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Abstract. Climate change is globally recognised as a key driver of geomorphological transformation 
increasingly impacting natural systems, particularly through the intensifi cation of erosion processes 
and modifi cations to landforms in vulnerable landscapes. This study focuses on landforms, processes, 
measurement approaches, quantitative methods, and a suitable sampling area from southern Italy, 
specifi cally in the middle valleys of Bradano and Basento rivers in Basilicata. The study is undertaken 
as part of one of the most signifi cant research projects of the Italian National Recovery and Resilience 
Plan (NRRP), called “Technologies for Climate Change Adaptation and Quality of Life Improvement 
(Tech4You)”. This project aims to study – among many topics also related to cultural heritage 
protection and climate change adaptation – the specifi c framework of natural risks, with particular 
emphasis on the impact of global climate change in Mediterranean semi-arid areas and soil erosion 
rates in socio-economically “inner” areas. In this work, we focused on the multiproxy approach 
needed to discriminate the components of erosion processes at different temporal and spatial scales. 
Such a goal was approached through the construction of a complex relational database associated 
with thematic maps produced in a GIS environment. The framework enables the identifi cation of 
priority areas affected by accelerated erosion and provides a methodological base for replicable 
climate-change monitoring, including in other Mediterranean semi-arid contexts. Further, it aims to 
offer a strategic tool for early-warning systems and long-term adaptation planning. 
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Introduction

In recent years, an increase in extreme events related 
to climate change has been observed whose eff ects 
are directly proportional to the vulnerability of the 
territory. Many scientifi c data show the global im-
pact of climate change: more-frequent heat waves, 
forest fi res, fl oods and drought. Global warming 
reached an estimated 1.28°C in June 2024. Accord-
ing to the Director of Copernicus Climate Change 
Service, June marks the 13th consecutive month of 
record-breaking global temperatures, and the 12th 

in a  row above 1.5°C with respect to pre-industri-

al temperatures (the Copernicus Climate Change 
Service website can be found at https://climate.co-
pernicus.eu/).

Climate change, variations in land use, and an-
thropogenic pressure have caused land degradation 
and desertifi cation phenomena that are also sig-
nifi cant in the Mediterranean countries of Europe.

Th e eff ects of climate change require multi-stake-
holder involvement (research, businesses, society 
and government) in a joint action towards resilient 
communities. For this reason, regional research and 
business sectors have recently been showing inter-
est in the topics of climate change adaptation and 
ecological transition.
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Over the last 200 years, the onset of climate 
changes recorded in the Mediterranean areas has 
coincided with the decline and end of the Little Ice 
Age and the subsequent warming period. Several 
studies at macro and mesoscale (Brunetti et al. 2001, 
2002, 2004a, 2004b; Alpert et al. 2002; Peñarrocha 
et al. 2002; Piccarreta et al. 2013) have document-
ed a  tendency toward an increase in temperature 
and extreme events in these areas. As indicated in 
the literature, climate constitutes one of the main 
driving factors (besides the anthropogenic factors 
of land cover change, channelling, sediment extrac-
tion) in the evolution of river dynamics (Scorpio et 
al. 2015; de Musso et al. 2020; Mandarino 2022; Zin-
garo et al. 2022; Cusano et al. 2023; Pavlek 2023). 
Fluvial dynamics are highly dependent on the in-
teraction between water flow and sediment (as well 
as topography, slopes and vegetation) and are influ-
enced by anthropogenic and natural factors. Very 
fast climate and environmental changes are influ-
encing river systems, inducing long- and short-term 
assessable morphological variations.

In Europe, prolonged dry periods followed by 
heavy erosive rains falling on steep slopes comprising 
fragile soils are affecting Mediterranean countries, 
which exhibit the worst conditions of soil erosion, 
i.e. natural phenomenon consisting mainly of wa-
ter erosion and anthropic activities. Soil loss rates 
are higher than soil formation rates in the Mediter-
ranean basin. In such areas, soils are easily eroded 
due to various characteristics: marked relief, 45% 
of the area having a  slope greater than 8%; a high 
frequency of heavy rains in autumn and winter; 
poor, shallow and skeletal soils; and sparse natural 
vegetation linked to severe summer droughts (Gi-
oia et al. 2021). In some of these areas, erosion has 
reached a stage of irreversibility, with the phenom-
enon having practically ceased in some places be-
cause there is no more soil left (Capolongo et al. 
2007; Samela et al. 2022). Soil erosion represents 
a serious threat in the Mediterranean environment, 
where many areas are widely affected by accelerated 
erosion, largely promoted by the peculiar geological 
and climatic setting, as well as by land use (Aucel-
li et al. 2012). It is a dynamic and complex process 
with high spatial–temporal variability at the basin 
scale, and the comprehensive management of soil 
loss in small watersheds is a valuable strategy of soil 
conservation (Wang et al. 2024). In semi-arid envi-
ronments, high-magnitude, low frequency events are 
assumed to be dominant with respect to both river 

channel processes and soil erosion. Consequently, 
it is during such events that the linkages between 
hillslopes and channels become very important. The 
importance of extreme events in controlling erosion 
and sediment transport in semi-arid areas has long 
been appreciated, but their effects on specific land-
forms are not widely recognised (Coppus and Ime-
son 2002). The increasing number of extreme events 
of high intensity represents the trigger and driving 
factor of fluvial erosion and mass-wasting process-
es, in terms of efficiency and rates, and contributes 
to the alteration of slope stability in the Mediter-
ranean badland areas (Piccarreta et al. 2005; Co-
ratza and Parenti 2021; Stark et al. 2022). Global 
change has made it of particular interest to mon-
itor the environmental changes occurring in such 
areas, and to analyse the evolution of rill-and-gul-
ly erosion processes, which constitute the most in-
tense form of soil erosion.

Land degradation and badland development con-
stitute a common problem in the foredeep area of the 
southern Italian Apennines (Gioia et al. 2021). For 
instance, Basilicata (a 10,000 km2 region of southern 
Italy) shows a significant vulnerability to land degra-
dation similar to that of the hardest-hit Mediterra-
nean countries. In certain areas, climate is becoming 
the determining factor amplifying the vulnerabili-
ty to land degradation, further exacerbated by the 
increasingly occurrence of extreme events and, in 
recent years, by human activities that have deeply 
modified landscape patterns through improper land 
management (Scorpio et al. 2015; de Musso et al. 
2020). The nature of cropping terrains coupled with 
the climate dynamics have brought several “inner” 
areas (i.e., territories, often rural or mountainous, 
characterised by distance from essential services) to 
desertification (Piccarreta et al. 2006; Capolongo et 
al. 2008; Piccarreta et al. 2013). Data from the lit-
erature (Samela et al. 2022) has shown that medi-
um-high levels of soil loss are typical in the Matera 
hills in the south-eastern part of Basilicata, where 
accelerated erosion landforms are widespread.

The research and innovation programme of Tech-
4You (Technologies for Climate Change Adaptation 
and Quality of Life Improvement), through a  sys-
temic approach structured in six “Spokes” that op-
erate in an integrated manner, contributes to the 
achievement of several objectives in the context of 
territorial, national and EU policies of reference. The 
“Adapting to climate change” mission of Horizon 
Europe focuses on the ecosystem and is consistent 
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with the priorities of the national research and the 
areas of the National Recovery and Resilience Plan 
(NRRP). The Tech4You action programme is part 
of a  framework of policies regarding two regions 
of Southern Italy, namely, Calabria and Basilicata, 
which are the most exposed to hydrogeological risk, 
coastal erosion and, in some areas, desertification 
processes: every partner of the ecosystem partici-
pates in various programming and implementation 
phases. Tech4You will address climate change from 
five perspectives: natural risk, energy, food, culture, 
and healthy communities.

This work focuses on the specific framework relat-
ed to natural risk and to the contribution of geomor-
phological studies to the estimation of the impact 
of global change in Mediterranean semi-arid are-
as, and specifically, the assessment of erosion rates 
in “inner areas” of Basilicata (southern Italy). The 
analysis of some categories of markers (such as ge-
omorphological and sedimentary ones) in key are-
as where climate changes may cause environmental 
hazard seems a best practice for territorial safeguard-
ing. In this paper, a database framework of climate 
change geomorphological markers is preliminari-
ly proposed. It is designed to provide a multi-scale 
approach based on the analysis and monitoring of 
different types of parameters, in order to offer to 
geoscientists a multi-proxy procedural protocol for 
estimating the impact of global change in semi-ar-
id areas, and the possibility to evaluate actions and 
strategies for geomorphological risk mitigation. In 

addition, we present a collection of diversified test 
sites from Basilicata region where climate change 
is rapidly inducing a  landscape evolution. Those 
sites represent significant examples of south-Euro-
pean semi-arid areas where the above-delineated ap-
proach can be used for climate change monitoring.

Study area and climate framework

The key sites identified for this work are small catch-
ment areas mainly located in the Bradano and Basento 
river basins (3,018.78 km2 and 1,530 km2, respective-
ly), in the foredeep portion of the southern Italian 
Apennine (Fig. 1). The NW–SE-trending Bradano 
foredeep basin is a narrow Pliocene-Pleistocene sed-
imentary basin located between the Apennine chain 
and the Murgia carbonate platform of the Apulian 
foreland, in southern Italy (Ricchetti 1981; Pieri et 
al. 1996; Boenzi et al. 2008). The foredeep basin is 
filled by several-km-thick Pliocene-Pleistocene de-
posits (Balduzzi et al. 1982; Tropeano et al. 2002). 
The upper Pliocene to lower Pleistocene outcrop-
ping succession (Ricchetti 1967) is made of sev-
eral-hundred-metre-thick clayey marine deposits 
(Argille subappennine Fm) passing toward the top 
to regressive sands (Sabbie di Monte Marano) and 
conglomerate (Conglomerati di Irsina).

From a  geomorphological viewpoint, the key-
sites (Table 1 reports on the ones falling in the 

Fig. 1. Location map of the test sites
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Bradano River valley) share similar morphological 
features and may be considered valuable examples 
of how climate change is affecting Mediterranean 
semi-arid areas to induce rapid landscape evolution. 
Here, most of the slopes are rapidly evolving due to 
accelerated erosion processes, so that rill-and-gully 
erosion contributes to the overall denudation at 
the catchment scale, as a result of extreme episodic 
events. These events occur at the hillslope scale and 
are triggered by intense rainfall events, the peculiar 
geological setting, and land-management factors.

From a  climate viewpoint, the Mediterranean 
is characterised by a  close interaction between 
atmospheric and marine processes and highly 
differentiated regional topographies. This results in 
specific subtropical climatic conditions with strong 
seasonal variability, relatively warm temperatures and 
highly fluctuating precipitation. Variations in climatic 
parameters have a  direct impact on efficiency and 
denudation rates. The study area is characterised 
by different local climates and ecosystems: the 
temperate climates (Csa and Csb), the steppic 
climate (Bsk), and the Mediterranean mountain 
climates (Dsb and Dsb). This last climate type 
characterises some isolated areas of the mountain 
chain and is a particularly suitable representative of 
the biogeographical complexity of Mediterranean 
Italy (Samela et al. 2022). Climate features are 
mainly influenced by the complex orography, which 
is characterised by very steep gradients, altitudes 
reaching over 2200 m a.s.l., and its geographical 
position (i.e., straddling three seas: the Adriatic to 
the north-east, the Tyrrhenian to the south-west, 
and the Ionian to the south-east. The Apennine 
chain intercepts most of the Atlantic perturbations 
in the Mediterranean basin and influences the 
distribution and type of precipitation, favouring 
the concentration of rainfall in the south-western 
area of the region. Snowfall, on the contrary, is 
mainly concentrated in the north-eastern part of 
the region and is not uncommon even at relatively 
low altitudes. In general, the seasonal distribution 
of rainfall is typically Mediterranean. The rainiest 
months are November and December, and the least 
rainy are July and August. The rainfall pattern is 
highly variable, both over the annual cycle and 
year-on-year, and often a  considerable proportion 
of the rainfall is concentrated in a few days of very 
intense precipitation. Specifically, data of the last 
approximately twenty years from the Matera weather 
station (located at 475 m a.s.l.) show that the rainiest 

months are November and December, and the 
least rainy are July and August. Analysis of rainfall 
(mm/y) from 2001 to 2023 shows a maximum total 
value of 762.2 mm in 2009 and three minimum total 
values of 371.9 mm in 2001, 375 mm in 2011, and 
396.6 mm in 2021 (Fig. 2).

November exhibits the maximum average rainfall 
value (65.39 mm) in the same time interval, as Figure 
3 shows. Further, the analysis conducted on this 
temporal range confirms that rainfall is concentrated 
in autumn (155.17 mm, Fig. 4).

Seasonal rainfall average comparison of the 2001–
2012 and 2013–2023 periods highlights that, in the 
last ten years, the mean amount of rainfall has almost 
doubled in summer and decreased in winter. Spring 
and autumn remain mostly unchanged and, in the 
last time span, are the rainiest seasons. The average 
annual temperature is 15.2°C. July and August are 
the hottest months and have very similar monthly 
averages, whereas the coldest month is January. 
According to Thornthwaite’s  climate classification, 
the climate is subarid, with an aridity index of 33 
and an annual potential evaporation (ETP) of 816 
mm (http://www.basilicatanet.it/suoli/clima.htm). 

Methodology and criteria for database 
framework construction

The database framework of climate change geo-
morphological markers proposed herein (Table 2) 
shows some of the geomorphic parameters and in-
dices, as well as techniques that might be used to 
obtain them in a certain time span and at an ade-
quate spatial scale. The table provides an overview 
that shows a  possible way for the detection of the 
listed parameters and other climate change indica-
tors through methods and modalities either known 
from the literature or proposed herein. To this scope, 
nine taxonomic categories were codified (Table 2). 
The selection of macro-categories was the result of 
an in-depth analysis of scientific literature, com-
bined with our field experience in semi-arid areas 
of southern Italy. Indicators that show a direct and 
measurable response to climate change were pri-
oritised. Therefore, those excessively influenced by 
non-climatic local factors or difficult to standard-
ise were excluded. In this way, each included cate-
gory appears robust and measurable with repeatable 
methodologies.
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Table 1. Some of the test-sites showing rapid landscape evolution in Mediterranean semi-arid areas
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Fig. 2. Rainfall (mm/y) data from 2001 to 2023 related to Matera weather station

Fig. 3. Monthly rainfall data (mean values) from 2001 to 2023 related to Matera weather station

Fig. 4. Seasonal rainfall data (mean values) from 2001 to 2023 related to 
Matera weather station
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Table 2. Proposed scheme for a database of geomorphological climate-change indicators
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Continuation of Table 2
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The measurements can be made directly or indi-
rectly, where “direct” indicates field observation and 
in-situ measurements through appropriate equip-
ment, and “indirect” indicates the interpretation of 
information obtained through map and aerial photo 
comparison and interpretation, historical research 
and archive data collection, and remote sensing tech-
niques. Moreover, such a multi-scale approach en-
tails the need to establish appropriate spatial and 
temporal scales. The multiscale approach allows the 
combination of local data (relating to slopes and to 
specific areas of erosion or sedimentation such as 
rills, gullies, dejection cones), regional data (anal-
yses involving multiple catchment areas or cover-
ing large semi-arid areas), and sometimes global 
data (trends affecting large areas, such as tempera-
ture/rainfall variations and global extreme events). 
Meanwhile, multitemporal integration allows the 
identification of long-term trends and more recent 
variations, providing a holistic view of geomorpho-
logical dynamics.

In addition to the database framework, a  data-
base is being constructed that collects representa-
tive areas from Basilicata region (Table 1) with main 
morphological features, where the above-mentioned 
approach can be used. As an example, landscape 
evolution occurring in one such area (i.e., Fosso di 
Salati sub-catchment) has been monitored in a sig-
nificant timespan (i.e., 2013–23) through field sur-
veys, satellite images (i.e., True-colour images from 
2015 to 2023 acquired from Sentinel-2 L1C [Co-
pernicus Browser] with a  7 m/px resolution), and 
mapping and desktop study. This monitoring also 
involved analysing the data from these sources using 
GIS-based techniques for the estimation of erosion-
al processes. The study also employed hourly rain-
fall and temperature data from the Matera weather 
station (latitude: 403935; longitude: 163543; altitude: 
475 m; time interval: 2013–2023). For a better char-
acterisation of climatic features over approximately 
the last ten years, we also calculated the number of 
rainy (annual and seasonal) and dry annual days, 
average intensity of rain (SDII index), annual and 
seasonal 90th and 95th percentiles, and 98th percen-
tile related to three-day rainfall values, and rainfall 
erosivity. The power-law equation developed for the 
Basilicata region by Piccarreta et al. (2005) and lat-
er used by Capolongo et al. (2008) and Gioia et al. 
(2021) was applied to estimate the average annual R 
factor from 2013 to 2023. This equation was statis-
tically derived from 20-minute and hourly precipi-

tation records and allows the estimation of rainfall 
erosivity (EI₃₀) based on daily rainfall amounts (P₂₄), 
using the formula:

𝐸𝐸𝐸𝐸₃₀ = 0.1087 ×  (𝑃𝑃₂₄)^1.86 𝑎𝑎) 
 where EI₃₀ is expressed in MJ mm h-¹ ha-¹ yr-¹, and 

P₂₄ is the daily rainfall in millimetres. Annual rainfall 
(EIannual) erosivity is then calculated as the sum of 
daily erosivity (EIdaily) values throughout the year:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝛴𝛴(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸) 𝑏𝑏) 
 

Results

The collection and the monitoring of test sites pro-
vide an overview of landscape evolution under cli-
mate-change effects in the portion of southern Italy 
most exposed to geomorphological risk and deserti-
fication processes. Analysis of some test sites chosen 
from a significant portion of the region, particularly 
from the hydrographic basin of Bradano and Basento 
rivers, show clear features of accelerated erosion pro-
cesses, such that the development of rills and gullies 
constitutes the main erosion processes of the study 
area (Fig. 5). Indeed, the comparison of multi-tem-
poral satellite images highlights a rapid change in soil 
erosion affecting slopes of one of the representative 
test sites, namely the Fosso di Salati catchment basin 
(Fig. 6). Analysis and interpretation of multi-tempo-
ral rainfall series for the last ten years show long, dry 
periods followed by heavy bursts of intense rainfall 
(Fig. 2) falling on steep slopes with fragile soils. The 
mean annual average erosivity factor computed for the 
study area using the hourly rainfall data of the Mat-
era rain gauge is equal to 677.27∙MJ∙mm∙ha-¹∙h-¹∙yr-¹ 
for the 2013–2023 period, with maximum rainfall 
erosivity recorded in 2013 and 2020 and a decreas-
ing general trend over the period (Fig. 7). The anal-
ysis of rainfall data for the 2013–2023 period in the 
Matera area reveals considerable interannual varia-
bility in both total precipitation and the frequency of 
intense events. Annual precipitation ranged from the 
most recent minimum value of 400 mm in 2021 to 
a maximum of about 651 mm in 2013, showing sig-
nificant oscillations with a general decreasing trend. 
The average annual rainfall over the period was ap-
proximately 545 mm.

Table 3 shows data collected from 2013 to 2023 
highlighting that the number of rainy days per year 
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Fig. 5. Pictures and Google Earth images showing: some accelerated erosion landforms from Basilicata. A) and B) Picciano 
sub-catchments (Bradano River valley); C), D) and E) Fosso di Salati catchment, detail of linear erosion (Bradano River 
valley); F) accelerated erosion on anthropically modified slope (Basento River valley); G) accelerated erosion landforms 
from Sinni River valley; H) Le Vigne catchment (Basento River valley); I) accelerated erosion in the Bradano River valley

fluctuated between 48 days (2017) and 86 days (2014), 
with an average of 68 days/year. The Standardised 
Daily Intensity Index (SDII), which represents the 
mean rainfall intensity on wet days, showed values 
ranging from 6.5 mm/day to 9.6 mm/day, suggesting 
a moderate to high intensity of precipitation events, 
even during years with lower overall rainfall totals. 
Notably, the number of extreme multi-day rainfall 
events (three-day cumulative precipitation exceeding 
30 mm) occurred between four and 13 times per year, 
with isolated years (e.g., 2019 and 2020) showing 
over four events, with a  maximum of eight events 
exceeding 50 mm in three consecutive days recorded 
in 2020. The percentage of annual rainfall during 
these short-term intense events remains low in most 
years, with occasional spikes up to 96.7% in 2020, 
likely reflecting concentrated precipitation episodes in 

otherwise dry years. Dry days remained consistently 
high, averaging 294 days per year, highlighting the 
region's semi-arid character. The number of hot days 
exceeding 30°C showed a  slight increasing trend, 
peaking at 72 days in 2022, further indicating a shift 
toward more frequent heat extremes.

The percentile analysis of precipitation data for 
2013–2023 (Table 3) provides further insights into the 
temporal variability of rainfall intensity in the Matera 
area. The 90th percentile daily rainfall ranged between 
2.4 mm (2017) and 6.12 mm (2016), whereas the 
95th percentile varied from 7 mm (2017) to 10.3 mm 
(2015). The 98th percentile related to three-day rainfall 
values peaked at 50.7 mm in 2020, indicating the 
occurrence of isolated but very intense daily rainfall 
events.
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Fig. 6. Multi-temporal satellite images (True-colour from Sentinel-2 L1C) comparison from 2015 to 2023 of Fosso di Salati 
sub-basin
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Fig. 7. Rainfall erosivity occurred from 2013 to 2023, computed analysing hourly rainfall data 
related to Matera weather station

Year

Total 
annual 
PRCP 

(mm/y)

N.

Rainy 
days

N. Dry 
days

N. Hot 
days 

T.max 
>30°

SDII – 
Mean 

rainfall 
intensity 

(mm/day)

90th 
Percentile

95th 
Percentile

3-day 
cumulated 
PRCP mm)

Events 
>30 mm 
in 3 days 

(events/y)

Events 
>50 mm 
in 3 days 

(events/y)

Annual 
rainfall 

in 3 days 
(%)

2013 651.2 73 286 53 8.9 4.2 9.1 4.2 9 3 67.5
2014 580.4 86 277 39 6.7 4.1 8.7 11.8 11 0 0.0
2015 555.4 68 296 66 8.1 4.4 10.3 26.8 8 0 0.0
2016 585.6 72 288 52 8.1 6.1 10.3 26.2 10 1 9.1
2017 434.6 48 311 71 9.0 2.4 7.0 18.4 13 0 0.0
2018 610.0 79 282 51 7.7 5.2 9.9 1.2 11 1 8.3
2019 581.4 70 290 71 8.3 4.5 9.3 0.2 9 5 53.8
2020 627.2 65 300 53 9.6 4.0 7.5 0.0 10 8 96.7
2021 400.0 61 301 69 6.5 3.1 7.7 0.0 5 0 0.0
2022 472.2 64 299 72 7.3 3.5 9.1 0.0 4 0 0.0
2023 505.0 64 300 66 7.8 3.6 8.8 0.0 7 3 38.1

MEAN 545.7 68 294 60 8.0 4.1 8.9 8.1 9 ~2 24.9
MAX 651.2 86 311 72 9.6 6.1 10.3 26.8 13 8 96.7
MIN 400.0 48 277 39 6.5 2.4 7.0 0.0 4 0 0.0

Table 3. Main rainfall and temperature values for the Matera weather station from 2013 to 2023

Seasonally, the winter months recorded the high-
est rainfall totals, with annual values ranging from 
88.8 mm (2016) to 246 mm (2013). Autumn also 
represented a significant contribution to the annual 
balance, ranging from 127 mm (2017) to 212.8 mm 
(2020). Conversely, spring showed more variability, 
with a minimum of 76.6 mm (2022) and a maximum 
of 222.8 mm (2014). Summer precipitation was con-
sistently lower but not negligible, fluctuating between 

41.6 mm (2021) and 193.6 mm (2020). The num-
ber of rainy days per season followed a similar pat-
tern, with winter and autumn hosting the majority of 
events, though summers like 2018 and 2020 record-
ed an unusually high number of rainy days, that is 
18 and 16 days, respectively (Table 4). The seasonal 
breakdown of rainfall percentiles further highlights 
significant intra-annual variability in the intensity of 
precipitation events. The 90th percentile of daily rain-
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fall showed values ranging from 2.6 mm (2015) to 
5.6 mm (2017) for winter; from 1.7 mm (2017) to 
6.9 mm (2014) for spring; from 0 mm (2017) to 7.2 
mm (2016) for summer; and from 3.4 mm (2017) to 
6.4 mm (2015) for autumn. Similarly, the 95th per-
centile exhibited the following seasonal ranges: from 
5.8 mm (2014) to ~11 mm (2015) for winter; from 
about 5 mm (2013) to 11.8 mm (2016) for spring; 
from 0.6 mm (2017) to 13.1 mm (2016) for summer; 
and from 6.6 mm (2017) to 12.4 mm (2015) for au-
tumn. These results underline that autumn and win-
ter are the seasons with the highest rainfall intensity, 
although isolated intense summer events occurred 
(e.g., 2016), suggesting a  shift toward more erratic 
seasonal rainfall patterns.

Discussion

The role of climate change on accelerated erosion 
processes is becoming increasingly relevant, and it is 
widely believed that the most impactful climate fac-
tor on erosion processes is rainfall. It is important to 
consider the ability of rainfall and surface runoff to 
perform “geomorphic work” in the sense of removing 
material and modifying the landscape (Piccarreta et 
al. 2005). Basilicata is one of the areas most exposed 
to hydrogeological risk and, in some areas, to deser-

tification processes. This makes it a significant exam-
ple of a Mediterranean semi-arid area where climate 
change is rapidly inducing a landscape evolution.

As river systems provide valuable evidence of 
landscape evolution in a particular climatic context, 
measuring certain geomorphic parameters means 
monitoring and understanding fluvial evolution over 
time (i.e., drainage density, channel size, morpholog-
ical patterns, sedimentation and channel migration 
rates, and valley floor widening and narrowing pro-
cesses, cf. Rinaldi et al. 2011; Scorpio et al. 2015; Zin-
garo et al. 2023, among others). The erosion rates of 
landforms characterised by complex hydro-geomor-
phological dynamics, very intense erosional process-
es and extreme sediment production represent a key 
element in understanding soil erosion processes and 
geomorphic changes due to extreme events. The role 
of vegetation in these areas is another important fac-
tor in evaluating the effectiveness of the erosive pro-
cesses: the removal of vegetation cover due to human 
activity and the consequent denudation of slopes can 
strongly influence the morphogenesis of gullies.

Moreover, since foot slopes can represent a tem-
porary space for subaerial sedimentation, the gul-
lying process may favour the deposit supply to the 
main valley, especially from poorly vegetated slopes. 
These facts mean that collecting information on the 
source areas and mobilised volumes is a fundamen-

Table 4. Seasonal rainfall values for the Matera weather station from 2013 to 2023

Year

Annual 
PRCP

Winter 
(mm/y)

Annual 
PRCP

Spring 
(mm/y)

Annual 
PRCP

Summer 
(mm/y)

Annual 
PRCP

Autumn 
(mm/y)

N. 
Winter 
Rainy 
days 

N.  
Spring 
Rainy 
days

N. 
Summer 

Rainy 
days

N. 
Autumn 

Rainy 
days

2013 246.0 100.4 158.0 146.8 21 19 14 19

2014 116.6 222.8 80.4 160.6 20 29 15 22

2015 129.2 155.0 102.8 168.4 17 20 11 20

2016 88.8 172.4 172.4 152.0 13 24 15 20

2017 153.4 90.0 64.2 127.0 18 10 5 15

2018 97.8 136.0 191.4 184.8 18 19 18 24

2019 144.8 181.8 62.4 192.4 21 27 7 15

2020 100.2 120.6 193.6 212.8 13 19 16 17

2021 103.4 90.6 41.6 164.4 20 14 7 20

2022 91.2 76.6 141.2 163.2 20 15 12 17

2023 92.2 213.4 141.0 58.4 15 26 13 10

MEAN 130.1 142.9 121.9 154.2 18 20 12 18

MAX 246.0 222.8 193.6 212.8 21 29 18 24

MIN 88.8 76.6 41.6 58.4 13 10 5 10
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tal step towards a  better understanding of geomor-
phic changes caused by extreme events (Coratza and 
Parenti 2021). In addition, data on multi-temporal 
rainfall and temperature values, the distribution of 
dry and wet periods, and flood-event frequency are 
valuable in the monitoring of how climate change 
controls landscape evolution. Rainfall erosivity con-
stitutes a relevant factor for understanding the hydro-
logical and geomorphologic processes taking place 
in a landscape, such as soil erosion, mudflows, flash 
floods, and so on (Capolongo et al. 2007).

The test sites preliminarily chosen from a signifi-
cant portion of the region and particularly from the 
hydrographic basin of the Bradano and Basento riv-
ers show clear features of accelerated erosion process-
es, such that the development of rills and gullies is 
the main erosion process of the study area (Fig. 5). 
The rainfall data from 2013 to 2023 (Table 3) con-
firm that precipitation in the Matera area is highly 
variable, both in terms of annual totals and the fre-
quency of intense events. Years like 2013 and 2019 
were relatively wet, whereas 2017 and 2021 record-
ed the lowest totals, consistent with the Mediterrane-
an climatic pattern characterised by alternating wet 
and dry years. Despite relatively stable annual totals 
over the decade, the data reveal a  trend toward in-
creasing rainfall intensity, as evidenced by the high 
SDII (Simple Day Intensity Index) values, particularly 
in 2015, 2016 and 2020. The frequent occurrence of 
short-term extreme events, including multiple three-
day periods exceeding 30 mm, suggests an elevated 
geomorphological risk, especially in relation to soil 
erosion and shallow landsliding. The extreme con-
centration of rainfall in few events, as highlighted 
by the anomalously high percentage values in 2020 
– coincident with a high rainfall erosivity value (Fig. 
7) – could lead to runoff amplification, reduced in-
filtration and surface instability, particularly when 
preceded by long, dry periods or extreme heatwaves. 
This pattern is consistent with broader climate change 
projections for Mediterranean regions that predict 
an increase in rainfall concentration and extreme 
weather events. The seasonal disaggregation of rain-
fall reveals a clear winter–autumn dominance in total 
precipitation, which is typical of Mediterranean cli-
mates. However, the high values of summer rainfall 
in 2020 and 2018, accompanied by an above-average 
number of rainy days (Table 4), suggest the increas-
ing occurrence of out-of-season storms or convective 
events, which may lead to localised but severe geo-
morphological impacts such as flash floods and gul-

ly formation. Years like 2015, 2016 and 2020 stand 
out as periods of elevated hydrological stress, where 
both seasonal totals and extreme percentile values 
converge, increasing the risk of concentrated erosion 
and geomorphic adjustments. The analysis of sea-
sonal rainfall percentiles confirms that autumn and 
winter remain the dominant seasons for high-inten-
sity rainfall events in the Matera area. However, the 
notable peaks recorded in summer 2016, reaching 
up to 7.2 mm and 13.1 mm, indicate that extreme 
summer events, although less frequent, can be par-
ticularly severe. The presence of zero or near-zero 
summer percentiles in 2017 further emphasises the 
high interannual variability typical of Mediterrane-
an semi-arid regions. These fluctuations have critical 
implications for soil moisture dynamics, as long, dry 
spells followed by sudden, high-intensity rainfall can 
enhance surface runoff, gully erosion and flash flood 
risks. By combining seasonal rainfall totals with per-
centile-based intensity thresholds, this analysis pro-
vides a  more comprehensive understanding of the 
temporal distribution of geomorphological drivers, 
supporting the development of seasonally adjusted 
hazard mitigation strategies.

Conclusions and future perspectives  
and improvements

The database framework of geomorphological in-
dicators of climate change that we proposed herein 
appears to represent an efficient tool for analys-
ing and monitoring the impact of global change in 
a very short time span, using appropriate method-
ologies and referring to data from literature to com-
pare results. The originality of such a database lies 
primarily in its multiscale and multitemporal ap-
proach. While many existing tools focus on single 
indicators or specific scales, this one integrates data 
at different levels – from local through regional to 
global – creating a comprehensive picture of the im-
pact of climate change on geomorphology. Further-
more, we have paid particular attention to practical 
applicability. The multiscale methodology is delib-
erately flexible and adaptable to contexts that differ 
in data availability, making it applicable even in ar-
eas with less-developed monitoring infrastructures. 
The identified “universal” geomorphological indica-
tors can maintain their validity in different geologi-
cal conditions, allowing interregional comparisons. 
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In this way, it may represent for geoscientists a pro-
cedural protocol for estimating the impact of global 
change in semi-arid areas, based on a  large series 
of multi-scale proxies; it may also allow public ad-
ministrations, national technical departments and 
research institutes to evaluate actions and strate-
gies for risk mitigation. Such an approach may offer 
public administrations a concrete tool for identify-
ing and prioritising areas at greatest risk, allowing 
for more efficient allocation of resources. It also en-
ables the evaluation of the effectiveness of adaptation 
measures already implemented, providing objective 
feedback based on measurable data. Of course, such 
a framework is not to be considered an exhaustive 
collection of geomorphological markers for climate 
change analyses, but it would represent a first step in 
improving techniques of landscape evolution moni-
toring to correctly estimate soil-erosion-influencing 
factors for more efficient and accurate soil conser-
vation (Wang et al. 2024). Using the methodologi-
cal approach we propose for areas that share similar 
characteristics may help to evaluate its transferabil-
ity, thereby extending its applicability.

The proposed model still presents several limi-
tations. Among the most complex challenges is the 
integration of multi-scale and multi-temporal data. 
To address this, it is necessary to develop normali-
sation systems capable of ensuring the comparability 
of data that differ in spatial and temporal resolu-
tion. Another critical issue is distinguishing the cli-
matic signal from other influencing factors, such 
as land-use changes or local geological dynamics. 
In this regard, the adoption of advanced statisti-
cal techniques and modelling approaches may help 
to effectively isolate and analyse the contribution 
of each variable. Uncertainty management also re-
mains a central challenge: every methodology car-
ries an intrinsic degree of uncertainty, which must 
be properly quantified and managed – especially 
when combining heterogeneous datasets – to en-
sure the reliability of final outcomes.

Looking ahead, the increasing pace of climate 
change will undoubtedly require continuous meth-
odological adaptations. Enhancing the frequency 
of data acquisition will become crucial in order to 
detect extreme and rapidly evolving events, likely 
pushing toward the implementation of real-time, 
continuous monitoring systems. Artificial intelli-
gence offers promising potential, particularly in the 
automatic identification of geomorphological mark-
ers from satellite and aerial imagery, which would 

significantly accelerate the updating of the database. 
In parallel, the development of an interactive cloud-
based platform providing near real-time updates – 
connected to a  distributed network of monitoring 
stations across the Mediterranean – could represent 
a  strategic evolution of the current system. Such 
a  platform could serve as a  shared decision-mak-
ing tool that would be accessible to a wide range of 
stakeholders, especially if integrated with other en-
vironmental and socio-economic databases to offer 
a more holistic view of ongoing transformations. 

Furthermore, approaches derived from agronom-
ic and forestry sciences – focused on specific mark-
ers – should be incorporated to more accurately 
characterise vulnerable areas. The inclusion of pal-
aeo-climatic data will also become increasingly im-
portant to contextualise current dynamics within 
longer-term environmental trends. Several prom-
ising research directions are emerging in this field. 
One particularly innovative path involves the de-
velopment of geomorphological biomarkers that in-
tegrate biological and physical processes, shedding 
light on the interactions between vegetation, micro-
organisms and erosive dynamics.
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