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Impact scenarios on groundwater 
availability of southern Italy 
by joint application of regional 
climate models (RCMs) 
and meteorological time series
Daniele Lepore 1*, Edoardo Bucchignani 2, Myriam Montesarchio 2, Vincenzo Allocca 1, 
Silvio Coda 1, Delia Cusano 1 & Pantaleone De Vita 1

Nowadays the phenomenon of global warming is unequivocal, as confirmed by the latest reports of 
the IPCC and studies of the climate-change impacts on ecosystems, global economy, and populations. 
The effect of climate change on groundwater is a very relevant task especially for regions dependent 
chiefly on groundwater availability, as for the southern Italy. In such a territorial framework, to 
achieve a detailed hydro-climatological characterization, an Ensemble of 15 RCMs (E15) derived 
from the EURO-CORDEX project was analyzed considering two IPCC Representative Concentration 
Pathways (RCP4.5 and RCP8.5). The E15 was calibrated over the period (1950–1996) by a statistical 
comparison with data observed by the regional meteorological network managed by the former 
National Hydrological Service (SIMN), Department of Naples. The effects of climate change on 
air temperature (T), precipitation (P) and, consequently, on actual evapotranspiration (ETR) and 
effective precipitation Pe (P – ETR) were analyzed until 2100. The latter was considered as a proxy 
of groundwater recharge of the principal aquifer systems, represented chiefly by the karst aquifers. 
As a principal result, it was found that the E15 is basically able to reproduce the observed annual 
precipitation  (OBSP) and mean annual air temperature  (OBST), being characterized by a very similar 
frequency distribution. Accordingly, an inferential statistical approach was performed for calibrating 
E15 precipitation  (E15P) and air temperature  (E15T) based on the compensation of the difference with 
 OBSP (+ 7%) and  OBST (− 16%). The E15 projects a reduction in precipitation and an increase in air 
temperature under both RCPs, with a divergence point between the two scenarios occurring by about 
2040. As a principal result, Pe shows declining trends for both RCP scenarios, reaching a decrease of 
the 11-yrs moving average down to − 20%, for RCP4.5, and − 50%, for RCP8.5, even if characterized by 
relevant inter-annual fluctuations.
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The economic and social development of southern Italy is fundamentally sustained by the availability of 
groundwater resources, which are provided by a series of principal aquifers. Among these aquifers, the karst 
ones are the most significant due to their high mean annual groundwater yield, which is the highest in  Europe1. 
In such a framework, the study of the future effects of climate change on groundwater recharge and availability 
is a very relevant task.

Precipitation and air temperature represent the key variables controlling groundwater recharge processes and 
the most susceptible to the effects of climate change. As highlighted by various researches, the effects of climate 
change will substantially disrupt the water cycle, leading to an increase in the air temperature and in the intensity 
and frequency of extreme hydro-climatic events in numerous regions  worldwide2–5. The Mediterranean region, 
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where Italy occupies the central part, is acknowledged as one of the major climate change hotspots due to future 
projections of air temperature increase and annual precipitation  decrease6–8.

One of the most recognized approaches for the development of future climate projections is based on the 
usage of regional climate models (RCMs) under different greenhouse gas emission  scenarios9. Despite the 
important relationship between climate patterns and groundwater  resources10, researches have not advanced 
yet the analysis of the future impacts of climate change on groundwater recharge processes to the same extent of 
those carried out on surface water  resources11. Consequently, the analysis of future hydrogeological scenarios, 
depending on long-term patterns of precipitation and air temperature, appears as a fundamental achievement 
for a resilient management of groundwater resources in southern Italy, where the economic development is 
mainly reliant on groundwater resources and studies regarding the impacts of climate change are still scarce.

Accordingly, this study aims to analyse the effects of the climate change on the groundwater recharge processes 
of the major aquifers systems of the southern Italy, by the application of data of 15 RCMs provided by the 
European Coordinated Regional Downscaling Experiment (EURO-CORDEX)7, which are currently used to 
project scenarios of precipitation (P) and air temperature (T) until the end of the XXI century. Moreover, in 
this study we propose a novel and practical method for the evaluation and correction of different RCMs’ data 
against observed historic meteorological time series (1950–1996) over southern Italy, which is based on an 
inferential statistical approach. The estimation of expected changes in annual values of actual evapotranspiration 
(ETR) and effective precipitation (Pe) until 2100 was obtained by considering an ensemble mean of 15 RCMs 
(E15) under two representative concentration pathways scenarios, respectively IPCC RCP 4.5 and RCP 8.55,12. 
The proposed approach of the bias correction of RCMs is performed at the annual time-scale, and is based on 
the comparison at the regional scale with time series recorded by a national meteorological network, which 
functioned discontinuously in space and time.

To the best of our knowledge, the outcomes of the present research provide a relevant contribution for the first 
time in the assessment of groundwater resources availability under future water crisis scenarios in southern Italy.

The results of the analyses are addressed primarily to the karst aquifers, which represent the most important 
sources of groundwater for the region, but secondarily also to the others minor aquifers which represent local 
relevant groundwater resources.

RCMs in the Mediterranean area
General circulation models (GCMs) and RCMs are applied worldwide at different spatial resolutions and temporal 
scales, for the development of climate scenarios up to the end of the current century. A series of international 
projects and studies (e.g.  CORDEX7) have produced a huge ensemble of climate projections, accounting for 
most of the uncertainties affecting climate change  predictions13. At the resolution of GCMs Italy is not well 
delineated, since it has a complex topography, ranging from high mountain chains to a diverse coastline. For this 
reason, data from high-resolution RCMs have been considered in the present research. Specifically,  Holman14 
suggested that the best practice for using climate projections to assess the impact on groundwater resources 
was to consider multiple RCMs driven by multiple GCMs under different emission scenarios (pathways). This 
approach introduces additional variability in the climate data, which enhances uncertainty in the assessment of 
future groundwater  recharge15.

As first step, the state of art of RCMs simulations (and related driving GCMs) available in the framework of 
Mediterranean karst aquifers has been investigated. It is summarized in Table 1, where a list of GCMs/RCMs 
combination is shown, along with relevant information (e.g. spatial and temporal resolution of the models 
scenarios).

Some of the RCMs applied derive from ENSEMBLES and PRUDENCE projects, under the A1B scenario, 
defined by IPCC in the Special Report on Emissions Scenarios (SRES)24.Other RCMs applied derive from the 
EURO-CORDEX  project25. The EURO-CORDEX team performed a dynamical downscaling of the global 
simulations from the Coupled Model Intercomparison Project Phase 5 (CMIP5) long-term experiments.

Table 1.  Literature applications of GCMs/RCMs in the framework Mediterranean areas. P precipitation; T air 
temperature; E empirical; N numerical; C combined.

Year Locations GCMs/RCMs project No of GCMs/RCMs
RCMs resolution 
km × km Scenarios Variables Bias correction

Groundwater recharge 
quantification methods Reference

2012 Spain ENSEMBLES 3 25 A1b T, P Yes E 16

2014 Spain ENSEMBLES 3 25 A1b T, P Yes E 17

2015 Spain PRUDENCE
ENSEMBLES 7 22–50 A1b

A2 T, P Yes C 18

2018 Spain CORDEX 9 12.5 RCP8.5 T, P Yes E 19

2019 Italy EURO-CORDEX 13 12.5 RCP4.5
RCP8.5 T, P Yes N 20

2019 Spain EURO-CORDEX 9 12.5 RCP8.5 T, P Yes E 21

2020 Greece EURO-CORDEX 11 12.5
RCP 2.6
RCP4.5
RCP8.5

T, P Yes N 22

2021 Greece EURO-CORDEX 8 12.5 RCP4.5
RCP8.5 T, P Yes N 23
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They are based on greenhouse gas scenarios (representative concentration pathways, RCPs) corresponding 
to stabilization of radiative forcing after the twenty-first century at 4.5 W/m2 (RCP4.5), rising radiative forcing 
crossing 8.5 W/m2 at the end of twenty-first century (RCP8.5), and peaking radiative forcing within the twenty-
first century at 3.0 W/m2 and declining afterwards (RCP2.6)26.

Precipitation and air temperature are the fundamental environmental variables controlling climate and 
groundwater recharge processes, whose time series, simulated by the RCMs, are easily and largely applicable 
for the quantification of the groundwater recharge by empirical and numerical models. Ensembles of different 
GCMs/RCMs are recognized as a suitable approach for reducing the uncertainty of the results given by a single 
 model27,28. For the same scope, temporal analyses are carried out at various time scales for a better assessment. 
Statistical downscaling techniques can increase further the spatial resolution of climate data up to the local 
scale, while a range of bias correction  methods28,29 have been developed to overcome the large biases in climate 
models, and can be used also for the quantification of the groundwater recharge through empirical models or 
water budget approach.

Data and methods
Study area description
The territory of southern Italy is characterized by a high heterogeneity and complexity of geological-structural 
and hydrogeological features. The principal hydrogeological features of the southern Italy can be summarized in 
nine hydrogeological  domains30 which, in decreasing order of relevance for what regards the mean annual specific 
groundwater yield (Fig. 1), can be identified as: (a) Mesozoic carbonate series that, depending on hydrogeological 
features, can be arranged in four subgroups: calcareous-siliceous, limestone, dolomitic, carbonate and Apulian 
foreland carbonate aquifers; (b) Plio-Quaternary alluvial and epiclastic deposits; (c) volcanic rocks and soils 
of Plio-Quaternary eruptive centres; (d) Paleozoic crystalline-metamorphic rocks of the Calabrian arch; (e) 
Cretaceous-Cenozoic basin series, which mainly constitute the minor mountainous or hilly reliefs of the southern 
Apennines.

In such interregional framework, the study area includes the entire portion of the western sector of the 
southern Apennines (about 19,339  km2), where Mesozoic carbonate series, forming high mountain ranges, 

Figure 1.  Hydrogeological map of the continental southern Italy showing the nine principal hydrogeological 
 domains30. Hydrogeological boundaries of karst aquifers are also shown. The map was created using QGIS 
software (v. 3.34; https:// qgis. org/).

https://qgis.org/
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outcrop and constitute very extended karst aquifers characterized by high permeability due to fracturing and 
karst phenomena (Fig. 1). These karst aquifers are characterized by limestone, limestone-dolomite and dolomite 
rocks, ranging in age from Triassic to Upper Cretaceous, derived from the tectonic disintegration of the carbonate 
platform that occurred during the Miocene tectonic  phases31,32. In southern Italy, karst aquifers cover the 45%33 of 
the territory hosting the major groundwater resources which supply drinkable, industrial and thermos-mineral 
uses as well as contributing to the equilibrium of river ecosystems. This is favoured by the peculiar geological-
structural, hydrogeological, geomorphological and climatological settings of the region which determine the 
occurrence of several high-permeability karst aquifers, with a high mean annual groundwater recharge and 
circulation rates.

Given their importance, many studies have been carried out on the karst aquifers of southern Italy regarding: 
(i) hydrogeological characterization and the mapping of groundwater  resources30,34,35; (ii) groundwater recharge 
estimation at the different spatio-temporal scales and by terrestrial and satellite  datasets33,36–38; (iii) groundwater 
vulnerability to  pollution39,40, microbial contamination and environmental impact of cattle grazing on karst 
 groundwater41. The Plio-Quaternary deposits, which include deposits of alluvial plains, coastal plains and 
intermontane basins, outcropping for about 24,500  km2, which are directly recharged by effective or secondary 
infiltration from watercourses, thus receiving lateral groundwater inflow from the adjoining karst aquifer systems.

The lateral confinement of karst aquifers by low-permeability terrains constrains the groundwater circulation 
toward huge basal springs which are often characterized by high flows up to a few  m3/s34,42,43, and predisposed 
to the effective tapping. Therefore, karst aquifers represent the main source of groundwater for southern Italy, 
providing an estimated average annual water volume of approximately 4100 ×  106  m3 ·  year–1 with a mean specific 
annual groundwater yield up to 0.035  m3 ·  s–1 ·  km–2.30

The principal regional aqueducts are supplied by the tapping by gravity of the main basal springs of karst 
aquifers, in most cases not provided by pumping systems, therefore the availability of groundwater resources of 
these aquifers correspond to their natural recharge.

Climate models
To investigate the future climate projections and the related impacts on groundwater recharge processes over the 
study area (Fig. 2), annual precipitation and mean air temperature data from the EURO-CORDEX  simulations25 
were achieved from the nodes of the earth system grid federation (ESGF).

Specifically, 15 different combinations of GCMs/RCMs were selected (Table 2). RCMs selected belong to the 
subset EUR-11 with a resolution of 0.11° (about 12.5 km) (Fig. 2b). Accordingly, data available for the “historical 
experiment” period (from 1950/1970 to 2005) and scenarios (from 2006 to 2099/2100) were analysed in this 
research. As already mentioned, RCP4.5 and RCP8.5 scenarios were selected, being the RCP8.5 the most severe 
(“business as usual”), while the RCP4.5 is representative of intermediate conditions.

According to other studies developed with a general purpose and in different geographical  frameworks44–48, 
the RCP 8.5 is commonly used because representing the most extreme conditions, even if being the least  likely49. 
As a result, an ensemble of 15  RCMS (E15; Table 2) was reconstructed, re-projected in WGS84-UTM 33N and 
analysed.

Observed precipitation and air temperature time series (1950–1996)
In the southern Italy, as well as for the rest of the national territory, a hydrological monitoring has been carried 
out since 1921 by means of a dense monitoring network, managed by the SIMN governmental agency and 
consisting in a numerous series of rain gauges and air temperature stations.

In the study area, the management of the monitoring network was in charge of the Department of Naples 
of the SIMN, which operated in a territory covering a large part of southern Italy, comprising the study area 
(Fig. 2a). The meteorological monitoring network was provided initially by mechanical rain gauges, based on 
the accumulation of the daily rainfall, and air temperature stations.

Starting from 1921, the number of rain gauges and air temperature stations was progressively increased and 
improved technologically until reaching a total of 423 stations in 1999. The recorded data, after a process of 
validation, were published in the annals by the aggregation of data from daily, to monthly and annual temporal 
scales.

The meteorological network undergone different changes during the period 1921–1999 due to the progressive 
increase of the number of stations as well as their discontinuous activity, because of temporary malfunctioning 
or abandonment during the World War II as well their relocation. These continuous changes of the monitoring 
network resulted in time series discontinuous in space and time.

Notwithstanding these issues, the huge database of historical meteorological data was considered very 
relevant for the comparison with RCMs data of the “historical experiments” periods (from 1950/1970 to 
2005) and innovative for the regional scale of analysis, instead of the more common site-specific one, as well 
as challenging for its discontinuous functioning in space and time. Therefore, annual precipitation and mean 
annual air temperature were extracted by the annals of the SIMN, made of public access by a dedicated project 
of Italian Institute for Environmental Protection and Research (ISPRA), and filed in a database covering the 
period 1950–1996. In detail, annual precipitation and mean annual air temperature data were extracted for each 
of the available monitoring stations, which were considered as observation points (OBS). The OBS data were used 
for a statistical comparison to the E15 ones at the regional scale, by considering both types of data comprised 
in each of the grid cells of the RCMs (~ 12 km) (Fig. 2a and b). A total of 143 RCMs grid cells were recognized 
comprising rain gauge stations, while 96 air temperature stations.

In order to represent the spatial and temporal variability of rain gauge and air temperature stations comprised 
in the cells of the RCMs, a representation in the form of heat map was carried out respectively (Figs. 3 and 4).
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Figure 2.  (a) Map of the modelled study area showing the distributions of air temperature and rain gauge 
stations (OBS) which functioned, even discontinuously, in the calibration period (1950–1996); (b) EUR-11 
RCMs grid. Karst aquifers (green colour) of the southern Apennines area also shown in both maps. The maps 
were created using QGIS software (v. 3.34; https:// qgis. org/).

Table 2.  EURO-CORDEX models selected and adopted in the study area to be considered for the reference 
ensemble (E15). EUR-11 indicate models at resolution of 0.11° (about 12.5 km).

Domain Institution GCM RCM Historical RCP4.5 RCP8.5

EUR-11

CLMcom-BTU MPI-ESM-LR CCLM4-8-17 1949–2005 2006–2100 2006–2100

CLMcom

HadGEM2-ES CCLM4-8-17 1949–2005 2006–2099 2006–2099

EC-EARTH CCLM4-8-17 1949–2005 2006–2100 2006–2100

CNRM-CM5 CCLM4-8-17 1950–2005 2006–2100 2006–2100

KNMI

CNRM-CM5 RACMO22E 1950–2005 2006–2100 2006–2100

EC-EARTH RACMO22E 1950–2005 2006–2100 2006–2100

HadGEM2-ES RACMO22E 1950–2005 2006–2099 2006–2099

DMI

EC-EARTH HIRHAM5 1951–2005 2006–2100 2006–2100

HadGEM2-ES HIRHAM5 1951–2005 2006–2099 2006–2099

NorESM1-M HIRHAM5 1951–2005 2006–2100 2006–2100

SMHI

CNRM-CM5 RCA4 1970–2005 2006–2100 2006–2100

EC-EARTH RCA4 1970–2005 2006–2100 2006–2100

IPSL-CM5A-MR RCA4 1970–2005 2006–2100 2006–2100

HadGEM2-ES RCA4 1970–2005 2006–2099 2006–2099

MPI-ESM-LR RCA4 1970–2005 2006–2100 2006–2100

https://qgis.org/
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By the analysis of spatial and temporal distribution of rain gauges in the grid cells of RCMs (Fig. 2b) a 
minimum number of 100 functioning rain gauges in 1951 and 1991 and a maximum of 225 in 1978 was 
recognized (Fig. 3). The coverage of each grid cell of RCMs with at the least one rain gauge, up to six, prevails 
on cells with no rain gauges.

Regarding the spatial and temporal distribution of air temperature stations in the grid cells of RCMs (Fig. 4), 
the minimum number of 20 occurred in 1950 and a maximum of 96 in 1985. The coverage of each cell with no 
air temperature stations prevails on those comprising at least one. The latter were recognized encompassing 
up to four air temperature stations for each grid cell. The lower spatial density of air temperature stations in 
comparison to that of rain gauges is due to the lower spatial variability of the air temperature which is mostly 
controlled by the altitude only.

RCMs processing: bias assessment and correction
All the  RCMS data (precipitation and air temperature) were pre-processed with the climate data operators (CDO) 
 software50, which is a collection of operators and tools for standard processing of climate and forecast model 
data in NetCDF format. The operators include arithmetic functions, data selection and subsampling tools and 
spatial interpolation.

For each model, the pre-processing has involved the aggregation of the NetCDF datasets and the conversion 
of the units of precipitation (from kg·m2·s–1 to mm·h–1) and air temperature (from K to °C). Furthermore, 
the precipitation and air temperature data from RCMs (based on a 360-day calendar) were adjusted by linear 
interpolation to align with the standard Gregorian calendar. Therefore, a subset of data related to the area of the 
southern Apennines was extracted (Fig. 2b).

RCMs data need the application of a bias correction technique, aimed to the removal of systematic errors. 
Which is performed considering a period in which observed (OBS) and modelled time series are available and 
 overlapped9.

Different methodologies for the bias correction have been developed and are available in  literature28, 
depending on the choice of the method on both the type of the observed data available and the goal of the  study9.

Bias-correction methods require daily or monthly time-series over a period of at least 30  years51. The purpose 
of this stage of data processing was to assess the differences existing between the  RCMS “historical experiments” 

Figure 3.  Spatio-temporal variation of the precipitation data across the study area: (a) temporal variation of the 
number of precipitation stations (OBS) occurred in the period 1950–1996 in grid cells i of the RCMs; (b) total 
number of precipitation stations (OBS) for each year.
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datasets and the measured data (OBS) in the considered period (1950–1996). Data elaboration was performed 
with the high-level functions NetCDF Library Package of MATLAB® (R2021b) applicable for reading and 
processing climate variables from NetCDF data files. Specifically, a method based on inferential statistical studies 
of the bias was adopted. In order to allow the comparison between the E15 and OBS data, two pairs of datasets 
were created, based on the recognition of grid cells of the RCM model within which OBS precipitation  (OBSP) 
and OBS air temperature  (OBST) resulted available (Fig. 5a and b).

For each year,  OBSP and  OBST given at each grid cell were compared with the E15 precipitation  (E15P) and air 
temperature  (E15T) data related to the same grid cell (Fig. 5a and b). In the case of multiple stations occurring in 
the same grid cell, mean values of  OBSP and  OBST were calculated and compared with the corresponding  E15P 
and  E15T data. The bias analysis between  E15P and  OBSP and between  E15T and  OBST was carried for every grid 
cell at the annual scale by the equation Eq. (1):

where ModelP,T ,t(j) is the value of  E15P or  E15T and OBSP,T ,t(j) is the observed value of precipitation or air 
temperature for the year t (t = 1950, 1951…1996) in the jth grid cell.

Then, the mean value of the bias over the generic tyear ( BiasP,T ,t  ) and the whole area, was calculated by Eq. (2):

In which n indicates the number of grid cells considered. Finally, the bias-corrected annual value of the E15 
( Model∗P,T ,t(j) ) is then evaluated by Eq. (3):

(1)BiasP,T ,t
(

j
)

=
(ModelP,T ,t

(

j
)

− OBSP,T ,t
(

j
)

)

OBSP,T ,t(j)
,

(2)BiasP,T ,t =

∑n
j=1BiasP,T (j)
∑n

j=1j
,

(3)Model∗P,T ,t
(

j
)

= ModelP,T ,t
(

j
)

×
(

1− BiasP,T
)

.

Figure 4.  Spatio-temporal variation of the air temperature data: (a) temporal variation of the number of air 
temperature stations (OBS) occurred in the period 1950–1996 in grid cells i of the RCMs; (b) total number of air 
temperature stations (OBS) for each year.
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Hydro-climatological scenarios
The evaluation of the long-term effects of climate change on hydrological variables controlling groundwater 
recharge of karst aquifers was carried out considering the E15 bias-corrected values of precipitation and air 
temperature. Among the different hydrogeological domains, the spatial analyses were carried out on the areas 
of karst aquifers (Fig. 2a and b), which were considered the most relevant for the assessment of the impact of 
climate change on groundwater recharge due to their hydrogeological relevance. Accordingly, all the E15 grid cells 
intersecting the boundaries of the karst aquifers were extracted from the whole E15 dataset, and time series of 
mean annual precipitation and air temperature were created for reconstructing a complete time series including 
both the “historical experiment” period (1950–2005) and scenarios (2006–2100) under both the RCP4.5 and 
RCP8.5 pathways.

The evaluation of the climate change impact on groundwater recharge was assessed through the application 
of the hydrological budget equation Eq. (4):

where Ptj is the precipitation, ETRtj is the actual evapotranspiration, Ietj is the effective infiltration or groundwater 
recharge and Rtj is the runoff, respectively related to the  tyear and  jcell.

The ETR was estimated by the Turc empirical  formula52,53 Eq. (5):

where Pt,j is the total annual precipitation (mm) and Tt,j is the mean annual air temperature (°C), both for the  jcell.
The Turc formula is commonly considered applicable to all different climates, either humid, arid, hot or cold 

because it was reconstructed by the application of the water balance equation to precipitation and runoff data 
of 254 drainage basins of Europe, Africa, America and the East Indies. In addition, the applicability of the Turc 
formula to the climate conditions of southern Italy has already been positively tested through a comparison with 
the results obtained by the other empirical formulas of  Coutagne54 and  Thorntwaite55 as well as with MODIS 
satellite  estimations33.

(4)Ptj = ETRtj + Ietj + Rtj ,

(5)
ETRt,j =

Pt,j
√

0.9+

(

Pt,j

300+25∗Tt,j+0.05∗T3
t,j

)2
,

Figure 5.  (a) rain gauges and (b) air temperature stations which functioned in the calibration period 1950–
1996. The RCMs grid cells which comprised at least one monitoring station are also represented. The maps were 
created using QGIS software (v. 3.34; https:// qgis. org/).

https://qgis.org/
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Since the Turc formula depends on the annual precipitation (P) and mean annual air temperature (T), it 
intrinsically incorporates the spatial heterogeneity of these two hydrological variables. Therefore, the formula 
was applied to all grid cells for which P and T data were reconstructed by the E15 for each year of the time series.

From Eqs. (4) and (5), the effective precipitation Pet,j of the  tyear and  jcell was considered as a proxy hydrological 
parameter describing the amount of precipitation potentially available groundwater recharge process and, 
therefore, useful for assessing the related effects of climate change scenarios Eq. (6):

The reconstruction of Pe time series until 2100 is considered a fundamental step to assess the groundwater 
recharge by the application of empirical approach based on the multiplication by a factor known as Annual 
Groundwater Recharge Coefficient – AGRC 37, which is suitable at the annual and regional scales.

Finally, to investigate the variation of Pe relatively to the “historical experiment” period (1950–2005), the 
mean annual effective precipitation index (MAEPI)56 was calculated for each year of the time series and the 
whole area, as follows Eq. (7):

where  MAEPIt is the Mean Annual Effective Precipitation Index for the  tyear (%),  Pet is the Effective Precipitation 
for the  tyear and  PeHistt is the Mean Annual Effective Precipitation of the whole E15 time series, corresponding 
to the “historical experiment” period (1950–2005), and the whole area.

Results
RCMs bias assessment
The bias assessment in the Calibration period (1950–1996), based on an inferential statistic approach, led to the 
quantification of RCMs accuracy in terms of precipitation and air temperature of the single RCMs considered 
(Table 2) against corresponding OBS, as well as between  E15P and  E15T and the  OBSP and  OBST, respectively.

In detail, a total of 143  RCMS grid cells were extracted for precipitation (Fig. 5a) and 96 for air temperature 
(Fig. 5b), considering in both cases only grid cells comprising monitoring stations. Table 3 shows RCMs bias 
values (mean, median and standard deviation) against the observed data for annual total precipitation and mean 
air temperature, averaged over the relative reference period. Figures 6 and 7 show the box plot representing the 
frequency distribution respectively of mean annual air temperature and precipitation of the 15 RCMs (before 
correction), the E15 and OBS. Although model values of single RCMs sometimes differ significantly from the 
corresponding OBS, a good accurate matching was found considering E15 values (Tables 4 and 5). In detail, 
the comparison of single RCMs with OBS reveals that HIRHAM5 and RCA4 showed the highest bias, while 
CCLM4-8-17 and RACMO22E the best accuracy.

Figure 8 shows the frequency distributions of OBS and E15 (before and after the correction). Both  E15P and 
 OBSP were found statistically distributed with a log-normal model, showing an overestimation of  E15P of about 
7%. Conversely, air temperatures values of individual RCMs were recognized lower than the corresponding 
OBS values (Fig. 7), showing also a quite different statistical distribution for all  RCMS. The  E15T values are 
generally 2 °C lower than  OBST, and associated with the systematic errors of the RCMs. These air temperature 
biases were also observed in preceding studies carried out over the same  region45,57 and could be due to an 

(6)Petj = Ptj − ETRtj = +Ietj + Rtj .

(7)MAEPIt =
Pet − PeHistt

PeHistt
,

Table 3.  RCMs bias values (mean, median and standard deviation) against observed data (OBS) for annual 
total precipitation  (OBSP) and mean air temperature  (OBST), averaged over the relative reference period.

GCM RCM Reference period

Bias precipitation Bias air temperature

Mean Median SD Mean Median SD

MPI-ESM-LR CCLM4-8-17 1950–1996 0.12 0.04 0.44  − 0.13  − 0.14 0.14

HadGEM2-ES CCLM4-8-17 1950–1996  − 0.14  − 0.18 0.34  − 0.08  − 0.10 0.14

EC-EARTH CCLM4-8-17 1950–1996  − 0.09  − 0.15 0.37  − 0.18  − 0.19 0.13

CNRM-CM5 CCLM4-8-17 1950–1996 0.02  − 0.06 0.42  − 0.16  − 0.17 0.14

CNRM-CM5 RACMO22E 1950–1996 0.36 0.27 0.52  − 0.25  − 0.25 0.14

EC-EARTH RACMO22E 1950–1996 0.09 0.03 0.41  − 0.27  − 0.27 0.14

HadGEM2-ES RACMO22E 1950–1996 0.09 0.04 0.40  − 0.16  − 0.17 0.14

EC-EARTH HIRHAM5 1951–1996 0.11  − 0.10 0.83  − 0.18  − 0.17 0.13

HadGEM2-ES HIRHAM5 1951–1996  − 0.01  − 0.19 0.74  − 0.05  − 0.05 0.14

NorESM1-M HIRHAM5 1951–1996 0.07  − 0.14 0.81  − 0.06  − 0.06 0.14

CNRM-CM5 RCA4 1970–1996 0.32 0.16 0.75  − 0.19  − 0.19 0.13

EC-EARTH RCA4 1970–1996 0.08  − 0.04 0.55  − 0.23  − 0.23 0.12

IPSL-CM5A-MR RCA4 1970–1996  − 0.08  − 0.19 0.50  − 0.15  − 0.15 0.13

HadGEM2-ES RCA4 1970–1996 0.05  − 0.01 0.56  − 0.12  − 0.12 0.13

MPI-ESM-LR RCA4 1970–1996 0.23 0.10 0.64  − 0.13  − 0.14 0.13
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inadequate representation of complex orographic areas and a wrong evaluation of the net incoming short wave 
radiation. Specifically, by comparing  E15T and  OBST, it was observed that in both cases the values assume a 
normal distribution (Fig. 8a) but that  E15T underestimates observed data by about 16%.

RCM bias-correction
To investigate the future effects of climate change on groundwater recharge of the principal aquifer systems of 
southern Italy, the  E15P and  E15T were bias-corrected according to the Eq. (2) and using the results obtained 
with the bias inferential statistical analysis (Tables 4 and 5).

The application of the corrections leads to a significant bias reduction, being the corrected  E15P overestimation 
of about 0.4% (Fig. 8b and c) and the corrected  E15T underestimation of about 2.4% (Table 5) (Fig. 8b and c).

Hydro-climatological scenarios (2006–2100)
The annual corrected values of  E15P and  E15T were used to reconstruct a continuous time series until 2100, 
for both RCP4.5 and RCP8.5 scenarios, over the entire domain of the karst aquifers of southern Italy (Fig. 9). 
Precipitation projections show a decreasing trend under both pathways, with strong interannual variations and 
rates especially under the RCP8.5 (Fig. 10a).

Both scenarios project a relevant increase in air temperature, in particular the RCP8.5 shows the largest 
increase of the mean value up to about 4 °C at the end of the century (Fig. 10b) while the RCP4.5 projects an 
increase up to 2 °C of the mean value. The differences between scenarios are clearly recognizable from 2040, 
where a divergence in the trends of the time series occurs.

For  E15P and  E15T time series under both scenarios, a confidence interval (error) was reconstructed 
considering the value of the standard deviation of the bias estimated respectively in comparison to  OBSP and 
 OBST, thus corresponding to a probability interval of 68.27%.

The  E15P and  E15T time series of both pathways were applied for quantifying the scenarios of ETR and Pe. 
According to the general increase in air temperature, scenarios of ETR (2006–2110) reveals a progressive rise 
for both RCP pathways (Fig. 11a).

Figure 6.  Box plot representing the frequency distribution of annual precipitation values of the 15 RCMs, the 
E15 and OBS.
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Figure 7.  Box plot representing the frequency distribution of mean annual air temperature of the 15 RCMs, the 
E15 and OBS:

Table 4.  Mean annual precipitation over the period 1950–1996: observed values  (OBSP), RCM ensemble mean 
 (E15P), Bias  E15P (Bias  E15P),  E15P corrected  (E15P corr), Bias  E15P corrected (Bias  E15P corr.). Significant 
values are in bold.

Mean precipitation (mm)

OBSP E15P Bias  E15P E15P corr Bias  E15P corr

Mean 1135.4 1157.7 0.070 1076.6 − 0.004

Standard deviation 368.8 429.4 0.420 399.4 0.387

Table 5.  Mean annual air temperature over the period 1950–1996: observed values  (OBST), RCM ensemble 
mean  (E15T), Bias  E15T (Bias  E15T),  E15T corrected  (E15T corr), Bias  E15T corrected (Bias  E15T corr.). 
Significant values are in bold.

Mean air temperature (°C)

OBST E15T Bias  E15T E15T corr Bias  E15T corr

Mean 14.19 11.92  − 0.160 13.78  − 0.024

Standard Deviation 2.63 2.57 0.120 2.970 0.143
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As a first result, Pe time series show a marked decreasing trend for both RCP8.5 and RCP4.5 pathways, with 
the most severe condition for the RCP8.5 one (Fig. 11b). This is clearly confirmed by the comparison of the 
cumulative frequency distribution (%) of Pe time series in the “historical experiment” period (1950–2005) and 
Pe time series of scenarios from 2045 to 2100 of both pathways (Fig. 12a); in detail, it is possible to assess that 
the median values (frequency of 50%) amount to 510 mm for the “historical experiment” period (1950–2005), 
and to 415 mm and 320 mm for RCP4.5 and RCP8.5 pathways (2006–2100), respectively.

Figure 8.  (a) Frequency distributions of  OBSP and  E15P data (left) and  OBST and  E15T data (right); (b) 
frequency distributions of  OBSP and  E15P data (left) and  OBST and corrected  E15T data (right); (c) Box plot of 
 OBSP,  E15P and corrected  E15P (left) and  OBST,  E15T and corrected  E15T (right).
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Figure 9.  Map of the RCMs grid cells, comprising the domain of karst aquifers. These grid cells were 
considered for the calculation of  E15P and  E15T over the karst aquifers of southern Italy for both the “historical 
experiment” (1950–2005) and scenario (2005–2110) periods. The centroid of each cell is showed as a small black 
dot. The map was created using QGIS software (v. 3.34; https:// qgis. org/).

Figure 10.  Time series of the “historical” period (1950–2005) and scenarios (2006–2100) under RCP8.5 and 
RCP4.5 pathways: (a) mean annual precipitation; (b) mean annual air temperature. Keys to symbols: for (a) and 
(b) the confidence interval is calculated as ± σ.

https://qgis.org/
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The trend of MAEPI shows a quite stable decadal trend in the “historical experiment” period (1950–2005), 
whose global average is about 538.8 mm (Fig. 12b), while relevant decreasing trends for the long-trend projections 
(2006–2100) of both pathways scenarios indicating a decrease of the 11-yrs moving average down to − 20% for 
RPC 4.5 and − 50% for RPC 8.5. In detail, the projected time series of both pathways show (starting from 2040) 
for the RPC 4.5 a stabilisation of the MAEPI 11-yrs moving average around a value 20% lower than the average 
of the “historical experiment” period (538.8 mm), and an enhancement of the decreasing trend for the RPC 8.5.

Moreover, remarkable annual and complexly cyclical fluctuations around the 11-yrs moving average of Pe 
were observed within the “historical experiment” period (1950–2005) and scenarios (2006–2100) periods time 
series (Fig. 12b).

In comparison to the Pe mean value of the whole “historical experiment” period (538.8 mm), MAEPI ranges 
in the “historical experiment” period from a minimum − 23.4% (1965) to a maximum + 30.47% (1980). Moreover, 
MAEPI showed two pluriannual phases with values above the mean value of the whole “historical experiment” 
period (1950–2005), corresponding respectively to periods 1955–1959 and 1971–1981, and two phases below 
this mean value, corresponding to the periods 1960–1970 and 1982–2000.

Figure 11.  (a) Mean annual evapotranspiration ETR time series in the “historical experiment” period (1950–
2005) and scenarios (2006–2110) of RCP8.5 and RCP4.5 pathways; (b) mean annual effective precipitation Pe 
time series of the “historical experiment” period (1950–2005) and scenarios (2006–2110) of RCP8.5 and RCP4.5 
pathways scenarios. Keys to symbols: for (a) and (b) the confidence interval is calculated as ± σ.

Figure 12.  (a) cumulative frequency of Pe time series in the “historical experiment” period (1950–2005) and 
scenarios (2006–2110) of RCP8.5 and RCP4.5 pathways; (b) MAEPI time series of the “historical experiment” 
period (1950–2005) and scenarios (2006–2110) of RCP8.5 and RCP4.5 pathways scenarios. Keys to symbols: 
continuous thick lines represent 11-yrs moving average; dashed line and number (mm) represent the absolute 
effective precipitation (Pe) mean value of the historical period.
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Similarly, MAEPI estimated for the future scenario periods (2005–2110) for both pathways RCP4.5 and 
RCP8.5 showed marked inter-annual fluctuations overlapping on the decreasing trends, with a fluctuation range 
of about ± 15% around the 11-yrs moving average, which appear reaching and exceeding the mean value of the 
“historical experiment” period (538.8 mm) only in few years until 2070, for the RPC 4.5 pathway scenario, and 
until 2040, for the PRC 8.5 one.

Discussion
In this work, an application of RCM climate models is proposed as a practical tool to assess, analyse and predict 
the effects of climate change until the end of the current century on the hydrological variables that control 
groundwater recharge processes in the principal aquifer systems of southern Italy, which are chiefly represented 
by karst aquifers.

Among the most relevant outcomes of this research, the ensemble of RCMs (E15) for precipitation  (E15P) and 
air temperature  (E15T) overperforms the representation of observed precipitation  (OBSP) and air temperature 
 (OBST) data, with respect to the individual models. Data were recorded over the whole region in the Calibration 
period (1950–1996) by the SIMN national meteorological network, even discontinuously in space and time. 
According to the regional scale of analysis, needed for the hydrogeological purposes, the research was focused 
on the comparison of  E15P and  E15T to  OBSP and  OBST in order to assess statistical differences, namely the 
bias between the modelled and observed data. In such a view, this work can be conceived novel in the field of 
application of RCMs because comparing modelled and observed meteorological data on a regional scale by 
accounting for the spatial and temporal discontinuity of observed time series, which is a common issue of the 
regional meteorological networks.

The bias-correction method proposed in this study is based on inferential statistical analysis of precipitation 
and air temperature values of both E15 and OBS data, which are discontinuous in space and time. The 
method proposed allows the management of OBS data aggregated at the annual scale for the estimation of the 
groundwater recharge, thus not requiring precipitation data aggregated at the daily or monthly time scales with 
continuous time series as needed for other bias-correction methods such as linear scaling (LS)58,59, local intensity 
scaling (LOCI)58,60, and the quantile mapping (QM)59. Moreover, the approach adopted, even being similar to 
the ISI-MIP  method61, due to the definition of correction coefficients based on inferential statistical analyses 
of modelled and observed time series at daily and monthly time scales, is innovative because considering the 
annual time scale and the regional scale.

The RCP 4.5 (intermediate) and RCP 8.5 (severe) scenarios used for the E15 are widely applied in studies 
dealing with the impact of climate change on groundwater regime in the Mediterranean area (Table 1). Under the 
conditions projected by the RCP8.5 scenario, the impacts of climate change on the Mediterranean region would 
be particularly severe with an increase in the average air temperature of several degrees by  21004,5.

Even though the RCP 8.5 scenario is the least  likely49, its application is justifiable because representing the 
most severe, thus being consistent with the precautionary  principle62.

Precipitation and air temperature rates resulting from the E15, related to scenarios of both RCP8.5 and RCP4.5 
pathways, show trends consistent with those described in various climatological studies carried out in the central 
and southern  Italy45,57,63–65. In the same way, MAEPI derived by E15 variables, show a complex periodicity with 
decadal and overlapped interannual fluctuations. Considering the calibration period (1950–1996), these complex 
fluctuations of both precipitation (P) and effective precipitation (Pe) were already recognized to be related to 
the North Atlantic  Oscillation56.

Similarly, from the predictive scenarios, it can be seen how ETR and Pe are strongly controlled by the long-
term decrease in precipitation and increase in air temperature rates, especially considering the scenario regulated 
by the RCP8.5 pathways. In addition, the integrated analysis of MAEPI showed, by the filtering with the 11-yrs 
moving average, a complex periodicity of the time series with decreasing cycles until the end of the century for 
both RCP scenarios with a total decrease of the moving average value down to − 20% for RCP4.5 and to − 50% 
for RCP8.5. Given the direct correlation between effective precipitation Pe (P – ETR) and groundwater  recharge37, 
the future patterns of MAEPI indicate the expected variability in groundwater recharge. This is strengthened if 
considering the very high permeability of karst aquifers that favours chiefly infiltration in comparison to runoff.

Conclusions
The analysis of the impacts of climate change, under RCP 4.5 and RCP 8.5 scenarios, on air temperature 
(T), precipitation (P), actual evapotranspiration (ETR) and effective precipitation Pe (P – ETR), controlling 
groundwater recharge of principal aquifer systems of southern Italy, was the main focus of this study.

A methodology is presented in this study, aimed to compare and correct P and T data of an ensemble 
mean of 15 RCMs (E15), at 0.11° (~ 12 km) grid spatial resolution, with observed values provided by a dense 
meteorological network which functioned discontinuously in space and time over the period 1950–1996.

E15 data and recordings of the regional meteorological network (OBS) show similar frequency distributions 
of P and T, thus resulting statistically valid and comparable.

E15 projections show a reduction in precipitation and an increase in air temperature under both RCPs, with 
a divergence point between the two scenarios occurring by about 2040.

As a result, Pe, which is considered as a proxy of groundwater recharge, is characterized by significant inter-
annual fluctuations and shows decreasing trends under both RCP scenarios, reaching a decrease of the 11-yrs 
moving average down to − 20%, for RCP4.5, and − 50% for the “business as usual” RCP8.5.

In summary, the proposed methodology can be considered valid for analysing the effects of climate variations 
at the regional scale on the selected hydrological variables (P, T, ETR and Pe) that control groundwater recharge 
processes of principal aquifer systems of the southern Italy, from which the socio-economic development and 
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environmental conservation of groundwater dependant ecosystems are reliant on. This research has revealed the 
potential of RCMs in the definition of groundwater recharge scenarios under future changing climate conditions, 
highlighting the relevant vulnerability of principal aquifer systems, among which the karst ones are the most 
important.

Data availability
EURO-CORDEX simulations data are publicly available upon registration from the nodes of the Earth System 
Grid Federation (ESGF; https:// esgf. llnl. gov/) and the SIMN data of annual precipitation and mean annual 
temperature are freely available from the Italian Institute for Environmental Protection and Research (ISPRA) 
(https:// www. ispra mbien te. gov. it/ it/ proge tti/ carte lla- proge tti- in- corso/ acque- inter ne-e- marino- costi ere-1/ proge 
tti- concl usi/ proge tto- annali). However, all raw data can be provided by the corresponding authors upon request.
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