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Abstract 

Accurate estimation of depth–duration–frequency (DDF) curves is essential for 
hydrological analyses and flood-risk mitigation. Regionalization methods are particularly 
important in areas with limited observations, but their performance may deteriorate 
where topography and climate generate strong spatial variability. This study investigates 
the Gargano promontory in southern Italy, an area that is commonly treated as a single 
hydrologically homogeneous zone despite its marked morphological and climatic 
contrasts. Annual maximum rainfall data from eight rain gauges, together with 
topographic and climatic descriptors, were analyzed to assess whether local factors help 
explain the variability of DDF-curve parameters. The analysis focused on elevation, 
distance from the sea, and a wind-effect index derived from a digital elevation model. The 
results indicate that the regional behavior of extreme rainfall is not spatially uniform and 
that several DDF-curve parameters are influenced by local physiographic controls. 
Different controls emerge for different station groups, and a physiographically based 
subdivision of the Gargano promontory into windward and leeward sectors provides a 
more coherent representation of DDF-curve parameters than the currently adopted single-
zone regionalization. 

Keywords: depth–duration–frequency curves; extreme rainfall; regionalization; Gargano 
promontory; wind effect; sea influence 
 

1. Introduction 
The hydrological response of a region depends on the interaction among climatic, 

meteorological, geographic, and morphological factors. Reliable physically based or 
statistically consistent models therefore require datasets that are both sufficiently long and 
spatially representative [1]. However, the inherent spatial and temporal heterogeneity of 
extreme precipitation often challenges the predictive capability of standard hydrological 
models, making localized investigations essential to capture non-stationary climatic 
trends [2–4]. 

Regionalization approaches have long been used to support hydraulic design in 
data-scarce and ungauged basins [5]. Despite sparse monitoring networks, these methods 
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often provide acceptable estimates of spatial rainfall variability at the regional scale [6,7]. 
Their performance can nevertheless deteriorate in areas with pronounced geographic and 
morphological contrasts, such as the Gargano promontory in southern Italy, where the 
distribution of extreme rainfall appears highly heterogeneous [8]. 

The Gargano promontory, often referred to as an “isolated” sub-regional system due 
to its prominent relief surrounded by the Adriatic Sea and the Tavoliere plain, acts as a 
major orographic barrier. This unique setting triggers localized convective mechanisms 
and severe mesoscale convective systems (MCS) that are rarely captured by macro-scale 
regional models [9]. In fact, although the classical linear theory of Smith and Barstad [10] 
and the recent applications by Abbate et al. [11] confirm elevation and orographic uplift 
as primary drivers of precipitation on windward slopes, these authors also highlight the 
structural limitations of a purely univariate approach in the presence of convective 
dynamics and complex morphologies. 

The literature proposes two main strategies to address this issue: regression-based 
models that relate rainfall behavior to local physiographic controls, and non-parametric 
or hybrid spatial approaches [12–18]. Studies dealing with orographic effects are 
especially relevant in complex terrains, where topography and exposure to moist air 
masses can substantially modify sub-daily annual maxima [16–18]. Understanding these 
localized interactions is crucial, as the interplay between steep slopes and coastal air 
masses frequently results in high-intensity, short-duration events that pose severe risks to 
the territory, often influenced by rain-shadow effects on the leeward sides of the 
promontory [19]. 

Another critical issue in Gargano is the limited size of its catchments. Most basins 
have concentration times shorter than 1 h, rendering them highly vulnerable to flash 
floods, whereas the regional rainfall laws commonly adopted in engineering practice were 
developed for durations between 1 and 24 h [20]. As a result, indirect procedures such as 
the Bell method are usually required to extend DDF curves to sub-hourly durations, 
introducing additional uncertainty and potentially underestimating or overestimating the 
input for the design of risk mitigation works [21]. Since the 1990s, automatic rain gauges 
have progressively made annual maxima for short-duration rainfall events available (e.g., 
5, 15, and 30 min), making it possible to reassess sub-hourly rainfall behavior in the area 
[22]. However, a comprehensive reassessment that systematically links these high-
resolution temporal data with fine-scale spatial predictors is still lacking, leaving a non-
negligible gap in local flood risk management strategies [23,24]. 

The objective of this study is to assess whether local physiographic and climatic 
factors can explain the spatial variability of DDF-curve parameters within the Gargano 
promontory and whether a physiographically based subdivision of the area provides a 
more coherent representation than the single homogeneous zone adopted by the current 
VAPI regionalization. By bridging the gap between high-resolution sub-hourly 
observations and local physiographic features, this work aims to provide a more reliable 
framework for flood risk mitigation and hydraulic infrastructure design in complex, data-
scarce coastal environments. 

2. Materials and Methods 
2.1. Study Area 

The study area (shown in Figure 1) comprises the Gargano promontory in the 
Province of Foggia (southern Italy). The promontory borders the Tavoliere delle Puglie 
plain to the south and southwest and is surrounded by the Adriatic Sea along the 
remaining sides. Its northwestern coastal sector includes the Lesina and Varano lagoon 
systems. 
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The Gargano promontory is an isolated carbonate mountain block covering about 
1900 km2, with elevations ranging from sea level to 1055 m a.s.l. at Monte Calvo [25]. 

From a geostructural perspective, the Gargano belongs to the Apulian Foreland and 
is characterized by a lithostratigraphic succession more than 4000 m thick, composed 
mainly of Mesozoic–Cenozoic carbonate rocks arranged in a WNW-ESE anticline [26–28]. 

The resulting landscape is a limestone plateau where karst landforms, both surface 
and underground, are widespread, especially in the inner sectors of the promontory [28]. 
The slopes are steep and dissected by deep erosional-karst incisions that act as the beds of 
torrential streams [29,30]. 

The Gargano has often been described as a “biological island” because of the 
diversity of its environments and ecological niches [31,32]. The area belongs to the 
Regional Ecological Network and includes the Gargano National Park, seven State Nature 
Reserves, fourteen Sites of Community Importance, and three Special Protection Areas 
[30,32,33]. 

Climatically, the northern sector is generally more humid than the southern sector. 
Owing to the extensive coastline, sub-mountain climatic conditions coexist with typical 
Mediterranean environments [34]. 

The position of the promontory within the Adriatic basin and the WNW-ESE 
orientation of its ridges favor prevailing winds from the first and fourth quadrants [34]. 
Northern airflows, particularly Bora and Mistral episodes, enhance cooling and moisture 
advection along the northern side, whereas southwesterly and western flows affect the 
southern sector. 

Annual temperatures range from winter averages close to 6 °C to summer values that 
can exceed 34 °C. Depending on elevation and distance from the sea, winter temperatures 
may locally fall below 0 °C [22,34,35]. 

The rainfall regime is typically Mediterranean, with abundant winter-spring 
precipitation and marked summer dryness [29]. Annual rainfall generally ranges from 
about 600–700 mm along the coast to approximately 1200 mm in the inner Foresta Umbra 
area [22]. The northern slope, more exposed to moist air masses from the Adriatic sector, 
records higher precipitation than the southern slope. 
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Figure 1. Location of the Gargano promontory within the Apulia Region, southern Italy. 

2.2. Rain Gauge Data 

Rain gauge data were obtained from the Hydrological Annals made available by the 
Civil Protection Service of the Puglia Region [22]. The analysis considered 8 stations 
within the study area, corresponding to approximately 50 years of available observations 
and listed in Table 1. 

Only stations with records longer than 20 years and complete annual maximum 
series for all analyzed durations were retained [36]. The dataset includes both sub-hourly 
and hourly durations, allowing a consistent comparison from short-duration events to 24 
h rainfall. 

Table 1. Rain gauge stations. 

ID Station Name Latitude (WGS84) Longitude (WGS84) 
1 Sannicandro Garganico 41.83825  15.56280556 
2 Cagnano Varano 41.829222 15.77191667 
3 Vico Garganico 41.893694 15.96113889 
4 Bosco Umbra Telemisura 41.817111 15.99491667 
5 Vieste 41.8766388 16.15905556 
6 Monte S. Angelo 41.7066388 15.96208333 
7 S. Giovanni Rotondo 41.7074722 15.70902778 
8 S. Marco in Lamis 41.71177222 15.63213888 

2.3. The VAPI Method for the Regionalization of Extreme Rainfall 

In Apulia, the probabilistic regional analysis of annual maximum rainfall depths for 
assigned durations is based on studies developed within the VAPI project (Valutazione 
delle Piene in Italia) [20,37]. 

The VAPI framework adopts the two-component extreme value (TCEV) distribution 
and estimates parameters hierarchically at three regional levels [38,39]. For Apulia, the 
first regionalization level identifies a single homogeneous zone at the regional scale, 
whereas the second level distinguishes Northern Puglia, which includes the study area, 
from Central-Southern Puglia [37]. At the third level, the mean annual maximum rainfall 
depth is regionalized through regressions involving rainfall duration and elevation, 
leading to six homogeneous pluviometric sub-zones [37], represented in Figure 2. 

The entire study area falls within homogeneous sub-zone 1, whose equation is 𝜇[ℎሺ𝑡, 𝑧ሻ] = 28.66 𝑡[(଴.଻ଶ଴ା଴.଴଴଴ହ଴ଷ ௭)/ଷ.ଵ଻଼]  (1)

where 

• µ[h(t, z)] is the mean height of annual maximum rainfall (expressed in millimeters of 
precipitation); 

• t is the assumed rainfall duration (h); 
• z is the elevation above sea level (m). 

Based on Equation (1), the relationship between the mean maximum annual rainfall 
and the given duration t is provided according to the original two-parameter formulation 
used in the VAPI project: 𝜇[ℎ(𝑡)] = 𝑎 𝑡௡  (2)

where 

• The coefficient a (mm) represents the estimated value of the hourly mean of the 
annual maximum rainfall; 
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• The coefficient n is a scale parameter. 

 

Figure 2. Location of the rain gauges and VAPI homogeneous sub-zones. 

However, the two-parameter formulation is conventionally applied to durations 
between 1 and 24 h. For sub-hourly durations, direct application may be inadequate, and 
additional procedures are commonly adopted in engineering practice. 

To extend the rainfall law to short durations, Bell�s methodology [21] is commonly 
used within the VAPI framework. Alternatively, studies developed for the neighboring 
Campania region [40] adopted a three-parameter formulation, which is more flexible for 
sub-hourly durations: 𝜇[ℎ(𝑡)] = ఓ(ூబ) ௧(ଵା ೟೏೎)ഁ  (3)

where 

• The parameter µ(I0) (mm/h) represents the limit of the mean annual maximum 
rainfall intensity for duration tending to zero; 

• The coefficients β and dc (temporal deformation coefficient, expressed in hours) are 
parameters to be estimated locally or through regional procedures. 

For many years, the lack of sub-hourly observations prevented the regional 
estimation of the three-parameter law in Apulia. Consequently, its practical use remained 
limited to local applications. 

This is particularly relevant in Gargano, where almost all hydrographic basins have 
concentration times shorter than 1 h because of their small extent and steep slopes. 

In recent years, the installation of automatic rain gauges has increased the amount of 
available sub-hourly data, although the monitoring network is still sparse. This creates 
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new opportunities for investigating hydrological mechanisms in the Gargano 
promontory. 

2.4. Topographic Parameters 

In this study, several topographic parameters were considered to describe the spatial 
variability of the maximum annual rainfall. Topographic and exposure-related variables 
were derived from the digital elevation model using SAGA GIS 9.82. / QGIS 3.40 LTR 
ʺBratislavaʺ terrain analysis tools, including stations� Elevation (EL), directional Sea 
Distance (SD), Wind Exposure Index (WEI), Topographic Position Index (TPI), Terrain 
Ruggedness Index (TRI), and Exposition (EX). These variables were used to characterize 
coastal proximity, terrain morphology, and surface orientation. 

2.4.1. Digital Elevation Model and Elevation (EL) Parameter 

Topographic processing was based on the TINITALY digital elevation model (DEM), 
version 1.1, produced by the Istituto Nazionale di Geofisica e Vulcanologia (INGV) [41]. 

TINITALY is a DEM in triangular irregular network format, subsequently converted 
to a 10 m grid for the entire Italian territory in the EPSG 4326, EPSG 32632, and EPSG 
32633 reference systems [42]. The DEM was derived from several vector datasets using 
the DEST algorithm [43]. 

The Elevation parameter for each station was assumed from data provided by the 
Apulia Region Civil Protection Department [44]. 

2.4.2. Wind-Effect (WE) Parameter 

The wind-effect (WE) parameter was computed with the Windward/Leeward 
module implemented in SAGA GIS [45,46]. WE is a dimensionless index: values lower 
than 1 indicate wind-shadow conditions, whereas values greater than 1 indicate areas 
exposed to the selected airflow [47]. 

In this study, WE was estimated with respect to the prevailing winds affecting the 
area, namely, flows from the fourth quadrants [34]. The algorithm was applied for the 
considered directions (135° from north), and the value obtained at each point was adopted 
as the representative WE parameter. 

2.4.3. Sea Distance (SD) Parameter 

This parameter represents the shortest distance from each station to the coastline, 
measured along a fixed azimuth of 135° clockwise from North. It is used to quantify 
directional proximity to the sea and may help capture gradients in coastal exposure. 

The geomorphological and geometric rationale for calculating the Wind Effect (WE) 
and Sea Distance (SD) indices is based on the structural orientation of the Gargano 
promontory. 

A fixed azimuth of 135° was adopted because the main mountain ridge follows a 
west-northwest–east-southeast (WNW–ESE) alignment, approximately corresponding to 
the 315–135° axis. This direction therefore represents the principal topographic alignment 
of the promontory and provides a consistent geometric reference for evaluating 
directional exposure and distance from the sea. 

From a meteorological perspective, northerly airflows, such as Mistral winds 
approaching from approximately 315°, interact with the promontory along this same 
directional framework. 

Using a 135° azimuth enables the analysis to capture the strongest spatial contrast 
between the northern windward slope, where stau mechanisms enhance orographic uplift 
and precipitation, and the southern leeward slope, where subsidence and foehn effects 
may reduce rainfall intensity. 
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For these reasons, the fixed azimuth provides a physically meaningful simplification. 
It represents the dominant structural and climatic gradient across the promontory while 
avoiding the need for a redundant sensitivity analysis involving multiple wind directions. 

2.4.4. Wind Exposition Index (WEI) Parameter 

The Wind Exposition Index is a terrain-based indicator of potential exposure to wind, 
commonly derived from topographic shielding, slope, aspect, and surrounding relief 
[46,48]. 

While real airflow patterns are strongly direction-dependent and turbulent, WEI 
offers a useful approximation of the area�s wind protection [49]. Higher values generally 
indicate more exposed locations, while lower values indicate more sheltered terrain. 

2.4.5. Exposition (EX) 

Exposition refers to the directional orientation of a slope surface, usually expressed 
as aspect [50]. It indicates the compass direction toward which the terrain faces and is 
important for modeling solar radiation, moisture, and microclimate effects. The result is 
commonly converted to degrees clockwise from north. 

2.4.6. Terrain Ruggedness Index (TRI) Parameter 

The Terrain Ruggedness Index quantifies local terrain heterogeneity by measuring 
the mean absolute elevation difference between a focal cell and its neighboring cells. TRI 
was developed by Riley [51] et al., and it is widely used as an indicator of roughness or 
surface irregularity [52]. Low values indicate flat areas and level surfaces, while high 
values denote ridge crests and steep terrain. 

2.4.7. Topographic Position Index (TPI) 

The Topographic Position Index measures the elevation of a cell relative to the mean 
elevation of its surrounding neighborhood [53–55]. Positive values indicate positions 
above the local mean, negative values indicate positions below it, and values near zero 
indicate relatively flat or intermediate terrain. 

2.5. Methodological Framework 

The methodological framework, organized into four consecutive phases, is 
summarized in Figure 3: 

(I) Hydrological data processing: Extraction of the annual maximum rainfall series 
from the eight available rain gauge stations and estimation of the local DDF curve 
parameters (specifically β, Z, and µ(h24)). 

(II) Predictor selection and spatial characterization: Identification and estimation of 
geomorphological and climatic predictors. These included macro-scale orographic 
descriptors (Elevation, Sea Distance, Wind Effect, Wind Exposition Index, and Exposition) 
and micro-scale topographic indices (Terrain Ruggedness Index and Topographic 
Position Index), selected to capture the spatial heterogeneity of the Gargano promontory. 

(III) Statistical correlation analysis: Application of a parsimonious bivariate 
regression analysis to relate each physical predictor to the empirical DDF parameters. This 
approach avoids multivariate overfitting while identifying the dominant physical controls 
(macro-scale versus micro-scale). 

(IV) Regionalization and model benchmarking: Development of a novel asymmetric 
regionalization scheme based on the statistically significant predictors (i.e., the macro-
scale orographic controls). The performance of the proposed framework was then 
evaluated by comparison with the traditional elevation-based VAPI regionalization 
method. 
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Figure 3. Methodological workflow of the present study. 

3. Results 
3.1. Parameter Estimation 

The methodological framework was developed to evaluate whether the parameters 
of the DDF curves are associated with local topographic and climatic controls across the 
Gargano promontory, and to verify whether the VAPI. The project assumption of a single 
homogeneous zone for the entire Gargano, based exclusively on elevation, remains valid. 

For each station, mean annual maxima were first computed for the available 
durations, from 5 min to 24 h, and then fitted through a log-log transformation. 

By substituting the following relationships into Equation (3), 𝑌 = 𝑙𝑜𝑔ଵ଴ ఓ[௛(௧)]௧   (4)𝑋 = 𝑙𝑜𝑔ଵ଴ 1 ൅ ௧ௗ಴  (5)

𝑍 = 𝑙𝑜𝑔ଵ଴ 𝜇(𝐼଴)   (6)

the following linear relationship is obtained: 𝑌 = െ𝛽𝑋 ൅ 𝑍  (7)

As noted by Calenda et al. [39], Equation (3) is particularly suitable for average values 
and for a duration of 24 h. Because µ(h24) is easier to estimate than dc, the relationship can 
be rewritten as 𝑑௖ = ଶସ(ഋ(಺బ) మరഋ(೓మర) )భഁିଵ  (8)
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The parameters β, Z, and µ(h24) were then estimated using the least-squares method 
[40]. Correlations between the estimated parameters and selected topographic or climatic 
indicators were assessed using three complementary statistical metrics: the Coefficient of 
Determination (R2) [56,57], the Mean Absolute Error (MAE) [58], and the Root Mean 
Square Error (RMSE) [59,60]. 

3.2. Correlation Analysis 

To evaluate the spatial behavior of the estimated parameters (β, Z, and µ(h24)), 
correlation analyses were conducted under two distinct spatial partitioning hypotheses. 
Tables 2 and 3 present the performance metrics (R2, MAE and RMSE) obtained for both 
scenarios. The first approach evaluates the study area under the assumption of a unique 
homogeneous rainfall zone, in direct analogy to the methodology established by the VAPI 
project. The second approach investigates a sub-regionalization scheme, wherein the 
territory is divided into two distinct climatological zones, designated as Zone 1 (Northern 
zone) and Zone 2 (Southern zone), delineated by the physical boundaries of the main 
watershed divide running in a West–East direction. In particular, Zone 1 includes the 
stations of Sannicandro Garganico, Cagnano Varano, Vico Garganico and Bosco Umbra 
Telemisura; Zone 2 comprises the stations of Vieste, Monte S. Angelo, S. Giovanni 
Rotondo and S. Marco in Lamis. 

This dual-assessment framework allows for the verification of whether accounting 
for macro-topographic barriers significantly reduces parameter estimation uncertainty 
compared to the traditional single-zone baseline. 

Table 2. Correlation Analysis for the unique zone hypothesis. The formulas shown in bold have 
proven to be the most reliable and have been used in subsequent developments. 

Zone DDF 
Parameter 

Topological-Climatic 
Indicator 

Regression Equation R2 MAE RMSE 

Unique 
Zone 

µ(h24) EL µ µ(h24) = 77.4175 + 0.02344 × EL 0.155 12.068 13.964 
β EL β = 0.7472 − 0.00005 × EL 0.128 0.027 0.032 
Z EL Z = 2.1638 + 0.00002 × EL 0.008 0.050 0.062 

µ(h24) WE µ(h24) = 39.5816 + 46.9631 × WE 0.244 10.720 13.204 
β WE β = 0.8556 − 0.12602 × WE 0.346 0.023 0.028 
Z WE Z = 2.3921 − 0.21053 × WE 0.292 0.043 0.052 

µ(h24) WEI µ(h24) = 37.8827 + 48.97856 × WEI 0.124 12.558 14.214 
β WEI β = 0.844 − 0.11572 × WEI 0.136 0.029 0.032 
Z WEI Z = 2.3042 − 0.12675 × WEI 0.049 0.054 0.061 

µ(h24) EX µ(h24) = 114.2841 − 0.1154 × EX 0.296 11.643 12.740 
β EX β = 0.6639 + 0.00027 × EX 0.320 0.024 0.028 
Z EX Z = 2.2041 − 0.00013 × EX 0.024 0.052 0.062 

µ(h24) SD µ(h24) = 85.1644 + 0.21716 × SD 0.023 12.929 15.014 
β SD β = 0.7273 − 0.00016 × SD 0.002 0.029 0.034 
Z SD Z = 2.1517 + 0.00156 × SD 0.069 0.055 0.060 

µ(h24) TPI µ(h24) = 88.2424 − 0.04738 × TPI 0.000 12.633 15.186 
β TPI β = 0.7249 − 0.00029 × TPI 0.000 0.029 0.034 
Z TPI Z = 2.1714 − 0.01274 × TPI 0.224 0.052 0.055 

µ(h24) TRI µ(h24) = 82.0803 + 7.04685 × TRI 0.064 12.080 14.691 
β TRI β = 0.7418 − 0.01921 × TRI 0.094 0.026 0.033 
Z TRI Z = 2.1606 + 0.01511 × TRI 0.018 0.052 0.062 
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Table 3. Correlation Analysis for the two zones hypothesis. The formulas shown in bold have 
proven to be the most reliable and have been used in subsequent developments. 

Zone DDF 
Parameter 

Topological-Climatic 
Indicator 

Regression Equation R2 MAE RMSE 

Zone 1 

µ(h24) EL µ(h24) = 75.4917 + 0.05417 × EL 0.693 7.873 8.502 
β EL β = 0.7661 − 0.00014 × EL 0.578 0.026 0.027 
Z EL Z = 2.0841 + 0.00022 × EL 0.909 0.015 0.017 

µ(h24) WE µ(h24) = 6.0517 + 83.86908 × WE 0.544 8.756 10.358 
β WE β = 0.9839 − 0.25012 × WE 0.649 0.021 0.025 
Z WE Z = 2.1652 + 0.00862 × WE 0.000 0.045 0.055 

µ(h24) WEI µ(h24) = −85.972 + 175.41269 × WEI 0.986 1.782 1.817 
β WEI β = 1.2096 − 0.47658 × WEI 0.976 0.005 0.007 
Z WEI Z = 1.7553 + 0.40112 × WEI 0.395 0.040 0.043 

µ(h24) EX µ(h24) = 148.1417 − 0.22919 × EX 0.550 8.514 10.290 
β EX β = 0.5868 + 0.00056 × EX 0.445 0.025 0.031 
Z EX Z = 2.389 − 0.00097 × EX 0.754 0.023 0.028 

µ(h24) SD µ(h24) = 113.4402 − 1.29275 × SD 0.133 13.174 14.293 
β SD β = 0.6553 + 0.00452 × SD 0.217 0.033 0.037 
Z SD Z = 2.1082 + 0.00535 × SD 0.174 0.049 0.050 

µ(h24) TPI µ(h24) = 95.9317 + 3.81297 × TPI 0.105 13.918 14.520 
β TPI β = 0.7169 − 0.0141 × TPI 0.192 0.036 0.038 
Z TPI Z = 2.1827 − 0.02113 × TPI 0.247 0.047 0.048 

µ(h24) TRI µ(h24) = 93.3571 + 4.75722 × TRI 0.021 14.399 15.186 
β TRI β = 0.7315 − 0.02369 × TRI 0.069 0.038 0.040 
Z TRI Z = 2.2392 − 0.07612 × TRI 0.409 0.042 0.043 

Zone 2 

µ(h24) EL µ(h24) = 70.7378 + 0.01611 × EL 0.298 5.746 6.420 
β EL β = 0.7406 + 0.0000 × EL 0.005 0.012 0.015 
Z EL Z = 2.2468 − 0.00014 × EL 0.289 0.047 0.058 

µ(h24) WE µ(h24) = 82.5408 − 3.4848 × WE 0.006 6.628 7.640 
β WE β = 0.7547 − 0.01644 × WE 0.033 0.012 0.015 
Z WE Z = 2.5694 − 0.40293 × WE 0.945 0.016 0.016 

µ(h24) WEI µ(h24) = 109.0958 − 29.64317 × WEI 0.235 5.719 6.699 
β WEI β = 0.6551 + 0.08248 × WEI 0.480 0.011 0.011 
Z WEI Z = 2.564 − 0.3865 × WEI 0.501 0.045 0.048 

µ(h24) EX µ(h24) = 95.1779 − 0.06993 × EX 0.646 3.662 4.557 
β EX β = 0.7007 + 0.00016 × EX 0.941 0.003 0.004 
Z EX Z = 2.1428 + 0.00013 × EX 0.029 0.056 0.067 

µ(h24) SD µ(h24) = 70.5225 + 0.53632 × SD 0.961 1.327 1.519 
β SD β = 0.7523 − 0.00086 × SD 0.655 0.007 0.009 
Z SD Z = 2.1529 + 0.00126 × SD 0.067 0.061 0.066 

µ(h24) TPI µ(h24) = 77.4779 − 2.11068 × TPI 0.632 3.894 4.650 
β TPI β = 0.7419 + 0.00439 × TPI 0.719 0.007 0.008 
Z TPI Z = 2.1637 − 0.01215 × TPI 0.262 0.058 0.059 

µ(h24) TRI µ(h24) = 70.3101 + 9.74098 × TRI 0.611 3.964 4.777 
β TRI β = 0.7554 − 0.01872 × TRI 0.595 0.009 0.010 
Z TRI Z = 2.112 + 0.06766 × TRI 0.369 0.054 0.054 

For both the single-zone and the two-zone hypotheses, the parameter–indicator 
relationships showing the highest R2 values were identified. On the whole, a poor 
correlation for the parameters β, Z, and µ(h24) with the local topographic and climatic 
indicators can be observed in relation to the eight measurement stations present in the 
territory of the Gargano promontory. These results suggest that the assumption of a single 
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homogeneous rainfall zone does not adequately represent the observed variability within 
the available dataset. 

Overall, the strongest correlations for β and Z are associated with the Wind Effect 
(WE) indicator, whereas µ(h24) exhibits its highest correlation with the Exposition (EX) 
indicator. 

Regarding the hypothesis of division into two homogeneous rainfall zones, a very 
strong correlation is observed for the three parameters β, Z, and µ(h24). 

However, highly different behaviors are observed for the two hypothesized rainfall 
zones. In fact, in Zone 1, the parameters β and µ(h24) are correlated with the Wind 
Exposure Index (WEI), while the parameter Z correlates strongly with the station�s 
absolute elevation (EL). 

Conversely, in Zone 2, a strong correlation is observed between parameter β and the 
Exposition (EX) indicator, between parameter Z and the Wind Effect (WE) indicator, and 
between parameter µ(h24) and the Sea Distance (SD) indicator. 

As for the TPI and TRI indicators, no peak correlation is recorded with the parameters 
describing the DDF curve. 

The initial selection of relationships was based on the coefficient of determination 
(R2) to identify models with the highest linear explanatory power. Then, to quantitatively 
assess the local accuracy and robustness of the model, the MAE and RMSE values were 
compared against the mean and standard deviation of the observed data. This approach 
allows us to (i) scale the absolute error against the actual magnitude of the parameter 
(through the mean value) and (ii) verify that the model�s residual uncertainty is 
significantly lower than the natural variability intrinsic to the investigated phenomenon 
(through the Standard Deviation value), aligning with standard hydrological validation 
practices [61]. 

Both under the hypothesis of a single rainfall zone and in the case of two zones, Table 
4 summarizes the MAE, RMSE, Mean, and Standard Deviation (σ) values, only for the 
relationships that show the highest R2 value. 

Table 4. Comparison of R2, MAE, RMSE, Mean Values, and Standard Deviations. 

Zone Regression Equation R2 MAE RMSE Mean σ 
𝑴𝑨𝑬𝑴𝒆𝒂𝒏 

𝑹𝑴𝑺𝑬𝝈  

UniqueZo
ne 

β = 0.8556 − 0.12602 × WE 0.346 0.023 0.028 0.725 0.034 0.032 0.824 
Z = 2.3921 − 0.21053 × WE 0.292 0.043 0.052 2.174 0.062 0.020 0.839 

µ(h24) = 114.2841 − 0.1154 × EX 0.296 11.643 12.740 88.252 15.187 0.132 0.839 

Zone 1 
β = 1.2096 − 0.47658 × WEI 0.976 0.005 0.007 0.711 0.042 0.007 0.167 
Z = 2.0841 + 0.00022 × EL 0.909 0.015 0.017 2.175 0.055 0.007 0.309 

µ(h24) = −85.972 + 175.41269 × WEI 0.986 1.782 1.817 97.39 15.347 0.018 0.118 

Zone2 
β = 0.7007 + 0.00016 × EX 0.941 0.003 0.004 0.738 0.015 0.004 0.267 
Z = 2.5694 − 0.40293 × WE 0.945 0.016 0.016 2.173 0.068 0.007 0.235 

µ(h24) = 70.5225 + 0.53632 × SD 0.961 1.327 1.519 79.113 7.661 0.017 0.198 

The results reported above confirm the hypothesis of a poor fit for the single 
homogeneous rainfall zone assumption, while showing high reliability for the correlations 
expected under the hypothesis of two different rainfall zones. Specifically, in the case of a 
single homogeneous rainfall zone, the values of the MAE/Mean ratio range between 0.20 
and 0.132, and the RMSE/σ ratio values range between 0.824 and 0.839. Both ranges 
demonstrate, respectively, that the mean absolute percentage error is excessive relative to 
the actual scale of the estimated parameter, and that the estimation error is comparable to 
the natural variability of the parameter. Conversely, under the hypothesis of two different 
homogeneous rainfall zones, the MAE/Mean ratio falls within the range of 0.004 to 0.018, 
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while the RMSE/σ ratio ranges between 0.118 and 0.309. These results support the 
hypothesis that a two-zone subdivision may provide a more coherent representation of 
rainfall variability than a single homogeneous-zone assumption. 

Consequently, based on the outcomes of the present study, it can be stated that, 
despite the assumptions of the VAPI. Project, the parameters of the DDF curves for the 
Gargano promontory are associated with multiple topographic and climatic parameters. 
These are mainly linked to slope exposure and position relative to the main watershed 
divide, and to windward/leeward conditions. 

The value of absolute elevation, which is the only parameter considered in the VAPI 
project, retains limited relevance only for Zone 1, corresponding to the northern sector of 
the promontory. In contrast, rainfall in Zone 2 (the southern sector) is more strongly 
influenced by the distance from the coastline. 

From an atmospheric physics and thermodynamic perspective, the statistical 
dominance of macro- and meso-scale parameters over micro-scale indices (TPI and TRI) 
can be explained by the spatial scale of the processes governing extreme precipitation. 

Extreme rainfall events over the Gargano promontory are sustained by warm, 
moisture-rich marine air masses originating from the Adriatic Sea. At the macro-scale, Sea 
Distance (SD) influences the available atmospheric moisture, as marine air masses 
progressively lose water vapor through frictional effects and condensation while moving 
inland. At the same time, Elevation (EL) governs large-scale adiabatic cooling. As these 
air masses are forced to ascend the steep topographic barrier of the promontory, they 
expand and cool, reaching saturation and promoting condensation. 

At the meso-scale, the interaction is controlled by the orientation of the main 
mountain slopes relative to the prevailing atmospheric circulation, producing 
pronounced stau and foehn effects. When prevailing northerly airflows (e.g., Mistral 
winds) reach the northern windward slopes, they undergo mechanically forced uplift, 
enhancing condensation and increasing rainfall intensity. Conversely, after crossing the 
main ridge and descending the southern leeward slopes, the air masses experience 
adiabatic warming associated with downslope flow (Föhn effect), which suppresses cloud 
formation and reduces rainfall intensity. Consequently, meso-scale parameters such as the 
Wind Effect (WE), Wind Exposition Index (WEI), and Exposition (EX) show high statistical 
significance because they effectively describe the relationship between terrain orientation 
and the prevailing airflow over several square kilometers. 

Conversely, micro-scale indices such as TPI and TRI do not exhibit significant 
correlations with the DDF parameters because the atmospheric systems responsible for 
annual maximum rainfall events operate at much larger spatial scales. Convective storm 
cells and frontal systems typically extend over tens of kilometers horizontally and several 
kilometers vertically within the troposphere. Consequently, their dynamics are largely 
insensitive to local terrain irregularities represented by a 10 m DEM pixel. The turbulence 
generated by small ridges and depressions remains confined to the shallow atmospheric 
boundary layer and has little influence on the large-scale vertical motions responsible for 
cloud development and extreme precipitation. 

Overall, the Gargano promontory behaves as a single, prominent orographic barrier 
to marine air masses. Its overall elevation (macro-scale) and slope orientation (meso-scale) 
largely determine the spatial distribution of extreme precipitation, whereas local terrain 
irregularities (micro-scale) have only a negligible influence on the hydrological processes 
investigated in this study. 

Finally, the results provide further evidence of the need to move beyond the 
assumption adopted in the VAPI project that the Gargano promontory constitutes a single 
homogeneous rainfall zone. 
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From a geomorphological perspective, the negligible contribution of the Topographic 
Position Index (TPI) and the Terrain Ruggedness Index (TRI) can be explained by 
atmospheric physics and multi-scale orographic processes. The Gargano promontory 
behaves as a prominent, isolated topographic barrier rising abruptly from sea level. 

Consequently, the dominant mechanisms governing extreme rainfall are controlled 
by large-scale orographic forcing rather than by localized surface roughness. This results 
in pronounced orographic uplift on the northern windward slopes and corresponding 
foehn-induced subsidence on the southern leeward slopes. 

Morphological indices such as TPI and TRI are designed to quantify local terrain 
heterogeneity and roughness at the grid-cell scale. However, this small-scale variability 
exerts little influence on the dynamics of the large, moisture-rich air masses advected from 
the Adriatic Sea. 

Instead, the interaction between these atmospheric systems and the terrain is 
primarily controlled by macro-scale physiographic factors, such as Sea Distance (SD) and 
Elevation (EL), and further modulated by meso-scale exposure characteristics, including 
the Wind Effect (WE), Wind Exposition Index (WEI), and Exposition (EX). 

These results highlight a clear distinction between micro-scale terrain roughness, 
which has little influence on the DDF parameters, and the dominant macro- and meso-
scale physiographic controls governing the spatial variability of extreme rainfall. 

Using Equations provided for Zone 1 and Zone 2 in Table 4 and Equation 3, Equation 
4.3, and Equation 6, it is possible to estimate the characteristic parameters µ(I0), β, and dc 
of the DDF curves for each station. 

The performance of the resulting Depth-Duration curves was evaluated by 
comparing them, for each station, with (i) observed annual maximum rainfall depths 
derived from the hydrological annals and (ii) DDF curves estimated through the standard 
VAPI. methodology. 

The results, reported in Figure 4, indicate that the relationships identified in this 
study between DDF-curve parameters and local climatic/topographic variables reproduce 
the observed annual maximum rainfall behavior more closely than the standard VAPI. 
Procedure. 

To clarify the experimental design and address potential concerns regarding the 
limited number of rain gauge stations, two key methodological aspects should be 
highlighted. 

First, given the availability of only eight stations, a parsimonious statistical 
framework was adopted to minimize the risk of overfitting. 

Accordingly, complex multivariate regression models incorporating multiple 
topographic predictors were not employed. Instead, the analysis was based exclusively 
on simple bivariate linear regressions and correlation analyses relating individual DDF 
curve parameters (β, Z, and µ(h24)) to individual local physiographic indicators. 
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Figure 4. Depth–Duration curves for each station based on the annual maximum mean values, 
derived using the hydrological annals (time series observation), the standard VAPI methodology, 
and the methodology proposed in the present study. 

4. Discussion 
This study provides preliminary evidence that local climatic and topographic 

controls influence the spatial variability of Depth–Duration–Frequency (DDF) curve 
parameters in the Gargano promontory. In particular, the combined effects of elevation, 
distance from the sea, wind exposure, and slope orientation appear to shape the local 
hydrological response and help explain the differences observed between station groups. 
Although the available dataset is still limited, the proposed relationships suggest useful 
indications for refining future regionalization schemes of extreme rainfall in the study 
area. 
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The main contribution of this study is not the introduction of topographic predictors 
per se, which have been widely investigated in the literature, but the identification of 
distinct physiographic controls governing DDF-curve parameters within the Gargano 
promontory. Classical hydrological literature has traditionally associated strong spatial 
variability in rainfall with extensive mountain ranges and high-altitude systems, such as 
the Alps or the Apennines in Italy. The Gargano promontory challenges this paradigm. It 
is an isolated carbonate massif, surrounded by the sea on three sides, with a maximum 
elevation only slightly exceeding 1000 m a.s.l. at Monte Calvo, but characterized by steep 
and abrupt morphological transitions. The results of this study suggest that this specific 
geometric configuration can generate marked micro-variability in DDF curve parameters, 
higher than that typically observed in orographically more homogeneous territories of 
comparable spatial extent. This represents a relevant contribution to the understanding of 
extreme rainfall patterns in Mediterranean coastal mountain environments. 

The statistical results presented in this study indicate that the spatial distribution of 
extreme rainfall over the Gargano promontory is not solely controlled by elevation but is 
also strongly influenced by directional exposure and macro-scale topographic features. 
These statistical findings are consistent with the underlying atmospheric dynamics, 
highlighting a pronounced climatic asymmetry between the northern and southern 
sectors of the promontory. 

This geographic contrast represents one of the principal findings and the main 
original contribution of the present study. The Gargano massif acts as a prominent 
topographic barrier protruding into the Adriatic Sea, intercepting moisture-rich maritime 
air masses. Consequently, the northern windward slopes are subjected to pronounced 
orographic uplift associated with the prevailing northerly and northwesterly airflows, 
resulting in enhanced extreme precipitation. In contrast, the southern leeward slopes lie 
within a rain-shadow region, where downslope flow and foehn effects reduce rainfall 
intensity. Recognizing and quantitatively characterizing this marked north–south 
asymmetry provides the physical basis for the proposed asymmetric regionalization 
scheme and explains why treating the entire promontory as a single homogeneous rainfall 
zone, as assumed in the current VAPI regionalization framework, does not adequately 
represent the observed spatial variability of extreme rainfall. 

The methodological relevance of the proposed approach becomes evident when 
compared with the elevation-driven model adopted in the standard methodology of the 
VAPI. Project. Elevation-based approaches are supported by recent literature; for instance, 
Yao et al. [62] reported increasing evidence that precipitation-dependent wetting trends 
may be amplified with elevation. However, the results obtained for the Gargano area 
show that the application of a univariate elevation-based model leads to a spatial 
distribution mainly concentrated in the highest sectors. Conversely, the observed data 
indicate that the most severe DDF curves and extreme rainfall peaks are not necessarily 
located at maximum elevations, but rather along the northern coastal slopes exposed to 
prevailing weather systems. Therefore, in this specific context, absolute altitude alone 
loses predictive power unless it is included within a broader formulation that accounts 
for local exposure and wind-driven effects. 

Several studies have explored the contribution of topographic variables to rainfall 
spatial interpolation in complex terrains. Kumari et al. [63] attempted to improve rainfall 
interpolation accuracy in mountainous areas by incorporating variables such as the 
Terrain Ruggedness Index. Ahmed et al. [64] enhanced spatial precipitation mapping by 
integrating terrain derivative indices with XGBoost machine learning techniques. 
Similarly, Diodato [65], in the Province of Benevento in the Campania Region, showed 
that topographic indices used as external information can improve the representation of 
precipitation spatial variability over small regions with complex terrain. 
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However, the statistical calibration performed in this study indicates that, for the 
Gargano promontory, the contribution of roughness, asperity, and general topographic 
indices is negligible. The main methodological improvement was obtained by excluding 
TRI and TPI in favor of a more parsimonious formulation based on the Wind Exposition 
Index, slope exposition, and wind effect. While roughness describes isotropic 
morphological complexity, the hydrological behavior of the Gargano promontory is 
intrinsically anisotropic. It responds to a clear functional distinction between windward 
and leeward slopes. 

This finding also contrasts with the results of Buttafuoco and Lucà [66], who 
accounted for elevation and distance from the nearest coastline in the geostatistical 
mapping of mean annual precipitation and found no significant directional differences, 
suggesting isotropic behavior. In contrast, the present study highlights a marked 
anisotropic response in extreme rainfall patterns. 

In the windward sector, the model identifies the Wind Exposition Index and 
elevation as the dominant drivers. The Gargano promontory acts as a mountainous 
protrusion that abruptly interrupts the fluid dynamics of humid air masses moving from 
the Adriatic Sea, particularly from the northern quadrants. These air masses impact the 
steep northern slopes of the promontory, producing intense orographic uplift. Although 
relief has only moderate altitude, the abrupt slope gradients promote rapid vertical ascent, 
with consequent adiabatic cooling and rainfall intensification. In this sector, direct 
thermodynamic forcing dominates: wind energy is converted into enhanced precipitation, 
contributing to the formation of intense rainfall events typical of Mediterranean cyclonic 
systems. 

In the leeward sector, the governing mechanisms change substantially. Elevation 
becomes less explanatory, while exposure, wind effect, and distance from the sea become 
more relevant. Once humid air masses pass over the ridge, they undergo katabatic 
subsidence, producing warming and drying associated with a Föhn-like effect. 
Consequently, the southern and inland slopes of the Gargano are affected by a rainfall 
shadow during synoptic disturbances. Nevertheless, the combination of slope exposure, 
local thermal contrasts, and descending-air turbulence may generate favorable conditions 
for localized convective activity and isolated thunderstorms. 

The implications of these findings extend beyond statistical hydrology and are 
relevant not only to hydrological research but also to flood risk management and public 
policy. 

Recent flood events in Italy [67,68] have highlighted the need for more effective flood 
risk management strategies [69]. In the context of climate change, the increasing need to 
protect communities and infrastructure requires the implementation of both structural 
and non-structural flood risk mitigation measures. The findings of the present study can 
contribute to improving the hydrological information available for the design of structural 
mitigation works. 

However, because complete protection against flooding cannot be achieved, effective 
risk management also requires the adoption of complementary non-structural measures, 
including insurance schemes to mitigate the economic impacts of natural disasters. In this 
context, recent Italian legislation [70,71] has introduced mandatory insurance coverage for 
businesses against natural hazards, including floods, increasing the need for accurate and 
physically based methods for flood risk assessment and quantification. 

In addition, according to the Prime Ministerial Decree of 29 September 1998 [72], 
reference rainfall values associated with assigned return periods should be derived from 
the technical reports of the VAPI. Project made available by GNDCI-CNR for hydrological 
and hydraulic risk assessment. However, the present study shows that, in the Gargano 
area, the application of the standard method may lead to relevant distortions in rainfall-



Hydrology 2026, 13, 188 18 of 23 
 

https://doi.org/10.3390/hydrology13070188 

threshold estimation, with potential consequences for compensation policies and 
insurance pricing. In this sense, the contribution of this study can be relevant and makes 
evident the need for a new research field regarding the flood hazard insurance strategies. 

The introduction of asymmetric DDF curves based on local topographic and 
climatological parameters has important implications for insurance risk assessment. First, 
micro-zonation is necessary to ensure tariff equity. The observed spatial variability 
suggests that risk classifications based on a single regional rainfall representation may 
overlook important local differences in hazard exposure between windward and leeward 
sectors. Second, improved local characterization of rainfall extremes may support more 
consistent risk assessment procedures within insurance frameworks. 

Underestimating the orographic and coastal effects in the windward sector could 
expose insurers to sudden catastrophic losses not adequately covered by reserves. 
Conversely, overestimating risk in the leeward sector may produce premiums 
disproportionate to the actual hazard level, creating an unfair economic burden for local 
investors. The proposed methodology may therefore help reduce these distortions and 
support the economic sustainability of the insurance system. 

Furthermore, insurance companies could link premium incentives to the actual 
implementation of mitigation measures based on locally estimated rainfall thresholds. In 
this way, mandatory insurance coverage could become not only a financial requirement 
but also a driver of territorial safety and risk reduction. 

The adoption of more accurate models for estimating rainfall thresholds can also 
support local decision-makers in improving risk management policies, including both 
structural and non-structural mitigation measures. The geomorphological complexity of 
the Gargano territory has historically represented a significant constraint for effective 
local-scale planning. 

Therefore, methodologies capable of explaining local rainfall-influence patterns may 
facilitate the identification of suitable mitigation strategies. From an engineering 
perspective, improved rainfall input estimation allows more reliable design and 
dimensioning of hydraulic and flood-mitigation works. 

Conversely, standard approaches may underestimate design scenarios, especially 
along the northern coastline, where sensitive elements such as urban centers and transport 
infrastructure are already exposed to non-negligible hydraulic risk under the constraints 
defined by the local District Basin Authority. 

Finally, the results are consistent with the findings of Apollonio et al. [24], who 
emphasized the need to expand the local rain gauge network for risk management of 
linear infrastructure in the northern Gargano region. The present study further supports 
this requirement by showing that the peculiar precipitation variability of the Gargano 
climate cannot be fully captured by standard spatial schemes. 

Moreover, the proposed methodology may improve the assessment of the existing 
monitoring network and help identify priority locations for new instrumentation. 
Strengthening the rain gauge network would be particularly important for improving the 
estimation of sub-hourly rainfall extremes. 

Unlike many previous studies focused on extensive mountain systems, the Gargano 
promontory represents a relatively small and isolated coastal massif. The results suggest 
that physiographic isolation, exposure to marine air masses, and abrupt topographic 
gradients may be as important as absolute elevation in controlling the spatial organization 
of rainfall extremes. This characteristic constitutes the principal scientific interest of the 
present case study. 

The results should be interpreted considering the limited number of rain gauges 
available within the study area and the exploratory nature of the analysis. The identified 
relationships are specific to the Gargano promontory and should be verified using 
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additional observations and independent datasets before being generalized to other 
regions. Nevertheless, the consistency of the identified physiographic patterns suggests 
that local climatic and topographic controls deserve consideration in future 
regionalization studies. 

5. Conclusions 
This study suggests that the spatial variability of DDF-curve parameters in the 

Gargano promontory is strongly influenced by local climatic and topographic controls. 
The results show that elevation alone is not sufficient to explain the distribution of extreme 
rainfall in the area. Instead, wind exposure, slope orientation, distance from the sea, and 
the distinction between windward and leeward sectors play a major role in shaping 
rainfall extremes. 

The main contribution of this study is the identification of distinct physiographic 
controls on DDF-curve parameters within the Gargano promontory and the 
demonstration that a simple two-zone subdivision based on the main watershed divide 
provides a substantially better representation of observed rainfall variability than the 
currently adopted single-zone regionalization. This finding challenges the traditional 
assumption that strong rainfall spatial variability is mainly associated with extensive and 
high-altitude mountain systems. 

The proposed parsimonious model, based on wind exposition, exposure, wind effect, 
and distance from the sea, provides a more physically consistent interpretation of the local 
rainfall regime than standard elevation-based approaches. In particular, the proposed 
model captures the anisotropic behavior of the Gargano promontory by distinguishing 
between enhanced orographic precipitation on the northern windward slopes and rain-
shadow and convective processes affecting the southern and inland leeward sectors. 

Although the empirical relationships identified in this study are specific to the 
geomorphological and climatic setting of the Gargano promontory, the proposed 
methodological framework has the potential to be applied to other regions with similar 
environmental characteristics. Future research should validate and extend the proposed 
approach by applying it to comparable Mediterranean environments, such as the 
Dalmatian coast or the coastal mountain ranges of Greece. Despite their local peculiarities, 
these regions share key physiographic characteristics with the Gargano, including karstic 
landscapes, steep coastal slopes, small catchments, and a high susceptibility to intense 
convective storms of marine origin. 

From an applied perspective, these results have relevant implications for hydraulic 
risk assessment, land-use planning, engineering design, and insurance risk quantification. 
The use of standard DDF regionalization methods may lead to an underestimation of 
rainfall thresholds in the northern coastal sector and overestimation in more sheltered 
areas. Therefore, local-scale micro-zonation based on topographic and climatological 
controls is essential for improving both technical reliability and economic fairness. 

Future developments should include the expansion of the rain gauge network, with 
particular attention to sub-hourly rainfall monitoring, and the extension of the analysis to 
the entire Province of Foggia, including the “Tavoliere delle Puglie” and “Monti Dauni” 
areas, corresponding to Zones 2 and 3 of the VAPI. Project. Further research should also 
investigate the first two levels of the VAPI regionalization framework to improve the 
transferability and operational applicability of the proposed methodology. Ultimately, 
this could support the development of practical guidelines for local authorities to integrate 
the proposed asymmetric DDF curves into regional flood risk management and hydraulic 
planning. Such an implementation would be particularly beneficial for the numerous 
small catchments of the Gargano promontory, which are highly vulnerable to flash floods. 
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With regard to insurance against climate change-related natural hazards, the 
assessment of the effects of recent regulatory measures is still at a preliminary stage and 
therefore lies beyond the scope of the present study. Nevertheless, this topic represents a 
promising direction for future research. Further studies could evaluate different insurance 
models and regulatory approaches, with the aim of improving the transparency, 
effectiveness, and resilience of insurance schemes for natural hazards. 
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