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Abstract. The risk posed by natural hazards has gained
growing attention in recent decades, largely due to the inten-
sification and recurrence of extreme events, with the climate
crisis identified as the primary driver. Landslide risk is no ex-
ception, although its impacts are generally less evident than
those of floods or, particularly, severe droughts. In both cases,
urban expansion has further exacerbated the problem, espe-
cially since the mid-twentieth century in more developed re-
gions. This residential growth often took place in poorly reg-
ulated settings, particularly during its early stages, leading to
the occupation of areas that were environmentally, culturally,
or from a landscape perspective unsuitable, and frequently
exposed to natural hazards. In fact, the risk of landslides af-
fecting buildings located on susceptible terrain can largely
be attributed to ineffective land management, often resulting
from the absence of specific regulations. This study intro-
duces a set of risk indices that serve as objective tools for the
dynamic assessment of landslide risk in extensive and spa-
tially fragmented territories divided into local entities. Based
on these indices, criteria are proposed to evaluate the degree
of risk and the adequacy of its management within each lo-
cal entity, considering the evolution of urban development.
Finally, a classification system is presented that organizes all
cases according to their severity, offering a decision-support
tool for public authorities tasked with ensuring effective land
management.

1 Introduction

Urban expansion is a phenomenon intrinsically linked to the
development of human societies, particularly since the Indus-
trial Revolution, and is inherent to the growth of cities. To-
day, this process is also associated with improvements in liv-
ing standards, transportation, communications infrastructure,
and services beyond traditional population centers. Unsur-
prisingly, urban development has been analyzed from multi-
ple perspectives, with urban planning recognized as a funda-
mental tool to regulate and organize such growth. Indeed, in
the seminal work of Terdn (1982), urban planning was identi-
fied as essential to bring order on urban growth, in light of the
damage and disruptions caused by unregulated development.

It is well established that poorly planned urban expan-
sion increases exposure to natural hazards. Along with cli-
mate change, one of the main factors explaining the rising
risks in residential areas is the urban expansion with global
evidence indicating an increasing incidence of hazard, par-
ticularly landslides (Chen et al., 2024; Haque et al., 2019;
Zhou and Zhao, 2013). These processes have significantly
increased pressure on land and, consequently, on popula-
tions, due to the occupation of terrain unsuitable for residen-
tial construction (Ferndndez Arce et al., 2018). This situation
reflects inadequate land management, largely resulting from
the absence of adequate hazard zoning policies that would
enable proper land-use planning (Cascini et al., 2005).

The growing exposure of urban areas to natural hazards
is therefore linked to the lack of integration of hazard con-
siderations into urban planning. Structural solutions cannot
be considered the primary strategy for risk reduction and
must be complemented with passive measures (Corominas,
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2013). Proper planning can reduce exposure within urban
areas, which is especially relevant in developing countries
(Caleca et al., 2024). Urban planning is also considered a
powerful tool to achieve efficient and equitable adaptation
between land occupation and natural hazard risk (Hamma
and Petrisor, 2018; Macintosh, 2013).

Landslide disasters, in particular, can have severe conse-
quences, including loss of life, damage to buildings and in-
frastructure, and environmental impacts. Effective manage-
ment of landslide risk requires the involvement of multi-
ple stakeholders and the adoption of an integrated disaster
risk management approach. This involves a complex process
aimed at predicting, reducing, and permanently controlling
the factors that trigger such hazards, while simultaneously
pursuing sustainable human, economic, and environmental
development (Alcantara-Ayala and Sassa, 2023).

Landslides are among the most hazardous natural dis-
asters worldwide, both in frequency and severity, causing
widespread loss of life and damage to infrastructure. Their
incidence has increased notably in recent decades (Cascini
et al., 2005; Lee et al., 2017; Sandi¢ et al., 2017). Numer-
ous studies highlight the interactions between landslides and
urban development (Johnston et al., 2021). In some cases,
land-use regulations exist but are not enforced, leading to il-
legal or irregular settlement, as in the Campania region of
Italy (Di Martire et al., 2012). In other cases, the expansion
of urban areas has altered river courses, thereby exacerbat-
ing landslide hazards, as documented in Genoa, Italy (Faccini
et al., 2015) and Doboj, Bosnia and Herzegovina (Sandi¢ et
al., 2017).

In many instances, the development of tourism facilities
and secondary residences, which demand large amounts of
land, has driven settlement in areas unsuitable due to envi-
ronmental, cultural, or hazard-related factors. Weak or ab-
sent administrative controls have allowed development in
previously overlooked areas, leading to increased exposure
to landslide hazard. For example, Katsigianni and Pavlos-
Marinos (2017) reported such a case on the Greek island of
Santorini. A similar situation occurred in Mengshan, China
(Peng and Wang, 2015), where engineering measures were
implemented only after the construction of high-risk tourist
developments. In the Caribbean, informal urban expansion
and associated deforestation have been identified as major
landslide triggers (Bozzolan et al., 2023). In this context, ur-
ban planning must take these factors into account to guide
land development and avoid uncontrolled expansion.

Given this scenario, which is prevalent worldwide, risk
governance integrated into urban planning is urgently re-
quired (Renn and Klinke, 2013) to enhance the resilience of
urbanized areas and their future growth (Zhai et al., 2015).
Proper hazard zoning is also required to support disaster
risk reduction (Wang et al., 2008). Urban governance faces
the major challenge of developing effective systems and
tools suited to evolving natural hazard contexts (Birkmann et
al., 2014). Experiences in some countries have demonstrated
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the importance of engaging communities in this issue, pro-
moting the adoption and implementation of solutions, as ob-
served in New Zealand (Gough, 2000).

This situation is particularly relevant in mountainous
coastal zones, especially along Mediterranean shorelines. Di
Martire et al. (2012) note the problem in Italy, while Garcia
et al. (2003) emphasize that new coastal construction often
disregards planning regulations, which have proven ineffec-
tive in controlling this phenomenon. For this reason, strict
enforcement of regulations and the implementation of effec-
tive control mechanisms are essential.

This issue has been extensively addressed in the sci-
entific literature. Landslide risk evaluation, management,
and mitigation have been extensively studied over the past
decades. Several notable works include the synthesis by Dai
et al. (2002), which provided a critical review of landslide
research and loss-reduction strategies, as well as the relevant
contributions of Lee and Jones (2004) and Glade and Crozier
(2005), who offered a multidisciplinary perspective on land-
slide management. Another important reference is the com-
prehensive review of quantitative risk assessment methods by
Corominas et al. (2014).

Despite this extensive body of research, it is noteworthy
that urban planning and regulatory measures in landslide-
prone areas have received less attention compared to struc-
tural solutions (Corominas, 2013). Ultimately, it is not only
necessary to quantify and map risks and to propose avoid-
ance or mitigation measures, but also to establish procedures
to monitor the effective implementation of these measures
and to evaluate whether risk reduction is actually achieved.
The key question is whether the rate of settlement in hazard-
prone zones eventually stabilizes or declines. If so, this turn-
ing point must be defined by the strict enforcement of specific
regulations that prohibit or restrict residential development in
such areas.

In line with these considerations, the present study aims
to establish objective criteria to evaluate the status and evo-
lution of landslide risk across large territories, applied to a
study area of more than 22000km?, using indicators that
are simple to derive and interpret. To ensure comparability, a
consistent calculation procedure was applied across the en-
tire territory. Particular attention was devoted to assessing
the adequacy of urban development processes within local
entities in relation to landslide hazard exposure. Finally, the
study proposes monitoring tools for public authorities tasked
with ensuring compliance.

2 Methodology

The analysis of the status and evolution of landslide risk af-
fecting residential buildings across large areas requires the
use of comparable indicators, which must also be calculated
over defined time periods to capture temporal changes. This
study proposes a two-phase approach. First, the risk is as-
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sessed. Risk calculation requires evaluating the interaction
between hazard (probability of occurrence), exposure (value
of the elements at risk), and vulnerability (severity of poten-
tial damage). This interaction is expressed through the well-
known risk equation, generally quantified in economic units:

Risk Value (RV) = Hazard (H) x Exposure (E)
x Vulnerability (V). (1)

Second, dimensionless risk indices are obtained based on
surface area and risk values. These indices constitute the
main contribution of this study, as they are designed to serve
as control tools for landslide risk management. The proce-
dure requires cartographic information dividing the territory
into areas of landslide susceptibility. These are the widely
used Landslide Susceptibility Maps (LSM), which delineate
such areas through a well-established methodology (Coromi-
nas et al., 2014). This mapping commonly classifies the ter-
ritory into five susceptibility levels (Landslide Susceptibility
Index, LSI), ranging from very low (LSIlevel 1 or L1) to very
high (LSI level 5 or LS). A “risk zone” is defined as the area
classified with medium-to-high susceptibility, corresponding
to levels L3, L4, or LS. Levels L1 and L2 are generally not
affected by landslides, although this must be verified against
available inventories. In addition to susceptibility mapping,
a landslide inventory is required to capture their spatiotem-
poral distribution. Finally, an economic valuation of the af-
fected residential buildings is needed. The complete process
is illustrated in the flow chart presented in Fig. 1, which is
further explained throughout Sect. 2.

2.1 Landslide risk calculation

As indicated above, the calculation of risk requires evaluat-
ing the interaction among the factors included in Eq. (1). The
unit of analysis is defined as the Local Entity (LE), into which
the study area is divided, each with its own administrative
capacity and decision-making authority. This corresponds to
the Local Administrative Unit (LAU) defined by the Euro-
pean Union as the smallest administrative division, which in
Spain corresponds to municipalities.

For the minimum unit of calculation, geolocated poly-
gons of residential buildings are required, at the level of the
Dwelling Unit (DU), which provide the constructed habitable
area or Ground Floor Area (GFA). In Spain, these units are
defined as Cadastral Parcels.

Accordingly, the economic value of risk is obtained from
Eq. (1), extended to the scale of a Local Entity (or munic-
ipality, in Spanish notation). It is calculated based on the
dwelling units (DU;) it contains, as expressed in the follow-
ing equation:

RVLg = Z RVpy, = Z (Hpu; x Epu, x Vbu;) - )
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2.1.1 Hazard

Hazard is considered as the probability of a landslide occur-
ring within a specific location and time period; therefore,
both components must be accurately determined. It is di-
rectly related to the landslide susceptibility index (LSI) de-
fined in the landslide susceptibility maps (LSM) (Lee, 2009).
In addition, a landslide inventory is required to calculate both
temporal (annual) and spatial probabilities.

Hpy = f(LSD) = Ps x P, 3)

The spatial probability (Ps) is calculated for a given medium-
to-high susceptibility level i as:

.. SRL; .
P(i) =~ x Fyj for i =L13,L4.L5, 4)
i

where SL; is the total surface area of level i, and SRL; is
the surface area of level i affected by landslides. The adjust-
ment factor (Fyj) accounts for whether the event occurs in an
inhabited area, derived from the ratio between the area sus-
ceptible to landslides affecting populated areas and the total
susceptible area.

The annual probability (P,) is also calculated for each
level i as:

. number of records events
Py(i) = ( ) aj )

number of years of record

This annual probability (P,) must be adjusted using the fac-
tor G,j, which reflects the volume of the displaced mate-
rial in the inventoried landslides. The use of G,; must be
carefully considered, since inventories are often incomplete:
many landslides are not officially recorded if they occur away
from populated areas. In other words, inventories already un-
derestimate the true number of events. Consequently, the es-
timation of landslide probability must ultimately rely on ex-
pert judgment, making use of the available data, knowledge,
and experience (Lee, 2009).

2.1.2 Exposure

Exposure requires the valuation of the elements at risk in
monetary units. In this study, the affected elements are de-
fined as residential buildings or dwelling units located within
the study area. The valuation is generally based, first, on the
constructed and habitable surface area of each dwelling unit
(Ground Floor Area, GFA), since the land value itself is not
considered to be directly affected. In addition, a property val-
uation can be used to calculate the reconstruction cost of the
dwelling, or Dwelling unit Value (DV), expressed in eco-
nomic units per unit of surface area, must also be considered.
Accordingly, the reconstruction value used to obtain the ex-
posure of each dwelling unit within a risk zone is determined
by the following equation:

EDU = GFADU x DV. (6)
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Figure 1. Flow chart of the methodology (see explanation in Sect. 2).

2.1.3 Vulnerability

Following a technical and engineering-based approach, phys-
ical vulnerability is defined as the severity of damage sus-
tained by the exposed elements. Vulnerability is a function of
the magnitude or intensity of the landslide (Landslide Mag-
nitude, LM) in energy and size terms and depends on the
resistance capacity of the affected element, which is closely
related to building height. To determine LM within a terri-
tory, it is essential to compile a landslide inventory that iden-
tifies the main types of landslides, their morphometric pa-
rameters, velocity, and the associated observed damages. The
other factor required to evaluate vulnerability is the estima-
tion of the resistance of residential buildings (Building Re-
sistance, BR), considering construction type, materials, age,
and height (Kappes et al., 2012; Pereira et al., 2020; Singh et
al., 2019). The formula applied to each dwelling unit is:

Vbu = LM x (1 — BRpy). )

According to Papathoma-Kohle et al. (2017), in their study
on debris flows, expected losses decrease as building height
increases, which justifies assigning higher BR values in such
cases.

2.2 Risk indices and qualifiers

Compared with previous methodologies, the risk indices pro-
posed in this study incorporate several conceptual and techni-
cal innovations that enable a more flexible, reproducible, and
comparative assessment of landslide risk at regional scale. In
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this framework, all residential buildings are considered at the
Dwelling Unit (DU) level, together with their reconstruction
value (DV) and susceptibility level (L,), allowing for a more
detailed quantification of risk and the analysis of its temporal
evolution.

Unlike the static probabilistic hazard-focused approach
proposed by Guzzetti et al. (2005), which was applied at the
basin scale, the indices introduced here explicitly integrate a
spatiotemporal perspective, enabling the assessment of risk
evolution over an extended historical period (1950-2021).

Pereira et al. (2020) developed a Landslide Risk In-
dex (LRI) at the municipal scale for the entire Portuguese
territory by combining susceptibility and exposure factors
through fixed empirical weights and applying a normal-
ization procedure to facilitate inter-municipal comparison.
While this approach allows spatial comparison, it does not
explicitly address the temporal dynamics of risk.

Similarly, Segoni and Caleca (2021) proposed aggregated
indicators of landslide risk (ALR and TLR) at the national
scale for Italy by combining susceptibility and land con-
sumption data. Their approach focuses on spatial aggregation
for a single reference year and does not incorporate temporal
trends or building-level economic exposure.

In contrast, the present framework decomposes landslide
risk into complementary quantity (RSI) and quality (RQI)
components and introduces trend indicators (mRQI, mRSI)
that capture the direction and magnitude of temporal change.
This design enables consistent spatial and temporal compari-
son across heterogeneous administrative units and represents
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a key methodological advancement over existing large-scale
landslide risk assessment approaches.

2.2.1 Quantitative risk indices

Within this category, numerical indices provide information
on the current state of risk as well as its evolution over time.
Geolocated residential construction data and the aforemen-
tioned Landslide Susceptibility Maps (LSM) are required.

State indices

These indicators provide a fixed value for a specific moment
in time, which can be updated for successive periods in or-
der to analyze trends and particular situations. In a previous
study (Cantarino et al., 2021), an indicator was developed
based on the annual ratio between the assumed risk value
(RV) and the constructed surface area (GFA) within a given
local entity (LE). This indicator was referred to as the Risk
Ratio (RR). Accordingly, when ARR > 1 (increasing func-
tion), construction in risk zones is increasing; whereas when
ARR <1 (decreasing function), the growth of risk is lower
than that of construction, meaning that new developments
are avoiding risk zones, which is the desirable outcome. Al-
though efficient for trend analysis, this indicator is not di-
mensionless and its practical meaning is not straightforward.
For this reason, a dimensionless and more intuitive index is
introduced: the Risk Index (RI), which can be considered an
evolution of RR. This index is defined as the ratio between
the calculated risk value (RV, in monetary units) for each
LE and the theoretical maximum risk value (RV ), assum-
ing that all residential buildings were located in susceptibil-
ity level 4 (high, L4 or H) with average vulnerability (V,,,)
according to the LSM. It can be interpreted as an approxi-
mation of the “percentage of maximum possible risk” for an
LE, yielding values typically within decimals. Level LS5 was
not considered, as it is less realistic due to its smaller extent
and would result in excessively high RV g values and, conse-
quently, very low RI values. For a given LE, the RI value at
a specific time is calculated as:

RI= SV ®)

RVy

That is, the ratio between the calculated risk value for the
considered area or period, and the theoretical risk value if
all residential buildings of the LE were located in the high
susceptibility zone (L.4), combined with the economic value
of all dwellings (F) and average vulnerability (V). A high
RI value therefore indicates that the majority of residential
surface is located in susceptibility level L4 (GFArRL4). Ex-
panding Eq. (2) for susceptibility levels i (medium-to-high):

RV =Z(H,- x Vi x Ej)
- Z(Hi x V; x GFAR(i) x DV;) i=L3...L5, (9)
RVy = Hy x Vyy x E = Hy x V,, x GFA x DV, (10)
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where RV is obtained through the hazard, exposure, and vul-
nerability of each affected dwelling unit, and exposure is de-
fined as the constructed residential area in each risk zone
(GFAR) multiplied by the reconstruction cost per unit of sur-
face (DV) (see Eq. 6). An important feature of this index is
the possibility of deriving two highly useful partial indices
(see Appendix A).

Thus, RI can be expressed as the product of two compo-
nents: the Risk Surface Index (RSI) and the Risk Quality In-
dex (RQI):

RI = RSI x RQI (11)
FA
RsT — AR (12)
GFA
RV
RQI = (13)

Hy x V,, x GFAR x DV

The RSI reflects the proportion of built surface under risk
relative to the total constructed area. It can approach unity
in small LEs with little residential surface almost entirely ex-
posed to landslide susceptibility. The RQI, on the other hand,
indicates whether the risk value approaches its theoretical
maximum. Equation (13) can be further developed and sim-
plified assuming that residential building typologies are sim-
ilar within a LE, such that vulnerability is constant (V; = V)
and DV is uniform (see Appendix A).

Then, using the hazard probability ratio pR4 between sus-
ceptibility levels H(L3) and H(L4) defined in the LSM, and
considering that no built-up surface exists in L5, Eq. (13) be-
comes:

pR4 x GFARL3 + GFArRL4

RQI = GFAr (14)

This simplification of RQI clearly shows that its value
depends mainly on the built surface located in high-
susceptibility zones (GFARL4), since pR4 is less than one.
Moreover, the RQI value provides insight into whether con-
struction is concentrated in high-susceptibility zones (level
L4) and its evolution.

Evolution indices

The indices described above do not provide information on
the temporal dynamics of risk. To capture construction trends
in risk zones, linear regression slopes were calculated from
the latest values in the available time series. This provides
insight into whether risk in a given area is stable, increas-
ing, or decreasing. The slopes in this study are expressed in
sexagesimal degrees. Since two series of state values (RSI
and RQI) are available, it is more informative to compute
slopes separately for each, rather than only for RI. Thus, two
evolution indices are defined: mRSI and mRQI. The mean-
ings differ: mRSI is positive when growth in total risk sur-
face (GFAR) exceeds that of total built surface (GFA); if
lower, it becomes negative. This index does not account for
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susceptibility level. Conversely, mRQI is positive when the
proportion of GFARL4 (and GFARLS) increases relative to
GFARLS3, indicating higher landslide probability and there-
fore higher risk values.

Interpretation of indices

After defining both state and evolution indices, it is useful to
summarize their meaning. Table 1 presents the indices used,
their ranges of variation, and general considerations. In gen-
eral, it can be stated that the highest values of these indices
are found in local entities with limited built surface located
in mountainous areas. Indeed, because these municipalities
provide lower absolute values, it is easier to reach higher
percentages and ratios. To illustrate the order of magnitude,
two scenarios are proposed for two local entities (LE1 and
LE2), both with the same initial FA (10 units of surface)
but evolving differently between tl and t2. They differ in
the proportion of surface in risk zones (GFAR) versus out-
side risk (GFAoRr). Using Egs. (12) and (A8), and assuming
pR4 =0.1, the resulting indices are summarized. The com-
plete analysis of Fig. 2 is shown in Table 2, applicable to
cases where two LEs share similar GFA values but differ
in landslide risk exposure. According to Table 2, RSI pro-
vides an indication of the magnitude of the problem in an LE
but does not fully reflect actual risk. Meanwhile, mRSI does
not provide a definitive conclusion on risk value growth and
should be regarded as a secondary or complementary index.

2.2.2 Qualitative risk qualifiers

All indices must be organized in a consistent manner to en-
able direct comparison between local entities (LEs). The ob-
jective is to identify the most relevant cases across large ter-
ritories subdivided into numerous LEs. In this way, priority
areas for intervention and monitoring can be selected. Ac-
cording to the interpretations discussed in Sect. 2.1.3 and Ta-
ble 2, the preferred indices are those based on risk quality
and, particularly, on its evolution (RQI and mRQI). The RSI
index is also relevant, as it reflects the overall extent of built-
up surface within risk zones. Table 3 lists all indices, with
shading used to highlight those of greater interest.

For a large number of LEs, frequency-based levels can be
defined to highlight the highest values within a given terri-
tory. Thus, the quantitative values provided by the preferred
indices in Table 3 must be converted into qualitative qual-
ifiers to establish a specific Management Code (MC). This
code should concisely convey the quality of results. Five
classes are proposed: Very High (VH), High (H), Medium
(M), Low (L), and Very Low (VL). Class boundaries are de-
fined by percentiles P90, P60, P40, and P20. These restric-
tive thresholds are designed to minimize type I errors (false
positives). Percentiles may be calculated for the entire study
area or for sufficiently large subareas, to account for local
singularities. LEs with low RI values must be excluded to
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avoid biasing the quantile results downward. This classifica-
tion is structured into five levels (A, B, C, D, E) for RQI and
mRQI. Due to its lower relevance, the RSI index (see Table 3)
is simplified into two levels only: high—very high (“a”) and
medium-very low (“b”). The threshold distinguishing both
levels is set at percentile P60. Based on these levels, five
management types are defined: Very improvable (VI), Im-
provable (I), Reviewable (R), Suitable (S), and Unaffected
(U, for entities with insignificant risk values). In addition, a
low proportion of surface under risk (RSI=b) reduces the
management type classification by one level. Indeed, a LE
with little construction in risk zones is less likely to present
significant problems, and in some cases, this could reflect
methodological error. Consequently, the main management
types (qualifiers) are summarized in Table 4. Codes in paren-
theses indicate cases downgraded one level due to low RSI.
From these main codes, all combinations of mRQI and RQI
levels can be derived, with descending importance assigned
as mRQI— RQI— RSI, in line with the criteria outlined
above. The final distribution is shown in Table 5, with shad-
ing highlighting the two combinations requiring the most at-
tention. According to this criterion, combinations including
an RSI =b are downgraded by one level. For instance, an en-
tity classified as AA with RSI = a falls into “Very improvable
(VD”; however, if it has RSI=b, it is downgraded to “Im-
provable (I)”. Similarly, entities classified as “Suitable (S)”
are reclassified as “Unaffected (U)” if RSI=b.

2.3 Considerations on data sources and regional
heterogeneity

Large and spatially heterogeneous territories, such as the Va-
lencian Community, pose significant challenges for landslide
risk assessment due to pronounced geological and land-use
variability, uneven and incomplete spatial coverage of land-
slide inventories, and differences in the spatial resolution of
available datasets. In addition, the lack of correspondence be-
tween physical variables and the administrative units used in
socioeconomic datasets can hinder data aggregation and limit
the comparability of risk estimates across scales.

To address these limitations, the proposed methodological
framework integrates multi-source datasets within a consis-
tent spatial reference system and applies normalization pro-
cedures to ensure that indicators derived from different units
and spatial resolutions are directly comparable. Landslide
susceptibility maps incorporate geological variables, digital
elevation models (DEMs), and land-use information, which
are combined through weighted coefficients derived from
multicriteria evaluation methods. Risk calculation is further
supported by the use of residential building economic value
as a proxy for exposed wealth.

The methodological design also explicitly addresses re-
gional heterogeneity by linking the risk surface index (RSI,
representing the extent of built-up areas under risk) with the
risk quality index (RQI, representing risk intensity) within
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Table 1. Risk indices: ranges of variation and general considerations.

2511

Index  Range Considerations
RSI [0, 1] Indicates the proportion of built surface in risk zones relative to the total. Levels L3, L4, and L5 are not distinguished.
RQI [pR4, 1/pR5]*  Indicates the proportion of built surface in levels L4 and L5 relative to total surface in risk zones.
High values occur in LEs where most construction is concentrated in L4 and LS.
mRSI  [-59°,459°]  Indicates the evolution of RSI. High positive values indicate major increases in built surface within risk zones.
However, if growth occurs mainly in L3, this will not substantially increase risk.
mRQI [-56° 456°] Indicates the evolution of RQI. High positive values occur when construction in L4 and L5 increases with little

growth in L3, clearly implying increased risk.

* A unit value occurs when all built surface is located in level L4. It may exceed one if construction also occurs in level L5.

LE1 LEL +t
GFA =10 RSI = 0.400 A30% RSI = 0.367
GFAgL3 =3.2 RQI =0.280 GFA & RQI =0.290 mRSI = -25.6°
GFAL4=0.8 RI=0.112 Rl =0.107 mRQl =3.9°
/ A5%
GFAL3
6.0 3.2 0.8 £10%
: : : GFALL4
V.
|:| LEn - GFAqoutofRisk | | GFAGL3 GFA, L4
LE2 LE2 +t
GFA =10 RSI =0.200 A20% RSI=0.183
GFA{L3=1.8 RQl =0.190 GFA R RQI = 0.187 mRSI = -9.6°
GFARL4=0.2 Rl =0.038 Rl = 0.034 mRQl =-1.7°
8% /
/ GFARL3
A 4% At
8.0 GFAgL4 9.6

Figure 2. Indices for different scenarios of landslide risk status and growth.

the global risk index (RI). This coupling allows the frame-
work to capture spatial contrasts between mountainous areas
prone to landslides and densely built residential zones, en-
suring a coherent representation of risk across the entire ter-
ritory. In addition, the temporal trend indicator of risk quality
(mRQI) provides a dynamic measure of changes in exposure
and vulnerability, preserving both the magnitude and direc-
tion of change through normalization to a —1 to +1 scale.

Although the present implementation focuses on the Va-
lencian Community as a case study, the proposed framework
is designed to address challenges inherent to large and het-
erogeneous regions. Future applications may further refine
this approach through the systematic incorporation of addi-
tional normalized variables and extended temporal series, en-
hancing its transferability and robustness in diverse territorial
contexts.

https://doi.org/10.5194/nhess-26-2505-2026

3 Application to the Valencian Community (Case
Study)

3.1 Study area

The Valencian Community is an autonomous region of Spain
located in the eastern and southeastern Iberian Peninsula,
along the Mediterranean coast. Covering 23 255 km?, it is the
eighth largest region in Spain by surface area and represents
4.6 % of the national territory. The inland areas are moun-
tainous, with peaks exceeding 1800 m in elevation. Its com-
plex orography is shaped by the proximity of the sea, with
a fluvial system that carves into mountain headwaters and
expands into alluvial plains toward the coast. This narrow,
elongated territory extends in a north—south direction, bor-
dered by Tarragona to the north and Murcia to the south, and
bounded to the east by the Mediterranean Sea. It includes the
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Table 2. Comparison of indices between LE1 and LE2 (based on Fig. 2).

Comparison Interpretation

RSI; >RSI, LE1 has a higher proportion of built surface in risk zones relative to total construction.
LE1 will only have higher risk if its surface in L4 is greater.

RQI; > RQI, LE1 has a higher proportion of construction in L4. LE1 therefore has higher risk.

mRSI, > mRSIj

LE2 increases its proportion of surface in risk zones more during t1-t2. However, LE2 will only have higher risk growth

if more surface is built in L4, which is not the case in Fig. 2.

mRQI; > mRQI,
LEI therefore increases its risk more than LE2.

LE]1 increases its proportion of construction in L4 more during t1-t2.

Table 3. Quantitative risk indices (preferred indices highlighted in
italics).

Category  Global risk  Risk quantity ~ Risk quality
State RI RSI RQOI
Trend mRI mRSI mRQI

provinces of Castellén (CST), Valencia (VLC), and Alicante
(ALC), which together comprise a total of 542 local entities
(municipalities). According to 2023 data from the Spanish
National Statistics Institute (INE), Alicante covers 5820 km?
with a population of 1955268; Castellén covers 6637 km?
with 604 086 inhabitants; and Valencia covers 10810km?
with 2 656 841 inhabitants. Most of the population is concen-
trated along the relatively flat coastal strip, although certain
mountainous coastal areas show significant development of
tourist housing and second residences. In Fig. 3b, population
densities for each municipality in 2021 are represented as the
number of inhabitants per 100 m? of GFA. The distribution
follows the expected pattern of higher values along the coast
and lower values in the mountainous interior ranges.

The lithology of the mountainous zones in the study area
is essentially carbonate (limestone and dolomites with sub-
stantial marl layers) from the Late Cretaceous period. The
foothills consist of later Tertiary and Quaternary clay and
silt deposits. The incidence of intense Alpine tectonics has
resulted in a high degree of rock fracturing, which favours
slope instability.

The Valencian Community is not only extensive but also
highly heterogeneous, comprising coastal metropolitan ar-
eas, intermediate zones, and mountainous inland regions
with distinct geomorphology, land-use patterns, and socio-
economic dynamics (Gielen et al., 2018). This diversity
poses a major challenge for landslide risk assessment be-
cause susceptibility factors, exposure, and vulnerability vary
significantly across municipalities. Furthermore, urban de-
velopment has historically followed a dispersed and discon-
tinuous pattern (Gielen et al., 2018), particularly in coastal
and peri-urban areas, which increases the complexity of map-
ping exposure and evaluating risk. These characteristics re-
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quire a methodology capable of integrating detailed cadastral
data and susceptibility mapping at a fine spatial scale, ensur-
ing comparability across such a fragmented territory.

Although urban development in the region is partially reg-
ulated by the Land Use Planning and Landscape Protection
Law (Generalitat Valenciana, 2021), whose article 15 de-
fines the Territorial Strategy of the Valencian Community
(ETCYV) as the instrument for territorial planning, this frame-
work was introduced relatively late. Its aim is to limit the
spread of mass tourism, which expanded throughout Spain
after 1970 (Galiana Martin and Barrado Timén, 2006). This
trend has been particularly intense in the Valencian coastal
zones, reaching its maximum expression along the northern
coast of Alicante. As a result, these territories have experi-
enced significant urban expansion (Gielen et al., 2018), often
without adequately considering the impact of natural hazards
— further reinforcing the need for a risk assessment approach
adapted to large, spatially heterogeneous regions.

3.2 Starting data
3.2.1 Cadastral data

In Spain, local administration is organized into municipal-
ities, and their residential surface data are recorded in the
cadastral parcels that compose each municipality. These
cadastral data were obtained from the Cadastral Cartogra-
phy Services compliant with the INSPIRE Directive, pro-
vided by the Spanish General Directorate of Cadastre. The
cadastral information, adapted to the European INSPIRE Di-
rective, is available through interoperable services (WMS
and WFS) and can be downloaded by municipality. Among
the attributes provided by cadastral parcels (or Dwelling
Units, DUs) are those required for this study: built surface
(GFA), year of construction, and type of use. Accordingly,
functional cadastral parcels with residential use were se-
lected, while those with a construction date prior to 1900
were excluded. A first period between 1900 and 1950 was
used to calculate an initial cumulative risk as a baseline. Sub-
sequently, decadal series were defined beginning in 1950,
which reduces random annual variability. The most recent
decades coincide with the official census years in Spain
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Table 4. Main classification types.
Class Level Code management Management type
mRQI RQI RSI
Very High A A a AAa Very improvable (VI)
High B B a, (b) BBa, (AAb) Improvable (I)
Medium C C a, (b) CCa, (BBb) Reviewable (R)
Low D D a, (b) DDa, (CCb) Suitable (S)
Very Low E E a,b EEa, EEDb, (DDb) Unaffected (U)
Table 5. Management type classification.
RQI levels |/mRQI levels - A B C D E
A Very improvable (VI)  Improvable (I) Reviewable (R)  Suitable (S)  Unaffected (U)
B Very improvable (VI)  Improvable (I) Reviewable (R)  Suitable (S)  Unaffected (U)
C Improvable (I) Improvable (I) Reviewable (R)  Suitable (S)  Unaffected (U)
D Reviewable (R) Reviewable (R) Reviewable (R)  Suitable (S)  Unaffected (U)
E Suitable (S) Suitable (S) Suitable (S) Suitable (S)  Unaffected (U)

(1981, 1991, etc.), produced by the Spanish National Statis-
tics Institute (INE).

3.2.2 Valuation of residential buildings

The Spanish Cadastre provides an annual municipal prop-
erty valuation, updated yearly in the Official State Gazette,
based on a specific coefficient assigned to each municipal-
ity. However, this coefficient is not revised every year and
varies widely, making it unsuitable for comparable values at a
given moment. For this reason, cadastral valuations were not
used. Instead, it was found more practical and realistic to use
Dwelling Value (DV) expressed as the market appraisal price
in EUR m™2, available from real estate web portals. These
statistics are based on second-hand housing sale listings pub-
lished by private users and professional agents. Some por-
tals consulted include RealAdvisor, Idealista, Fotocasa, and
Hogaria.net. Publicly available municipal-level data were av-
eraged to obtain DV. For each dwelling unit or cadastral par-
cel (DU), the value in EUR was calculated by multiplying its
surface area by the market appraisal (DV, EUR m~2) for each
decade of the time series. Constant EUR from the first quar-
ter of 2022 were used, enabling comparisons of accumulated
increases in housing stock without the influence of inflation.

3.2.3 Landslide inventory and databases

First, landslide mapping at 1:50000 scale in vector for-
mat was used, produced by the Regional Ministry of Pub-
lic Works, Urbanism, and Transport (COPUT) of the Gen-
eralitat Valenciana in the project Lithology, industrial rock
exploitation and landslide risk in the Valencian Commu-
nity (Martinez and Balaguer, 1998). This map was devel-
oped from geological and geotechnical data of the Spanish
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Geological and Mining Institute (IGME), topographic maps
at 1:50000 scale, and aerial photographs available at that
time. It was used to calculate spatial probability of landslides
across susceptibility classes defined in LSMs. Additionally,
the national-scale database of ground movements known as
BD-MOVES (IGME) was used, which complies with the IN-
SPIRE Directive (European Parliament and Council, 2007).
This database, created in 2014, constitutes Spain’s national
inventory of ground movements. It is structured into two
georeferenced information blocks: (i) the description of in-
trinsic and relatively invariable characteristics of the move-
ment, and (ii) the different activity events that generated such
movements, including morphometry, triggering factors, and
damages. This database was used to locate movements in the
three provinces and, by considering their occurrence dates,
to calculate their temporal probability.

3.2.4 Landslide susceptibility mapping

The susceptibility levels defined in the Landslide Suscepti-
bility Map (LSM) developed in a previous study (Cantarino
et al., 2019) were used. This mapping is characterized by
a resolution of 25 x 25m and the application of a Spatial
Multicriteria Evaluation (SCME) method to weight the se-
lected factors: slope, lithology, and land cover. Specifically,
the susceptibility thresholds defined in that work were ap-
plied, particularly the medium, high, and very high classes
(L3 to L5). These thresholds were derived through an ob-
jective and detailed classification based on ROC (Receiver
Operating Characterization) analysis, which exploits the in-
trinsic variability of the data and represents one of the first
applications of this type of maps. For this study, the spatial
probability of each class was determined by comparing these
susceptible areas with those recorded in the inventory. Com-
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Figure 3. (a) Physical map and (b) population density map (2021) expressed in inhabitants per 100 m? of GFA.

bined with temporal probability, this enabled the calculation
of hazard and, ultimately, risk assessment.

4 Method development

The methodology described in Sect. 2 was applied using the
specific data of the study area presented in Sect. 3. Its calcu-
lation process was illustrated in the flowchart shown in Fig. 1.

4.1 Landslide risk calculation

As outlined in the methodology section, risk calculation re-
quires evaluating the interaction between hazard (probabil-
ity), exposure (value of the elements at risk), and vulnerabil-
ity (severity of potential damage). In this case, since specific
values are not available for each dwelling, risk was calcu-
lated for the entire local entity, in accordance with Eq. (2).
The resulting risk values are expressed in euros (EUR) for
the case study. The application of Eq. (2) to this particular
case is detailed in the following subsections.

4.1.1 Hazard

To calculate the spatial and temporal probability of land-
slides, according to Eq. (3) in Sect. 2.1.1, the landslide
databases described in Sect. 3.2.3 were used. The spatial
probability (Ps) was calculated from the number of poten-
tial landslide areas, based on the COPUT landslide inventory
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for the study area, following Eq. (4). In this case, P; was de-
termined for each susceptibility level considered (L3, L4, and
L5), since L1 and L2 do not include representative landslides.
SRLi was obtained from the COPUT inventory. An adjust-
ment factor (Fyj) of 20 % was applied, derived from the ratio
between built surface within risk zones and total risk surface.
The annual probability (P,) was obtained using Eq. (5) with
the BD-MOVES database of the IGME, which reports land-
slide events along with their location and date. Given the rela-
tively low frequency of landslides in the study area, a decadal
probability (Pg) was also computed. This value is derived
from P, using the binomial (Bernoulli) model, whose prob-
ability mass function for n trials and k successes (each trial
with probability p) is:

P(k,n,p) = (Z ) x pt(1—py"* (15)
Applying this to the probability of at least one event in a 10-
year period yields:

Pi=1—Plk=0]=1—(1—Py° (16)

Using BD-MOVES, duplicate events and minor landslides
(=300 x 300m) were excluded, and landslides were clas-
sified by their location within each LSM level. In total,
73 landslides of sufficient size were identified across the
three provinces, excluding variants of the same event. A 70-
year interval was adopted for all levels, corresponding to
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the period with more systematic records, although earlier
records exist. Since decadal probability is of interest, proba-
bilities were recalculated using the binomial formulation in
Egs. (15)—(16). The two lowest susceptibility levels (L1 and
L2) were excluded (only included in the total SL column), as
no landslides were recorded in these zones. In addition, the
adjustment coefficient G,; was not applied. The results are
summarized in the following Tables 6 and 7.

4.1.2 Exposure

In this study, only residential buildings are considered. These
are characterized by relatively homogeneous typologies in
the study area, particularly new vacation housing such as ter-
raced or detached houses. Apartment blocks are generally
not constructed in the areas under consideration, but rather
in flat zones and/or near the coast. Building height will be
considered later in the calculation of vulnerability; however,
for exposure a single appraisal value (DV) is applied to all
constructions within the same municipality. The valuation of
these elements was based on the habitable surface (GFA) pro-
vided by the Cadastre for each parcel, multiplied by the aver-
age municipal appraisal value obtained from real estate por-
tals, as described in Sect. 3.2.2. Thus, exposure is expressed
as the total value in euros per municipality for all dwellings
exposed to landslide risk. The construction value used to ob-
tain exposure for each cadastral parcel or building exposed
to potential landslides, according to Eq. (6), is given by:

E1g(EUR) = Z GFApy (m?) x DV g(EUR m?) 17

This metric makes it possible to estimate the reconstruction
value of each parcel and municipality based on its built sur-
face. All values are expressed in constant EUR from the first
quarter of 2022, as noted in Sect. 3.2.2.

4.1.3 Vulnerability

Vulnerability is a function of the magnitude or intensity of
the landslide (Landslide Magnitude, LM) and the resistance
capacity of the exposed element (see Sect. 2.1.3). These data
are not necessarily included in the available landslide inven-
tories (e.g., BD-MOVES and COPUT), although the depth of
the planar slip surface typically ranges between 1 and 1.5m
(Pereira et al., 2012). The landslides occurring in the study
area are shallow and of small magnitude, such that they do
not completely destroy buildings. This type of building dam-
age caused by landslides is classified by Léone (1996) as
level III (on a scale from I to V), which corresponds to struc-
tural damage between 0.4 and 0.6 on a 0-1 scale. Consider-
ing this example and the fact that shallow slides in the study
area show little variability in affected area, slip surface depth,
velocity, volume, and typical damage, a single fixed value of
LM was assumed [according to susceptibility level]. There-
fore, LM was set at 0.6 on a heuristic scale ranging from O to
1 (Silva and Pereira, 2014). This fixed LM value was applied
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consistently across the study area due to the predominance of
shallow, small-magnitude landslides.

The other factor in vulnerability assessment is the re-
sistance of residential buildings (Building Resistance, BR),
which depends on construction typology. In the study area,
building techniques, materials (concrete), and structural
types are relatively uniform and generally well preserved,
so resistance is considered adequate. Construction age was
not considered, assuming that most exposed buildings corre-
spond to recent development, since safer areas had already
been occupied. The main difference lies in the average num-
ber of floors per dwelling, although this is generally low and
shows little variation. According to Sect. 2.1.3 and Eq. (7),
higher BR values are assigned to taller buildings. Thus, the
final vulnerability (V') depends only on the number of floors
(NF), which was also obtained from the Spanish Cadastre.
Table 8 presents the values used for this calculation, follow-
ing a previous study of the area (Cantarino et al., 2021).

4.1.4 Final risk calculation

The final risk value for each local entity is obtained by apply-
ing Eq. (2) together with the formulations presented above.
Thus, the total risk value for a given LE, according to its
dwelling units (DU) located within a certain risk level (i), is
expressed as:

RVLg(EUR) =) RVpy(EUR)

=Y [Py x Pa,] x [GFAR x DVig]
x [LM x (1 — BRpy)] (18)

It is important to stress that this study does not aim to produce
an exhaustive or highly rigorous quantitative risk assessment.
Rather, its main purpose is to provide a first approximation
of the situation and evolution of landslide risk in each local
entity, using comparative and relational procedures. Greater
accuracy or complexity in risk calculation would not lead to
significantly different outcomes, since the quantitative results
are ultimately synthesized into only five management cate-
gories.

4.2 Risk assessment

To obtain an objective evaluation of the state and evolution
of landslide risk, the indicators defined in the methodology
were calculated. Specifically, values of RI, RSI, and RQI
were obtained for all decades in the available series, begin-
ning in 1950/60, which coincides with a notable increase
in construction activity resulting from the country’s eco-
nomic and tourism boom. The trend in risk growth (mRQI)
was calculated as the slope of the regression line (expressed
in sexagesimal degrees) for the four most recent decades,
i.e., between 1981 and 2021. The 1950/60 and 1960/70
decades were excluded due to their large variations — linked
to the aforementioned surge in construction activity — and
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Table 6. Landslides, level, and risk surfaces.

I. Cantarino Marti et al.: Spatiotemporal landslide risk assessment

Level Class No. landslides SL Level Surface Area ~ SRL Risk Surface Area
(CST/VLC/ALC)  (km?) (CST/VLC/ALC)  (km?) (CST/VLC/ALC)
L3 Medium 3/3/5 1986.8/3207.5/1717.8 9.0/19.0/7.2
L4 High 8/6/10 1038.8/1628.0/639.8 17.2/83.3/28.3
L5 Very High 13/12/13 394.9/681.4/439.7 18.2/36.9/23.9
Total 24/21/28 6563.5/10690.7/5724.3 44.4/139.2/59.4
Table 7. Hazard calculation.
Level Class Temp. Prob. (Pg)  Spatial Prob. (FPs) Hazard (H)
(CST/VLC/ALC)  (CST/VLC/ALC) (CST/VLC/ALC)
L3 Medium 0.075/0.075/0.125  0.005/0.006/0.004  0.0003/0.0004/0.0005
L4 High 0.200/0.150/0.250  0.017/0.051/0.044  0.0033/0.0077/0.0111
L5 Very High  0.325/0.300/0.325  0.046/0.054/0.054  0.0150/0.0163/0.0177
to avoid working with an excessively long series. As jus- 0.45 — R
tified in the methodology, the trend in risk surface growth 7 T~ ———e e
(mRSI) was not included. Finally, risk classification was car- 04 — RQI Te-—-— T
ried out for the analyzed municipalities. The quantiles de- ]
fined in Sect. 2.2.2 were applied to establish five classes for g 035 | G\K—Q—M_Q
each province separately, thus individualizing results. The 2 03— RSI 3
threshold distinguishing the two RSI levels was set at the P60 s R - > > o—=b
percentile. The 2011/21 decade was used for state variables, 2 025 — %\91‘8/3/@/
while the 1981-2021 interval was used for growth variables. - e m e _2_ __ z __ _Z
For percentile calculations, the 260 municipalities with rele- 0.2 — N agl
vant risk (RI > 0.001) were selected. Additionally, provincial . — ALC — CST VLC
differences were identified, which are discussed in Sect. 5. 0.15 T T 17 T T " T T " T " T "1
Table 9 presents the percentiles used to define the lower 1950 1960 1970 1980 1990 2000 2010 2020 2030

limits of the index levels. The province of Castellén shows
higher quantile thresholds for the state variables, which ap-
pears to indicate a greater risk situation due to its mountain-
ous orography and the predominance of small settlements.
This confirms the interpretation noted in Table 1.

Moreover, the temporal indices reveal that at least 10%
of the municipalities (P90) show a notable upward trend in
risk during 1981-2021. Castellén and Alicante both display
similarly elevated values, although driven by different fac-
tors: Castellon’s increase is mainly attributable to its inher-
ently more susceptible geomorphological conditions, while
in Alicante the rise relates to tourismdriven development and
growing construction pressure in areas exposed to slope in-
stability.

5 Results

As a result of the first part of the methodology, all indices
were calculated for the 542 municipalities of the Valencian
Community across the decadal series beginning in 1950. The
average values of the state indices RSI and RQI for munici-
palities with significant risk are shown in Fig. 4. This graph
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Years

Figure 4. Decadal evolution of state indices.

shows a fairly stable evolution with a slight downward trend,
with some nuances. The province of Castellén stands out
due to its higher values, explained by its mountainous terrain
and the prevalence of smaller municipalities where higher
index values are reached. A slight increase in RSI is also
observed in Alicante, driven by its role as a vacation des-
tination in coastal municipalities. However, this rise is not
accompanied by an increase in RQI, indicating lower occu-
pation of high-risk zones. Subsequently, mRQI values were
calculated for the 1981-2021 series. The averages (Alicante:
—0.02°; Castellén: 1.03°; Valencia: —0.40°) again highlight
the higher values of Castellén, consistent with the reasons
described above. Using all these data, the 542 municipalities
were classified according to the management types defined
in the methodology. This provincial breakdown is presented
in Table 10.

Table 10 shows that only 22 municipalities exhibit a clear
need to improve their risk management. Castell6n stands out
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Table 8. Vulnerability as a function of building height.

Number of floors
(NF)

Landslide Magnitude Resistance
(LM)

(BR)

Building

V)

Vulnerability

>8
84
4-2
<2

0.6
0.6
0.6
0.6

30 %
20 %
10 %
0%

0.42
0.48
0.54
0.60

Table 9. Percentile values for index thresholds, with mRQI ex-
pressed in normalized values.

Alicante
(RSI/RQI/mRQI)

Valencia
(RSI/RQI/mRQI)

Castellon
(RSI/RQI/mRQI)

0.91/1.10/0.23
0.35/0.36/0.00
0.15/0.21/-0.01
0.06/0.11/-0.15

Percentile

P90
P60
P40
P20

0.65/0.58/0.16
0.19/0.29/0.00
0.10/0.19/-0.02
0.04/0.09/—0.09

0.68/0.46/0.23
0.31/0.24/0.02
0.15/0.16/—0.02
0.08/0.08/—0.08

with 9 cases, despite not being the largest province, as many
small municipalities are located in mountainous areas where
high index values are more easily reached (see Sect. 4.2). At
the other extreme, 282 municipalities show no significant ex-
posure to landslide risk. Castellén and Alicante show similar
results but under very different scenarios. When population
density (see Fig. 3b) is considered, the nine Castellén mu-
nicipalities present an average of 0.41 inhabitants 100 m~?2
GFA, whereas the six municipalities in Alicante show an av-
erage of 0.80. With nearly double the density, the higher in-
dex values in Alicante result from stronger construction ac-
tivity driven by housing demand pressures. These munici-
palities are larger, more populated, and benefit from greater
economic development, with tourism playing a decisive role.

Figure 5 presents four maps depicting, for all municipal-
ities, the variables most influential in defining risk manage-
ment, according to the quantiles specified in Table 9. Fig-
ure 5d summarizes the overall management classification.
The figure illustrates the spatial distribution of the differ-
ent indices. High RSI values are concentrated mainly in in-
land areas, whereas high RQI values also extend to coastal
zones, a pattern further accentuated in mRQI. The classifica-
tion map (Fig. 5d) is particularly informative, showing mu-
nicipalities with higher management levels in inland Castel-
16n, while in Alicante they are predominantly located along
the coastal strip.

As noted, some municipalities historically located in
risk areas show an RSI value of 1 throughout the series
(GFA = GFAR). Based on the processed data, these maxi-
mum values occur in seven municipalities in Alicante and
four in Castelldn, all of them small, mountainous settlements
where 100 % of the built surface lies in medium-to-high risk
zones. This problem is linked to the siting of historic town
centers, although no landslides have occurred within urban
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Figure 5. Municipality classification: (a) RSI; (b) RQL (¢) mRQI
and (d) management type.

areas over the last century. This confirms that the indicator
reflects exposure quantity rather than risk quality.

With respect to RQI, 17 municipalities in Castellén and 3
in Valencia exceed the value of 1. This indicates that most of
their risk surface lies above level L4 (see Table 1), a situation
only possible in small municipalities. In all these cases, this
is explained by the partial location of historic town centers in
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Table 10. Management types by municipality.

I. Cantarino Marti et al.: Spatiotemporal landslide risk assessment

Province  Very Improvable Improvable Reviewable Suitable Unaffected Total
Castell6én 9 13 14 31 68 135
Valencia 7 30 29 46 154 266
Alicante 6 24 23 26 62 141
Total 22 68 65 105 282 542

high-risk zones. Only six municipalities show a significant
increase in the temporal series, all in Castellén, likely re-
flecting demand for second homes, since these are not major
tourist destinations. High RQI values (> 0.7) may coincide
with low RSI values, a relatively common situation in small
settlements. This indicates that while the exposed surface is
small, it is largely situated in high or very high risk zones.
Since the affected surface is limited (RSI “b”) and RQI is not
high, their management types are classified as Reviewable or
Suitable.

Noteworthy is the concentration of “Very Improvable”
municipalities along the coastal strip of Alicante, encom-
passing well-known vacation destinations with high popu-
lation density. This includes the La Marina region, which
was previously studied by the same authors (Cantarino et
al., 2021), with results consistent with those presented here.
Specifically, the municipalities of Altea and Benitatxell, al-
ready identified in the earlier study, again emerge in this
work, although the methodological approach differs.

According to Fig. 5d, it is also significant that municipal-
ities in the coastal mountain ranges of Castellén, many of
them subject to tourism pressures similar to those in Valen-
cia (Cullera) or Alicante (La Marina), are not classified as
highly affected. This is due to the fact that these Castellén
ranges are protected by the Valencian regional government
as natural parks, thus avoiding residential urban expansion
into unsuitable areas.

6 Discussion

6.1 Interpretation of landslide risk in the Valencian
Community

This section provides a global perspective of the results
for the 260 municipalities with significant landslide risk
(RI> 0.001). First, it analyzes the relationships among the
main municipal variables obtained during the course of the
study. Second, it examines the evolution of the key variables
used in this research through the definition of a growth rate
that enables straightforward graphical comparison. The sup-
plementary municipal variables, not explicitly described ear-
lier, are presented in Table 11.

To examine the relationship of these supplementary vari-
ables together with DV, RI, RQI, and RSI (for the year 2021,
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across 260 municipalities), a correlation analysis was con-
ducted, highlighting the main results. The correlation matrix
obtained reveals a statistically significant and positive corre-
lation between the appraisal value (DV), population (PopT),
and construction activity trend (mSpGFA). This is a logical
result reflecting normal growth. However, although there is
also a significant correlation between RI and RSI, as well as
between population and construction activity, the sign is neg-
ative, with a stronger effect for RSI. In other words, in larger
municipalities with intense construction activity, RI values
are lower and, in particular, the share of built surface located
in risk zones decreases. These indices, including RQI, show
no significant correlation with other variables such as prop-
erty appraisal value, which can be explained by the fact that
the highest risk values do not occur in the most touristic set-
tlements.

Figure 6 provides a summary, by province and decade, of
risk value RV, GFA and population for municipalities with
significant risk (RI > 0.001). In addition, a set of risk indica-
tors based on the concept of growth rate (GwR) or variation
is proposed:

(Final value — Initial value)
GwR =

Initial value x 100. (19)
In all cases, a significant increase in construction activity
(80 %) is observed between the period of economic and
tourism takeoff (1960s/70s) and 1981. Thereafter, the trend
gradually moderates. The low construction rate of 2011-21
clearly reflects the impact of the economic crisis. Risk val-
ues stabilized from the 1970s, when the first phase of con-
struction expansion had ended. Importantly, this process does
not parallel population growth, suggesting that construction
activity was driven less by housing demand and more by
tourism or second homes.

The province of Alicante stands out in all growth indica-
tors, particularly those linked to population dynamics, de-
spite its rugged orography. Its construction activity is much
greater, especially in terms of risk values, but not propor-
tional to its population dynamics, indicating that a significant
share of development serves as secondary residential desti-
nations. At the opposite end, Castellén shows a more rural
profile, with lower population levels and some construction
in risk zones, but with lower absolute values. This suggests
a less touristic profile, with development more related to pri-
mary housing and second homes. Therefore, it is essential to
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Table 11. Supplementary LE variables.
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Variable Units Description
SpGFA ha Specific rate of construction activity in the municipality, calculated as GFA (mz) relative to the total
municipal surface area for 2021
mSpGFA  degrees Trend in total construction activity between 1981 and 2021
PopT inhabitants  Total population per municipality for 2021
100 — — ot — 100 30 et — 100
g — VIC 3 1 — VLC L
GwR — ALC 25 —
~ 80— 80 - 80
o .
ER L = L =
. S & 20 &
£ 60 AN Lo & £ GwR N 60 &
g RV & ¥ ] GFAg in risk &
= E F g =15 F 5
> g g E
% a0 L0 = A 5
g s < T3
R i g 5 10 2
% © | O
& 20 - 20 20
5 —
0— -0

1950 1960 1970 1980 1990 2000 2010 2020 2030
Years

(@)

— 100
— CST

— VLC L

GwR

N

... 60
GFA for LE in risk

40

Growth rate, GWR: (%)

1950

1960

1970 1980 1990

Years

()

2000 2010 2020 2030

1950 1960 1970 1980 1990 2000 2010 2020 2030

Years
(b)
2000 — — 100
— CST |
7 — VLC
— ALC — 80

~
PopT for Le inrisk [

GwR
I / 20
_‘ = 0
0 T I T l T | T I T l T I T l T '20

1950 1960 1970 1980 1990 2000 2010 2020 2030
Years

(d)

PopT for LE in risk: (103 x inhab)
1
I
&
Growth rate, GWR: (%)

IS

=)

S
|

Figure 6. Historical evolution of some variables (lines) and their growth rate (GWR, columns): (a) risk value (RV, EUR million, 2021);
(b) GFA in risk (GFAR, kmz); (¢) total GFA for LE in risk (kmz); (d) population for LE in risk (PopT, 103 x inhabitants).

combine population data with risk metrics to obtain a com-
plete picture of each area under study. Population data alone
cannot resolve the issue of second homes and their occu-
pancy rate, but knowing the magnitude of the affected pop-
ulation is a dimension of risk that must be studied with the
same intensity as housing exposure itself.
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6.2 Strengths, limitations and transferability of the
proposed framework

The proposed framework represents a structured and trans-
parent approach for assessing landslide risk over large and
heterogeneous regions by decomposing risk into physically
based susceptibility (RSIT) and socioeconomically driven ex-
posure and vulnerability components (RQI), and by ex-
plicitly accounting for their temporal evolution through the
mRQI. One of its main strengths lies in its capacity to inte-
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grate multi-source datasets with different spatial resolutions
and thematic characteristics into a coherent, dimensionless
index, enabling both spatial comparison across administra-
tive units and temporal comparison within the same unit.
This feature is particularly relevant for regional-scale anal-
yses, where data heterogeneity and scale mismatches often
hinder consistent risk assessment.

Despite these strengths, the framework also presents lim-
itations that need to be explicitly acknowledged. At the re-
gional scale considered, residential buildings are treated as
homogeneous units in terms of construction materials and
dwelling unit value, reflecting the level of data aggregation
and the lack of spatially detailed building information. This
simplification enables consistent comparison across munici-
palities but may reduce the accuracy of risk estimates at the
local scale, particularly in areas with strong intra-urban het-
erogeneity.

In addition, the exclusion of susceptibility level LS from
the main analysis represents a conservative methodological
choice aimed at maximizing regional representativeness, but
it may lead to an underrepresentation of extreme-risk condi-
tions at very localized scales.

Its performance strongly depends on the availability and
quality of spatially explicit socioeconomic data, as well as
on the existence of reliable landslide inventories. Conse-
quently, the framework is most robust in contexts character-
ized by relatively formalized urban development, established
land-use planning instruments, and consistent data collection
practices, such as those typically found in European regions.
In areas dominated by informal or spontaneous settlements,
where building standards are weakly enforced and socioeco-
nomic indicators are poorly documented, some components
of the RQI may require alternative proxies or simplified rep-
resentations. In such cases, the direct transferability of the
framework without contextual adaptation may be limited.

From a broader research perspective, the framework
should therefore be understood as a flexible methodologi-
cal structure rather than a universally applicable model. Its
conceptual design allows for adaptation to different territo-
rial and socioeconomic contexts, provided that the indicators
used to represent exposure and vulnerability are appropri-
ately redefined. This makes the framework potentially rele-
vant for applications in data-scarce or developing regions, but
only after careful consideration of local conditions and data
constraints. By explicitly defining its domain of applicabil-
ity, this study contributes to ongoing efforts in landslide risk
research to move beyond static, single-scale assessments to-
ward more transparent, comparable, and temporally dynamic
risk representations.
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7 Conclusions

The proposed framework demonstrates its suitability for
large, spatially heterogeneous regions by addressing two
critical challenges: territorial diversity and fragmented ur-
banization. As highlighted by Gielen et al. (2018), the
Valencian Community has experienced significant urban
sprawl, resulting in scattered residential areas often located
in zones with contrasting hazard levels. By incorporating
high-resolution cadastral data and defining dimensionless in-
dices (RI, RSI, RQI), together with temporal trend indicators
(mRQI, mRSI), the framework enables a consistent evalua-
tion of both the magnitude and the quality of landslide risk
across municipalities, overcoming the limitations of tradi-
tional approaches based on regional averages and assump-
tions of territorial homogeneity. In particular, the mRQI pro-
vides a meaningful indicator of the temporal evolution of
risk quality at the local scale, highlighting potential progres-
sive occupation of unsuitable land for residential housing and
supporting reflection on municipal land-use practices.

Beyond the specific case study, the main contribution of
this work lies in its methodological structure. The use of
normalized, dimensionless indices combined with temporal
trend analysis allows landslide risk to be decomposed into in-
terpretable components and compared across administrative
units and time periods. This approach addresses key chal-
lenges in regional-scale risk assessment, such as data het-
erogeneity and scale inconsistencies, while remaining con-
ceptually transparent and computationally straightforward,
thereby facilitating its transfer to other regions with compa-
rable baseline information.

Despite these strengths, the framework is most robust in
contexts where reliable landslide inventories, cadastral in-
formation, and socioeconomic datasets are available, as is
typically the case in regions characterized by formal plan-
ning systems. In areas dominated by informal settlements or
limited data availability, some components of the framework
may require adaptation through alternative proxies or simpli-
fied indicators. Future research should explore such adapta-
tions, as well as the integration of population-based exposure
metrics, in order to further enhance the framework’s appli-
cability across diverse geographical and socioeconomic set-
tings.

Forecast-based and scenario-oriented assessments of nat-
ural hazards are essential for mitigating their impacts and
supporting risk-informed territorial management. While such
analyses are increasingly considered by public administra-
tions, they are often implemented only partially or in iso-
lation. Continued refinement of integrated and comparable
risk assessment frameworks, such as the one proposed here,
is therefore crucial to support more effective planning strate-
gies and to strengthen societal capacity to anticipate and mit-
igate the consequences of natural hazards.
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Appendix A

An important feature of the RI index (defined in Eq. 8) is the
possibility of deriving two highly useful partial indices. By
multiplying and dividing the expressions shown in Eqgs. (9)
and (10) by the constructed surface in risk zones (GFAR), we
obtain:

GFAR x RV
RI= (A1)
GFAR x (Hyg x V,;, x GFA x DV)
Rearranging yields:
GFAR RV
RI= (A2)

GFA  Hy x V,, x GFAR x DV

Thus, RI can be expressed as the product of two compo-
nents: the Risk Surface Index (RSI) and the Risk Quality In-
dex (RQI):

RI = RSI x RQI (A3)
GFARr
RSI = Ad
GFA (A9
RV
RQI = (AS5)

Hy x V,, x GFAR x DV

On the other hand, Eq. (AS) can be further developed as-
suming that residential building typologies are similar within
a LE, such that vulnerability is constant (V; = V,,,) and DV is
uniform. Considering the hazard probability ratios (pR) be-
tween susceptibility levels defined in the LSM:

_ H(L3)
 H(L4)
s H(L4)
H(L5)

Then, for levels L3, L4, and L5:

(A6)

(A7)

RQI
_ H(L3) x GFARL3 + H (L4) x GFARL4 + H (L5) x GFARLS
- GFAR H (L4)

pR4 x GFARL3 + GFARL4 + p% x GFARLS
- GFAR

_ pR4 x pR5 x GFARL3 + pR5 x GFARL4 + GFARLS5
- GFAR x pR5

(A8)

This can be simplified when no built surface exists in L5:

R4 x GFARL3 + GFARL4
RQI = PRT X OPARLS F OPAR (A9)
GFAR

This simplification of RQI clearly shows that its value
depends mainly on the built surface located in high-
susceptibility zones (GFARL4), since pR4 is less than one.
If the total GFA increases in the same proportion as the sur-
face at level L4, the RQI value remains constant.
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