extreme rainfall. Rev. Geophys. 2014, 52,
522–555. [CrossRef]

10. Fischer, E.M.; Knutti, R. Anthropogenic contribution to global occurrence of heavy-precipitation and
high-temperature extremes. Nat. Clim. Chang. 2015, 5, 560–564. [CrossRef]

11. Formayer, H.; Fritz, A. Temperature dependency of hourly precipitation intensities—Surface versus cloud
layer temperature: Precipitation Intensities: Surface Versus Cloud Layer Temperature. Int. J. Climatol. 2017,
37, 1–10. [CrossRef]

12. Kellermann, P.; Bubeck, P.; Kundela, G.; Dosio, A.; Thieken, A. Frequency Analysis of Critical Meteorological
Conditions in a Changing Climate—Assessing Future Implications for Railway Transportation in Austria.
Climate 2016, 4, 25. [CrossRef]

13. Stoffel, M.; Tiranti, D.; Huggel, C. Climate change impacts on mass movements—Case studies from the
European Alps. Sci. Total Environ. 2014, 493, 1255–1266. [CrossRef]

14. Field, C.B.; Barros, V.R.; Mastrandrea, M.D.; Mach, K.J.; Abdrabo, M.-K.; Adger, N.; Anokhin, Y.A.;
Anisimov, O.A.; Arent, D.J.; Barnett, J.; et al. Summary for policymakers. In Climate Change 2014: Impacts,
Adaptation, and Vulnerability. Part a: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge,
UK, 2014; pp. 1–32.

15. Brooks, N. Vulnerability, risk and adaptation: A conceptual framework. Tyndall Cent. Clim. Chang. Res.
Work. Pap. 2003, 38, 1–16.
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