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Extended abstract
La quantificazione della ricarica delle acque sotterranee (GR) negli acquiferi carsici rappresenta una sfida rilevante a causa della forte 

eterogeneità idrogeologica, della complessità dei processi di infiltrazione e della marcata variabilità spaziale delle proprietà idrauliche. Nei 
contesti montani mediterranei, specialmente nell’Appennino Meridionale italiano, tali difficoltà sono ulteriormente accentuate dall’elevata 
variabilità spaziale e temporale delle variabili climatiche, dall’influenza dell’orografia sui regimi pluviometrici e dalla limitata disponibilità 
di dati meteorologici continui, omogenei e rappresentativi delle aree di alta quota. La presenza di reti di monitoraggio a copertura spaziale 
limitata, prevalentemente localizzate alle quote più basse e frequentemente affette da discontinuità nelle serie temporali introduce significa-
tive incertezze nella stima delle componenti del bilancio idrologico e, di conseguenza, nella valutazione della ricarica. In questo contesto, lo 
studio si propone di quantificare e mappare in ambiente GIS la ricarica delle acque sotterranee dell’acquifero carsico carbonatico del Sopra-
no–Vesole–Chianello (Provincia di Salerno, Italia) nel periodo 2000–2018, attraverso: (i) l’impiego di dataset climatologici e satellitari ad 
alta risoluzione spaziale e temporale e (ii) l’applicazione di due metodologie differenti per la stima della ricarica. L’adozione di questi dataset, 
ancora poco esplorata in campo idrogeologico, consente di superare le principali criticità legate alla scarsità, alla discontinuità temporale e 
alla distribuzione spaziale non omogenea delle stazioni meteorologiche tradizionali, migliorando la rappresentatività delle variabili clima-
tiche alla scala di bacino. Le precipitazioni annuali (P) sono state derivate dal dataset CHELSA v2.1, che fornisce ricostruzioni climatiche 
a 30 arcsec (~1 km) ottenute tramite downscaling di dati di rianalisi ERA-interim e osservazioni al suolo, garantendo una rappresentazione 
realistica dei pattern pluviometrici, in particolare in aree montane e orograficamente complesse. Nella letteratura scientifica tale dataset trova 
ampio impiego in diversi campi (ad esempio ecologia, biologia e per bilanci idrici di bacini idrologici), mentre in campo idrogeologico, e 
nello specifico per la stima della ricarica, tale studio ne propone per la prima volta l’utilizzo nell’area mediterranea.

L’evapotraspirazione efficace (AET) è stata invece ricavata dal prodotto satellitare MODIS MOD16A3GF (risoluzione 500 m), basato 
sull’equazione di Penman–Monteith e ampiamente validato per applicazioni idrologiche. La ricarica potenziale delle acque sotterranee è 
stata stimata mediante due approcci: a) il metodo APLIS, che calcola un coefficiente di ricarica (GRC), spazialmente distribuito in funzione 
di parametri geomorfologici e idrogeologici quali altitudine, pendenza, litologia, infiltrazione preferenziale e tipo di suolo; b) bilancio idro-
logico classico basato sulla precipitazione efficace (P−AET) e sull’applicazione di coefficienti di infiltrazione, dipendenti dalla litologia, 
tratti dalla letteratura. Il confronto preliminare tra i dati di precipitazione CHELSA e quelli di sei stazioni pluviometriche locali, caratteriz-
zate da serie temporali frammentarie e distribuzione altimetrica limitata, ha evidenziato una buona coerenza nelle tendenze interannuali e 
nei valori medi, confermando l’affidabilità del dataset climatico adottato nel compensare l’assenza di dati osservativi continui. A scala di 
bacino, le precipitazioni medie annue risultano comprese tra 1120 e 1497 mm∙a-1, mentre l’AET varia tra 551 e 1013 mm∙a-1. Le stime di ri-
carica ottenute con i due metodi mostrano valori medi comparabili e portate complessive simili, pari rispettivamente a ~1.3 m³∙s-1 mediante 
il metodo APLIS e ~1.0 m³∙s-1 attraverso l’approccio di bilancio, sebbene con differenze nella distribuzione spaziale dovute alle diverse im-
postazioni metodologiche e al diverso peso attribuito ai fattori di controllo. Nel complesso, l’approccio proposto, basato sull’integrazione 
di dati climatologici ad alta risoluzione e prodotti di telerilevamento, si dimostra efficace e replicabile per la stima della ricarica di acquiferi 
carsici caratterizzati da carenze di dati di monitoraggio. La coerenza dei risultati ottenuti mediante due metodologie indipendenti rafforza 
l’affidabilità delle stime e suggerisce una potenziale applicabilità del framework ad altri sistemi carsici mediterranei e montani soggetti a 
condizioni climatiche e problematiche di monitoraggio analoghe.
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Abstract
This study aims to quantify and map groundwater recharge 

in a Mediterranean karst aquifer in southern Italy over the period 
2000–2018 by integrating analyses based on high-resolution 
climatological and remote sensing datasets. The approach uses 
annual precipitation (P) from the CHELSA v2.1 dataset, which 
provides ~1 km resolution climatological variables derived from 
downscaled ERA-interim reanalysis and ground observations. 
Actual evapotranspiration (AET) was obtained from the MODIS 
MOD16A3GF product (500 m resolution), based on the Penman–
Monteith algorithm. GR was estimated through two methods 
employing groundwater recharge coefficients (GRCs). The 
first applied the APLIS model, a GIS-based empirical method 
specifically designed for karst aquifers, which determines a 
spatially distributed GRC as a function of five environmental 
variables. The second method used effective precipitation 
(P–AET) combined with lithology-dependent GRCs from the 
literature. Both recharge methods yielded slightly different GR 
estimates in terms of discharge rate at the basin scale, with values 
of 1.3 m³∙s-1 and 1.0 m³∙s-1 for the first and the second method, 
respectively. Locally, some spatial differences emerged due to 
methodological contrasts. Overall, the integrated GIS-based 
framework proved effective for estimating groundwater recharge 
in data-limited karst environments and demonstrates strong 
potential for application in other Mediterranean karst systems.

Keywords: groundwater recharge, karst aquifer, CHELSA, MODIS, 
APLIS method

INTRODUCTION
Carbonate karst aquifers represent one of the most 

important groundwater reservoirs for drinking water supply 
and environmental preservation (hartmann et alii, 2014). 
Their distinctive characteristics, such as high permeability 
and storativity, favour the storage of significant amounts of 
renewable and long-term freshwater resources (Bakalowicz, 
2015). Given their strategic role, the sustainable use of these 
resources is a priority for water authorities, particularly in 
light of increasing pressures from anthropogenic activities 
and climate change, which can affect both the quantitative and 
qualitative status of groundwater bodies (Un Water, 2022).

In carbonate karst aquifers, groundwater recharge is 
commonly estimated using methods adapted from porous 
aquifer studies (Scanlon et alii, 2002; Andreo et alii, 2008; 
Healy & Scanlon, 2010), including: (i) direct measurements 
using lysimeters and seepage meters; (ii) Darcian approaches 
based on field measurements and numerical modelling; and 
(iii) water balance methods relying on empirical equations 
and hydrochemical investigations (e.g., chloride mass balance 
and isotope analyses). However, all the aforementioned 

methods present significant limitations when applied to karst 
environments, due to their intrinsic heterogeneity and structural 
complexity (Xu & Beekman, 2019).

In karst aquifers, recharge processes are strongly controlled 
by the spatial variability of secondary porosity and permeability 
within carbonate rocks. This variability governs whether 
infiltration occurs as diffuse and/or concentrated recharge, how 
infiltrating water moves through the unsaturated zone (matrix 
flow versus fracture–conduit flow), and whether groundwater 
discharge is diffuse or concentrated (Bakalowicz, 2005; 
Andreo et alii, 2008; Martos-Rosillo et alii, 2015). For many 
karst aquifers worldwide, groundwater recharge (GR) is therefore 
often assessed using groundwater recharge coefficients (GRCs), 
which quantify the fraction of precipitation that effectively 
contributes to aquifer recharge (e.g., the Effective Infiltration 
Coefficient, EIC; Drogue, 1972; Bonacci, 2001, and the Annual 
Groundwater Recharge Coefficient, AGRC, developed for karst 
aquifers of southern Italy; Allocca et alii, 2014).

Within this framework, empirical methods are frequently 
applied to estimate the spatial and temporal distribution of 
groundwater recharge (Dripps & Bradbury, 2010), as they allow 
for a relatively rapid and operational assessment. Among these 
approaches, APLIS is an empirical method specifically developed 
for karst aquifers (Andreo et alii, 2008). It estimates recharge 
as a linear function of altitude, slope, lithology, preferential 
infiltration, and soil type, without explicitly considering climatic 
or meteorological variables, which may vary considerably in 
space and time. APLIS has been tested in several Spanish karst 
aquifers, where results were consistent with those obtained using 
conventional methods (Andreo et alii, 2015; Martos-Rosillo 
et alii, 2015), and it has subsequently been applied in multiple 
carbonate karst aquifers across the Mediterranean region (Zagana 
et alii, 2011; Hartmann et alii, 2014; Errahmouni et alii, 2022).

Another major challenge in groundwater studies is the accurate 
quantification of precipitation and its spatial and temporal variability. 
Climatic datasets are often affected by the sparse and uneven 
distribution of ground-based meteorological stations, particularly 
in complex mountainous regions. Moreover, interruptions and 
discontinuities in meteorological records can further degrade data 
quality and limit their applicability. To overcome these limitations, 
reanalysis products have been increasingly adopted over the 
last decade as gridded climatic data sources for water resource 
assessments from basin to global scales (Lepore et alii, 2024).

Reanalysis datasets are produced using numerical weather 
prediction models that simulate atmospheric and surface variables 
while assimilating observational data. Their objective is to 
provide physically consistent reconstructions of past atmospheric 
states that are compatible with observed meteorological 
conditions (Dee et alii, 2014; Wood et alii, 2025). Compared 
to interpolations based on ground stations, reanalysis products 



 61Italian Journal of Engineering Geology and Environment, Special Issue 1 (2026)		  www.ijege.uniroma1.it    

ASSESSMENT OF GROUNDWATER RECHARGE IN A MEDITERRANEAN KARST SYSTEM USING CHELSA AND MODIS DATA

offer several advantages: (i) they provide spatially continuous 
fields derived from large-scale observational constraints, rather 
than point measurements; and (ii) they ensure high temporal and 
spatial resolution over multi-decadal periods.

Several global and regional reanalysis datasets have been 
developed in recent years, benefiting from advances in model 
performance and computational capacity. A comprehensive 
comparison of widely used climate reanalysis datasets for hydro-
climatic impact studies is provided by Wood et alii (2025). Among 
these datasets, the Climatologies at High Resolution for the Earth’s 
Land Surface Areas (CHELSA) products (Karger et alii, 2017; 
2023) are statistically downscaled versions of large-scale reanalysis 
datasets (e.g., ERA-Interim: Dee et alii, 2011; W5E5: Cucchi et 
alii, 2020), providing daily meteorological variables at 1 km spatial 
resolution at the global scale. Chelsa datasets are widely used in 
environmental and ecological studies (Bobrowski & Schickhoff, 
2017; Fierke et alii, 2024). In hydrogeological applications, and 
specifically for groundwater recharge assessment, Chelsa 
has been employed in only one recent study (Karunakalage et 
alii, 2025), conducted in the subtropical monsoon region of the 
Central Gangetic Plain (Uttar Pradesh, India).

In parallel, the increasing reliability of high-resolution global 
satellite observations has enabled the development of global 
gridded datasets describing key atmospheric and land-surface 
variables (Wang et alii, 2010). Remotely sensed products of actual 
evapotranspiration (AET), derived from surface energy balance 
models using multispectral satellite data (e.g., net radiation, 
land surface temperature, and vegetation properties), currently 
represent one of the most valuable sources of information for 
water balance studies. Several global AET datasets have been 
developed, including the Penman–Monteith–Leuning model 
(PML; Zhang et alii, 2019), the Simplified Surface Energy 
Balance operational model (SSEBop; Senay et alii, 2022), and 
the Global Land Evaporation Amsterdam Model (GLEAM) 
v3.3b (Miralles et alii, 2011). Among these, the MOD16 
dataset provides a continuous global time series and represents 
an operational implementation of the Penman–Monteith equation 
driven by Moderate Resolution Imaging Spectroradiometer 
(MODIS) satellite observations (He et alii, 2019).

Based on these considerations, the aim of this study is to 
develop and test an integrated framework for the estimation and 
spatial mapping of groundwater recharge in a Mediterranean 
karst aquifer under data-scarce conditions. To this end, the study 
applies, for the first time in the Mediterranean region, high-
resolution CHELSA precipitation data to estimate mean annual 
precipitation for the period 2000–2018, in combination with actual 
evapotranspiration derived from the MODIS MOD16 dataset. 
Specifically, the objectives of this research are to: (i) evaluate the 
reliability of CHELSA precipitation data in a mountainous karst 
setting characterized by limited and discontinuous meteorological 

observations; (ii) estimate groundwater recharge through 
two independent approaches based on groundwater recharge 
coefficients, namely the APLIS method and a water balance 
approach based on effective precipitation; and (iii) compare 
the resulting recharge estimates to assess their consistency and 
suitability for application in Mediterranean karst environments.

STUDY AREA
The Soprano–Vesole–Chianello Mountains karst aquifer 

(75.4 km²), located in the Cilento sub-region of southern Italy, 
is characterized by a complex stratigraphic and structural 
framework that strongly controls groundwater circulation (Fig. 
1). The present structural setting of the Cilento region is defined 
by a duplex structure resulting from NE-vergent thrusting active 
from the Middle Miocene to the Upper Pliocene. Subsequent 
tectonic phases, lasting until the Early Pleistocene, caused 
further eastward translation of the previously formed thrust 
sheets. Since then, tectonic activity has been mainly limited to 
transpressive movements and vertical uplift.

During the Quaternary (last 2.6 million years), the study area 
emerged from the sea, and its landscape was shaped by various 
geomorphic processes (fluvial, coastal, and aeolian), strongly 
influenced by climatic oscillations (Santangelo et alii, 2015).

The carbonate ridge investigated in this study belongs to a 
NE-directed fold-and-thrust belt developed during Neogene to 
Quaternary times. It is formed by highly fractured limestone 
series belonging to the stratigraphic–structural Alburno–Cervati–
Pollino Unit (Triassic–Middle Lias), deposited in a shallow-water 
carbonate platform to platform-margin environment and locally 
grading into marly limestone facies, and bounded by turbidite and 
deep-basin terrigenous deposits of the “Internal Units”. These low-
permeability units limit and constrain groundwater flow toward the 
Capodifiume spring (Fig. 1) (Cusano et alii, 2024).

Despite the limited availability of studies on karst phenomena 
in the study area compared to the well-documented Alburni 
Mountains, the Soprano–Vesole–Chianello Mountains represent 
a representative example of a karst massif in southern Italy and 
preserve a distinctive karst environment. According to Cinque 
& Romano (2001), two main geomorphological units can be 
identified: (a) carbonate mountainous massifs, characterized 
by summit karst landscapes, steep structural slopes, and wide 
piedmont areas. These massifs host major cave systems and 
constitute important groundwater storage zones; (b) marly–
clayey hills, characterized by gentle slopes.

Among the endokarst features, ponor–resurgence systems 
characterized by vertical caves with meandering conduits are 
the most representative morphologies in the study area. Karst 
development is strongly influenced by lithology and structural 
setting. The main tectonic trends, represented by sub-vertical fault 
systems, have promoted karst processes and controlled the dominant 
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directions of cave development (Santangelo & Santo, 1997).
From a hydrogeological perspective, the area is dominated 

by carbonate outcrops with a high degree of permeability due 
to intense fracturing and karstification. The basal groundwater 
circulation of the Vesole Mountain sub-unit is oriented from 
east to west and feeds the main springs located in the Paestum 
Plain, at a minimum elevation of approximately 35 m a.s.l., with 
a mean discharge of about 3.0 m³∙s-1.

The carbonate ridge is characterized by a complex 
hydrogeological system involving soil cover and carbonate bedrock, 
with a stratigraphic configuration typical of southern Italian karst 
aquifers. As observed in other karst systems of the region, the 
aquifer is partially covered by a pyroclastic ash-fall soil mantle. 
The spatial continuity, thickness, and stratigraphic characteristics 
of this cover depend on the distance from the Somma–Vesuvius 
and Phlegraean Fields volcanic districts, the orientation of dispersal 
axes, and subsequent denudational processes.

The Soprano–Vesole–Chianello mountains ridge exhibits 
a variety of geomorphological features, soil covers, and 
vegetation types typical of Mediterranean carbonate mountain 

environments. Four land cover classes are recognized: (a) 
denuded areas with dominant rock outcrops, isolated thin soil 
patches, and sparse grass vegetation; (b) denuded areas with 
sparse rock outcrops, discontinuous but connected soil patches, 
and grass vegetation; (c) areas with continuous and moderately 
thick soil cover and grassland; and (d) areas characterized by 
the thickest and most continuous soil cover with woodland 
vegetation (Cusano et alii, 2024). Land cover class (d) accounts 
for approximately 93% of the aquifer area, whereas classes (a), 
(b), and (c) cover about 0.5%, 5%, and 2.5%, respectively.

Vegetation distribution varies with altitude and slope exposure. 
North- to northeast-facing slopes are predominantly occupied by 
chestnut groves, while oak forests dominate the lower elevations 
of south- to southwest-facing slopes. Deciduous forests are 
widespread in the central sector of the ridge, particularly along the 
northern slopes of Vesole Mountain (Blasi, 2005).

According to Crespi et alii (2018), the spatial distribution of 
mean annual precipitation in this sector is strongly controlled by 
regional orography, displaying a marked west-to-east gradient. 
The highest mean annual precipitation values, reaching up to 

Fig. 1	 -	 Hydrogeological map of the Soprano-Vesole-Chianello Mts. karts aquifer (modified after Cusano et alii, 2024)
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approximately 1500 mm, occur in the massifs of the Southern 
Apennines, such as the Picentini and Alburni areas. Climatic 
conditions range from a Mediterranean climate (Csa) in coastal 
areas up to about 600 m a.s.l. to a mild Mediterranean climate 
(Csb) in inland zones, which are widespread above elevations of 
600–800 m a.s.l. (Beck et alii, 2018).

DATA AND METHODS
Hydrologic datasets

Precipitation data from six meteorological stations were 
collected from the regional hydro-meteorological monitoring 
network of the Civil Protection Department of the Campania 
Region (Fig. 2a): S1 – Ponte Barizzo (15 m a.s.l.), S2 – Albanella 
(20 m a.s.l.), S3 – Laurino Villa Littorio (677 m a.s.l.), S4 – 
Capaccio (3 m a.s.l.), S5 – Gioi Cilento (691 m a.s.l.), and S6 
– Roccadaspide (456 m a.s.l.).

The comparison between the hypsometric curve of the study 
area and that of the area covered by the meteorological stations 
(Fig. 2b) highlights a marked mismatch in elevation distribution. 
Approximately 50% of the study area lies at elevations above 
700 m a.s.l., whereas nearly 80% of the area represented by the 
meteorological stations is located below this elevation threshold. 
Furthermore, the available station records exhibit limited spatial 
coverage and temporal discontinuities (Figs. 2a and 2c).

Based on these limitations, conventional spatial interpolation 
techniques or precipitation–altitude empirical regression 
approaches were considered unsuitable for deriving spatially 
distributed precipitation fields. Under these conditions, gridded 

climate datasets provide a valuable alternative for characterizing 
precipitation variability over the study area. Accordingly, 
precipitation data were obtained from the CHELSA dataset (version 
2.1; Karger et alii, 2017; Karger, 2025), a high-resolution 
(~1 km) global climate product generated through the statistical 
downscaling of ERA-Interim reanalysis data (Dee et alii, 2011).

CHELSA products, provided primarily in GeoTIFF format, 
are designed to capture climatic variability in complex terrain, 
particularly in mountainous regions. The dataset includes multi-
decadal climatologies as well as time-series products with temporal 
resolutions ranging from daily to annual, covering the period 
from 1979 to the present. Prior to their application in this study, 
minimum, maximum, and mean annual precipitation values derived 
from CHELSA were compared with corresponding observations 
from the available meteorological stations (Figs. 2d and 2e) to 
evaluate the reliability of the Actual evapotranspiration (AET) was 
derived from remotely sensed products, which are widely used in 
large-scale hydrological studies due to their consistent temporal 
sampling and spatial coverage. AET data were obtained from the 
MODIS MOD16A3GF product (tile h19v04, version 061), which 
provides annual AET estimates at a native spatial resolution of 
500 m (Running et alii, 2015). The MOD16 algorithm is based 
on the Penman–Monteith formulation (Monteith, 1965) and 
generates AET values expressed in kg m⁻² yr⁻¹.

Data processing and correction were performed following 
the MOD16A3GF user guidelines (Running et alii, 2015), 
using the MODIStsp R package (Busetto & Ranghetti 2016) 
and QGIS software (version 3.22).

Fig. 2	 -	 (a) Boundary of the Soprano-Vesole-Chianello karts aquifer and distribution of precipitation stations; (b) hypsometric curves of the study area 
and the station-covered area; (c) temporal continuity of precipitation station time series
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Groundwater recharge estimation
Groundwater recharge (GR) for the Soprano–Vesole–

Chianello karst aquifer was estimated at the mean annual 
scale for the period 2000–2018 using two complementary 
methodological approaches. Both approaches employ CHELSA-
derived precipitation as a common climatic input but differ in 
the conceptual framework used to quantify recharge.

The first approach applies the APLIS model (Andreo et 
alii, 2008) to estimate spatially distributed recharge rates using 
a GIS-based integration of multiple controlling factors. The 
APLIS index, interpreted as a groundwater recharge coefficient 
(GRC), was calculated according to Eq. (1):

                GRCAPLIS = (A + P + 3L + 2I + S) ⁄ 0.9                  (1)

where A is altitude, P is slope, L is lithology, I represents concentrated 
infiltration landforms, and S is soil type. Each parameter was 
assigned a score ranging from 1 to 10 based on its relative influence 
on groundwater recharge. Raster layers for altitude and slope 
were derived from a 10 × 10 m digital elevation model (DEM). 
The lithology map was obtained from the hydrogeological map 
of the study area (Fig. 1), modified after Cusano et alii, (2024). 
Concentrated infiltration features were identified through field 
surveys and bibliographic sources (Santangelo & Santo, 2005), 
while soil type information was derived from the detailed land 
cover map reported in Cusano et alii (2024).

The weighting scheme reflects the relative importance of each 
parameter in controlling groundwater recharge: lithology is assigned 
three times the weight of altitude, slope, and soil type, whereas 
the infiltration landforms parameter is weighted twice as much. As 
a result of the normalization factor (0.9), the theoretical recharge 
coefficient ranges from 8.88% to 88.8% of total precipitation, never 

reaching 100% (Andreo et alii, 2008). Recharge coefficients were 
grouped into five classes and subsequently applied to CHELSA 
precipitation data to obtain spatially distributed recharge estimates.

Groundwater recharge derived from the APLIS approach 
(GR₁) was calculated as:

                             GR₁ = PCHELSA × GRCAPLIS                             (2)

where PCHELSA  is total annual precipitation (mm∙yr⁻¹).
The second approach is based on a simplified hydrological 

balance in which groundwater recharge is estimated as a fraction 
of effective precipitation, defined as the difference between 
precipitation and actual evapotranspiration:

                    GR₂ = (PCHELSA − AETMODIS ) × GRCS                     (3)

where AETMODIS is total annual actual evapotranspiration (mm∙yr⁻¹), 
and GRCS represents spatially distributed recharge coefficients 
derived from literature values (Celico, 1988). These coefficients 
correspond to the three main lithological classes identified in 
the study area (limestone and dolostone, marly limestone, and 
detritic/conglomeratic deposits), consistent with the lithological 
classification used in the APLIS method.

All spatial analyses, APLIS index calculations, and groundwater 
recharge estimates were performed in a GIS environment using 
QGIS software (version 3.22).

RESULTS AND DISCUSSION
CHELSA dataset analysis

The comparison between observed precipitation data 
and CHELSA-derived values is most reliable for the period 
2008–2018 (Fig. 3a), when a larger number of operational 

Fig. 3	 -	 (a) Comparison between observed station-based and CHELSA precipitation time series; (b) boxplot comparison of minimum, mean. and maxi-
mum precipitation values for station data (blue) and CHELSA data (red)
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meteorological stations provides a more representative 
observational baseline. Over this interval, the two time series 
exhibit a strong coherence in their interannual variability, with 
comparable maxima (approximately 1600–1700 mm∙yr⁻¹) and 
minima (approximately 600–700 mm∙yr⁻¹).

CHELSA occasionally yields higher precipitation values, 
particularly during wetter years. This behaviour is likely related to the 
uniform spatial coverage of the dataset, which captures precipitation 
occurring at higher elevations that are not adequately represented by 
the predominantly low-altitude meteorological stations.

This interpretation is supported by the comparison of the 
statistical distributions of minimum, mean, and maximum 
precipitation values (Fig. 3b). Both datasets display similar 
variability ranges, although CHELSA shows a greater dispersion in 
the upper tail of the distribution. Overall, CHELSA reproduces the 
observed rainfall variability with good reliability, both in terms of 
central tendencies and the magnitude of extreme values, supporting 
its suitability for precipitation estimation in the study area.

APLIS coefficient
The APLIS parameters were evaluated by assigning a 

score ranging from 1 to 10 to each controlling factor (Fig. 4), 
following the classification criteria proposed by Andreo et alii 
(2008). The altitude parameter (A) ranges from 46 to 1301 m 

a.s.l. and was classified into five elevation bands with 300 m 
intervals, with higher scores assigned to higher elevations to 
reflect increasing recharge potential.

The slope parameter (P), which strongly influences infiltration 
processes, favours recharge under gentle slope conditions and was 
classified according to the original APLIS scheme. For the lithology 
parameter (L), three hydrostratigraphic units were distinguished. 
Carbonate units, consisting of fractured and karstified limestones 
and dolostones, were assigned a score of 8. Transitional arenaceous 
and pelitic units were grouped into the limestone marl, sand, and 
gravel class with a score of 4, while Quaternary deposits were 
classified as conglomerates and assigned a score of 3.

The concentrated infiltration parameter (I) was assigned 
three distinct scores: 10 in areas characterized by preferential 
infiltration landforms (e.g., vertical cave systems), 5 in 
correspondence with morphostructural features, and 1 
elsewhere. Finally, the soil parameter (S) was classified into two 
categories based on soil thickness and texture, with scores of 8 
assigned to calcareous regosols and 6 to cambisols.

The resulting GRCAPLIS map (Fig. 4) shows values mainly 
distributed within three recharge classes (20–40%, 40–60%, and 
60–80%). Approximately 66% of the aquifer area is characterized by 
medium recharge coefficients (40–60%), about 39% by lower values 
(20–40%), and only 1% by higher recharge coefficients (60–80%).

Fig. 4	 -	 Spatial distribution of the APLIS input parameters and resulting groundwater recharge coefficient (GRCAPLIS) map



66 Italian Journal of Engineering Geology and Environment, Special Issue 1 (2026)		  www.ijege.uniroma1.it    

S. CODA, D. CUSANO, D. LEPORE, P. ALLOCCA, F. CAROTENUTO, P. DE VITA, D. DI MARTIRE, P. PETRONE & V. ALLOCCA

The highest recharge coefficients are concentrated in the central 
sector of the aquifer, where highly karstified carbonate rocks 
with elevated permeability and abundant preferential infiltration 
features (fractures and caves) are present. Lower recharge values 
characterize peripheral sectors of the aquifer, where lower 
elevations and the presence of transitional calcarenite units with 
reduced permeability limit infiltration efficiency.

Groundwater recharge maps
The spatial distribution of CHELSA precipitation and MODIS-

derived actual evapotranspiration highlights hydrological patterns 
that are consistent with the morphological and environmental 
characteristics of the Soprano–Vesole–Chianello karst aquifer 
(Fig. 5). CHELSA precipitation (Fig. 5a) exhibits a clear altitudinal 
gradient, with mean annual values ranging from 929 to 1497 
mm∙yr⁻¹ (mean value of 1354 mm∙yr⁻¹), corresponding to an 
estimated water input of 3.23 m³∙s⁻¹ (Table 1). Higher precipitation 
values are associated with elevated areas, reflecting enhanced 
orographic effects along the northwestern reliefs.

MODIS actual evapotranspiration (AET; Fig. 5b) shows a 
different spatial pattern, with values ranging between 551 and 
1013 mm∙yr⁻¹ (mean value of 754 mm∙yr⁻¹, equivalent to 1.80 
m³∙s⁻¹). The highest AET values are primarily concentrated 

Fig. 5	 -	 Spatial distribution of (a) CHELSA precipitation, (b) MODIS actual evaporatranspiration, (c) groundwater recharge estimated using the 
APLIS-based approach (GRI), and (d) groundwater recharge estimated using the water balance approach (GR2)

Tab. 1	 -	 Summary statistics of precipitattion, actual evapotranspira-
tion, and groundwater recharge estimates
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CONCLUSIONS
This study presents an integrated framework for the 

estimation and spatial mapping of groundwater recharge in the 
Soprano–Vesole–Chianello Mountains karst aquifer (southern 
Italy) over the period 2000–2018. The approach combines high-
resolution climatological data from the CHELSA dataset with 
remotely sensed actual evapotranspiration derived from MODIS 
products, addressing the limitations imposed by sparse and 
discontinuous ground-based meteorological observations.

Groundwater recharge was quantified using two 
complementary methods: the APLIS empirical approach, 
which emphasizes structural and geomorphological controls 
on infiltration, and a simplified water balance method based 
on effective precipitation (P−AET) and lithology-dependent 
groundwater recharge coefficients. The APLIS method captures 
the pronounced spatial heterogeneity typical of karst systems, 
whereas the water balance approach yields lower and more 
homogeneous recharge estimates, reflecting the influence of 
evapotranspiration and lithological constraints.

Despite methodological differences, both approaches 
provide groundwater recharge estimates of comparable 
magnitude and consistent spatial trends, reinforcing confidence 
in the results. The findings demonstrate that the combined use of 
CHELSA and MODIS datasets represents a reliable alternative 
to station-based data in mountainous karst environments and 
offers a transferable methodology for groundwater recharge 
assessment in data-scarce regions. Ultimately, this approach 
can support more informed and sustainable groundwater 
management strategies in complex karst settings.

in areas characterized by dense forest and vegetation cover, 
indicating that land cover exerts a stronger control on 
evapotranspiration than elevation alone. This pattern persists 
despite the generally lower temperatures at higher altitudes, 
which would otherwise tend to reduce evapotranspiration rates.

Groundwater recharge maps derived from the two 
methodological approaches reveal distinct spatial patterns, 
while yielding comparable mean groundwater recharge values 
(Fig. 5c, d; Table 1). Recharge estimated using the APLIS-based 
approach (GR1; Fig. 5c) ranges from 247 to 1056 mm∙yr⁻¹, with a 
mean value of 563 mm∙yr⁻¹ (1.34 m³∙s⁻¹). This method produces 
a highly heterogeneous recharge distribution, emphasizing 
localized recharge hotspots associated with karstified zones and 
highly permeable carbonate plateaus.

In contrast, groundwater recharge estimated using the water 
balance approach incorporating MODIS AET data (GR2; Fig. 5d) 
yields lower values, ranging from 132 to 848 mm∙yr⁻¹, with a mean 
value of 465 mm∙yr⁻¹ (1.07 m³∙s⁻¹). This approach is more sensitive 
to evapotranspiration losses and lithological contrasts, resulting in a 
smoother and more homogeneous spatial pattern compared to GR1.

Overall, GR1 provides higher and more spatially detailed 
recharge estimates, reflecting the structural and geomorphological 
controls emphasized by the APLIS framework. Conversely, 
GR2 yields more conservative recharge values that explicitly 
account for vegetation-driven evapotranspiration and effective 
precipitation. Despite these differences, the two approaches 
produce recharge estimates of the same order of magnitude 
and are consistent with the general hydrological regime of the 
aquifer, supporting the robustness of the proposed methodology.
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