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ABSTRACT

The surge in data availability has ushered in new prospects for landslide risk characterisation in the Czech Republic. Past studies struggled
with insufficient information, particularly regarding buildings, generating broad-scale outputs impractical for community-scale applications.
Recognising the need for a more detailed assessment, particularly in potential high-risk zones, to aid local governments in risk management,
we conducted a comprehensive landslide hazard and risk assessment. Slope units served as the fundamental mapping units, evaluated
through a methodology assessing spatial, temporal, and size probabilities using generalized additive models. The temporal probability
emerged as the most influential factor, underscoring its primary role in landslide hazard. This study identified 1910 buildings within slopes
at risk of landslides. The findings offer a potential framework for municipal audiences, providing insights for the Usti nad Labem region in
the Czech Republic.

INTRODUCTION

The analysis of risks plays a fundamental role in mitigating economic and human losses resulting from mass movements. However, an exact
predictive landslide risk assessment is a practically impossible task, given significant uncertainties in geological and geological conditions
and data limitations (Fell et al., 2008). This prediction involves the notion of “hazard” that encompasses 3 critical probabilities: “where” land-
slides are likely to occur (spatial probability), “when” and with what frequency they may happen (temporal probability), and “how large” or
with magnitude (in terms of their number or size) landslides could be in a specific area (Varnes, 1984; Guzzetti et al., 2005; Fell et al., 2008).
Although various theories and techniques are globally applied, there is a noticeable lack of scientific work documented at the catchment
scale in the “low-risk” regions such as the Czech Republic (Klime$ et al., 2017), where geological and geomorphological processes are less
pronounced. The lack of research focusing on risk assessment in Czech Republic, is possibly posing a risk to the communities and property
for an underestimation of the problem. This is particularly relevant in the study area, where possible high-risk zones coincide with increased
attention and a notable influx of financial assistance in dealing with site-specific landslide phenomena. In this perspective, the attempt to
develop a hazard risk framework can be justified by a social attention on the area and the relative absence of a general risk assessment
plan. To do so, the Slope Units (SUs) partition, may better fit the requirements of local municipalities, more than pixels, in the localisation
geomorphological based high-risk units. Slope Unit represents a discrete portion of a landscape characterised by homogenous geologi-
cal, geomorphological, and hydrological features. We stress here that the practical administrative use of such hazard and risk assessment
required to be discussed and developed in a strict collaboration with Czech authorities. However, guidelines for landslide risk zoning are
defined at research level, but no comprehensive approach is being systematically applied for a land use planning in Czech Republic. Thus,
here, we first suggest a routine for quantifying the landslide risk for Usti nad Labem watershed in the NW Czech Republic and secondly, we
introduce possible point of discussion and reflection on its applicability at administrative level. We believe, our findings may serve as the

basis for proposing risk reduction strategies that stakeholders can implement for effective risk management and control in “low-risk” areas.

MATERIALS AND METHODS

The study area, hereafter called Usti nad Labem watershed, is situated in the northwestern part of the Czech Republic, as illustrated in Figure
1. This watershed encompasses an area of 284 km?, which includes the regional capital city of Usti nad Labem. The choice of this area is mo-
tivated by its history of frequent landslides (Raska et al., 2013) and high cost of landslide mitigation measures (Klimes et al., 2017). The study
area is characterised by Tertiary Volcanic rocks with contrasting engineering geological properties often covered with highly weathered and

low-strength soils. This coupled with steep erosional relief and precipitation, results in widespread landslide occurrences (Raska et al., 2014).
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Figure 1. Landslide inventory (yellow) and slope unit subdivision of the Ustf nad Labem watershed.

An additional motivation is the availability of fully digital topographic data provided since July 2023 by the State Administration of Land
Surveying and Cadastre (CUZK), which is vital for landslide risk mapping and ensuring its repeatability and comprehensiveness. Precisely
this reproducibility, thanks to open-source data (SRTM and CUZK), would make the study meaningful, both for research and stakeholders.
The polygonal building footprint dataset encompassing a total built-up area of 2 km? was sourced from the Mapovy server CUZK (https://
services.cuzk.cz/). While a polygonal national-scale landslide inventory encompassing all registered mass movements is constantly updated
by the Czech Geological Survey. A 30m x 30m resolution digital elevation model (DEM) obtained from SRTM (30 m Shuttle Radar Topo-
graphic Mission digital elevation model) allowed the extraction of slope, elevation, aspect, and hydrological data through the utilisation of
various tools available in ArcGIS and R. The study area was subdivided into SUs using the method explained by Alvioli et al., (2016). The
initial phase of the study involved the calculation of the hazard probability at SU level by integrating spatial, temporal, and size probabilities.
Vulnerability values for buildings were not specifically determined, but the amalgamation of hazard maps, vulnerability, and element-at-risk
allowed a preliminary assessment of risk per mapping units in the study area.

A landslide hazard is defined as the likelihood of a landslide event occurring within a specified time frame and in a specific geographic
area with a given magnitude. It can be expressed by the conditional probability of the distinct components: landslide spatial probability
(PSL), landslide temporal probability (PTL) and landslide size probability (PAL), which synthetically answer the questions “where”, “when”
and “how large”. PSL is derived from a standard susceptibility model. In our study, we utilised morphometric and environmental factors,
in conjunction with a generalized additive model (GAM) for assessing nonlinear function and improve the result interpretability (Goetz et
al., 2011D). The classification of the SU-based spatial probability map was organised into five categories (very low, low, medium, high, very
high), following a Jenks natural breaks classification method. PTL is assessed through a Poisson model, which considers slope failures as
independent random events in the time domain (Guzzetti et al., 2005). The model calculates the exceedance probability of landslide occur-

rence during a specified period and is expressed as:

-T
1 Prp=1 — ert Equation 1.

Equation 1.

where T represents the return period (e.i., 3 years), RI is the historical mean recurrence interval for each SU. The term's formulation high-
lights its crucial role, with the temporal series being the most influential factor in the assessment. The completeness of this series is vital,
and an incomplete temporal record leads to an irreversible decrease in calculated probability, even with high spatial probability. Essentially,
if a SU lacks a continuous record of landslides, the temporal probability associated with it will undergo a significant reduction. This drop
is critical and directly impacts the overall probability assessment, highlighting the sensitivity of the model to the temporal dimension of
landslide occurrences. PAL was calculated based on the relationship between landslide areas and its transformation in a logarithmic scale.

We applied a Log-Gaussian GAM model (Lombardo et al., 2021), which can be expressed as:

loga,~ N (i, 0%)
n(W = Bo + X1 Bi (i)

Equation 2.

Equation 2.

where logAL represents the mean landslide planimetric area in each slope unit, p and o are the mean and variance of the Gaussian dis-

tribution, 1 is the log link, B0 is the global intercept, and Bi are the smooth functions associated with nonlinear covariates adopted in the
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model (xi).

This “mean” model effectively captures the spatial distribution of landslide sizes across the study area. But, it is essential to note that the
estimation of the logarithm of the landslide area (lIogAL) per SU is subject to some loss in accuracy. Consequently, it is not recommended
for making precise numerical decisions. However, despite the potential loss in the tails of this distribution, this approach still offers valuable
insights. In other words, although the model may not precisely determine the numerical extent of landslides in specific SUs, it allows for
a comparative evaluation. This means that, in a relative sense, a master planner or decision-maker can identify hazardous SUs and differ-
entiate between classes of landslide sizes. This information is particularly crucial as it indicates which SUs are more likely to release larger
landslides, even if the exact extent is not precisely known. Based on this framework two distinct size scenarios (classes of landslide sizes)
were determined following the predictive distribution of landslide area (in log(m?)) within the Usti nad Labem watershed. The connection

among these 3 probabilities can be captured through the equation:

5 H = Ps, X P, X PaL Equation 3.

Equation 3.
Vulnerability (V) analysis presented a challenging task in landslide risk assessment routine (Fell et al., 2008).

We performed a vulnerability assessment for buildings based on all the building without any particular attention about the type. In fact, no
economic value is presented in our building database. Even tough, a classification of the buildings into categories (family houses, block
of flats and high buildings, commercial buildings, recreational houses), using the topographic map data and aerial photographs, may be
attempted. Vulnerability values for building classes in various administrative areas can be strategically evaluated based on priority or signif-
icance. However, our test considered only the residential buildings from the topographic database of the CUZK as the elements at risk (E).
Subsequently, a landslide risk assessment was calculated following the concept that risk (R) is the expected loss/damage to property for a
given area and return period, due to a specific size scenario (Corominas et al., 2014; Varnes, 1984; Fu et al., 2020). The equation representing

risk is as follows:
7 R= HX VX E Equation 4.
Equation 4.

where H signifies the landslide hazard probability, V denotes the vulnerability of buildings within SUs and E quantifies the elements at risk
(Van Westen et al., 2002).

RESULTS AND DISCUSSION

The landslide susceptibility assessment considered several key factors, including elevation, slope, aspect, and topographic control on hy-
drological processes. The covariates were evaluated in their mean and standard deviation value, through a non-linear smooth function.
The results highlighted that the standard deviation of slope (Slopeo in degrees) significantly influences the slope stability, along with mean
Topographic Wetness Index (TWIp), mean value of sin of the aspect (Eastnessp), and standard deviation of Elevation (Elevationo in meters).
We chose to focus solely on morphological variables, emphasising the inherent predisposition of the slopes to failure, thus avoiding trigger
factors to keep the model purely spatial. The susceptibility map was calculated over 479 SUs in total, classified into five classes, ranging
from very low to very high susceptibility. This model demonstrated a performance close of 0.85 through AUROC analysis and 0.51 using
a PRC, indicating widespread susceptibility values across the study area and an excellent performance. Our landslide temporal probability
calculation considered data from 2014 to 2020. The historical mean recurrence interval (RI) was calculated for each SU, aiding us in mod-
elling landslide occurrences over the next 3 years. The landslide temporal probability depicted areas with high and very high probability
values, primarily in regions coinciding with extensive built-up areas. These probability values displayed a decreasing trend from 2014 to
2020, suggesting a lower probability of landslides in the next 3 years. The size probability analysis demonstrated the appropriateness of
the log-Gaussian model for quantification of landslide area probability distribution, while others were discarded a priori for their diverse
scenario applications (i.e., Stark and Hovius, 2001). Indeed, we were able to fit a model capable of predicting, with a decent approximation,
the size area of our landslides. Notably, the density of landslides increases until the landslide area is close to 20,000 m2 (log 10[m2]) and
drops after this value representing a probable threshold value. Interestingly, the value of 20,000 m2 is a standard threshold for landslide
classification providing the division between medium and large landslide areas (Cornforth, 2005). Therefore, we defined two size scenarios
based on this cumulative frequency curve. Larger than 20,000 m2 for the first scenario, and smaller than 20,000 m2 for the second scenario.
At this stage, the multiplication of spatial, temporal, and size probabilities generated landslide hazard maps for a 3-year return period with

two defined size scenarios (Figure 2). These maps identified five hazard probability categories, with the highest values hovering around 0.6.
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Scenario 1 covered a larger area, intersecting several buildings, while scenario 2 had a smaller area distribution.
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Figure 2. Landslide hazard maps for 3-year return period and landslide sizes scenario 1 and 2.

Building exposure to areas with high and very high hazard probability, as determined in hazard maps, was assessed based on the concept
of absence/presence within SUs. Element-at-risk maps for buildings were developed for the two size scenarios and a 3-year return period.
For scenario 1, 248,534 m2 of housing areas and 1,358 buildings were exposed to landslide risk. In the scenario 2, 103,218 m2 and 552
buildings were exposed at risk. Vulnerability values were calculated based on building and landslide presence, with the concept of 0 indi-
cating no vulnerability and 1 indicating high vulnerability within SUs. Uncertainties exist in the final risk maps due to element-at-risk data
and vulnerability evaluation. Additionally, resilience of elements at risk also introduces a level of uncertainty. Finally, landslide risk plots
were generated from the two hazard maps, vulnerability maps, and element-at-risk values (Figure 3). In general, an increase in building con-
struction may lead to higher risk score within SUs, but this relationship is nether linear nor constant between the two scenarios. The larger
landslide size scenario 1 exhibited a higher risk compared to the smaller scenario. For susceptibility assessment to risk analysis, we assumed
that preparatory landslide conditions would persist. Nevertheless, over time, morphometric and geo-environmental factors may change due
to new infrastructures or increase in the landslide occurrences driven by increase in heavy rain. On this basis, the risk classes should guide
the level of attention, scrutiny, and precaution that local governments should exercise in different areas. Very high- and high-risk SUs require

detailed attention, strict land-use controls, while lower risk SUs allow for more flexibility in planning.
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Figure 3. Risk plots for building for a 3-year return period and two landslide size scenarios.

CONCLUSIONS AND LIMITATIONS

In this study, we conducted a preliminary risk assessment for landslides at the catchment scale in a region of NW Czech Republic, with a
specific focus on evaluating potential damage to buildings. Our assessment generated a range of outputs, including susceptibility maps,
hazard maps, and final risk plots, considering a 3-year return period and two size scenarios for landslides greater than 20,000 m2 and equal
to or smaller than 20,000 m2. However, we encountered difficulties due to the limited temporal probability of landslides and the right deter-
mination of occurrence dates, that mainly has been approximated at an interval of 3 years. Moreover, these result limitations underscore the
need for a more appropriate definition of vulnerability assessment. Despite these inherent limitations, we are confident that our proposed

risk maps can play a reasonable role in aiding local stakeholders and authorities in developing effective risk management strategies for the
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region. Planning risk control measures for each slope unit involves utilising a matrix that combines landslide hazard probability and risk
maps. In this context, prioritising risk management for slope units with a very high risk is recommended. However, this can be done only
obtaining direct feedback from the single municipalities, that may provide more specific needs in terms of which size scenarios and which
vulnerability they retain more strategical to handle. These strategies can be instrumental in safeguarding property, and the economic activity

of the community in the face of potential landslide hazards in “low-risk” regions as Czech Republic.
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