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Abstract

This study proposes a modelling chain to assess climate change impacts on the future reli-
ability of water supply systems fed by karst aquifers. EURO-CORDEX projections under
Representative Concentration Pathways 4.5and 8.5 are used to estimate spring discharge
for 2021-2050 and 2041-2070. A regression model relates minimum annual spring dis-
charge to the Standardized Precipitation-Evapotranspiration Index (SPEI), and reliability
curves are derived after bias correction. The method is applied to four main karst aquifers
in Central Italy that supply Rome and nearby areas. Specific results suggest a general
decrease of reliability in the future scenarios. A general decline in aquifer reliability is
projected, especially for 2041-2070. Aquifer Peschiera shows decreases of ~—11% (near-
future) and —8% (mid-future); Le Capore up to —13%; Simbrivio —6% to —9%; Acqua
Marcia ~8%. The proposed methodology could be beneficial to water managers, as it
offers support for planning adaptation measures that can reduce the impacts of climate
change.

Keywords Spring discharge - Reliability -+ SPEI - EURO-Cordex - RCMs

1 Introduction

Groundwater in the saturated zone accounts for 30% of the Earth’s freshwater
(UNESCO 2008), providing drinking water for about half of the global population and sup-
porting other uses (Rosenzweig et al. 2004; Green et al. 2011; Klove et al. 2014; Ollivier
et al. 2020). Many studies have highlighted a potential future decrease of water availability
on the globe due to climate change (Zollo et al. 2016; Nistor and Man 2019; Peres et al.
2019; Yin et al. 2020; Todaro et al. 2022). Climate change, in combination with an observed
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increasing trend of groundwater exploitation, is expected to lead to an increase of water
scarcity issues in the future (Wada et al. 2010; Hartmann et al. 2014; Borah 2025; Rosete et
al. 2025; Sen 2021).

Within this context, karst aquifers are an important source for potable water supply in
many regions across the globe (Stevanovi¢ 2019; Rahbar et al. 2022) including the Medi-
terranean region, which is also a hotspot for climate change (Giorgi 2006; Tuel and Eltahir
2020; IPCC 2013).

Only a limited number of studies have focused on the quantification of the future impacts
of climate change on water availability from these systems. Some studies analyze precipita-
tion and temperature trends, and by hydrological modelling, attempt to estimate trends for
spring discharge, thus being affected by the limitation of being unlinked to possible green-
house gas emission pathways (Chaparinia et al. 2025; Jia et al. 2017; Lukac¢ Reberski et al.
2020; Mo et al. 2023). On the other hand, studies focusing on future impacts based climate
models (e.g., Valdes-Abellan et al. 2020; Hosseinizadeh et al. 2019; and Sivelle et al. 2021),
lack of an analysis of the potential impacts on the probability of satisfying a given water
demand, i.e., the so-called reliability for water supply. This assessment is important for
water utilities that need to plan adaptation measures to be implemented in the short, medium
and long-term.

In this study, we advance from the existing body of literature by using GCM-RCM
(Global Circulation Model— Regional Circulation Model) combinations (hereafter, simply,
climate models CMs) and by estimating the impacts of climate change in terms of reliability
curves that express the probability of providing a given total spring discharge (i.e. water
availability) to the water supply system, taking into account also environmental needs.

To this aim a modelling chain is proposed. First, we use an empirical regressive model
for estimating minimum annual spring discharge through the Standardized Precipitation-
Evapotranspiration Index (SPEI) (Vicente-Serrano et al. 2010), which represents an improve-
ment of a previously developed model based on the Standardized Precipitation Index (SPI)
(Romano et al. 2013; Guyennon et al. 2024). Climate projections of the EURO-CORDEX
initiative are then considered (Jacob et al. 2014; https://www.euro-cordex.net/), for two
Representative Concentration Pathways (RCPs), RCP4.5 (intermediate emissions scenario)
and RCP8.5 (high emissions scenario), as well as two future time horizons, namely, the
near future (NF, 2021-2050) and the mid-term future (MF, 2041-2070). We capitalize on
a previous study (Peres et al. 2020) to preselect climate models based on their reliability in
the Mediterranean region. The preselected models are then used to estimate future changes
of aquifer discharge, after the application of a global bias correction procedure.

Thus, the novelty of this study lies in the integration of climate model projections with
an empirical discharge model to produce probabilistic reliability curves for karst aquifers,
a methodological advancement that explicitly links future climate scenarios with the likeli-
hood of meeting water supply demands—a perspective that is currently lacking in the exist-
ing literature.

The proposed methodology is demonstrated with reference to the main karst aquifers
located in Central Italy that supply over 4 million of users in the vicinity of Rome by the
water utility ACEA Ato2.
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2 Study Area

We focus on a group of aquifers in Central Italy delimited by the Tyrrhenian Sea and the
Apennine ridge, to the West and East, respectively, which are exploited by water utility
ACEA Ato2 to supply the city of Rome and its surroundings. The whole area is about 5,400
km? in extent, with a water distribution network of more than 15,000 km (Passaretti et al.
2022). Specifically, four springs are considered, i.e., Peschiera, Le Capore, Acqua Marcia
and Simbrivio (Fig. 1). Table 1 summarizes the hydrological characteristics of the selected
karst aquifers. As can be seen from the data in the table there is a significant range of vari-
ability of climate and hydrology across the considered aquifers. In addition to the data in
Table 1, it is worth mentioning that, as demonstrated by Guyennon et al. (2024), minimum
spring discharge occurrences are not simultaneous for all aquifers; specifically, maximum
spring yield for the main aquifer (i.e., Peschiera) occurs when the other aquifers provide the
minimum spring yield.

The Peschiera karst springs, located about 70 km at north-east of Rome in the upper val-
ley of the Velino river, and Le Capore springs set on the upper valley of the Farfa river, serve
a strategic aqueduct system supplying over 80% of the water demand of the city of Rome.
The remaining 20% is mostly provided by the Acqua Marcia springs bordered by the middle
valley of the Aniene river. The Simbrivio springs, located within the southern sector of the
Simbruini Mountains, supply the homonymous aqueduct system. Although with a smaller
yield compared to Peschiera-Capore and Acqua Marcia aqueducts, the Simbrivio aqueduct
allows supplying water to more than 500,000 users in the surroundings of the city of Rome.

It is worth noting, for a more accurate assessment of climate change impacts, that the
current water demand supplied by each aquifer can be significantly lower than the available
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Fig. 1 Case study area with location and recharge areas of aquifers
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water. For example, in the case of the Peschiera springs, only about 50% of the spring yield
is actually used to meet water demand. Moreover, the springs’ response to recharge is influ-
enced by meteo-climatic processes that develop over roughly a year or more. This, in turn,
gives the water supply system considerable resilience in terms of maintaining a constant
water availability over time.

3 Methodology and Preliminary Analyses

The first step of the proposed modelling chain consists in retrieving observed and CM data
of the primary hydrological variables, i.e., precipitation and air temperature. Then, by com-
paring CMs simulations and observations in the control period, the reliability of selected
CMs is assessed. Afterwards, projected changes of primary hydrological variables and of
reference evapotranspiration are computed under various CMIP5 (Coupled Model Intercom-
parison Project Phase 5) scenarios and future periods— specifically, as already mentioned,
RCP4.5 and 8.5 and near future (NF, 2021-2050) and mid-term future (MF, 2041-2070).
In the subsequent step, the Standardized Precipitation-Evapotranspiration Index (SPEI) is
computed. The SPEI is plugged into a regressive model, to estimate the minimum spring
yield (or discharge) at each year of interest. After bias correction, we estimate temporal reli-
ability associated with any water availability level (water supply reliability curves, briefly
“reliability curves” - RCs). Comparison between RCs in future periods versus those in the
control period provides a measure of the impact of climate change on water resources. The
steps are described in detail in the ensuing sub-sections.

3.1 Hydrological Data and Climate Model Selection

In the present study, we have considered the following primary hydrological variables:
Precipitation (PR), Average air temperature (TAS), minimum air temperature (TASMIN),
and air maximum temperature (TASMAX). For the climate projections we used CMs of
the EURO-CORDEX initiative (https://www.euro-cordex.net/), which have a grid size of
0.11°— approximately 12.5 km. Three CMs were selected out of 19 based on our previous
evaluation study (Peres et al. 2020), in order to retain models with acceptable biases. The
performances of the CMs, in terms of mean error (e) and root mean squared error (Sy) are
shown in Table 2. Specifically, the performances have been obtained by comparing the
observed and CM-simulated monthly average of primary climatic variables on the entire
spring area for the period 1990-2005 (16 years in total) with reference to mean monthly
precipitation, mean air temperature data and reference evapotranspiration estimated by the
Hargreaves formula. In the following analyses, we present results for each of the three best-
performing RCMs individually, as well as for their ensemble mean (EM BEST3).

3.2 Standardized Precipitation-Evapotranspiration Index and Spring Yield
Estimation

The SPEI (Vicente-Serrano et al. 2010) is a well-known drought indicator that can be used

for determining the onset, duration and magnitude of drought conditions with respect to nor-
mal conditions. In our case, it is used for estimating spring yield by a regressive model. The
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Table 2 Performance of CMs assessed over the 1990-2005 period based on their ability to reproduce the sta-
tistical characteristics of observed climate, using mean error (e) and root mean square error (Sg) for each vari-
able: precipitation (PR), average (TAS), minimum (TASMIN), and maximum air temperature (TASMAX)

CM GCM RCM PR TAS ETO
Sg e Sg e Sg e
(mm) (mm) (C) (CC) (mm) (mm)
CNRM-CCLM  CNRM-CERFACS- CLMcom- 26.86 7.19  1.09 —0.78 12.25 —10.45
CNRM-CMS5 CCLM4-8-17
Had-CCLM MOHC-HadGEM2-ES ~ CLMcom- 3825 —27.99 1.61 049 563 -2.66
CCLM4-8-17
Had-RACM MOHC-HadGEM2-ES ~ KNMI-RAC- 32.44 -14.86 1.47 —0.90 6.33 4.30
MO22E

R SPEI package (https://cran.r-project.org/web/packages/SPEI/index.html) has been used
to compute the index, using reference evapotranspiration computed from the Hargreaves
formula. Impacts of climate change on droughts can be assessed by comparing future versus
control period statistics of SPEI. To this aim, a traditional “static”” approach for this assess-
ment was used, i.e., the future SPEI was computed considering the distribution parameters
obtained for the control scenario (Peres et al. 2023).

After SPEI computation, the following relationship was used for the estimation of
monthly minimum spring yield of an aquifer in a given hydrological year (Guyennon et al.
2024):

Q= f(SPEI)=a SPEI, + )

where the subscript i indicates the selected aquifer within the water supply system, £ is the
time scale at which SPEI is aggregated, and m is the month to which the index refers (a
value for each hydrological year). The use of regressive models is common for management
purposes, and the adopted model derives from a previous version based on the Standardized
Precipitation Index used for the case study area (Romano et al. 2013, 2017; Diodato et al.
2014; Torresan et al. 2020). The parameters of the regression, a and f, are estimated using
the method of least squares. Time scale and months of SPEI were calibrated as those provid-
ing the highest maximum Pearson correlation coefficient R, between observed and regres-
sion output values. The model was validated, for each aquifer, based on randomly removing
20% of the entire data set, and repeating this procedure 50 times, to ensure robustness of
the results (KlemeS 1986; Arsenault et al. 2018). As shown in Table 3, the calibrated model
has performances that are similar to those presented in Romano et al. (2013), i.e., a Pearson
coefficient R with observed discharge series ranging around 0.70, both for calibration and
validation.

3.3 Reliability-water Availability Curves and bias Correction
We consider Reliability-water availability curves (briefly “reliability curves”— RCs) as
those linking spring yield and reliability. More precisely, a RC expresses the percentage of

years (y-axis) in which discharge is always greater that a given value Q (i.e., exceedance
frequency):
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Table 3 Estimated parameters derived from the regressive model used to forecast minimum spring yield for
each selected aquifer: Temporal aggregation scale (k) at which SPEI is aggregated, the month () to which
the SPEI refers, the regression parameters o and B estimated using the method of least squares and the unit of
measurement of the minimum spring yield evaluated

Aquifer Best aggregation scalek ~ Bestmonth  a B R (calib.) R (valid.)
m [m?/s] [m®/s]
Peschiera 14 November 0.79 16.8 0.68 0.68
Le Capore 11 September 0.14 4.30 0.71 0.71
Acqua Marcia 15 December 0.51 3.84 0.73 0.64
Simbrivio 10 May 0.03 0.16 0.69 0.68
N
iy -
r(Q) = 10021/ (Q1 = Q) ®)
N
where:
0, @<0
I(Q)Z{lZon )

given that (Q; represents the minimum monthly spring discharge for year ¢, where t=1,2,..
N.

We derived RCs for both control and future scenarios, as their comparison allows to
measure the potential future impacts of climate change on water availability in the area of
interest. In other words, Eq. (3) was applied to spring yield series computed from the regres-

B3]

sive model by using CM simulations in the control period @C, cm = f(SPEI.cwm), and

in the generic future scenario Q f.om = [ (SPEIf o).

The derived reliability curves referred to the control period are adjusted by a global
bias correction procedure. In particular, we brought the empirical distribution of
spring yield estimated by the regression model and CM model in the control period,

@c, cm = f(SPEI.cu), to coincide with the one estimated using the regression model

with observed SPEI Qg = f (SPEI,).
The correction consists of applying the following equations:

tQ\O,cor'r (Q\c, C]LI) = Fr_e}' (FO (Q\c, CM)) > Fc,corr =F (5)

@f,cm’r (Q\f, C]\/I) = F,Z} (FO (Q\f, C]\l)) 5 Ff,corr = FO (6)

where F,..; is the ECDF (Empirical Cumulative Distribution Function) of the reference
spring yield (minimum values calculated using observed SPEI), Fr_e} is its inverse, Fj is

the ECDF of spring yield calculated from observed SPEIL F’

o, corr a0d . ., are the corrected
ECDFs for the control and the future period, respectively.
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4 Results and Discussion
4.1 Projected Changes of Hydrological Variables and SPEI

The variations of the three main climatic variables are summarized in Table 4. Specifically,
for the group of aquifers as a whole, future changes of annual precipitation, annual average
air temperature, and annual reference evapotranspiration (ET), are shown for each of the
scenario and period combinations. In addition to the variations assessed by each of the three
best models considered in this study, Table 4 also reports the corresponding values averaged
across these models (EM BEST3).

All CMs agree in projecting a significant increase of temperature and, consequently, of
reference evapotranspiration. Overall, with reference to EM BEST3, there is an increase in
mean annual temperature of more than 1.5 °C for the NF, and 2.15 °C and 2.74 °C for the
MF, respectively for RCP 4.5 and RCP 8.5. In terms of reference evapotranspiration, this
involves an increase about 50 mm for the NF, and 69.04 mm (RCP 4.5) and 83.62 mm (RCP
8.5) for the MF. Looking at the variations in precipitation, a general decrease is projected,
especially for the MF. However, for the NF, the direction of change may change across CMs.
More in detail, it can be seen that for the NF and RCP 4.5, 2 out of 3 cm predict an increase in
average annual precipitation, while this occurs only for 1 CM in the high-emission scenario
(RCP 8.5). Nevertheless, considering the ensemble mean of the best 3 models, a decrease
in precipitation prevails for all future periods and scenarios. In more detail, the decrease for
the NF is relatively small (an average of —8 mm for RCP 4.5, and approximately — 16 mm
for RCP 8.5), while for the MF, the decrease is considerably larger, with a higher decrease
for RCP4.5 (—74.92 mm) than for RCP8.5 (—44.72 mm). This, however, in terms of SPEI
and thus spring yield, is balanced by the greater increase in temperature and, therefore, of
evapotranspiration corresponding to the latter scenario.

Changes in both precipitation and temperature are reflected in changes of the 30-years
average of Standardized Precipitation-Evapotranspiration Index (SPEI). Figure 2 shows

Table 4 Variations in mean annual precipitation (PR, [mm]), mean air temperature (TAS, [°C]) and reference
evapotranspiration (ET,, [mm]) over all aquifers, with reference to RCP 4.5 and RCP 8.5, for near future
(2021-2050) and for mid-term future (2041-2070)

RCM Variable HIST ARCP45 ARCP85 ARCP45 ARCP
(1971-2000) (2021-2050) (2021-2050) (2041-2070) 8.5
(2041
2070)
Had-CCLM PR 1014.9 7.23 ~15.34 -104.96  -97.91
TAS 9.48 1.9 2.12 2.67 323
ET, 833.76 69.33 71.52 97.7 114.53
Had-RACM PR 1211.06 81.54 60.37 ~29.08 3.28
TAS 8.01 1.81 2.06 2.52 3.13
ET, 914.53 49.13 49.15 67.07 84.2
CNRM-CCLM PR 1429.15  —112.75 -92.71 -90.72 -39.53
TAS 8.32 0.87 L11 1.26 1.85
ET, 740.52 3321 35.3 42.35 52.13
EM BEST3 PR 121837  —7.99 ~15.89 ~74.92 ~44.72
TAS 8.60 1.53 1.76 2.15 2.74
ET, 829.60 50.56 51.99 69.04 83.62
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how the variations of SPEI increase with the aggregation scale (k) of the index, with refer-
ence to both NF and MF and the ensemble of the best three climate models.

Reductions in SPEI are significantly larger for the MF that the NF. For the aggrega-
tion scales of greater interest, i.e., those involved in spring yield estimation (Table 3), i.e.,
10 < k < 15, reductions of about —0.3 and —0.6 are observed for RCP 4.5 and RCP 8.5,
respectively. The future decrease of SPEI average indicates that droughts are predicted to be
more likely due to climate change, as confirmed by previous studies in the Mediterranean
area (Peres et al. 2023).

4.2 Projected Changes of reliability-water Availability Curves

Figure 3 presents the RCs for each aquifer and for all future scenarios and periods, after the
application of global bias correction. In order to make the RCs of the different aquifers more
readily comparable, the series of minimum spring yield have been normalized with respect
to the minimum and to the maximum value of the series of annual minima of spring yield in
the control period, i.e., ¢ [%] = 100 ® (Q — Qcmin) / (Qemax — Qe.min)-

Looking at the NF, RCs for RCP4.5 are mostly centered around the one corresponding
to the control period; in this case the future ensemble RCs almost coincide with those in the
control period for aquifers Le Capore, and Simbrivio, while for the other two aquifers there
is a general decrease in reliability. In NF, the future curves obtained with the different CMs
tend to be lower than the observed one in RCP8.5 with respect to RCP4.5. This is reflected
on the ensemble average, even though the changes for Le Capore and Simbrivio remain
quite low even in RCP8.5. Going to the MF, a general decrease of reliability is projected,
which can be more significant in RCP4.5 than in RCP8.5. There is also, with respect to the
NF, a greater level of variability in predictions across different CMs. The largest decreases
in reliability are observed for Peschiera and Acqua Marcia aquifers, for which Had-CCLM
model indicates the most significant one.

From the analysis of Fig. 3 and Table 5 shows the changes in reliability of specific values
of normalized spring yield. Specific changes in reliability for the lower values of spring yield

NF (2021-2050) EM BEST3 MF (2021-2050) EM BEST3

0.2 T
|

T
| [ Y
| I RCP 8.5
|
)

VAR SPEI
VAR SPEI

-0.5

-0.6

-0.7

5 10 15 20 5 10 15 20
Aggregation scale k Aggregation scale k

Fig. 2 Projected changes in SPEI for both the near and mid-term future (2021-2050 and 2041-2070,

respectively) and in relation to the three best climate models. The blue window highlights the typical ag-
gregation scales for the regressive model used to estimate spring yield

@ Springer



N. Palazzolo et al.

NF (2021-2050) MF (2041-2070)
RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5
100 100 100 - 100 -
< E g g g
g = > > >
2 2w £ 50 £ 50 Z %0
o 2 : A 3
£ 2 E] N f 2
0 0 - = 0 0 —_—
0 50 100 0 50 100 0 50 100 0 50 100
Normalized spring yield q (%)  Normalized spring yield q (%) Normalized spring yield q (%)  Normalized spring yield q (%)
100 100 — 100 100
W = B < <
o« < < N N
S 2 50/ 2 50 £ %0 £ 50
s 2 :
e o o [5} [5}
=4 4 L4 L4
0 ~ 0 0 : 0 >
0 50 100 0 50 100 0 50 100 0 50 100
Normalized spring yield g (%)  Normalized spring yield q (%) Normalized spring yield q (%)  Normalized spring yield q (%)
100 100 o 100¢ 100
= < T T
< > > > >
s = 50 = 50 = 50 = 50
Q Qo Ee o
< 8 8 S K
S 8 8 8
o < & & &
(8]
< 0 0 > 0 == 0 =
0 50 100 0 50 100 0 50 100 0 50 100
Normalized spring yield g (%)  Normalized spring yield q (%) Normalized spring yield g (%)  Normalized spring yield g (%)
100 (< 100 - 100 100
N NS
o < = = =
s 2 Z 50 Z 50 £ 50
3 Q Q Qo Qo
«Q S S S S
= T ko] S T
5 4 4 14
0 = 0 == 0 —=
50 100 0 50 100 0 50 100 0 50 100
Normalized spring yield q (%)  Normalized spring yield q (%) Normalized spring yield g (%)  Normalized spring yield q (%)

—HIST ---CNRM-CCLM - --Had-CCLM ---Had-RACM —EM BEST3

Fig. 3 Reliability curves for each aquifer and for both RCPs (4.5, 8.5) and both temporal horizons (2021—
2050, 2041-2070). In x-axis, normalized minimum spring yield with respect to the minimum and maxi-
mum values of the control period

(corresponding to high values of reliability, and thus of major interest from a management
point of view) allow express more directly the potential impacts of climate change under
the considered scenarios. As can be seen from the table, changes in reliability are generally
negative. Focusing on the tenth-percentile of the minimum spring yield (i.e., g=10%)), it
can be seen that an appreciable decrease of reliability is projected for the Peschiera springs,
where, for both RCPs, changes are slightly above —11% in the NF and about —8% in the
MF. A lower decrease is projected in the NF for Le Capore (about —1.5% in RCP4.5 and
—6.5% in RCP8.5) and Simbrivio (about —6% for RCP8.5); Acqua Marcia is the aquifer
showing the smallest reduction in reliability among those where a decrease is projected
(less than — 1%), while a slight increase is predicted for Simbrivio (about+2.4% in the RCP
4.5). In the MF, moderate changes are observed for Acqua Marcia (about —8% under both
RCPs), Simbrivio (about —6% in RCP4.5 and —9% in RCP8.5) and for Le Capore (about
—6% in RCP8.5). The most appreciable, but isolated, decrease is foreseen for Le Capore in
RCP4.5 (about —13%).
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Table5 Changes (future minus control period) of reliability for different levels of normalized spring yield for
all analyzed aquifers, for both scenarios and future periods

Normalized r[%]  Peschiera Le Capore Acqua Simbrivio
spring yield Marcia
g [%]
2021-2050 2041- 2021-2050 2041- 2021- 2041- 2021-2050 2041-
2070 2070 2050 2070 2070
5 Arcpas —5.67 -1.39 -231 -9.10 -0.80 -1.47 0.16 =2.77
Apcpss —10.17 -6.88 —6.78 -529 -0.85 -4.49 -243 —6.53
10 Apcpss —10.68 -7.68 —1.45 -13.10 -0.14 —7.82 2.39 —5.66
Apcpgs —11.60 -7.50 —6.50 -5.57 -0.98 -7.83 —5.77 —8.62

Though these changes are appreciable, it can be stated that the consequences on the reli-
ability of the water supply system fed by the analyzed aquifers can be deemed as not critical,
as the current and expected exploitation of aquifers is considerably less water demand. The
presence of this margin, coupled with the observation that the maximum spring yield in this
aquifer occurs almost simultaneously with the minimum spring discharge of the other aqui-
fers (Guyennon et al. 2024), plays a crucial role in enhancing the present and future resil-
ience of the system to meet water demands.Nevertheless, the outcomes of this study indicate
that climate change impacts need to be taken into consideration, and that it is increasingly
crucial to plan and implement effective measures for climate change adaptation. Water man-
agers and stakeholders need thus to shift to a holistic approach that enables the implementa-
tion of measures for sustainable water resource management (Rossi and Peres 2023). These
efforts could include reducing water consumption, conservation strategies, wastewater reuse
and other measures to enhance water supply system resilience.

5 Conclusions

This study introduces a methodology to assess the impacts of climate change on the reli-
ability of water supply systems fed by karst aquifers, applied to a case study in Central Italy.
To address uncertainties associated with both climate and hydrological models, the analysis
incorporates ensemble averaging and bias correction, ensuring more robust and interpre-
table results. The case study results suggest limited changes in precipitation in the near
future (2021-2050), with average decreases of approximately —8 mm under RCP4.5 and
—16 mm under RCP8.5. However, more substantial reductions are projected for the mid-
term period (2041-2070), particularly under RCP4.5 (=74.9 mm) and RCP8.5 (—44.7 mm).
These are accompanied by a notable increase in mean annual temperature, exceeding 1.5 °C
in the near future and reaching up to 2.74 °C in the mid-term future. As a consequence, a
moderate decline in spring yield reliability is expected, with more pronounced impacts in
the mid-term horizon. Among the aquifers analyzed, Peschiera and Le Capore show the
largest projected reductions, while Acqua Marcia exhibits minimal changes and even slight
improvements in some scenarios. Despite these projected shifts, the system as a whole
remains resilient. Current and forecasted extraction rates are significantly below sustain-
able thresholds, and the asynchronous behavior of aquifers—where peaks in discharge from
one source coincide with lows in others—enhances overall supply stability. These findings
underline the value of incorporating climate impact assessments into long-term planning.

@ Springer
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The study shown how even with simplified modelling approaches, important insights can
be gained to support the development of adaptive strategies aimed to ensure the continued
reliability of water resources under evolving climate conditions.
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