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Abstract: In the context of climate change, the correct management of groundwater, which is strategic
for meeting water needs, becomes essential. Groundwater modeling is particularly crucial for the
sustainable and efficient management of groundwater. This manuscript provides different types of
modeling according to data availability and features of three porous aquifer systems in Italy (Empoli,
Magra, and Brenta systems). The models calibrated on robust time series enabled the performing of
forecast simulations capable of representing the quantitative and qualitative response to expected
climate regimes. For the Empoli aquifer, the process-based models highlighted the system’s ability
to mitigate the effects of dry climate conditions thanks to its storage capability. The data-driven
models concerning the Brenta foothill aquifer pointed out the high sensitivity of the system to climate
extremes, thus suggesting the need for specific water management actions. The integrated data-
driven/process-based approach developed for the Magra Valley aquifer remarked that the water
quantity and quality effects are tied to certain boundary conditions over dry climate periods. This
work shows that, for groundwater modeling, the choice of the suitable approach is mandatory, and it
mainly depends on the specific aquifer features that result in different ways to be sensitive to climate.
This manuscript also provides a novel outcome involving the integrated approach wherein it is a
very efficient tool for forecasting modeling when boundary conditions, which significantly affect the
behavior of such systems, are subjected to evolve under expected climate scenarios.

Keywords: water management; groundwater forecasting; foothill aquifers; Brenta River plain; Empoli
plain; Magra Valley

1. Introduction

Most of the available freshwater sources on Earth are stored underground; therefore,
groundwater represents the main source of water supply [1]. Worldwide, more than
2 billion people depend on groundwater for their daily water use [2]. In many areas,
groundwater bodies represent the most important and safest source of drinking water [3,4].
In European countries, for example, groundwater exploitation provides water for human
consumption for 70% of the population on average [5]. Groundwater withdrawals supply
40% of industrial water [6], and groundwater use for irrigation is also significant and
increasing. Siebert et al. [7] estimated that, globally, 38% of the area equipped for irrigation
is provided by groundwater.

The reliance on this resource is continuously growing [8], given the key role that
groundwater plays in mitigating climate change/variability and in addressing the signifi-
cant increase in the global water demand, which has been predicted as a consequence of
the future economic expansion, population growth, and urbanization [1,9].
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Both present observations and simulations of climate conditions point out that changes
are occurring or will occur in several regions in terms of higher temperatures, lower precip-
itation, increases in climatic extremes, and climate types [10–14]. Although groundwater
systems are more resilient to climate change than surface waters, they are affected both
directly and indirectly [15,16], especially when referring to local groundwater flow with
low travel time [17].

Despite this, and unlike surface waters, groundwater bodies have not been widely
studied, and there is a general paucity of quantitative information, especially in relation to
climate change. The estimation of the entity of these effects is mandatory for the reliable
management of this crucial resource, which must be protected by suitable actions in order
to guarantee a safe water supply for the next generations [18].

Groundwater modeling is particularly crucial for the sustainable and efficient man-
agement of groundwater resources, even more in the context of expected climate change.
Process-based or empirical (data-driven) numerical models can be used to model groundwater.

For the implementation of process-based models, it is necessary to know the boundary
conditions, hydrogeological variables, and structural complexities of the aquifers [19]; in
other words, it is necessary to know the conceptual model that is the synthesis of what is
known and quantified on the system [20]. These models use deterministic and spatially
distributed data, which must be characterized by significant accuracy. Their application
to heterogeneous aquifers and particular situations within the hydrogeological domain
(e.g., groundwater–river interactions) can lead to significant uncertainty associated with
the number and complexity of parameters, as well as with the type of modeling itself based
on the head-oriented approach (HOA) [21,22]. In such cases, aside from the alternative
of the MODFLOW-based velocity-oriented approach (VOA) [22], an additional possible
approach is to use the stochastic approach in defining the aquifer parameters [23].

In contrast, data-driven models involve mathematical equations that are not derived
from prior knowledge of the physical process. Rather, they are based on the analysis of
input/output relationships in the process under observation [24–26], even if the knowledge
of the general conceptual model of the systems can significantly steer the development of
the data-driven approach. To perform such analysis, mathematical tools, often involving
machine-learning techniques, are used to approximate the behavior of the physical process
on the basis of available datasets that describe its input/output transfer functions (e.g.,
linear regressions, multilinear regressions, neural network models, etc.). Therefore, data-
driven models can be efficiently used to describe particular and specific processes [27,28]
that are hard to determine with a physically based approach and can eventually be incor-
porated into larger physically based models [29–31].

Generally, process-based models are preferred over data-driven models because the
first can make acceptable forecasts when a large number of observations are not available
and when future conditions lie outside the range of stresses in the historical record, such as
responses to climate change [19]. Moreover, the data-driven approach has the limitation
of referring to punctual situations or specific processes in the groundwater system (e.g.,
relationships between superficial water and groundwater) and not to the entire volume
or significant portions of the aquifer, as in the case of process-based models. Additionally,
for this reason, the latter is generally preferred by decision-makers to steer groundwater
management actions.

This manuscript provides different experiences of groundwater modeling applied
to porous aquifer systems, with the aim of emphasizing the criteria of the methodology
choice, its advantages and disadvantages, and the potentiality of a combined approach.

All the presented models represent operational tools for the reliable management of
the water resource, as well as diagnostic tools to understand the functioning of the aquifer
system better and how the effects of climate change in the short and long term affect the
water resource quantity and quality.
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2. Materials and Methods

Three case studies are presented (Figure 1): the Empoli plain aquifer system, which was
modeled using a process-based model; the foothill aquifer system of the Brenta River plain,
where a mathematical regression model was applied; and the Magra Valley aquifer system,
where a combined approach with process-based and data-driven modeling was developed.
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The considered case studies encompass different combinations of recharge mecha-
nisms, thus providing cases with different implications of climate change for groundwater
systems [32]. Particularly, we analyzed situations in which the diffuse recharge is domi-
nant and situations in which the focused recharge (i.e., losing rivers) is from significant to
principal and, therefore, very sensitive to changes in the weather and climate regime, both
in terms of quantity availability and water quality [33].

The first step was to collect data on meteo-climatic parameters, geology, hydrogeology,
geochemistry and isotope signatures, as well as on the main items entering or leaving the
system (e.g., well withdrawal). All the data collected were processed and compared in
order to define a conceptual model that summarizes and quantifies the main processes and
constraints of the aquifer for the purpose of developing the mathematical model.

Most geological, hydrogeological, and geochemical information used to elaborate the
conceptual model of the different areas derive from the numerous studies that the authors
carried out in cooperation with local authorities (Tuscany Region, Water Authorities, Water
Managers) and/or in the frame of doctoral theses.

As a consequence of the hydrogeological and hydrodynamic features of the systems
and data availability, different types of mathematical modeling were chosen: process-based
modeling, data-driven modeling, and a combined approach.

2.1. Process-Based Model

The process-based model uses processes and principles of physics to represent flow,
and it consists of: (i) a governing equation that describes the physical process within the
problem domain; (ii) boundary conditions that specify heads or flow along the boundaries;
and (iii) for time-dependent problems, initial conditions that specify head at the beginning
of the simulation [19]. Groundwater flow models can be solved analytically or numerically
for the distribution of heads in space and in time for transient problems. Assumptions
built into analytical solutions limit their application to relatively simple systems [34], and
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usually, they are inappropriate for real groundwater problems. Typically, numerical models
based on finite differences are used to simulate groundwater flow.

In this work, the codes used to process the input data and solve the process-based
equation that describes the groundwater system are MODFLOW [35] and related codes.
Groundwater Vistas [36] and Groundwater Modeling Systems [37] were used as graphical
user interfaces.

The model creation started with the implementation phase, where the domain in space
and time was discretized, hydraulic parameters applied, and boundary conditions defined
based on the conceptual model previously defined. Subsequently, the model was calibrated
on the basis of a comparison between the simulated and collected data. The calibration was
performed manually (trial-and-error method) and automatically using specific code, like
the PEST code [38].

Once a sufficiently calibrated model was obtained, forecast simulations were then
carried out with the aim of assessing how the expected extreme climatic regimes would
affect the groundwater quantity and quality.

The development of this type of model requires a large amount of information and
input data evenly distributed over the domain. In particular, it is necessary to know the
geometries of the system under study, the hydraulic parameters of the various lithotypes
that make it up and to identify and quantify the main components entering and leaving the
system. Moreover, the representativeness of the model itself is inextricably linked to the
availability and reliability of the data required in the calibration phase.

The process-based modeling was applied to a porous multilayer system (Empoli plain
aquifer system) in the central part of the Arno River catchment (Central Italy, Tuscany)
because previous knowledge and available data were deemed sufficient and suitable for
the development of this type of model.

2.2. Data-Driven Model

Data-driven models use empirical or statistical equations derived from the available
data to approximate the input/output relationships between physical variables characteriz-
ing a system without quantifying its process and physical properties [19].

Initially, a site-specific equation is developed by fitting parameters either empirically
or statistically to reproduce the historical data (e.g., piezometric level) in response to other
parameters (e.g., surface water level, precipitation). This equation is subsequently used to
calculate the response to future stresses.

This type of modeling requires a large number of observations of heads that ideally
encompass the range of all expected stresses to the system, but it is independent of the
knowledge of numerous parameters distributed over the territory that is often difficult to
find, as well as the hydrogeological processes taking place in the aquifer system. Data-
driven models are very powerful, but they only estimate a given variable on one or more
individual points and do not return information on a domain scale (e.g., water balance).

Considering the very long time series of numerous continuous monitoring stations
of precipitation, hydrometric, and piezometric levels in the foothill aquifer system of the
Brenta River (North-East Italy, Veneto), and pending a more detailed reconstruction of the
hydro-structures, the first attempt of a mathematical regression model was developed for
this system. In particular, a Multiple Linear Analysis (MLRA) was performed, considering
dependent and independent variables; in this case, piezometric levels were estimated by
means of hydrometric level and rainfall quantity.

Various regression models were carried out using transformation of the raw variable
(e.g., moving average, shift) to maximize the correlation coefficient between the dependent
and independent variables. The main steps of the workflow can be summarized as follows:
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(1) Gap filling;
(2) Trend and outlier analysis;
(3) Autocorrelation and cross-correlation;
(4) MLRA;
(5) Residual analysis;
(6) Validation and forecasting.

All of these procedures were applied by selecting one piezometer and one hydrometric
station that are representative of the main hydrological process occurring in the Brenta
aquifer system, consisting of the groundwater–streamwater exchanges.

2.3. Process-Based and Data-Driven Models Combined

To develop a predictive flow and transport process-based model in order to evaluate
the behavior of the aquifer in anticipated climate scenarios, it is often necessary to imple-
ment the value of expected precipitation plus expected values for additional constraints
that are strongly related to the rainfall itself, such as river levels or heads of boundary
conditions. This is particularly important in the systems where the groundwater flow
response is deeply affected by such local constraints (e.g., losing a river whose feeding rate
is relevant to the total water budget of the aquifer system) in comparison with the effects
of diffuse rainwater infiltration. In order to address these issues, a possible solution is to
realize a data-driven model able to reproduce over time boundary conditions (e.g., rivers
and constant head or general head boundaries) of the physical model under hypothetic (or
“synthetic”) future climate scenarios.

The production of synthetic scenarios is a fundamental step in this type of approach,
as it permits the analysis and evaluation of situations that are plausible but not necessarily
recorded in historical data series. More in detail, the basic concept is to produce a synthetic
time series inspired by historical series, to establish hypothetical but plausible trends of
parameters that are insufficiently monitored or not monitored at all, and to thicken the
statistical database used for training machine learning algorithms.

This type of combined approach, therefore, requires not only an appropriate knowl-
edge of the aquifer system, as well as the availability of reliable data appropriately dis-
tributed throughout the territory for correct implementation and calibration of the process-
based numerical model, but also the availability of robust data sets on strategic continuous
monitoring points for the development of data-driven models.

The aquifer system of the Magra River plain (North-West Italy, Liguria) was taken as a
case study for this type of approach due to the great number of measurement points and
the availability of robust time series for significant boundary conditions. The first step was
to create a suitably calibrated flow and transport process-based model. Subsequently, in
order to create a useful dataset to implement the boundary conditions of the forecasting
model, fully synthetic datasets were generated as a training set of the data-driven scheme,
with input variables inspired by selected climate models and input/output relationships
estimated by past observations (Figure 2). In particular, the rainfall time series was gen-
erated stochastically by means of the WeaGETS package [39], using as input the rainfall
time series actually measured at a rain gauge located in the area of interest, whereas the
synthetic time series of temperature was based on the MarkSim simulation system [40]. An
experimental run of the flow-transport model for 30 years ahead was therefore performed
based on such hypothetic scenarios.
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3. Results
3.1. Process-Based Models of the Empoli Aquifer System

As previously mentioned, given the knowledge degree of the Empoli aquifer system
and considering the available data, it was decided to develop process-based models in order
to provide the water manager with a tool for planning a sustainable use of the resource
under possible future weather and climate conditions.

3.1.1. Conceptual Model

The Empoli aquifer system develops in the plain of the middle part of the River
Arno catchment (Figure 3). From a geological point of view, the area corresponds to a
wide depression filled by Neogene-Quaternary deposits and recent alluvium sediments
that reaches a maximum thickness of around 40 m lying on a substratum of Pliocene
marine deposits, mainly made up of clays. Overall, the aquifer system consists of two
main permeable layers characterized by a significant lateral extension, to which lower
permeability deposits are interbedded (Figure 3).
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Based on the 3D reconstruction of the subsoil (Figure 3), it can be stated that:
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• The chiefly confined lower aquifer layer consists of sandy gravels and gravels with an
average thickness of approx. 7 m (maximum 14 m). The base of the aquifer is repre-
sented by the Pliocene substratum. This aquifer is separated from the upper aquifer by
a clayey layer of variable thickness (average 7 m) and spatially discontinuous. Locally,
where the clayey septum is not present, this aquifer level is hydraulically connected to
the shallower one.

• The upper aquifer was reconstructed with continuity over the entire domain and
represented the main aquifer in volumetric terms. It is composed of sand and gravel,
often in mixed components; the grain size varies from predominantly gravelly sandy
in the sectors facing the Arno River to a sandy loamy in the more distal areas. The
average thickness of the aquifer is approx. 10 m, with varying values up to 20 m.

• Generally, a horizon defined in the reconstruction as an aquitard/aquiclude is above
the most superficial aquifer, but its grain composition, typically consisting of clayey
and sandy silts, is such that it does not impart a purely confined character to the most
superficial aquifer.

Based on hydraulic tests performed on a lot of drinkable wells in the Empoli area,
transmissivity values characterizing the aquifer horizons vary between about 2 × 10−3

and 2 × 10−2 m2/s and hydraulic permeability values between about 2 × 10−4 and
2 × 10−3 m/s, in accordance with the gravelly sandy grain sizes.

Based on previous multidisciplinary studies [41–43] that involved geological, hydro-
geological, and isotopic-hydrochemistry elaborations, the recharge of the system is mainly
from direct infiltration. Furthermore, there are significant contributions from rivers (in
particular from the Arno and Pesa rivers), as well as secondary underground transfers
from the hill system along the foothill margins. As regards meteoric recharge, on the basis
of historical data [44], it is possible to calculate an average annual value (data from 2000
to 2018) of 776 mm of rainfall and an average evapotranspiration value of 456 mm with
an effective rainfall value of 320 mm [45]. The main outflows from the system are wells
withdrawal, the drainage action of the Arno River in limited sectors, and natural under-
ground outflowing of the modeled domain at the west. As far as outflows are concerned,
the wells have been subdivided according to the use (domestic, agricultural, industrial,
drinkable use) on the basis of available information and land use. For wells of drinking
water supply, the consumptions were provided by Acque SpA (average annual flow rates
for the period 2011–2016; average monthly flow rates for 2017), whereas for the wells used
in agricultural and industrial activities, the pumping rates were estimated from a study of
the Tuscan Region’s Hydrological Service [46]. Table 1 shows the estimated consumption
for each type of use in the model domain.

Table 1. Annual water consumption of each type of well.

Water Consumption (Mm3) Use

8 Drinkable
0.2 Domestic
2.2 Industrial
0.5 Agricultural

3.1.2. Models Implementation

The model domain is shown in Figure 4. The space has been discretized by 108 rows
and 291 columns with cells of 50 × 50 m and four layers for a total of 125,712 cells, of
which 81,856 are active. The thickness of the cells varies according to the geometry of
the geological model (Figure 4). Specifically, the first layer is mainly representative of the
horizon defined in the reconstruction as an aquitard/aquiclude; the second and fourth
layers are representative of the shallower and deeper aquifers, respectively; the third layer
was implemented to represent the impermeable interlayer separating the two main aquifers
when present. The assigned hydraulic conductivity is also shown in Figure 4.
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From a temporal point of view, a steady-state model was initially implemented, thus
taking into account the average values of all input data; subsequently, a transient-state
model was implemented with monthly stress periods covering the period from January
2016 to December 2017.

The main components entering or leaving the system were mathematically represented
through boundary conditions (Figure 5). Boundary conditions of the first type (Constant
Head) were set in those sectors (boundaries to the south) where previous studies [42,43]
indicate a significant feed component, as well as in the boundary to the west of the model
to represent the natural subterranean outflow through that sector (downstream zone). The
values assigned to these boundaries were defined on the basis of available monitoring data
and subsequently refined during the calibration phase.

The main watercourses were represented using a third type of boundary condition
(River). The implemented water level data are derived from those recorded by monitoring
stations in the area (data available online at www.sir.toscana.it, accessed on 1 March
2018), the river bed elevation and width data from Lidar images (data available online at
http://www502.regione.toscana.it/geoscopio/cartoteca.html, accessed on 1 March 2018).
For the permeability of the river bed sediments, a value between 0.86 and 8.64 m/d was
set, whereas their thickness was arbitrarily set at 1 m.

The effective rainfall value (precipitation-evapotranspiration) was used and multi-
plied by an infiltration coefficient related to land use to represent the effective infiltration
(0.25 in an urban environment and 0.4 in a rural environment). For the steady-state model,
the average effective rainfall value calculated for the period (2000–2018) was used, and for
the transient-state model, the monthly values were calculated.

The initial conditions of hydraulic loading in the aquifer were set equal to the ground
level elevation for the steady-state simulation, while for the transient-state model, they
correspond to the piezometric surface returned by the steady-state model.

www.sir.toscana.it
http://www502.regione.toscana.it/geoscopio/cartoteca.html
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3.1.3. Models Calibration, Validation, and Output

For the calibration of the models, the data of three stations belonging to the continuous
monitoring network of the SIR were used (Isola, Giardino Val Gardena, and Via Giusti,
respectively named Isola, Giard, and Giusti in Figure 5), as well as the piezometric levels
measured on some monitoring points provided by Acque SpA (Figure 5), which perform a
monitoring activity on a network defined as the ‘Empoli profile’.

For the steady-state model, the average values of all available data were used. For the
transient-state model, on the other hand, monthly average values were calculated with the
daily data of the SIR stations [44], while for the other points, the discrete measurement was
attributed to the stress period in which it fell.

In conjunction with the calibration process, a sensitivity analysis was carried out in
order to make the identification of those parameters whose changes have the greatest influ-
ence on the results of the simulations possible. Specifically, the most sensitive parameters
were found to be the hydraulic conductivity of zone four and zone seven, representative of
the surface semi-permeable horizon and the deep aquifer, respectively.

Following an initial coarser calibration using the trial-and-error method, the PEST
code was subsequently used to better calibrate the model by varying the most sensitive
parameters by no more than 10% compared to what was defined on the basis of the
conceptual model.

The results of the calibrated steady-state model are shown in Figure 6a,b, whereas in
the diagrams of Figure 6c,d, it is possible to observe the variations over time of the experimen-
tal piezometric levels in comparison to the level evolution simulated with the transient-state
model in selected monitoring points during the calibration and validation periods.
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Figure 6. Calibration and validation of the model: (a) graph of observed vs. simulated level (in m
a.s.l.) and (b) calibration statistics of the steady-state model; (c) piezometric level (in m a.s.l.) over
time (day) measured (in red) and simulated (in blue) in the Isola target continuous monitoring point
and (d) piezometric level (in m a.s.l.) over time (day) measured (in red) and simulated (in blue) in the
6A target point of the Empoli profile (only one experimental datum is available for the 6A piezometer
over the validation period).

From the analysis of these diagrams (Figure 6), it can be observed that the model as a
whole is sufficiently representative in terms of both absolute values and monthly trends,
obviously in the areas where calibration targets are present. The modeled levels of the
Isola target are very consistent in terms of evolution with respect to the experimental data.
However, the residual values are significant (about 1 m), likely because of local conditions
that do not allow knowing the available information.

The water balance of the steady-state model (Figure 7a) indicates that the main
recharge component of the aquifer is the diffuse infiltration water (Rch). The rivers seep-
age (Riv in red) is also significant, and this component is particularly important in the
area close to the Empoli wellfield (Figure 3), as shown in the section of Figure 7c, thus
confirming the indications from water isotopes and hydro-chemical tracers analyzed in
previous studies [42,43]. The main outflow component from the aquifer is the wells’ with-
drawal and, secondarily, with similar quantities, stream drainage (Riv in green) and natural
subterranean outflow through the west sector (downstream zone).

By analyzing the water balance of the transient simulation (Figure 7b), the diffuse
recharge occurring in the rainy periods is confirmed to be the most important input for
the system. In the rainy seasons, almost 70% of such input contributes to water storage,
which is then consumed in part during the dry season. However, in the period covered
by the transient model (2016–2017 period, significantly rainy), there is a general increase
in water storage with an accumulation of more than 2 million m3 of water resources. The
water pumping is the main output from the aquifer (well in green).
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3.1.4. Forecast Simulations

Based on the groundwater models of the Empoli aquifer system, forecast simulations
were then carried out with the aim of assessing how the expected extreme climatic regimes
would affect groundwater. In particular, it was assumed that a weather-climate regime
similar to that of the current year and previous ones (i.e., 2003 and 2017), with several
months of drought conditions, can repeat for five consecutive years.

A transient-state flow model was then created with 20 quarterly stress periods. Stress
periods relating to the April–June and July–September periods were implemented with
zero recharge, as occurred in 2022, whereas the stress periods in the January–March and
October–December periods were implemented with low rainfall amounts similar to those
of the 2003 and 2017 years. Considering that diffuse infiltration is the most important
recharge component of the system, all other boundary conditions were kept constant with
average values used for the steady-state model.

In Figure 8, the evolution of groundwater level at targets (wells 6A, Giardino, A and
B; see Figure 5 for the location) and storage inflow in the domain during the simulation
period are represented. Most observation wells (wells 6A, Giardino and B) present a more
or less constant and low decrease rate that, over the entire period, results in about 1 m of
drawdown. For well A, the forecasted drawdown appears more important, amounting to
about 3 m in total over the period of simulation. The inflow of water storage in the ground-
water flux also decreases over the entire period, reducing by about 50%, even if it presents
a sub-cycle of increasing-decreasing correspondence to rainy and dry season alternations.
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3.2. Data-Driven Model of the Brenta Aquifer System

A consistent, continuous monitoring network made up of several meteoric, hydro-
metric, and piezometric stations is available for the foothill aquifer system of the River
Brenta. The availability of a very long time series allowed for the development of an
MLRA of the piezometric levels of groundwater in the middle-high plain. The regression
model aims to make predictions on the development of the groundwater level in expected
weather and climate conditions in order to provide useful information for steering the best
water management practices in a zone where strategic groundwater exploitation systems
are located.

3.2.1. Conceptual Model

The middle-high plain of the River Brenta is located in the Veneto region between the
Pre-Alps, and a series of aligned springs called the “Linea delle Risorgive” (Figure 9a). The
plain is mainly made up of glacio-fluvial and fluvial sediments (Late Pleistocene-Holocene)
deposited by Astico, Brenta, and Piave rivers from the west to east [47].
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In particular, the high plain is essentially made up of a very thick layer of unconsoli-
dated conglomerates (gravels and pebbles), whereas the middle plain consists of gravelly
deposits intercalated by levels of sporadic cemented sands and silt and clay [49–52]. Thanks
to the general high permeability of deposits and to the high amount of annual rainfall, which
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varies between 1200 and 1500 mm/year, an important foothill aquifer system develop in
this area. The northernmost portion of the aquifer system is substantially unconfined, being
hosted into the thick single-layer of gravelly pebbly alluvial deposits (Figure 9b), whereas
the southern portion of the aquifer becomes semi-confined and multilayer consisting of
gravelly deposits intercalated by level with low permeability [49,51,53]. The inhomoge-
neous hydrogeological conditions are not only moving north–south, from downward the
foothill zone, but also laterally, in the east–west direction, for the presence of other foothill
alluvium fan systems belonging to different rivers. The recharge of groundwater resources
depends on different mechanisms, whose prevalence varies according to the sectors of the
aquifer system. The focused recharge is dominant in the zone crossed by the River Brenta
over the high plain, where this watercourse loses important water quantity towards the
aquifer [49,51,53]. Local rainfall infiltration becomes the main recharge mechanism away
from the main river path.

3.2.2. Model Implementation and Validation

The MLRA of the piezometric level has been realized using data recorded by: one
pluviometry station (PS), one hydrometric station (HS) and one piezometer (Figure 9a).
These points were chosen based on the conceptual model discussed above in order to
represent the relationship between surface water and groundwater that significantly affect
the groundwater flow in the system. the selected pluviometry station is located at Bassano
del Grappa (127 m a.s.l.), whereas the used hydrometric station is located in Barziza, near
Bassano del Grappa, at an altitude of 106 m a.s.l. and immediately downstream of the
mountain area. The selected piezometer is located on the hydrographic left of the River
Brenta in the middle-high part of the plain, near Tezze sul Brenta, in a zone where the river
feeds the aquifer and a few kilometers upstream with respect to a wells field of regional
importance. The monthly data from 2010 to 2022 recorded from rainfall and hydrometric
stations have been collected on the ARPAV website [54]. The piezometric levels derive from
continuative monitoring performed by ETRA SpA, which has provided the hourly data
from 2010 to 2020. The hourly piezometric level data has been transformed into average
monthly data to compare them with rainfall and hydrometric level data.

To implement the MLRA of piezometric level, the first step of the data processing
was the gaps filling by linear interpolation method, which mainly concerned the rainfall
series. The second step was to obtain the maximum correlation between dependent and
independent variables performing the transformation of raw data. In particular, rainfall
(Rf) and the hydrometric level (HL) have been identified as independent variables, whereas
the piezometric level (PL) is the dependent variable. The maximum correlation coefficient
between PL and Rf has been obtained by shifting of 1 lag (i.e., 1 month) and by using the
moving average at 12 months of the Rf series. On the other hand, the maximum correlation
coefficient between PL and HL has been obtained only by shifting 1 lag (i.e., 1 month) in the
HL series. Moreover, in order to obtain a more reliable model, the multicollinearity between
the independent variables was taken into account. Multicollinearity exists whenever two
or more of the independent variables in a regression model are moderately or highly
correlated. For this reason, the VIF (Variation Inflation Factor [55,56]) has been calculated
in Equation (1):

VIFk = 1/(1 − R2
k) (1)

where R2 represents the unadjusted coefficient of determination for regressing, and k, the
predictor variable, on the remaining ones. In practice, VIF is calculated by performing a
linear regression of predictor variables and then obtaining R2 (coefficient of determination)
from that regression.

Taking into account the correlation coefficient between Rf and HL, the VIF value is 1.8.
Up to now, there is not an accepted cutoff value for VIF; nevertheless, values greater than
10 are generally considered indicators of multicollinearity problems.
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The best MLRA model has been chosen by comparing the observed vs. predicted data
(Figure 10). Data from January 2010 to December 2019 of the PL, HL and Rf have been used,
and the mathematical expression is represented by the following equation:

PL = HL × 3.225 + Rf × 0.031 − 295.897 (2)

Water 2022, 14, x FOR PEER REVIEW 14 of 25 
 

 

VIFk = 1 / (1 − R2k) (1) 

where R2 represents the unadjusted coefficient of determination for regressing, and k, the 

predictor variable, on the remaining ones. In practice, VIF is calculated by performing a 

linear regression of predictor variables and then obtaining R2 (coefficient of determina-

tion) from that regression. 

Taking into account the correlation coefficient between Rf and HL, the VIF value is 

1.8. Up to now, there is not an accepted cutoff value for VIF; nevertheless, values greater 

than 10 are generally considered indicators of multicollinearity problems. 

The best MLRA model has been chosen by comparing the observed vs. predicted data 

(Figure 10). Data from January 2010 to December 2019 of the PL, HL and Rf have been 

used, and the mathematical expression is represented by the following equation: 

PL = HL × 3.225 + Rf × 0.031 – 295.897 (2) 

Equation (2) shows that the River Brenta is more influential than the rainfall on the 

piezometric level variations at the selected point of monitoring. 

 

 

 

 
(a) (b) 

Figure 10. (a) Error values between the predicted and observed data along the regression line and 

(b) distribution of residuals. 

The scatterplot in Figure 10a shows the regression line between predicted and ob-

served values with R2 = 0.69, and the regression bands and the ellipse with 95% confidence 

interval [57], whereas the Figure 10b shows that residuals have a Normal distribution 

(Lilliefors and Shapiro–Wilk tests) at 0.05 significance level. Moreover, no data exceed the 

threshold of ± 2.5 σ. 

The model has been validated using rainfall and hydrometric level data from August 

2019 to December 2020. Even for validation, a residual analysis has been performed, and 

it results in a Normal distribution (Lilliefors and Shapiro–Wilk tests) of residuals that have 

a 0.05 significance level and values that do not exceed the limit of ± 1.5 σ. 

The MLR model replicates quite well the general trend and behavior of the piezomet-

ric level (Figure 11), aside from slight existing errors for the absolute value in a few sub-

periods (e.g., 2016–2018). 
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Equation (2) shows that the River Brenta is more influential than the rainfall on the
piezometric level variations at the selected point of monitoring.

The scatterplot in Figure 10a shows the regression line between predicted and observed
values with R2 = 0.69, and the regression bands and the ellipse with 95% confidence
interval [57], whereas the Figure 10b shows that residuals have a Normal distribution
(Lilliefors and Shapiro–Wilk tests) at 0.05 significance level. Moreover, no data exceed the
threshold of ±2.5 σ.

The model has been validated using rainfall and hydrometric level data from August
2019 to December 2020. Even for validation, a residual analysis has been performed, and it
results in a Normal distribution (Lilliefors and Shapiro–Wilk tests) of residuals that have a
0.05 significance level and values that do not exceed the limit of ±1.5 σ.

The MLR model replicates quite well the general trend and behavior of the piezometric
level (Figure 11), aside from slight existing errors for the absolute value in a few sub-periods
(e.g., 2016–2018).

3.2.3. Forecasting Simulation

The implemented MLR results are sufficiently reliable to perform a forecasting simu-
lation of the piezometric level 6 months ahead. The forecast has been elaborated for the
prospective of simulating a particularly dry period, such as the summer of 2003 and 2022.
Data on hydrometric levels and rainfall similar to the dry periods of 2003 and 2022 have
been used to achieve this goal. Figure 12 displays the model with the results of forecasting
simulation (green line) and used data rainfall. The simulation shows that, in the case
of a particularly dry period (monthly rainfall lower than 100 mm), the piezometric level
abruptly decreases, reaching very low-level values in a few months. It is important to
note that when rainfall occurs, even though in medium-low quantity, the groundwater
level increases very quickly. However, such as recovering is not sufficient for return in the
hydrodynamic state ante-dry period.
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3.3. Combined Approach of Data-Driven and Process-Based Models for the Magra Lower-Valley
Aquifer System

The aquifer of the Lower Magra Valley is the main source of water for drinking, indus-
trial and agricultural purposes in the area of La Spezia (SE Liguria, Italy). Groundwater
flow is, for a significant part, controlled by streamwater infiltration, which affects both
groundwater level and quality [58]. So, the groundwater system is exposed to high vulner-
ability, both in terms of quality and quantity, not only in relation to human activities but
also towards climate conditions.

In view of its importance, as well as vulnerability, the system has been the subject
of numerous quantitative and qualitative monitoring activities appropriately distributed
throughout the territory and with a robust time series of historical data. This availability,
and the recharge mechanisms, made it possible and necessary to perform the data-driven
and process-based combined approach, thus aspiring to a process-based model that, un-
der anticipated climate conditions, predicts all groundwater systems response but also
takes into account the climate-dependent evolutions of some boundary conditions of the
same model.

This study is aimed to develop this kind of predictive flow and transport model in
order to achieve information on the vulnerability “sensu lato” of the Magra Valley aquifer
system and to evaluate its behavior in anticipated climate scenarios.

3.3.1. Conceptual Model

The aquifer of the Magra Lower Valley extends in a flat plain, within which two main
rivers (Magra and Vara) flow. These rivers are characterized by a wide variation of water
level and chemical composition due to the combination of rainfall regime and the presence
of thermal springs in the inner part of the catchment area, which are characterized by a
sulphate-dominant chemical composition [58,59].

The conceptual model was achieved by elaborating and comparing geology, stratig-
raphy, hydrogeology, geochemistry, and isotope data (Figure 13). The aquifer is mostly
unconfined and made up of gravel and sand (K ranging from 10−5 to 10−3 m/s). The
groundwater flow results show it is widely controlled by stream water infiltration, which
affects water levels and water quality. In particular, the wide range of variation of some
particular chemical species in the stream water influences groundwater chemistry on a
seasonal basis (Figure 13d). Based on data elaboration, main recharge components and
their mixing processes have been identified (Figure 14) and subsequently mathematically
represented in the process-based model.

3.3.2. Process-Based and Data-Driven Models Implementation and Calibration

Based on the conceptual model, flow and transport process-based models were imple-
mented and developed using MODFLOW and MT3DMS codes and have been calibrated
in both steady-state and transient conditions over the 2004–2011 period (in which the
experimental data are available). For more details on the implementation of flow and
transport process-based models, see the work of El Mezouary et al. [60].

The calibration of the models showed a high congruence with the observed data for
both piezometric levels and chemical concentrations (Figure 15), thus indicating very good
representativeness of the models. The results of the process-based models confirmed the
importance of the Magra river in the water balance of the aquifer (input of about 66%) and
in the chemical composition of groundwater.
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Figure 13. Multidisciplinary data elaboration to develop the conceptual model [58,59]: (a) 3D
reconstruction by mean borehole information (where A is available boreholes used, B is 3-D solid
of Magra Aquifer and C is an example of 3-D stratigraphic cross section); (b) Piezometric map (m)
a.s.l. for the “2004 May–June” period; (c) Cl + SO4 vs. HCO3 diagram (A–D letters indicate the main
recharge components of the groundwater system in Figure 14 and M1–3 indicate mixing processes);
(d) SO4 concentrations in the Magra River (station MAS-017) and in a drinking water well (P030-1r)
located very close to the river.

Given the strong dependence of the aquifer on river waters, both quantitatively
and qualitatively, the implementation of river-related boundary conditions is, therefore,
essential for carrying out forecast simulations. This justifies the need to create plausible
data sets of hydrometric level and concentration of chemical species in the river water, to
investigate their dependence on the expected weather and climate data and implement
such analysis in the forecasting simulations performed with the process-based model.
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For this purpose, fully synthetic datasets have been generated as a training set of
the data-driven scheme, with input variables inspired by selected climate models and
input/output relationships estimated by past observations (Figure 2).
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Figure 14. Simplified sketch map showing the main recharge components of the groundwater
system [53]: A—feeding from River Magra and its alluvial fan; B—feeding from River Vara and its
alluvial fan; C—groundwater transfer from western hills and secondary input from minor creeks;
D—groundwater transfer from northern hills; E and F—groundwater recharge from secondary creeks
flowing in the western sectors.
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Figure 15. Calibration of flow and transport model: (a) Observed and simulated piezometric head [60]
(b) SO4 and Cl observed and simulated value at their respective time (2004–2011) [60].

In Figure 16, a good agreement between modeled and real data (in this case, ground-
water SO4 concentration in the River Magra) is shown, derived by the application of the
data-driven model for the calibration period 2004–2011.
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3.3.3. Forecasting Simulation

As previously stated, to develop predictive flow and transport models in order to
evaluate the aquifer behavior in anticipated climate scenarios, a process-based and data-
driven modeling combined approach was applied. The data-driven models were built
in order to determine boundary conditions (e.g., rivers and constant head or general
head boundaries) of the process-based model under hypothetic future climate scenarios
(Figure 17), characterized by some dry and low-rainy periods.
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simulation period (2012–2042).

Based on such hypothetic scenarios, an experimental and exemplified run of the flow-
transport model for 30 years ahead was performed. In Figure 18, it is possible to observe an
SO4 concentration map of the aquifer and SO4 time series of specific points. From the map,
the strong chemical influence of the River Magra waters on groundwater quality is evident,
especially close to Fornola wellfield, which attracts even more surface water. This influence
can also be observed at the two representative points of the aquifer outside the wellfield
(Figure 18), where a variation in the concentration of sulphates can be observed, mainly
linked to the rainfall regime, especially at the point closest to the wellfield. It is interesting
to observe how the sulphate value at the point located furthest from the wellfield remains
higher and approximately constant over time following dry periods.
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Finally, by observing the piezometric level and sulphate concentration in a well for
drinking water (Fornola 3) in the wellfield (Figure 19), it is possible to observe how, after a
medium-long period characterized by a low value of rainfall (e.g., 2025–2030), the aquifer
system reacts with significant decreasing of piezometric level and relative increasing of
SO4 solute concentration. After these periods, the sulphate concentration continues to vary
greatly depending on the rainfall regime, although it generally seems to increase or at least
fluctuate around a higher average value.
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4. Discussion and Conclusions

The performed groundwater modeling for the three different systems first provides
information about the main hydrological processes and elements regulating the groundwa-
ter flow in the systems themselves. On the other hand, the different approaches adopted
accordingly to the specificities of the sites enabled the forecasting of groundwater behavior
under anticipated climate conditions.

The calibrated process-based model of the Empoli aquifer system as the diffuse
recharge represents the main highlighted input in this case. Rivers also contribute to
groundwater flow, but this component appears secondary with respect to diffuse infil-
tration. Furthermore, the system denotes a good capability for water storage, which is
an important part of the total water budget (Figure 7). Such as hydrodynamic features
are favorable for mitigating, at least in short periods (a few years), the effects of drought
events, which have become more and more frequent in the last decades and also in the
Mediterranean regions [61]. The forecasting provided by the model seems to confirm these
characteristics and behaviors for the Empoli aquifer system. Under drought conditions
(very similar to those that occurred in recent periods) repeated for some consecutive years,
the model, in general, highlighted that the decreasing groundwater level is moderate. It is
very likely that the storage capability of the system that is capitalizing the small amount
of effective yearly rainfall attenuates and dilutes over time the groundwater drawdown
(Figure 8).

The Brenta River’s aquifer system is extensive, strategic for water supply, and char-
acterized by inhomogeneity in terms of hydrogeology, recharge components, and water
exploitation distribution as well. In these conditions, it becomes important to provide
models able to describe the local groundwater behavior over time. This is the case of the
data-driven model developed for a significant piezometric monitoring point sited near the
losing River Brenta. The groundwater level evolution has been well-reproduced, starting
from precipitation and hydrometric data as input. The equation describing the model
confirms the close dependence of groundwater from the river in the analyzed zone and,
therefore, the high sensitivity of the aquifer with respect to the meteo-climate regime, which
directly and abruptly affects the regime of the River Brenta. In view of this high sensitivity,
the forecast of groundwater level evolution under a relatively dry period of six months,
similar to what occurred during the 2022 and 2003 years, was performed. Results point
out a drawdown of groundwater level of more than 3 m (Figure 12) in a few months, thus
remarking the very high sensitivity of the aquifer to climate extremes, as well as the need
to plan actions for mitigating risks for water supply, given the regional importance of the
wellfields present in this zone. Given the straight dependence of the local groundwater
quantity from the hydrometric level, an advantage in making available a model that an
equation estimates, such as a relationship, is the possibility of solving the same equation
for a set of minimum progressive hydrometric levels with respect to when the piezometric
levels do not decrease under safety threshold values. In this way, a water manager can
provide actions over the catchment for maintaining the hydrometric levels over certain
critical values once the territory dotes specific hydro-infrastructures able to regulate the
dynamics of the watercourse.

For what concerns the aquifer of the River Magra Lower Valley, here a combined
approach of modeling has been proposed in order to obtain more efficient information
through the developed model. Indeed, the aquifer system is well-described by means of
data from geology, hydrogeology and geochemistry, enough to develop a process-based
model able to reproduce the overall behavior of the system for groundwater quantity
and quality. At the same time, and as the same process-based calibrated models confirm,
the groundwater flow and transport deeply depend on some boundary conditions very
sensitive to the hydro-climate regime, such as the River Magra. In these situations, to
provide hypothetic sets of data for such boundaries (e.g., streamwater level or streamwater
chemical concentration) in case of forecasting by a process-based model can be a real risk
of failure, given the probable incongruence between such input data and the input data
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concerning the diffuse recharge directly deducible from the anticipated climate condition.
In this kind of context, it is therefore evident that the use of a data-driven model able to
link the evolution of certain boundary conditions with the anticipated climate conditions
represents a significant advantage in terms of the efficiency and reliability of the predictive
model. The so-developed model for the River Magra aquifer demonstrates that, under
relatively dry climate conditions, the river is responsible for a relative worsening of the
water quality, mainly tied to an increase or a relatively high and constant value of sulphate
in groundwater. The dry weather results in a sort of persistent base flow in the River Magra,
which is mainly dependent on the mountain thermal springs with sulphate chemical
facies. The losing character of the river and the general groundwater flow path network
promote the diffusion of such sulphate components into the aquifer for an extensive sector
(Figure 18).

All models developed in this work enable a better understanding of the aquifer
systems’ functioning and the sensitivity of groundwater flow to climate change. Generally
speaking, the applicability, limitations and accuracy of the different modeling approaches
are deeply dependent on the aquifer systems’ features, functioning, and data availability
as well.

The process-based model requires a large amount of information (e.g., the geometry of
the main hydrogeological units) and data (e.g., hydraulic parameters value) well-distributed
over the domain and time in order to achieve accurate results. At the same time, this type
of approach makes it possible to model the behavior of the whole groundwater system
under study.

The data-driven models require a number of observations that ideally encompass the
values range of all expected stresses to the system, but it is independent of the knowledge
of numerous parameters that are often difficult to find. Data-driven models are powerful,
but they only estimate a given variable on one or more individual points and do not return
information on a domain scale (e.g., water balance).

The integrated approach of data-driven/process-based modeling represents a novel
outcome resulting in a very efficient tool for forecasting aquifer systems’ evolution when
also boundary conditions significantly affecting the behavior of such systems are subjected
to evolve under expected climate scenarios. As these conditions are frequent in aquifer
systems, the proposed integrated modeling represents a very powerful approach, even if it
needs a deep knowledge of the system as a whole and large datasets.

As a general outcome, this manuscript remarks that, for modeling groundwater
resources and forecasting its evolution with respect to climate change, the choice of the
suitable numerical modeling methodology is mandatory, and it mainly depends on the
specific aquifer features that result in different ways to be sensitive to climate. Only through
this approach is it possible to provide efficient groundwater forecasts that are able to steer
water management plans and actions aimed at mitigating the effects of climate change.
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