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Abstract

This study examines the hydroclimatic controls on reservoir storage dynamics in the Sinni
River basin (southern Italy), with a specific focus on the Monte Cotugno dam—the largest
earth-fill reservoir in Europe. Using monthly precipitation data (2000-2024) from eight
gauges and standardized indicators (SPI at multiple timescales and SRI for storage), we
apply robust trend, correlation, autocorrelation, and causality analyses, supported by
advanced preprocessing (TFPW), to disentangle climatic influences from anthropogenic
pressures. Results show a statistically significant and persistent decline in the SRI series,
indicating progressive storage depletion, despite stationary or slightly positive trends in
precipitation at annual and hydrologically relevant timescales. These findings highlight
the dominant role of cumulative operational losses and systemic inefficiencies—rather
than sustained climatic drying—as primary drivers of reservoir decline. Granger causality
and lagged-correlation analyses reveal that multi-month to annual precipitation anomalies
(SPI-3, SPI-6, SPI-12) exert the strongest influence on storage variations, yet the basin’s
ability to convert rainfall into effective reservoir supply is severely constrained by in-
frastructural and management limitations. The study underscores the urgent need to
integrate climate-based monitoring with infrastructural modernization and governance re-
forms to address the combined climatic and anthropogenic pressures increasingly affecting
Mediterranean water systems.

Keywords: reservoir storage; Standardized Precipitation Index (SPI); hydrological variability;
Granger causality; Mediterranean basin

1. Introduction

Climate change and population growth are intensifying water scarcity across the
Mediterranean region [1], one of the areas most exposed to climate-related risks and high
rainfall variability. At present, more than 180 million people in the region are affected by
water scarcity, with additional pressures driven by demographic expansion, urbanization,
and the intensification of agricultural and tourism activities [2]. The Mediterranean basin
hosts approximately 60% of the global population living with less than 1000 m? of available
freshwater per capita per year, a value well below the globally recognized water-stress
threshold [3]. Recent climate projections consistently indicate further declines in precipi-
tation, an increase in the frequency and severity of drought events, and enhanced intra-
and inter-annual rainfall variability [4-6]. These climatic pressures, combined with rising
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water demand, are expected to lead to more frequent water crises, deterioration of water
quality, and significant impacts on agriculture, urban water supply, riverine ecosystems,
and marine productivity [7-9].

Dams and large surface reservoirs serve as the primary buffers and regulatory systems
for freshwater storage in the Mediterranean, playing a crucial role in mitigating seasonal
water deficits and meeting peak demand [10]. However, recent studies show that the
regional water crisis has been exacerbated by a considerable reduction in reservoir storage
levels, largely attributable to declining precipitation totals and the increasing recurrence of
extreme drought episodes [11-13]. Advances in satellite altimetry and remote sensing have
enabled the first large-scale, systematic evaluations of these trends, revealing substantial
decreases in storage across hundreds of reservoirs worldwide. In many Mediterranean
systems, these analyses highlight a chronic inability to reach full capacity under recent
adverse climatic conditions.

Within this context, rigorous statistical assessment of the relationship between pre-
cipitation and reservoir storage has become essential for developing reliable forecasting
tools and for supporting adaptive water-resource planning. Approaches based on stan-
dardized precipitation indices (e.g., SPI), correlation and trend analyses, causal inference
frameworks, and robust significance tests—capable of accounting for the autocorrelation
typical of hydrological time series—now represent key methodologies for quantifying risks,
identifying critical thresholds, and improving integrated water-management strategies in
the Mediterranean region [14-17].

This study aims to examine, through an innovative and multi-dimensional approach,
the relationship between precipitation (at multiple temporal scales, as expressed through
the Standardized Precipitation Index, SPI) and stored water resources in the largest earth-fill
dam in Europe—the Monte Cotugno Reservoir, a representative system for Mediterranean
hydro-climatic conditions. We apply a suite of advanced statistical techniques, including
trend analysis, causality assessment, and prewhitening procedures, to disentangle the actual
climatic signal from the effects of hydrological memory and anthropogenic trends [18]. The
overarching goal is to provide both conceptual and operational tools to support water-
resource management in a region facing a high risk of structural water scarcity.

In this framework, the present study adopts a reservoir-centered perspective, focusing
on standardized storage dynamics at the scale of a single strategic dam, and complements
existing drought assessments by explicitly analyzing how multi-scale precipitation anoma-
lies are transmitted to, or decoupled from, reservoir storage under current hydroclimatic
and management conditions. To our knowledge, no previous work has performed a long-
term, multi-scale analysis of the SPI-SRI relationship for the Monte Cotugno reservoir,
explicitly quantifying lagged cross-correlations, non-stationary behavior and the predictive
role of SPI3 and SPI6 for standardized storage. By integrating these climate-based diagnos-
tics with regional evidence on groundwater constraints, structural seepage vulnerabilities
and exceptionally high downstream distribution losses, the study offers a novel multi-index
framework for understanding why meteorological drought signals do not always translate
into proportional changes in reservoir storage in one of the most critical interregional
water-supply systems of southern Italy.

2. Study Area

The Monte Cotugno Dam, located in the Basilicata Region near the town of Senise
(Province of Potenza), is the largest earth-fill reservoir in Europe and one of the most
important water infrastructures in Southern Italy (Figure 1). The dam impounds the
Sinni River approximately 33 km upstream of its mouth and about 6 km upstream of the
confluence with the Sarmento Creek, intercepting a drainage area of about 804 km? out
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4,427,000 4,434,000 4,441,000 4,448,000

4,420,000

of the 1290 km? total catchment of the Sinni River [19]. Designed for multi-annual water
regulation, the reservoir provides an active storage capacity exceeding 430 million m® and
a maximum capacity of over 500 million m®. The lake covers an area of approximately
10 km?, reaches depths greater than 50 m, and is formed by an embankment structure
about 1.85 km long and 65 m high at its maximum section. The Monte Cotugno dam was
constructed between the early 1970s and the early 1980s, with reservoir impoundment and
experimental operation starting in 1983 [20].
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Figure 1. (a) Schematic geo-lithological map of the study area showing the location of the Monte
Cotugno Reservoir and the rainfall stations used in this study. (b) Spatial distribution of aquifer
depth across the catchment, distinguishing shallow and deep groundwater bodies. (c) Permeability
map of the main lithological units, illustrating spatial variations in hydraulic conductivity across the
basin. (d) Thiessen polygons used to compute area-weighted monthly precipitation based on the
eight rainfall stations included in the analysis.

The reservoir represents the central node of the Ionico-Sinni water-distribution sys-
tem, supplying irrigation, domestic, and industrial water to a wide region encompassing
Basilicata, parts of Apulia, and the Metapontino plain, while also supporting the industrial
district of Taranto.

The study area is dominated by sedimentary successions belonging to the Apenninic
foredeep, with extensive Plio-Quaternary deposits. The prevailing lithologies include
gray—blue marly clays and upper Pliocene calcareous marls, interlayered with sandy and
sandy—gravel beds and, locally, thin conglomerate and sandstone horizons [21-23]. Up-
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stream slopes and tributary valleys are partially mantled by alluvial, colluvial, and more
recent unconsolidated deposits of generally limited thickness. The geological substrate
underlying the Monte Cotugno dam consists of alternating units with marked perme-
ability contrasts. Marls and clays act as effective aquitards, forming the main barriers to
deep groundwater circulation, whereas sand and gravel layers are comparatively more
permeable, although locally interrupted by cemented conglomeratic bodies. The dam
foundation rests on a stratigraphic sequence in which near-surface sandy—gravel deposits
of moderate permeability overlie much less permeable marly—clayey formations. This
configuration exerts strong control on seepage processes, groundwater pathways, and the
overall hydrological functioning of the reservoir.

The area exhibits hydroclimatic features typical of Mediterranean basins (Figure 2),
with a progressive increase in both the intensity and frequency of sub-hourly and hourly
extreme rainfall events, particularly during the summer and autumn seasons [24]. These
short-duration storms are characterized by high erosive potential and contribute to an
elevated susceptibility to rapid-onset hydrogeomorphological hazards, including flash
floods, soil erosion and concentrated surface runoff [25].

1/1/01

0
>
p—
| 50 5
| =
(=]
‘ 100 é
150 &
c
(=]
200 2
[+
=
250 -5
[F]
g
300 5
[19]
s
350 g
<
400

1/1/04 1/1/07 1/1/10 1/1/13 1/1/16 1/1/19 1/1/22 1/1/25
Years

Figure 2. Time series of monthly reservoir water volume and basin-averaged precipitation for the
Monte Cotugno reservoir, 2001-2024. The dark blue shaded area and line represent reservoir water
volume (m?®), while the light blue line represents basin-averaged monthly precipitation (mm).

3. Materials and Methods
3.1. Datasets

Two primary datasets were used in this study. Monthly storage volumes for the Monte
Cotugno Reservoir, covering the period 2001-2024, were obtained from the official basin
authority website [20]. The reservoir volume dataset was examined for missing values,
discontinuities and anomalous variations potentially attributable to operational adjust-
ments or measurement errors. For consistency with the available hydrometeorological
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information and to ensure homogeneous monitoring conditions, all subsequent analyses
are therefore restricted to this 2001-2024 period.

Monthly precipitation records from eight meteorological stations (Table 1 and
Figure 1a), located within or near the Sinni River basin that hosts the Monte Cotugno
Reservoir, were retrieved from the regional hydrometeorological network (SI), i.e., the Hydro-
graphic Service) and from the Servizio Agrometeorologico Lucano. These stations provide
complete spatial coverage of the watershed and span the period January 2000-December 2024.
All precipitation series were systematically screened for completeness and internal consistency.

Table 1. List of the eight rainfall stations used in this study for the Monte Cotugno basin. For each
gauge mean rainfall over the period 2000-2024 and the corresponding Thiessen polygon weight
contributing to the basin-average precipitation are reported.

Rainfall Code Elevation UTM UTM Mean Annual Rainfall Thiessen

Station (m a.s.L.) Northing Easting (2000-2024) Weight
Castelsaraceno SAR 850 4,455,838.137 575,650.278 1503.9 0.162
Episcopia EPI 425 4,436,051.283 594,346.311 11174 0.267
Nemoli NEM 450 4,436,461.735 567,932.222 1599.2 0.073
Noepoli NOE 651 4,438,563.101 613,381.433 682.1 0.084
Roccanova ROC 727 4,451,816.783 602,046.702 866.3 0.097
Senise SEN 280 4,446,411.793 611,353.566 759.5 0.150
Terranova del Pollino TDP 1232 4,426,713.094 610,759.067 967.3 0.086
Viggianello VIG 550 4,423,230.144 588,601.366 1068.5 0.082

3.2. Standardized Reservoir Index

In this study, we used the Standardized Reservoir Index (SRI) [17], a drought in-
dicator specifically developed to represent the combined effects of meteorological and
anthropogenic influences on drought conditions using reservoir water-level (WL) data.

The SRI follows a procedure similar to that of the Standardized Precipitation Index
(SPI), but differs in two key aspects:

1. The type of cumulative distribution function (CDF) is selected based on a goodness-
of-fit test applied directly to the WL data, rather than assuming a predefined gamma
distribution as in SPL.

2. The SPI constraint requiring the treatment or removal of zero values is not necessary,
since WL data does not contain zeros.

A continuous time series of monthly reservoir storage volumes was first constructed.
The Kolmogorov-Smirnov (K-S) goodness-of-fit test, applied at a significance level of
0.05, was then used to compare several candidate probability distributions for the storage
data, including the gamma, log-normal, Weibull and generalized extreme value (GEV)
distributions. For each distribution, K-S statistics and information criteria (AIC and BIC)
were computed (Table 2). The Weibull distribution (Weibull_min) provides the best overall
fit, yielding the smallest K-S statistic and the lowest AIC/BIC values; it was therefore
adopted for SRI computation in this study.

The probability density function (PDF) of the Weibull distribution is defined as

k ro\k—1 Nk
flo) = X<X> exp {_()\) }, 1)
where v is the reservoir storage volume, k > 0 is the shape parameter and A > 0 is the scale
parameter. The support of the distribution is v > 0.
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Table 2. Goodness-of-fit statistics for candidate probability distributions applied to monthly reservoir
storage volumes at the Monte Cotugno reservoir (2001-2024). The table reports Kolmogorov-Smirnov
(K-S) statistics and information criteria (AIC, BIC) for the gamma, log-normal, Weibull and general-
ized extreme value (GEV) distributions. The Weibull distribution shows the smallest K-S statistic

and the lowest AIC/BIC values and is therefore adopted for SRI computation.

Distribution K-S Statistic AIC BIC
Gamma 0.1051 11,557.7 11,568.6
Log-normal 0.1504 11,652.0 11,663.0
Weibull 0.0744 11,514.9 11,525.9
GEV 10.000 1) 0

Once the Weibull distribution is fitted to the storage data, the cumulative probability
for each monthly volume v; is computed as

F(vt) =1—exp [— (ZX)k] )

Finally, these cumulative probabilities are transformed into a standard normal variable,
following the same standardization used for SPI:

SRI; = & 1(F(vy)), (3)

where F(v;) is the non-exceedance probability associated with storage v; and ®~! is the
inverse standard normal cumulative distribution function

3.3. Areal Precipitation Estimation and SPI Calculation

Eight rain gauges were selected based on their location within the catchment and the
completeness of their records. Each station had to satisfy a preliminary quality-control
criterion of less than 5% missing daily data over the 2000-2025 period. The eight daily series
were then intercompared to identify and remove obvious outliers and inconsistencies. Miss-
ing values were subsequently reconstructed using linear regression with the most highly
correlated neighboring stations, ensuring spatially coherent infilling. The quality-controlled
daily precipitation series were then aggregated to monthly totals and catchment-scale areal
monthly precipitation was finally estimated using the Thiessen polygon method [26], which
assigns each station a weight proportional to the area of its associated Voronoi cell within
the watershed (Figure 1d and Table 1). This analysis was performed in an ArcGIS 10.5
environment to ensure that station influence accurately matched watershed boundaries.

The resulting monthly areal precipitation series was used to compute the Standardized
Precipitation Index (SPI) at 1-, 3-, 6-, and 12-month time scales. Following the standard
methodology, cumulative precipitation at each scale was fitted to a gamma distribution
and subsequently transformed to a standard normal distribution [27]. These SPI scales
capture both short-term meteorological anomalies and longer-term hydrological deficits
influencing reservoir inflows. SPI values were also computed individually for the eight
rain gauges to evaluate their relationships with reservoir storage anomalies.

3.4. Trend Detection and Autocorrelation Treatment

Trend analysis of reservoir storage anomalies and SPI series was conducted using the
non-parametric Mann—Kendall (MK) test [28,29], with Theil-Sen slope estimation used
to quantify trend magnitude [30,31]. To mitigate bias arising from serial correlation a
Trend-Free Prewhitening (TFPW) procedure was applied prior to MK testing [32,33]. Auto-
correlation structure was quantified using lag-1 autocorrelation and partial autocorrelation
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analyses. This combined approach provides robust identification of monotonic trends
unaffected by hydrological memory. All statistical analyses were conducted in R (version
4.5.1) using the packages Kendall, trend and Imtest. While prewhitening ensures statistical
robustness by controlling for autocorrelation, the raw series are also examined because,
in the context of reservoir management, the persistence structure of storage anomalies
is itself physically meaningful. This hydrological memory provides key information on
the system’s responsiveness and its capacity to buffer drought conditions, in line with the
dual-approach recommended by previous studies [34-36].

3.5. Correlation and Lag Response Analysis

To assess the reservoir’s response to hydroclimatic variability, Pearson [37] coefficients
were computed between SPI values and normalized storage anomalies across multiple
lag intervals. This multi-lag framework enables the identification of relevant response
timescales and distinguishes between immediate and delayed hydrological responses to
precipitation deficits or surpluses.

3.6. Causality Testing

To assess the directionality and potential causal links between the Standardized Pre-
cipitation Index (SPI, computed at multiple accumulation scales) and the reservoir storage
anomaly (SV), Granger causality analysis [38] was performed in R (version 4.5.1) using
the Imtest package. Following the classical framework, two nested autoregressive models
were compared.

The univariate autoregressive model of order p is defined as:

P
Y = Z A Yiem + € (4)

m=1

where Y; denotes the target variable (SV), a,, are autoregressive coefficients, and ¢; is the
residual error.

The full model additionally incorporates the lagged terms of the predictor series
X (SPI):

p 9
Y = Z am Ye—m + Z b Xi—m + €t ()
m=1 m=1
where by, quantify the influence of past SPI values on SV dynamics.
The null hypothesis tested is:

HO : bm = 0Vm

i.e., SPI does not Granger-cause SV. If the coefficients by, are jointly significantly different
from zero (F-test, p < 0.05), then past SPI values provide additional predictive information
on SV beyond its own autoregressive structure.

A Vector Autoregressive model (VAR) was adopted, and the optimal lag order (lag = 2)
was selected based on Akaike (AIC) and Bayesian Information Criteria (BIC). In addition to
hypothesis testing, the strength of causality was quantified through the ratio of the residual
variance of the restricted and full models (log-ratio), following the standard formulation in
Granger causality literature.

Before fitting the VAR models, all-time series were assessed for stationarity using
the Augmented Dickey—Fuller (ADF) test. Residual normality was evaluated using the
Jarque-Bera test. When required, non-stationary series were differenced to meet the as-
sumptions of VAR modeling.
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4. Results
4.1. Evolution of the SRI and the Effect of Prewhitening

The monthly storage volume of the Monte Cotugno reservoir was standardized using
the procedure described above, allowing direct comparison between reservoir anomalies
and hydroclimatic indices. Over the study period, the Standardized Reservoir Index (SRI)
exhibits a clear and systematically declining trajectory. Applying the Mann-Kendall (MK)
test to the raw SRI series yields a Z-score of —3.979, coupled with a Theil-Sen slope of
—0.00312, indicating a persistent and statistically significant negative trend (Table 3). This
reveals a slow but continuous long-term depletion in standardized reservoir storage before
any statistical correction.

Table 3. Mann-Kendall Z statistic, Autocorrelation (lag-1), pre-whitened MK Z and Theil-Sen slope
for SRI and SPI indices (SPI1, SPI3, SPI6, SPI12) over the 2001-2024 period. MK = Mann-Kendall
trend test; TFPW = Trend-Free Prewhitening applied.

MK , Autocorr. TFPW TFPW
Index Z-Score Sen’s Slope  Autocorr. Lag-1 Significant MK Z-Score  Sen’s Slope
SRI -3.979 —0.0031 0.951 Yes —4.79 —0.00100
SPI1 1.489 0.0011 0.101 No — —
SPI3 3.237 0.0024 0.704 Yes 4.36 0.1071
SPI6 4.645 0.0035 0.861 Yes 8.89 0.0035
SPI12 6.707 0.0050 0.949 Yes 15.52 0.0050

The temporal structure of the SRI series is characterized by extraordinary persis-
tence. Autocorrelation values remain extremely high for the first several lags (AC; = 0.951;
AC; =0.849; AC3 = 0.712; ACg4 = 0.39; ACy, = 0.42), indicating that the reservoir retains
memory for many months due to its large storage capacity, long residence time, and regu-
lated inflow dynamics (Table 3). This level of persistence is considerably higher than that
of any SPI scale, confirming that SRI represents a strongly smoothed hydrological signal
primarily governed by long-term basin water balance conditions.

Such strong serial dependence (lag-1 autocorrelation ~ 0.951) implies that the system
is highly sensitive to past states, making prewhitening a necessary step for unbiased trend
detection. After applying the Trend-Free Pre-Whitening (TFPW) procedure, the MK Z-score
further decreases to —4.79, while the Sen’s slope remains negative (—0.00100). The increase
in MK significance following the removal of serial dependence confirms the intrinsic and
robust nature of the declining trend. This demonstrates that the long-term depletion signal
is not an artifact of autocorrelation but instead reflects a genuine hydrological degradation
in reservoir storage conditions over the past two decades.

4.2. Trends and Persistence of SPI Indices (1-12 Months)

The temporal variability of the 1-, 3-, 6-, and 12-month Standardized Precipitation In-
dex (SPI) provides a multi-scale perspective on hydroclimatic fluctuations in the Monte Co-
tugno basin. As summarized in Table 3, the joint evaluation of Mann-Kendall (MK) Z statis-
tics, Trend-Free Prewhitening (TFPW) corrected values, Theil-Sen slopes and autocorrela-
tion patterns allows a rigorous assessment of drought-index stationarity and persistence.

SPI1, which captures short-term moisture variability, exhibits very low autocorrelation
across all lags (AC; = 0.101; ACy = 0.026; AC4 = 0.035; ACq; = —0.030), indicating that
monthly precipitation anomalies dissipate rapidly and are dominated by short-term atmo-
spheric noise. The MK test on the raw series indicates a slight positive trend (Z = 1.4895;
Sen’s slope = 0.00109), showing that any observed increase is weak and easily obscured by
internal variability.

SPI3, which represents short-to-intermediate moisture variability, displays more orga-
nized temporal behavior. Autocorrelations are significant at short lags (AC; = 0.7046; AC,
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=0.378; AC4 = 0.174; ACg = 0.189), and remain slightly positive up to lag 9 (ACg = 0.093).
This intermediate memory reflects the influence of seasonal cycles, indicating that wet or
dry conditions tend to persist for several consecutive months. The MK test on the raw
series yields a positive trend (Z = 3.24), which remains detectable after TFPW (Z = 4.36),
suggesting that the increasing tendency in SPI3 is not solely an artifact of serial correlation
and likely reflects a genuine shift in multi-month precipitation conditions. Nevertheless,
the Theil-Sen slopes (0.00237 raw; 0.0021 TFPW) indicate a moderate increase in 3-month
accumulated precipitation.

SPI6, representative of sub-annual hydrological anomalies, exhibits strong and per-
sistent autocorrelations (AC; = 0.861; AC, = 0.729; AC; = 0.622), with positive values
extending to lag 12 (ACyy = 0.036). Such high persistence demonstrates that 6-month
precipitation anomalies integrate previous events and remain influential over multiple
months. The raw series shows a statistically significant positive trend (Z = 4.65; Sen’s slope
=0.00351), which remains essentially unchanged after TFPW, confirming that the observed
increase is robust and not an artifact of serial correlation.

SPI12, which integrates annual precipitation anomalies, displays the highest persis-
tence of all indices, with extremely high autocorrelations at the first lags (AC; = 0.949;
AC; =0.894; AC;3 = 0.839) and remaining positive up to 12 months (ACy, = 0.250). This
pattern is consistent with long-term hydroclimatic processes, including multi-year droughts
or wet periods. The MK test indicates a strong positive annual trend (Z = 6.7069; Sen’s
slope = 0.005005), which remains virtually unchanged after TFPW, demonstrating that the
long-term increase in normalized precipitation is statistically robust.

The combined analysis of trends and autocorrelation structures highlights that short-
term indices (SPI1 and, to a lesser extent, SPI3) are dominated by high variability and
low persistence, whereas longer-term indices (SP16 and especially SPI12) exhibit strong
memory and robust positive trends, confirming a progressively more pronounced increase
in precipitation over the basin at intermediate and long timescales.

Overall, precipitation accumulated over 6-12 months shows a more consistent increase
compared to shorter 1-3-month scales, with important implications for reservoir response
and water resource dynamics in the Monte Cotugno basin.

4.3. Relationships Between SPI and SRI: Correlations and Causality

A crucial part of the analysis consists of investigating the extent to which SPI indices
can explain or predict the behavior of the Standardized Reservoir Index (SRI). An initial
visual inspection of the raw time series, where SPI and SRI are plotted together (Figure 3),
reveals numerous interpretative nuances relevant for applied hydrology.

It is evident that SPI indices display a more “volatile” or intermittent component,
characterized by sharp peaks and rapid fluctuations, which reflect short-term meteorolog-
ical variability. In contrast, the SRI exhibits a smoothed, cumulative response, typical of
reservoir-aquifer systems with significant water memory.

Specifically, periods are observed in which SPI temporarily returns to neutral or
positive values, yet the SRI remains depressed for extended durations. This illustrates how
drought events have persistent effects that are amplified in long-memory compartments.
Conversely, when SPI values remain negative for several months, the SRI “collapses,”
reflecting the cumulative effect of precipitation deficits. Moreover, the correlation and
coherence between SPI and SRI increase with longer SPI integration times, although the
strength of this relationship is partly masked in the raw series by the strong persistence of
reservoir storage.
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Figure 3. Time series of SPI and SRI for the Monte Cotugno reservoir at 1-, 3-, 6- and 12-month time
scales over 2001-2024. In each panel, blue shaded bars represent the SPI, while the dark blue line
represents the SRI.

Pearson correlations, Granger causality tests, and lagged cross-correlation analyses
provide a quantitative framework to explore these relationships (Table 4).
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Table 4. Pearson correlation coefficients and Granger causality tests between SRI and SPI indices
(SPI1, SPI3, SPI6, SPI12), before and after TFPW correction (Monte Cotugno, 2001-2024). Statistical
significance is indicated for each timescale.

Index Pearson Pearson Granger Granger Granger TFPW TFPW TFPW TFPW
Corr. SRI p-Value F p-Value Signif. Pearson p-Value Granger F  Granger-p
SRI — — — — — — — — —
SPI1 0.181 0.0021 0.53 0.587 No 0.258 9.0 x 107° 3.04 0.0495
SPI3 0.112 0.0581 2.51 0.0829 Marginal 0.197 0.00079 5.14 0.0064
SPI6 0.061 0.3005 0.72 0.4876 No 0.096 0.105 3.31 0.0379
SPI12 0.025 0.6674 2.45 0.0883 Marginal 0.006 0.922 6.26 0.0022

4.3.1. Pearson Correlations

For SPI1 vs. SRI, the Pearson correlation coefficient is approximately r = 0.18 with a
significant p-value (p ~ 0.002), indicating a positive but weak relationship. For SPI3, the
correlation remains modest (r ~ 0.11; p ~ 0.06), whereas SP16 and SPI12 show only very
weak and statistically non-significant correlations in the raw series (r ~ 0.06 and r ~ 0.03,
respectively; p > 0.30). These results suggest that contemporaneous linear associations
between monthly reservoir anomalies and SPI become less apparent in the presence of
strong autocorrelation and shared low-frequency variability, and therefore need to be
interpreted together with prewhitened and lagged metrics.

4.3.2. Granger Causality

When testing whether SPI1 “Granger-causes” SRI in the original (non-prewhitened)
series at a lag of two months, the result is F ~ 0.53 with p ~ 0.59, indicating no statistically
significant predictive power. For SPI3 vs. SRI, the F-statistic is about 2.51 (p ~ 0.083), and for
SPI6 and SPI12 itis 0.72 (p ~ 0.49) and 2.45 (p ~ 0.088), respectively, again pointing to only
marginal or non-significant causality in the raw data. Overall, these results indicate that,
although reservoir storage and SPI share some common variability, the strong persistence
of the SRI tends to obscure causal links in conventional Granger tests applied directly to
the original series.

To better account for serial dependence, a Trend-Free Pre-Whitening (TFPW) procedure
was applied to both SRI and SPI prior to the causality analysis. After TFPW, Pearson
correlations increase and become statistically significant for SPI1 and SPI3, and Granger
tests at a two-month lag indicate significant causality for all SPI scales (1-12 months), with
p-values below 0.05. This behavior suggests that short- to long-term meteorological drought
conditions exert a delayed but robust control on standardized reservoir storage, which
becomes evident only after removing the masking effect of autocorrelation from both driver
and response series.

4.3.3. Lagged Cross-Correlation

Complementing the trend and causality analyses, a lagged cross-correlation between
SPI indices and SRI was performed, using both raw and TFPW-corrected series, to quantify
the time delay with which precipitation anomalies propagate to the reservoir (Figure 4).
In the non-prewhitened (raw) series, the maximum correlation coefficient increases with
SPI time scale: SPI1 (r = 0.27, lag —6), SPI3 (r ~ 0.39, lag —5), SPI6 (r ~ 0.49, lag —4), and
SPI12 (r =~ 0.59, lag 0), indicating that the reservoir response time shortens as precipitation
deficits are accumulated over longer integration periods. After applying TFPW, SPI-SRI
cross-correlations are generally reduced in magnitude and become more localized in time,
reflecting the removal of shared low-frequency persistence between meteorological forcing
and reservoir storage. In this prewhitened framework, cross-correlations highlight the
“instantaneous” component of the linkage that remains after accounting for long-term mem-
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ory and are consistent with the significant Pearson and Granger relationships identified in
the previous subsection.

0.7 |
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Figure 4. Lagged cross-correlation functions between SPI indices and SRIL

It should be noted that, in practical hydrological applications, TFPW may underes-
timate the apparent strength of the functional dependence between SPI (meteorological
forcing) and SRI (reservoir response), particularly in operational and predictive contexts,
where the full effect of persistence is often exploited. Therefore, the analysis of raw data
remains useful for applied purposes, whereas TFPW-based diagnostics provide a more
conservative but less biased estimate of the underlying statistical linkages.

These results demonstrate that the reservoir responds more slowly to short-term
precipitation anomalies, whereas SRI and SPI become increasingly synchronized as drought
conditions persist over longer time scales, consistent with the hydrological memory of the
basin and the cumulative nature of reservoir storage.

5. Discussion

The analysis of the Monte Cotugno reservoir highlights the interplay between hydro-
climatic variability, represented by the Standardized Precipitation Index (SPI) and reservoir
storage dynamics expressed by the Standardized Reservoir Index (SRI). Over the 2001-2024
period, the SRI exhibits a persistent decline. Mann-Kendall testing on the raw SRI series
confirms a statistically significant downward trend, which remains robust after applying
TFPW, indicating that the negative trajectory is not merely an artifact of serial correlation
but a genuine feature of reservoir behavior.

The high lag-1 autocorrelation of the SRI demonstrates the strong hydrological memory
of the system, whereby past storage levels substantially influence current volumes, and
autocorrelations remain notable even at longer lags, reflecting persistence throughout the
year [39—41].

SPI indices provide complementary insight into the multi-scale variability of hydro-
climatic conditions in the basin. Short-term anomalies (SPI1) display low persistence
and negligible trends, while intermediate scales (SPI3 and SPI6) exhibit stronger auto-
correlations and more pronounced trends. Annual-scale SPI12 demonstrates the highest
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persistence and largest trend magnitude. These patterns indicate that short-term precipita-
tion variability alone has limited impact on reservoir storage, whereas multi-month and
annual anomalies accumulate sufficiently to influence SRI, highlighting the importance of
considering multiple temporal scales for assessing hydrological response [42,43].

The relationship between SPI and SRI strengthens with increasing timescale. In the
raw series, contemporaneous Pearson correlations increase from weak to moderate values
as the SPI accumulation period lengthens, with the highest coefficient for SPI12. After
applying TFPW to both SRI and SPI, correlations become statistically significant at short to
intermediate scales (SPI1-SPI3), and Granger causality tests at a two-month lag indicate
significant predictive power for all SPI scales, confirming that meteorological drought at
1-12-month timescales exert a delayed but robust control on standardized reservoir storage.
Lagged cross-correlation analysis further demonstrates that short-duration anomalies
precede SRI changes by several months, whereas longer-duration anomalies are nearly
synchronous with the reservoir response; in the raw series, the maximum correlation
coefficient increases with SPI scale, from about r ~ 0.27 at a lag of roughly —6 months
for SPI1 to r ~ 0.59 at lag 0 for SPI12, indicating that the reservoir response time shortens
as precipitation deficits are accumulated over longer integration periods. This behavior
reflects the reservoir’s hydrological memory: short precipitation anomalies must persist or
accumulate to affect storage, while longer anomalies are more directly and rapidly reflected
in SRI [40].

An explanation for the sometimes weak and non-stationary relationship between SPI
and reservoir storage lies in the role of groundwater resources and baseflow contribu-
tions. Historically, during dry periods or phases of intense water demand, groundwater
abstractions and sustained baseflow have buffered surface water deficits, allowing reservoir
storage to remain relatively high even under negative precipitation anomalies. However,
long-term overexploitation and insufficient recharge have progressively depleted aquifer
storage in many aquifers of southern Italy, including parts of Basilicata. Regional studies
document declining net rainfall, reduced groundwater recharge and increasing groundwa-
ter drought conditions under recent climate variability [44—46]. Regional assessments for
Basilicata [47] highlight that recent reductions in autumn—winter precipitation have simul-
taneously limited surface-water availability and groundwater replenishment, increasing
pressure on multi-reservoir systems and inter-basin transfers. These conditions support the
plausibility of a groundwater-mediated attenuation of runoff response in the study area.
Under current conditions, a substantial portion of precipitation is first required to restore
groundwater levels before contributing to effective surface runoff and reservoir inflow.
As a consequence, even periods characterized by positive SPI values may not translate
into corresponding increases in reservoir storage, resulting in persistently low SRI values
despite increasing rainfall. This behavior is clearly visible in several multi-month episodes
during the 2000s and 2010s, including phases around 2005-2006, 2012-2013 and 2015-2016,
where SPI3-SPI12 return to near-normal or moderately wet conditions (SPI > 0) while SRI
remains negative or shows only a weak recovery, as illustrated in Figure 3, indicating that
reservoir storage continues to reflect antecedent deficits despite improving precipitation
anomalies. Although piezometric data were not available for direct analysis, this interpre-
tation is strongly supported by analogous evidence from Mediterranean basins affected by
long-term groundwater depletion and drought dynamics assessed through multi-index
approaches [48,49].

Nevertheless, the hydroclimatic patterns must also be interpreted in the context of the
current water management challenges in Basilicata, where system losses are extraordinarily
high. Official data from ISTAT and regional reports indicate that in 2022-2023 the total
water loss in the Basilicata distribution network reached 65.5%, the highest in Italy [50,51].

https:/ /doi.org/10.3390/w18020223


https://doi.org/10.3390/w18020223

Water 2026, 18, 223

14 of 18

In absolute terms, approximately 115 billion liters of potable water were lost over the
last three years, reflecting a systemic inefficiency in both urban and irrigation networks.
Potenza, the regional capital, exhibits the worst performance with 71% of water lost, while
other main centers maintain losses above 63% [52].

The temporal trend is also alarming: losses have increased by nearly 8 percentage
points over recent years, consistently exceeding the national average of 42.4% [53]. Al-
though recent initiatives (2023-2025) have produced partial improvements in certain areas,
the critical situation remains widespread. The losses affect not only urban water sup-
ply but also agricultural irrigation networks managed by Consorzio di Bonifica, where
obsolete infrastructure and inefficient management amplify water wastage. This has pro-
found economic and environmental implications, negatively impacting local agriculture,
export potential, and the sustainability of intensive crops, particularly in the Metapontino
area [54,55].

Adding another layer of complexity, structural integrity issues at Monte Cotugno may
also play a role in limiting effective storage. Geophysical studies have revealed localized
infiltration zones within the dam [56], indicating potential conduits for water movement
into and through the structure. Although such infiltration has not been fully quantified as an
operational “loss” in volumetric terms, its presence underscores the system’s vulnerability.
Geotechnical and long-term monitoring investigations at Monte Cotugno further confirm
the presence of localized defects in the diaphragm and foundation sealing system, with
seepage discharges collected in the inspection tunnels on the order of a few liters per second
and peaks slightly above 10 L s~! during high reservoir levels, while the embankment
remains essentially dry and the overall efficiency of the sealing system is maintained. These
results indicate that seepage pathways exist and contribute to the structural vulnerability of
the dam-foundation system, but they also suggest that, at least over the monitored period,
seepage volumes are relatively limited compared to the total reservoir capacity and cannot
be isolated as a dominant driver of the long-term decline in SRI [57].

Integrating hydroclimatic and operational data reveals that multi-month and annual
precipitation deficits are not fully mitigated by the reservoir system, which already suf-
fers from extremely high distribution losses. In this study, information on water losses
is therefore used to document the macro-scale infrastructural inefficiency that constrains
the translation of stored water into effective supply, while the observed SRI decline is
interpreted as the result of combined hydroclimatic deficits, groundwater stress and struc-
tural/operational inefficiencies, whose individual contributions cannot yet be statistically
disentangled. Even where SPI indicates sufficient rainfall, the SRI reflects lower storage
levels due to the combined effects of climatic stress, groundwater depletion, structural
constraints and systemic inefficiencies in the conveyance network. The degree of alignment
between SPI and SRI at longer timescales is therefore strongly influenced by the structural
and operational conditions of the water distribution network, highlighting the need to
combine climate-based monitoring with proactive infrastructure management [58-61].

Overall, the results indicate that the Basilicata water system is under dual pressure:
natural climatic variability and persistent anthropogenic losses. While intermediate and
long SPI indices are valuable for predicting reservoir storage, the practical capacity to buffer
droughts is severely constrained by the macro-scale inefficiency of the network, making
water conservation and infrastructure improvement urgent priorities.

6. Conclusions

The Monte Cotugno reservoir illustrates the dual pressures increasingly faced by
Mediterranean water systems: persistent hydroclimatic variability and chronic anthro-
pogenic inefficiency. Statistical analyses conducted over more than two decades reveal
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a clear and significant downward trend in standardized reservoir storage (SRI), primar-
ily driven by cumulative operational losses, persistent human-induced pressures, and
longstanding infrastructure limitations. This negative trajectory cannot be attributed to
a progressive reduction in precipitation, as SPI indices at seasonal and annual timescales
remain largely stationary or even show slight positive tendencies.

Although multi-month and annual SPI indices provide reliable predictors of stor-
age variability, the reservoir’s practical ability to buffer drought conditions is severely
constrained by outdated infrastructure, distribution network losses, and insufficient opera-
tional flexibility. The pronounced hydrological memory detected through autocorrelation
and trend analyses further underscores the system'’s limited resilience to recurring dry
spells and management shortcomings. In particular, the demonstrated predictive power of
SPI3 and SPI6 for SRI variations suggests that short-to-medium-term SPI anomalies could
be operationally used as early-warning indicators: when SPI3-SPI6 fall below predefined
drought thresholds, reservoir operating rules could be tightened (for example by reducing
releases and increasing seasonal storage targets), whereas positive SPI phases could be
exploited to rebuild storage in anticipation of subsequent droughts.

Overall, the findings emphasize the need for advanced water-management strategies
that integrate multi-scale hydroclimatic forecasting, rigorous statistical monitoring, ex-
plicitly accounting for serial dependence and urgent improvements in infrastructure and
governance. In practical terms, modernization efforts should prioritize the rehabilitation of
the most inefficient segments of the urban and irrigation distribution networks, where loss
rates are persistently highest, and the strengthening of the operational capacity of irrigation
consortia, ensuring adequate staffing and technical functionality so that SPI-informed
reservoir management and water-saving strategies effectively translate into reduced losses
and more efficient use of water resources in the Basilicata region and, more broadly, across
Mediterranean reservoir systems facing similar challenges.
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