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Abstract

Springs fed by carbonate-fractured /karst aquifers support spring-dependent ecosystems
and provide drinking water in the Italian Apennines, where complex hydro-meteorological
environments are increasingly affected by prolonged droughts. The aim of this study was
to investigate the hydrogeological behavior of two springs (Alzabove and Lupa) on the
mountain ridge of Central Italy, using monthly reanalysis datasets to support sustainable
water management. The Master Recession Curves based on the 1998-2023 recession periods
highlighted a slightly higher average recession coefficient for Lupa (« = —0.0053 days 1)
than for Alzabove (o = —0.0020 days~!). The hydrogeological settings of the Lupa recharge
area led to a less resilient response to prolonged, extreme droughts as detected via the
Standardized Precipitation-Evapotranspiration Index (SPEI) computed at different time
scales using ERA-5 Land datasets. The SPEI computed at a 6-month scale (SPEls) showed
the best correlation with monthly spring discharge, with a 1-month delay time. A parsi-
monious linear regression model was built using the antecedent monthly spring discharge
values and SPEI; as independent variables. The best modeling performance was achieved
for the Alzabove spring, with some overestimation of spring discharge during extremely
dry conditions (e.g., 2002-2003 and 2012), especially for the Lupa spring. The findings are
encouraging as they reflect the use of a simple tool developed to support decisions on the
sustainable management of springs in mountain environments, although issues related to
evapotranspiration underestimation during extreme droughts remain.

Keywords: springs; fractured/karst aquifers; SPEI index; data-scarce area; ERA5-land
dataset; parsimonious model; sustainable management tool

1. Introduction

Mountain springs are vital components of the hydrological cycle, serving as the pri-
mary sources of freshwater for gaining rivers (e.g., linear springs) or spring-dependent
ecosystems, maintaining habitat conditions, and supporting cold-water species that are
resilient to extreme low flows and temperature changes [1-4]. As recently reported by

Sustainability 2026, 18, 970

https://doi.org/10.3390/su18020970


https://crossmark.crossref.org/dialog?doi=10.3390/su18020970&domain=pdf&date_stamp=2026-01-17
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3352-3858
https://orcid.org/0000-0002-7343-469X
https://orcid.org/0000-0002-9227-7407
https://orcid.org/0009-0007-8132-8655
https://orcid.org/0000-0002-8147-6566
https://orcid.org/0000-0002-6585-3843
https://orcid.org/0000-0002-2256-251X
https://doi.org/10.3390/su18020970

Sustainability 2026, 18, 970

2 of 22

Xie et al. [5], groundwater sustains 59% =+ 7% of global river flows, and approximately
one-quarter of the global population is entirely or partially dependent on drinking water
from karst aquifers [6]. This value has also been confirmed for the Mediterranean Region
by Bakalowicz [7], with springs serving as the primary source of drinking water during
dry months [8]. As recently reported by Pascual et al. [9], a dramatic reduction in discharge
in small-flow Mediterranean springs has been documented (e.g., [4]), underscoring the
priority of conserving these springs and developing specific management plans for these
ecosystems. In Central Italy, according to a recent report by the Italian Institute of Statis-
tics (https:/ /esploradati.istat.it/databrowser/#/en/dw/categories /1T1,Z0920ENV,1.0/
ENV_WATER accessed on 9 November 2025), drinking water for about 12 million people
is supplied by groundwater resources (92%), the main source of which is springs fed by
fractured-karst limestone aquifers located at medium-to-high altitudes along the Apennine
ridge. In this framework, long-term, reliable discharge-monitoring data are essential for
effective and sustainable management of springs used for drinking water. Although moun-
tain springs are essential sources of freshwater for humans, their discharge is increasingly
affected by the intensity of long-term anthropogenic exploitation and ongoing climate
change, which must be addressed using sustainable management practices that cannot
be applied without an understanding of the processes and modeling of flow dynamics,
information that can help decision-makers make rational and informed decisions when
choosing between alternative actions (e.g., [10]).

Since 1998, discharge data from many springs in the Umbria Region (Central Italy)
have been monitored by ARPA Umbria (Agenzia Regionale per I’Ambiente of the Umbria
Region). These data help us analyze the hydrogeological behavior of springs during pro-
longed droughts, as their recharge areas are scarcely affected by human pressure. This
problem is increasingly being studied in the literature, using springs as sentinels to examine
the dynamics related to climate change [11-15]. As reported by Tan et al. [16], with increas-
ing concerns about the potential impacts of global climate change and human activities
on available water resources, investigating changes in spring discharge and baseflow in
a changing climate is becoming an increasingly important topic of study. In mountain
regions where piezometers are not readily available for studying the groundwater flow
system, spring flow rates can also provide valuable insights into aquifers” hydrogeolog-
ical processes and properties, as gleaned by analyzing baseflow spring recession curves
(e.g., [13,17,18]). As reported by Cinkus et al. [19] and Kale et al. [20], investigating the
recession patterns of spring baseflow is a key step in characterizing the functioning of hy-
drogeological systems and supporting the development and design of hydrological models.
Within this framework, this study focuses on the following open research problems:

a. What are the characteristics of the hydrogeological behavior of mountain limestone
springs in complex tectonic areas of Central Italy in terms of resilience to the severe
drought periods?

b. How do the ERA5-Land reanalysis products perform in simulating the spring dis-
charge in data-scarce areas?

We aim to address these open questions by examining two springs fed by limestone
aquifers in Central Italy. We analyze the Master Recession Curve (MRC) using data from
no-recharge periods and investigate changes in spring discharge and baseflow, aiming
to investigate the effect of prolonged drought periods over the last decades using the
Standardized Precipitation-Evapotranspiration Index (SPEI) [21]. Since the springs are in
data-scarce areas (i.e., there are no ground-based rainfall and temperature observations
at medium-to-high elevations), as recently noted by Venturi et al. [22], it is essential to
explore the use of satellite or reanalysis products to analyze droughts in these regions. In
this way, we also aimed to test the monthly ERA5-Land dataset for the 1998-2023 period
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to calculate potential evapotranspiration (PET), which was used to compute SPEI values.
For the first time, we included the monthly SPEI index values in a parsimonious linear-
regression-based spring discharge model, discussing some open problems in simulating
spring discharge in highly vegetated mountain environments with thin soils. Finally, some
insights into the current management of springs in relation to climate change and the needs
of water-dependent ecosystems are reported.

2. Materials and Methods
2.1. Hydrogeological Characteristics of Selected Springs

Two strategic springs were chosen, Alzabove and Lupa, which supply the aqueducts
of the main cities in the central-southern part of Umbria (Central Italy). Both springs are
located in the Umbria-Marche Apennines, an east-verging fold-and-thrust belt formed
in the middle Miocene, later dissected by SW-NE directed extensional tectonics active
since the early Pleistocene. The reliefs of the chain are formed by the Umbria—Marche
stratigraphic Succession (Early Jurassic—Oligocene), an over 2000 m thick calcareous mul-
tilayer alternated with siliceous-marly and marly formations (Figure 1). The alternation
between calcareous (aquifers) and siliceous—marly /marly (aquicludes) formations plays a
crucial role in groundwater circulation, favoring the occurrence of springs at the points of
contact between formations with a high permeability contrast, often in conjunction with
extensional or strike-slip faults related to the tectonic evolution of the Apennine ridge.

42° 57' 00"

1000

2000

e T = T : "
12° 53' 00" 12° 54' 00" 12° 49" 00" 12° 50' 00" 12° 51' 00"

Figure 1. Hydrogeological maps of Alzabove (A) and Lupa (B) springs. BLC = Base Limestone
Complex (Calcare Massiccio and Corniola); CSMC = Siliceous-Marly and Calcareous Complex;
MAC = Maiolica Complex; MFC = Marne a Fucoidi Complex; SCC = Scaglia Calcarea Complex;
CMC = Calcareous Marly Complex. Blue arrows indicate the main groundwater flowpath.

Three limestone complexes hosting important aquifers have been identified in the
Umbria—Marche sequence (e.g., [11,13,23,24]): the Base Limestone Complex (Calcare Mas-
siccio and Corniola, Early Jurassic), the Maiolica Complex (Early Cretaceous), and the
Scaglia Calcarea Complex (Cretaceous—Paleogene). The Base Limestone Complex and the
Maiolica Complex are separated by the Siliceous-Marly and Calcareous Complex (Jurassic).
In contrast, the Maiolica Complex and the Scaglia Calcarea Complex are separated by the
main aquiclude of the sequence, represented by the marly Marne a Fucoidi Complex. The
Calcareous Marly Complex (Eocene-Oligocene) overlies the Scaglia Calcarea Complex and
acts as an aquiclude. The Alzabove spring emerges at an altitude of about 640 m a.s.l. at
the stratigraphic contact between the Maiolica Complex and Marne a Fucoidi Complex
(Figure 1A); thus, it is an overflow spring collected by a draining tunnel managed by the
company Valle Umbra Servizi. In contrast, the Lupa spring emerges where the Scaglia
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Calcarea Complex meets the Calcareous Marly Complex. Its recharge area may also include
the aquifer hosted in the Maiolica Complex through tectonic lineaments (Figure 1B). This
spring is located at 375 m a.s.l. and managed by the company Servizio Idrico Integrato, and
the groundwater here is collected by a long drainage tunnel (about 120 m) built along a
strike-slip fault oriented NW-SE.

The recharge area of the Alzabove spring is about 15 km? (www.arpa.umbria.it/au/
pubblicazioni/Sorgenti_bas.zip accessed on 9 November 2025), while that of the Lupa is
of about 7 km? [13], although, due to the complex tectonic features (strike-slip faults) that
dissect the hydraulic barrier of the Marne a Fucoidi Complex, the two aquifers hosted in
Scaglia Calcarea Complex and Maiolica Complex can be connected (Figure 1B); in this way,
the extension of the recharge area can reach 12 km? (e.g., http://vanoproy.be/python/
Lupa_Arrone_infilt_coeff. html#Water-spring-Lupa accessed on 9 November 2025).

The selected springs are located in highly seismic areas (Figure 2), characterized by
extensional earthquakes ranging in magnitude up to 6.5, which develop in the tectonically
active Apennine region.

Serravalle di Chienti
1< (26.09.1997, M=5.8)

Visso
(26.10.2016, M=5.9)

Accumoli
(24.08.2016, M=6.0)

Seismic zonation
[ zone 1 (0.25 < a,<0.35g)
[Jzone 2 (0.15 < a,<0.25g)

0 20 km
[ [1Zone 3 (0.05 < a,<0.15g)

Figure 2. Seismic zoning map of the Umbria Region, with the main earthquakes that occurred close to the
study areas (with magnitudes greater than 5.5) and the peak ground acceleration (ag) distribution with a
10% probability of exceedance in 50 years, computed on hard ground (https:/ /rischi.protezionecivile.
gov.it/it/sismico/attivita/classificazione-sismica/ accessed on 9 November 2025).

Several recent papers have documented co-seismic effects on groundwater systems
that feed both local and streambed springs in the Umbria-Marche Apennines [25-31]. The
influence of seismic shocks on the springs’ regimen depends on earthquake magnitude and
the proximity of the epicenter, with significant changes in the near field (less than 10 km
from the epicenter) and a decrease between 20 and 30 km from the epicenter. The Alzabove
spring experienced a short-term increase in discharge (approximately +0.008 m3/s) fol-
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lowing the main shock (6.5 Mw) of the 20162017 seismic crisis in Norcia, which occurred
approximately 30 km from the spring [25]. The step-like increase in discharge dissipated
within a few days relative to the intensity what experienced by springs located less than
10 km from the epicenter. The response to the 1997-1998 seismic sequence (Mw = 5.9),
which occurred in the Colfiorito area, at a distance of less than 10 km from the spring,
was much more significant, leading to spring discharge changes and increases in sulfate
concentrations and water electrical conductivity due to deep-circulating water input in-
duced by the faulting activity, which lasted a few months after the mainshock [32]. The
2016 seismic sequence had negligible effects on the discharge of the Lupa spring [25], as
the main seismic crises occurred a significant distance (>30 km) away from it.

2.2. Hydro-Meteorological Data and SPEI Drought Index

A long-term discharge-monitoring dataset has been compiled to characterize the
two springs since January 1998. Reliable daily discharge data are available from ARPA
Umbria, with missing values amounting to less than 1%. Table S1 reports the discharge
data for both springs: these are key data, given that the recharge areas of Alzabove
and Lupa springs are located in areas unaffected by human activity (e.g., there are no
pumping wells impacting groundwater resources); thus, monitoring spring discharges
allows us to understand the responses of mountain aquifers in the Mediterranean basin
to prolonged droughts. While the discharge datasets cover a long timespan and are
reliable, meteorological data corresponding to altitudes comparable to those of the springs’
recharge areas are either unavailable or available only for short-term periods (e.g., Table 1).
This is the case in many mountain areas of Central and Southern Italy, where rain gauge
stations are often lacking at medium-to-high elevations, which can be representative of the
hydrogeological processes pertaining to the springs’ recharge areas (e.g., [11]).

Table 1. Details of available thermo-pluviometric gauges managed by the Umbria Region Hy-
drographic Service (https:/ /www.regione.umbria.it/ambiente/servizio-idrografico accessed on 9
November 2025).

Sprin Gauges Altitude Observation Distance from
pring & (m a.s.l.) Period the Spring (km)
Foligno 224 19962025 15.1
Alzabove Colfiorito 759 2021-2025 8.6
Sellano 608 2007-2023 9.1
Terni 130 1919-2025 13.2
Lupa Arrone 285 1919-2023 3.6
Piediluco 370 1996-2025 6.1

Meteorological satellites or reanalysis products can overcome the limitations of ground-
based data by providing a global view and filling data gaps in areas with sparse or nonex-
istent ground stations (e.g., [33-38]). Among the available products, ERA5-Land is a
reanalysis dataset providing a globally consistent view of the evolution of land variables
over several decades (e.g., precipitation and air temperature at 2 m from 1950 to the
present) at hourly, daily, or monthly scales, with a native resolution of approximately 9 km
(0.1° x 0.1°). Hourly daily data were downloaded from the Climate Data Store (https://
cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=download accessed
on 9 November 2025) for the time interval 1997-2023 and subsequently aggregated to
obtain the monthly accumulated precipitation. The recharge areas of Alzabove and Lupa
springs are included in cells with the following centroid latitude-longitude coordinates:
42.90-12.90 and 42.60-12.80, respectively. As for other mountain regions, the complex
topography can affect the reliability of ERA5-Land reanalysis; therefore, verifying its per-
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formance with ground-based data enables analyses that are as realistic as possible [36,37].
To quantify the performance of ERA-5 estimates, Pearson’s Correlation Coefficient (CC,
Equation (1)), Nash-Sutcliffe efficiency (NSE, Equation (2)), Root Mean Square Error (RMSE,
Equation (3)), Mean Absolute Percentage Error (MAPE, Equation (4)), Normalized Mean
Absolute Error (NMAE, Equation (5)), and the relative bias (rBias, Equation (6)) are used;
the last metric reflects the systematic bias between the satellite-based estimates and the
ground observations. All equations are applied to monthly precipitation and temperature
data, comparing ground-based meteorological data with reanalysis estimates within each

grid cell. B
Yo (G G)-(Si—5) )
\/ Y, (Gi—G) \/ Y (Si— S)
n )2
NSE =1— M )
Yitq(Gi—G)
n (a2
RMSE = M (3)
1
MAPE = ~ ( ) -100 (4)
n
( x 1|G Sl )
NMAE n » 1100 (5)
rBias = “&&Gi)-mo (6)
where

S; = satellite-based estimate;

G;j = gauge observation;

S = mean value from satellite-based estimate;
G = mean value from gauge observation;
Gimax = maximum value of gauge observation;
Gimin = minimum value of gauge observation.

Ground-based and reanalysis meteorological data were used to compute the Standard-
ized Precipitation-Evapotranspiration Index (SPEI), developed by [21], which helps one
determine the frequency, duration, and severity of drought by considering the monthly
difference (D;) between the precipitation (P;) and potential evapotranspiration (PET;). As
reported by Vicente-Serrano et al. [21], the D; values aggregated at different time steps,
s (e.g., s =3, 6,9, 12, 24), are interpolated by the three-parameter log-logistic distribu-
tion (Equation (7)). In other words, the probability distribution function of the D; values
aggregated at different time steps adapts very well to the empirical F(x) values.

()

where a, b, and g are scale, shape, and origin parameters, respectively.
The SPEI (Equation (8)) is therefore obtained as the standardized values of F(x),
following the approximation reported in [39].

F(x) =

Co + CIW + CW?
1+ W + doW? + dsW3

SPEI = W — (8)
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where

W = /—2In(P) for P <0.5.
P = probability of exceeding a determined D; value, P =1 — F(x). If P > 0.5, then P is
replaced by 1 — P, and the sign of the resultant SPEI is reversed.

Cp =2.515517. C1 = 0.802853. C, =0.010328. d; = 1.432788. dp = 0.189269. and d3z = 0.001308.

According to the WMO [40], at least 20-30 years of monthly data are needed for
calculation. Table 2 presents the classifications for different SPEI drought categories.

Table 2. Classification scale for the SPEI values.

SPEI Value Class
More than +2.0 Severely wet
+1.5 to +1.99 Very wet
+1.0 to +1.49 Moderately wet
—0.99 to +0.99 Near normal
—1.0to —1.49 Moderately dry
—1.5t0 —1.99 Severely dry
Less than —2.0 Extremely dry

For computation, the SPEI R library (https://github.com/sbegueria/SPEIl/blob/
master/R/hargreaves.R accessed on 9 November 2025) was used, which includes PET
estimation using various methods. In this study, the daily PET was calculated using the
Hargreaves method (Equation (9) [41]) and then aggregated into a monthly scale (PET;).
This method performs relatively well compared to the reference FAO-56 Penman-Monteith
method, given the lack of data commonly available in mountain regions [42].

PET = C-0.408-Ry- (Trmax — Tonin )"+ (T + 17.8) )

where

PET = Potential Evapotranspiration (mm/day).

C = Hargreaves coefficient (0.0023).

R, = water equivalent of the monthly averaged daily extraterrestrial radiation (mm/day).
Tmax and Tryin = Maximum and minimum daily air temperatures (°C).

Tm = Average daily air temperature (°C).

2.3. Master Recession Curve (MRC) and Baseflow Separation

The Master Recession Curve (MRC) for a spring is a graphical representation of the
average decrease in spring discharge over time, constructed by combining multiple indi-
vidual recession periods. The shape and slope of the MRC can provide information about
the reservoir’s hydrogeological properties in mountain environments, at least in terms of
average or equivalent values. This is important as piezometers are often unavailable due
to logistical and topographic constraints (e.g., the piezometric surface is located at great
depth) and the complexity of fractured/karst hydrogeological systems. Recession periods
were selected from spring hydrographs during no-recharge periods using the XLKarst tool
for Excel, developed by [43]. After the recession periods were sorted by discharge from
highest to lowest, they were assembled using the strip method [27,44-46]. The individual
recession curves were overlapped time step by time step, selecting the time-shift values
that yielded the best results according to the MAPE criterion (Equation (4)). By fitting the
MRCs using the Maillet exponential function (Equation (10)), which is well-suited to the
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hydrogeological systems of the Apennines in Central Italy (e.g., [13,47,48]), the average
recession coefficient () for each spring was obtained.

Q= Qpe (10
where

Qt = daily discharge at time t (m3/s);
Qo = daily discharge at the beginning of the recession period (m>/s);
« = recession constant (days™1).

In this study, the one-parameter recursive digital filter developed by Lyne and Hol-
lick [49] was employed (Equation (11)), a simple technique that separates the daily baseflow
(BF) at time t from the total spring discharge at time t (Q;) using a filter parameter k that
separates low-frequency signals (associated with baseflow). As reported by Kang et al. [50],
among the available digital filter methods, the Lyne and Hollick method can achieve reli-
able baseflow separation when appropriate filter parameters are selected. Although there
is little direct link between the digital filter (the k-parameter) and the physical properties
of the hydrogeological system feeding the spring, the recession coefficient can be used to
separate the hydrograph (e.g., [51]). As reported in some studies, it is often assumed that
k=e &t (e.g., [20,36,51,52]). Regardless of the chosen k-parameter, the critical point is to
verify whether the baseflows derived are appropriate during recession periods [50].

BF: = kBF(tfl) + @(Qt - Qt—l) (11)

After daily BF data were obtained using Equation (11), the data were aggregated
monthly (average monthly discharge) and analyzed alongside the mean monthly discharge
to identify potential changes over time in relation to the SPEI index, which was calculated
at various time scales.

2.4. Spring Discharge Modeling

Modeling spring discharge is challenging in hydrogeology due to complex subsurface
hydrogeology, data scarcity, and difficulties in accurately representing external forcing fac-
tors in mountain regions, such as precipitation inputs [53]. Among the available approaches
for spring modeling, regression analysis can be helpful for fitting linear or nonlinear equa-
tions to predict discharge [54,55]. In this study, a parsimonious model combining an
autoregressive model and a cross-regressive model is used to relate the dependent variable
to its own past values and to one or more external variables (e.g., [56-58]). The basic
structure reported in Equation (12) is used for modeling the spring discharge, considering
the average monthly spring discharge as its own past values (Q;_1; . . .; Qj_n) and SPEI as
an external variable, computed over different periods (s = 3, 6, 12 months), and considering
the delay time (tn,) as described in [59]. As reported recently by Ma et al. [55], regression
analysis is simple and easy to implement, has low computational cost, and is suitable for
large datasets, such as those available for the Lupa and Alzabove springs. Conversely,
its ability to simulate nonlinear relationships is limited, making it difficult to accurately
represent complex geological and hydrological processes.

Q =ap+a1-Q_1+ - +anQ_p +b-SPEL (i — ) (12)
where

Q; = simulated mean spring discharge in month i (L/s);
Q;_1, Q;_,= mean spring discharge ranging from monthi — 1 and i — n (L/s);
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SPEIL = Standardized Precipitation-Evapotranspiration Index computed over different time
scales (s = 3, 6, 12 months) and observed in month (i — Ty,);

ap = the intercept (L/s);

aj; an = the regression coefficients for spring discharge values (-);

b = the regression coefficients for SPEI values (L/s).

The model was calibrated for the two springs using monthly data from a training
period (1998-2010), and performance was assessed using MAPE, NSE, and NMAE. Then, it
was applied across different hydrological conditions to validate it (2011-2023 period).

3. Results
3.1. Analysis of Springs” Discharge and BF

To perform an initial assessment of the hydrogeological systems that feed the springs,
we present statistical indicators in Table 3. Figure 3 shows the Pardé coefficient, computed
as the ratio of the monthly to annual discharge averages.

Table 3. Basic spring discharge indicators for the selected springs computed over the 1998-2023 period.
Qm = mean discharge; Qmax = maximum discharge; Qpi, = minimum discharge; CV = coefficient

of variation.

. Qm Qmax Qmir\ cv
Spring (L/s) (L/s) (L/s) (%)
Alzabove 275 481 157 20
Lupa 116 273 30 50
. O Lupa o Alzabove
T4+
- O O
S 12} - Q
) O O— =0y
£ 10 a—,o—'fP_—————#——————o—‘—)o; ———————————
Q q SO
Q o) O—7o—
© 08 i
- o
& 06 -—
o
0.4 1 1 1 1 1 1 ] 1 ] 1

1 2 3 4 5 6 7 8 9 10 11 12

Figure 3. Pardé coefficients for Lupa and Alzabove springs.

The discharge time series for the Alzabove and Lupa springs was first processed using
the XLKarst tool to identify recession periods. Overall, 23 recession curves were selected
for the observation period (1998-2023). All recession curves were combined to construct
the MRCs (Figure 4), and MAPE values between observed and simulated discharges were
used to assess the performance of the recession models. A MAPE of less than 5% was
achieved for both springs, indicating the Maillet equation’s overall good performance in
describing the recession processes.

The Alzabove spring exhibits a lower average recession coefficient (o« = —0.0020 days 1),
indicating a slightly lower decline in spring discharge over time than Lupa (o« = —0.0053 days~!).
The « values were used to determine the k-parameter for the Lyne and Hollick baseflow
separation method, yielding 0.998 for Alzabove and 0.995 for Lupa. In this way, these digital
filters were applied to the daily spring discharge data, distinguishing the baseflow recession
from the steeper portion of the recession (falling limb), which describes the rapid flow arising
from direct recharge into the fracturing network along the main faults (Figure 5).
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Figure 4. Master Recession Curves (MRCs) of the Alzabove and Lupa springs based on 23
recession curves.
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Figure 5. Spring discharge and Base Flow (BF) separation of Alzabove and Lupa springs for the
1998-2023 period based on discharge data taken from ARPA Umbria (https://apps.arpa.umbria.
it/acqua/contenuto/portata-delle-Sorgenti accessed on 9 November 2025). To open the spring
discharge data, select S02 (Alzabove) and S05 (Lupa) in the interactive Umbria Region map.

The BF data were aggregated at the monthly scale (mean monthly BF discharge) to
examine potential changes driven by the slow release of water associated with matrix
porosity and porosity-related permeability (e.g., [60]). The ratio of the total BF volume to
the total volume supplied by the springs over the entire observation period (1998-2023)
ranges from 0.70 (Lupa) to 0.85 (Alzabove). The trends of mean monthly discharge and
mean monthly BF were analyzed using the Mann-Kendall test, a nonparametric test used
for detecting trends in sequential data. The significance of trends is determined by a p-value:
a small p-value (<0.05) indicates a significant trend, meaning the null hypothesis, no trend,
can be rejected. The results indicate that the Lupa spring shows significant negative
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trends in both mean monthly discharge and mean monthly BF (p < 0.05), with rates of
—0.13L/s x month (p = 6.4 x 107°) and —0.10 L/s x month (p < 2.0 x 10~7), respectively.
On the contrary, the data for the Alzabove spring do not show a significant trend for
the same period. To understand the long-term behavior of Lupa spring discharges, data
monitored by ARPA Umbria were aggregated monthly, along with previously available
data analyzed by [13,61], covering the 1985-1997 period and made available by Azienda
Servizi Municipalizzati of Terni. The results are presented in Figure 6, which divides
the dataset into two sub-periods (19852004 and 2005-2023). The mean monthly spring
discharge decreased by about 15%, falling from 133 L/s (first period) to 113 L/s (second

period). Despite some missing data for the first analysis period, maximum discharges

exceeded 250 L/s four times in 1985-2004 and only once in the more recent period. The

spring experienced several periods with discharge values below 50 L/s from 2005 to 2023.
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Figure 6. Mean monthly discharge of Lupa spring for the 1985-2023 period. The dashed line
represents the mean discharge value for the two sub-periods (1985-1997 and 1998-2023).

3.2. SPEI Values and Spring Discharge Modeling

Before SPEI values were computed over different time scales, the reliability of the
monthly rainfall dataset from ERA5-Land was assessed by comparing it with ground-based
rain gauge data within the ERA5-Land cell. The results of the application of some accuracy
indices show that the correlation between monthly ERA5-Land rainfall data with data
obtained from the Piediluco gauge (which is the closest one to the Lupa spring (Table 1))
reaches a CC value equal to 0.84, an NSE of 0.70, an RMSE of 33 mm, and an rBias of
about —6%. Unfortunately, the ERA5-Land cell used to estimate monthly rainfall over
the Alzabove spring recharge area does not include any rain gauges with long datasets
with which to compute the statistical indices. However, because this is a data-scarce area,
it is essential to use a long, gap-free dataset of rainfall products, such as ERA5-Land, to
compute the SPEI and identify the most significant drought events. Figure 7 illustrates
the relationship between SPEI, computed over 6 and 12 months (SPEl4 and SPEI;;) using
ERAS5-Land data as an input, and the average monthly spring discharge and the average
monthly BE. Each SPEI series was correlated with the monthly mean discharge series to
reveal their dependence on the drought index. A cross-correlation analysis showed that
the strongest correlation was between SPEI; and monthly mean discharge with a 1-month
delay time (a cross-correlation coefficient of about 0.6 for both springs). Table 4 shows the
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periods with an SPEI for which there were at least three consecutive months with values
less than or equal to —1 (corresponding to moderately to extremely dry conditions). Both
springs were affected by the same drought periods, with the Lupa spring experiencing
a higher magnitude and duration in 2017 than the Alzabove spring. The lowest spring
discharges occurred in September 2012: about 30 L/s for Lupa and about 157 L/s for
Alzabove. This month was preceded by a long period characterized by negative SPEI
values—17 months for Lupa and 13 for Alzabove.
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300
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Figure 7. Mean monthly spring discharge and Base Flow (BF) of
values computed over 6-month and 12-month scales.

-3

Lupa and Alzabove springs vs. SPEI

Table 4. Periods with an SPEIg for which there were at least three consecutive months with values
less than or equal to —1 (corresponding to moderately to extremely dry conditions).

Alzabove Spring

Lupa Spring

November 2001-April 2002 (6 months)
July 2003-September 2003 (3 months)
November 2006-May 2007 (7 months)
November 2007-February 2008 (4 months)
December 2011-April 2012 (5 months)
July 2017-November 2017 (5 months)
June 2021-October 2021 (5 months)
April 2022-November 2022 (8 months)

November 2001-May 2002 (7 months)
July 2003-September 2003 (3 months)
October 2006—April 2007 (7 months)
November 2007-March 2008 (5 months)
January 2012-June 2012 (6 months)
March 2017-November 2017 (9 months)
August 2021-November 2021 (4 months)
April 2022-November 2022 (8 months)
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The model in Equation (12) was then developed for both springs, highlighting the
importance of the previous mean monthly spring discharge values up to Q;_,. Overall,
adding the mean monthly spring discharge for months i — 3 and i — 4 does not improve
model performance. Figure 8 shows the calibrated and validated mean monthly spring
discharge values, along with the model performance metrics in Table 5 (i.e., MAPE, NSE,
and NMAE errors).

—— Actual data Simulated data (calibration) — Simulated data (validation)
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Figure 8. Comparison of actual spring discharge data and modelled data for Alzabove (A) and Lupa
spring (B). Calibration period: July 1998 < April 2016; validation period: May 2016 -+ December-2023.

Table 5. Model’s performance with respect to the calibration and validation of the mean monthly
discharge datasets.

Calibration Validation
(July 1998 - April 2016) (May 2016 + December 2023)
Sprin MAPE NSE NMAE MAPE NSE NMAE
pring (%) “) (%) (%) “) (%)
Alzabove 3.8 0.93 3.2 3.3 0.92 4.5
Lupa 11.9 0.89 6.5 12.7 0.89 5.0

4. Discussions

Declining spring discharge is common in the Mediterranean Region due to prolonged
droughts, as confirmed by one of the analyzed springs (Lupa), which has shown a signif-
icant negative trend over the past decades. This resulted in a reduction of about 20 L/s
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from 2005 to 2023 compared to 1985-2004, equivalent to the annual water needs of roughly
8000 people. For this calculation, a water consumption of 220 L/day per person was
used (e.g., https:/ /eurispes.eu/en/news/a-system-that-treads-water-the-condition-of-
water-in-italy / accessed on 9 November 2025). This observation aligns with a recent study
by Casati et al. [62], which examined long-term discharge trends in two springs in the
Apennine Mountains. The Alzabove spring does not exhibit a significant trend; overall, in
recent decades, the impact of prolonged droughts on spring discharge, as measured using
the SPEI index, has been less than that in Lupa. As reported by De Filippi et al. [63], the
hydrogeological system of the Alzabove spring has a greater storage capacity than that of
Lupa, making it more resilient to ongoing climate change. Additionally, as illustrated in
Figure 1, several strike-slip faults in the area have produced a highly fractured hydrogeo-
logical system; under these conditions, the depletion of the reservoir in Lupa is occurring
more rapidly than in Alzabove, as confirmed by MRC analysis. Moreover, as shown in
Table 3, the coefficient of variation for Lupa spring is much higher than that for Alzabove,
indicating greater variability in the mean monthly discharge. The Pardé hydrograph for
the Alzabove spring shows a relatively smooth appearance compared to that for Lupa,
indicating less seasonal variation in monthly discharge (e.g., [64]).

The analysis of the spring discharge response to meteo-climatic conditions revealed
that the ERA5-Land data tended to slightly underestimate rainfall in both spring recharge
areas, confirming findings from previous studies conducted in mountain fractured /karst
regions (e.g., [36,65,66]). Overall, the ERA5-Land dataset has enabled the identification of
drought periods in areas for which there are no ground-based thermo-pluviometric data at
medium-to-high altitudes. This is a key point for improving water management and under-
standing the hydrogeological responses of the systems feeding the springs, which would
otherwise be very complicated. Moreover, integrating ground-based data and reanalysis
products would be advisable to ensure the supply of drinking water, especially given the po-
tential effects of prolonged droughts in the mountain region of Central Italy [11,13,31,67,68].
The expected rise in air temperatures and the occurrence of more persistent droughts in the
Mediterranean region (e.g., [69]) will lead to further increases in evapotranspiration and a
consequent reduction in aquifer recharge. In this way, the SPEI index can help in capturing
the hydrological impact of droughts on spring discharge, offering valuable insights into
evolving hydrological processes and supporting more informed decision-making [70,71].
The parsimonious linear regression model developed in this study used the SPEI index
as a proxy for estimating monthly spring discharge. Our analysis confirms that the best
modeling performance was achieved for the Alzabove spring, which was already analyzed
using different modeling approaches—mainly based on rainfall data and previous spring
discharges—such as machine learning models [57], nonlinear autoregressive exogenous
neural network models [72], linear regression with the Standardized Precipitation Index
(SPI) [59], and Fully Connected Neural Networks [63]. In our case, the worst performance
occurred under extremely dry conditions (e.g., 20022003 and 2012), especially at the
Lupa spring, where the simulated discharge overestimated the observed discharge. The
problem of the overestimation of simulated discharge during severe droughts has been
discussed by Avanzi et al. [73] and, more recently, by [74], who analyzed the Po River
basin (Northern Italy), characterized by diverse topographic and climatic characteristics
and a variety of land cover types. Apart from inconsistencies in the data used to build
the model, the overestimation of discharge during severe droughts is a product of by
several factors, including an underestimation of simulated evapotranspiration [73]. For the
analyzed springs, using the Hargreaves method in its original parameterization (without
calibrating the Hargreaves coefficient (C) in Equation (9)) could lead to an underestimation
of PET (e.g., [75]), a well-known problem in forested mountain regions. According to
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Gavilén et al. [76], in remote mountain areas, the lack of modern automatic weather stations
limits calibration of the Hargreaves coefficient (C). In these areas, one possible approach
is to perform a sensitivity analysis of the C coefficient, considering the ranges of values
reported in the literature for similar environments close to the investigated areas, in terms
of weather, topography, and vegetation conditions. Gentilucci et al. [77] calibrated the
Hargreaves coefficient (C) using the mountain weather stations along the eastern border
of the Umbria and Marche Regions (very close to the spring recharge areas investigated),
obtaining values ranging from 0.0021 to 0.0025. These values were used to compute PET
values using Equation (9) and, therefore, re-calculate the SPEl values, which were in-
troduced in the parsimonious model for simulating the spring discharge (Equation (12)).
Overall, model performance does not improve when considering the range of Hargreaves
coefficient (C) values in the literature: the MAPE error remains around 11.9% for Lupa and
3.8% for Alzabove during the calibration period (1998-2016), with no improvements in
discharge simulation during extreme prolonged droughts. It should be pointed out that
an excellent correlation between the uncalibrated Hargreaves method and the calibrated
Penman-Monteith method was reported by [77] for mountain weather stations. Regardless
of the calibration of the Hargreaves coefficient (C), PET cannot be considered exhaustive
for simulating evapotranspiration processes during extreme droughts, which are strictly
related to soil water availability and vegetation conditions. As reported by Perez et al. [78],
the SPEI index has difficulty capturing the true state of drought in a given plant community
due to the complex dynamics of water availability, particularly during critical periods
for vegetation [79-81]. Orth and Destouni [82], analyzing the European Region, pointed
out that vegetation is a potential driver [83-85] caused by increased evaporative demand
during a drought. As reported by Massari et al. [86], a possible explanation of the enhanced
evaporative demand during a drought may lie in the capacity of deep-rooted trees to
access water from the weathered, highly porous saprock or from rock moisture [87-90],
which can reach up to 20-30 m beneath the surface [91]. Avanzi et al. [73] reported that
a hydrologic model’s predictive skill for evapotranspiration decreases during periods of
drought compared to non-drought years because during extended dry periods, the “shal-
low” moisture storage simulated by the model can be depleted entirely, leading to the
paradox of null evapotranspiration [92]. Therefore, modeling does not describe what is
actually happening in areas with deep-rooted trees. This problem is significant for the
recharge areas of the two selected springs, which, according to the CORINE Land Cover
2018 dataset, are highly forested with deep-rooted trees (about 80% in Lupa and 60% in
Alzabove). In this framework, the SPEI underestimates aridity intensity during extremely
dry periods (e.g., [93]), especially in high-vegetation mountain environments, leading the
model to overestimate spring discharge during these periods. This may be one possible
explanation for the model’s weaker performance on Lupa compared to Alzabove, given
that the most significant errors in the simulation occur during periods of extreme drought,
when the effects of vegetation on evapotranspiration are exacerbated. In this framework,
estimating evapotranspiration in mountainous forested regions characterized by thin soils
over limestone-fractured rocks during extreme droughts remains challenging.

The analyses highlight the effects of prolonged droughts on spring discharge and the
role of tectonic activity in mountain regions in producing medium- to high-magnitude
earthquakes. The response of groundwater to earthquakes is increasingly being investi-
gated, a factor that exacerbates the meteo-climatic vulnerability of mountain regions in
some hydrogeological systems, even though effects can vary widely and may last any-
where from a few days to a few years (e.g., [94,95]). For the study area we investigated, as
documented by [25], groundwater changes were negligible (e.g., an increase of a few L/s
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in discharge lasted for only a very short period for the Alzabove spring) compared to those
of other springs located near the epicenter of the 2016-2017 seismic sequence.

The findings may find practical application in the sustainable management of spring
discharge, as they provide insights into how prolonged droughts affect water availability in
Central Italy’s mountain regions. Specifically, since the drinking water concession during
summer months for the Lupa spring (60 L/s) cannot always be maintained during the
frequent dry years (e.g., 2002-2003; 2007-2008; 2012; 2017; 2020; and 2022), a thorough
review of the withdrawal system is essential to enhance resilience against climate change.
This includes integrating water from new sources, such as pumping wells in aquifers fed by
large limestone systems [24], to help release some spring water and support groundwater-
dependent ecosystems in mountain environments. When the flow of water from springs to
non-perennial streams decreases or stops—as with Lupa—groundwater-dependent ecosys-
tems can become hydrologically disconnected [96]. As Leone et al. [97] recently pointed out,
while these surface-water ecosystems are scientifically important, they are often neglected
in eco-hydrological research due to a lack of data and specific guidelines or legislation
for non-perennial streams. Sustainable management of springs and the preservation of
ecosystem integrity represent a new frontier in global conservation efforts [98,99]. The
approach and findings presented in our study, based on long-term discharge data coupled
with the SPEI indeX, can provide useful information for the development of sustainable,
effective protocols to be integrated into policy strategies that meet local water demands
and conservation goals [96,100-103]. Specifically, as highlighted by our analysis of the
Lupa spring (e.g., Figure 7), when the SPEI; index is lower than —1.5 for at least three
consecutive months, the spring discharge falls below 60 L/s, reaching about 30 L/s if the
drought persists for at least five consecutive months (e.g., as with the drought in 2022).
In this way, an SPEI; index below —1.5 can be used as a threshold to support sustainable
spring management and the protection of groundwater-dependent ecosystems. During
prolonged droughts, water from the Lupa spring should be released and replaced to meet
water demand, using water from pumping wells drilled outside the spring recharge area in
drought-resilient limestone systems.

5. Conclusions

An in-depth analysis was conducted on two springs in Central Italy to understand
their hydrogeological behavior—integrating ground-based data and ERA5-Land products
toward this end—and investigate their responses to prolonged periods of drought. The
following conclusions can be drawn:

- The long-term discharge data from the Alzabove and Lupa springs fosters an un-
derstanding of the feeding reservoir’s behavior by allowing the reconstruction of
MRC curves for no-recharge periods. These curves indicate that the hydrogeological
system of the Alzabove spring is more resilient to prolonged droughts than that of the
Lupa spring.

- The monthly ERA5-Land reanalysis dataset was compared with ground-based data
and used to calculate the SPEI index at different time scales. The highest correlation
with SPElg (with a 1-month delay) was observed in spring monthly discharge data,
capturing wet and dry periods in the recharge areas.

- A parsimonious linear regression model based on previous monthly mean discharge
values and SPEI; was better able to simulate spring discharge for Alzabove than for
Lupa, even though issues in PET underestimation caused overestimation of spring
discharge during the 2002-2003 and 2012 extremely dry periods. This effect was more
pronounced for the Lupa spring, which experienced a larger decline in discharge
during droughts, reflecting the hydrogeological characteristics of its recharge area.
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In conclusion, modeling spring discharge in mountain regions is challenging, and
further research along these lines is currently underway, integrating additional satellite
and reanalysis gridded products. Thermo-pluviometric stations should be installed to
complement these products to verify their reliability, a particularly important step given the
current lack of data on spring recharge areas, especially for the Alzabove spring. Recently,
the Umbria Region Hydrographic Service has installed new weather gauges, whose data
will be helpful in for refining the analysis in the future, including evapotranspiration assess-
ment using methods that account for parameters more representative of the phenomenon
(e.g., the Penman-Monteith method). Anyway, the findings are encouraging, as they reflect
the use of a simple tool to support decisions on groundwater exploitation in complex
hydrogeological systems in data-scarce areas. Moreover, the findings can help provide in-
formation for efforts to restore essential ecosystems in the Mediterranean mountain regions
via using alternative groundwater supplies that are resilient to a changing global climate.
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