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ABSTRACT

The Emilia-Romagna region, one of the most agriculturally productive regions in Italy, heavily relies on
groundwater for irrigation. Climate change, with increasingly frequent and severe droughts, is expected
to increase dependency on groundwater resources. To assess climate change impacts on the regional
aquifer system, a high-resolution numerical groundwater flow model of a portion of Emilia-Romagna is
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implemented in MODFLOW 6, building on the data and previous model developed by the Regional

Agency for Prevention, Environment and Energy of Emilia-Romagna (Arpae). The model simulates long-
term scenarios, considering reductions of precipitation and increased groundwater abstraction over
12 years. Results indicate that the aquifer system is vulnerable to droughts, with intensified effects
when groundwater pumping increases. Furthermore, areas where the impacts of reduced precipitation
and higher abstraction are particularly pronounced are identified. These findings provide critical insights
for the implementation of sustainable management strategies for the regional aquifer system during

long-term droughts.

1 Introduction

Sustainable use of groundwater resources is a central theme in
the agenda of national and international institutions and plays
an important role in several of the United Nations’ Sustainable
Development Goals (SDGs, Velis et al. 2017). The increased use
of groundwater resources in recent decades has led to growing
concerns in many countries about groundwater depletion and
groundwater table decline. This can undermine the capability of
communities to cope with increasing freshwater demands and
increasing freshwater shortages while facing future climate
change impacts (Trenberth et al. 2014, Vicente-Serrano et al.
2020). For instance, one of the expected consequences of climate
change will be an increase in the frequency and intensity of
droughts. This shift poses significant challenges for surface
water systems, since reduced precipitation and higher tempera-
tures lead to diminished river flow, shrinking lakes, and drying
reservoirs. As surface water sources dry up, reliance on ground-
water resources increases, and over-extraction may lower water
tables, potentially leading to issues like land subsidence or dry-
ing wells. Additionally, droughts accelerate groundwater deple-
tion by reducing natural aquifer recharge.

The responsible management of surface and groundwater is
essential for sustainable water access and ecosystem health,
and diversification of freshwater resources is an essential strat-
egy to ensure the resilience of water supply systems (Verdaguer
et al. 2018, Elliott et al. 2019). Therefore, there is a growing
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interest and development in theories, methods and numerical
models to investigate how to combine and manage a diverse set
of freshwater sources, and optimize their use by considering
their response to droughts and recovery time.

In this perspective, numerical models simulating ground-
water dynamics are crucial for getting a deeper understanding
of the current state of aquifer systems, and for evaluating
future impacts of anthropogenic and climate change. In this
manner, groundwater models can support informed resource
allocation and planning, preventing aquifer depletion and
water quality deterioration. These, in turn, facilitate sustain-
able management of groundwater resources and integrated
freshwater resources management.

In recent decades there has been an increased number of
published groundwater modelling studies, covering a diverse set
of spatial and temporal scales (Bierkens 2015, Condon et al.
2021) and adopting various techniques, for example physically-
based approaches such as MODFLOW (McDonald and
Harbaugh 2003, Itoua-Tsele et al. 2021) or machine learning
methods such as artificial neural networks and random forest
algorithms (Gonzalez and Arsanjani 2021, Malakar et al. 2021).
Such groundwater models are increasingly being used to assess
aquifer system response to extreme events and climate change
consequences (Marchant and Bloomfield 2018, Hellwig et al.
2020). The higher the spatial resolution of groundwater models,
the more they require detailed information and input data in
terms of hydrogeological properties of the aquifers, which is
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often not available. The information requirements are particu-
larly demanding for stratified aquifer systems, which are char-
acterized by different hydrogeological properties, recharge
mechanisms and time scales. These features are essential for
understanding how climate change impacts groundwater.
Hydrogeological properties control water movement and avail-
ability within aquifers, shaping their responses to changes in
precipitation or temperature (see e.g. van Engelenburg et al.
2018). Recharge mechanisms determine how surface water
replenishes groundwater, and thus are critical to assess systems
resilience to prolonged droughts (Meixner et al. 2016). Recharge
and groundwater flow time scales determine the lag between
climate effects and their manifestation in aquifer systems, high-
lighting the importance of considering the temporal dimensions
of these processes (Dubois et al. 2022).

The stratified structure of an aquifer system impacts both
regional resilience to droughts and sustainable freshwater
management. Shallow aquifers are more vulnerable to
droughts because of their close connection to surface pro-
cesses, like evaporation and surface-water interaction; their
recharge relies on local precipitation and infiltration, which
both decrease during dry periods. In contrast, deep aquifers are
not affected by droughts in the short term, as impermeable
layers often protect them from direct reliance on rainfall or
surface water in the same season. Their replenishment depends
on slow vertical percolation and lateral flow from adjacent
aquifers, and they typically present larger storage capacities,
acting as significant water reservoirs during periods of scarcity.
However, if water scarcity is extended over a long time period,
deeper aquifers may suffer from limited recharge and over-
exploitation as a reaction to the depletion of shallow aquifers
caused by droughts. Thus, their recovery time may be much
longer due to slower replenishment rates compared to the
shallow aquifers.

In this study, we focus on a stratified aquifer system located
in the Emilia-Romagna region in the northern-central part of
Italy (Fig. 1). Sustainable freshwater resource management is
an increasingly relevant priority in this region, especially due
to the increased frequency of drought events. During droughts,
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Figure 1. Location of the Emilia-Romagna region.

groundwater is used as a main source of freshwater to satisfy
both the agricultural and domestic water demands, leading to
increased levels of groundwater pumping and potentially to
groundwater table decline. The Emilia-Romagna region is the
home of about 8% of the Italian population and produces
roughly 10% of the Italian gross domestic product (GDP).
Agriculture plays a pivotal role in the regional economy,
requiring a substantial and sustainable supply of freshwater
resources. Freshwater consumption in the region is about
2100 x 10° m’/year (based on data from the year 2000 and
presented in the current regional Master Plan for freshwater
resources management, see Regione Emilia-
Romagna and Arpa Ingegneria Ambientale 2005). Of this,
about 23%, 11% and 66% is related to civil, industrial and
agrozootechnical use, respectively. Groundwater abstraction
currently supplies about 32% of the total freshwater
consumption.

The regional fresh groundwater resources are stored in
a complex stratified aquifer system. The hydrogeological struc-
ture of this regional system is described in detail by Severi and
Bonzi (2014), Chahoud and Patrizi (2014), Marcaccio and
Severi (2014), and Teatini et al. (2006), and consists of multiple
fresh groundwater-bearing aquifer (and aquitard) layers that
can reach up to 500 m below surface level. The aquifers are
recharged by freshwater flowing from the Apennine areas and
the foothills of the Alps, as well as multiple Apennine rivers
and the Po River.

As mentioned earlier, the diversification of freshwater
sources in the Emilia-Romagna region is vital for the resilience
of its freshwater supply systems. The response and recovery
times of surface water and groundwater to meteorological
droughts are considerably different, thereby ensuring the com-
pensation of their respective deficits. However, the frequency
of severe drought events has recently increased due to global
warming effects (Guo and Montanari 2023, Montanari et al.
2023), like rising temperatures or alteration in precipitation
patterns. This is raising concerns about the resilience of
groundwater systems, which may require a long time to
recover after droughts. To address these issues, the Regional
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Agency for Prevention, Environment and Energy of Emilia-
Romagna (Arpae) built a regional groundwater flow model in
the early 2000s (Chahoud et al. 2012, 2013, 2014), using the
MODFLOW (US Geological Survey 2022) code. This ground-
water model became part of the technical background of the
regional Master Plan for water resources management
(Regione Emilia-Romagna and Arpa Ingegneria Ambientale
2005). In the most recent period, simulations from this
groundwater model supported the preparation of the last two
River Basin Management Plans of the region (Arpa Emilia-
Romagna and Regione Emilia-Romagna 2015, 2021a). In 2022
northern Italy experienced a severe drought event (Montanari
et al. 2023). Additionally, high population density and urba-
nization increase water demand for various uses, while agri-
cultural intensification further exacerbates the reliance on
groundwater for food production. These factors highlight the
need for a refined and updated assessment of drought impacts
on groundwater resources at the regional scale, especially given
the future climate change predictions (IPCC 2023).

In this study, we aim to assess the impact of long-term
droughts and increasing freshwater demand on groundwater
resources in a portion of the Emilia-Romagna multi-layered
aquifer system. To this end a numerical groundwater model is
developed, using the MODFLOW 6 numerical code (Langevin
et al. 2017) and the ModelMuse graphical user interface
(Winston 2009). Calibration was performed by optimizing the
fit of piezometric observations over a 9-year period. The
groundwater model was then used to simulate the impacts in
terms of groundwater head variations over the study area of
hypothetical drought scenarios and future groundwater with-
drawals. In this manner our study aims at answering the follow-
ing research questions: (a) is the regional multi-layered aquifer
system resilient to long-term drought events, considering
groundwater head variations? and (b) is the possible increase
of freshwater demand during a long-term drought sustainable
via increased groundwater abstraction?

The groundwater model we present here is largely based on
the previous groundwater modelling study using MODFLOW

HYDROLOGICAL SCIENCES JOURNAL . 2097

2005 (Harbaugh 2005), and hydrogeological information gath-
ered by Arpae (Arpa Emilia-Romagna and Regione Emilia-
Romagna 2003a). The model herein applied assimilates the
newly collected data for the study region and employs
a faster modelling scheme thanks to the latest software version
and an updated method for calculating aquifer distributed
recharge. The MODFLOW 6 numerical solver enhances per-
formance by efficiently handling larger models with more
complex boundary conditions, providing faster and more
accurate results due to its optimized modular structure.
Furthermore, the groundwater modelling scheme we adopted
simplifies the recharge calculation, reducing the number of
parameters compared to the previous modelling setup.
Coupled with the improved computational efficiency of
MODFLOW 6 and the focus on a smaller study area compared
to the previous application, this allowed us to conduct an
extensive series of calibration trials and to test several para-
meter combinations. These, in turn, enabled us to thoroughly
assess the impacts of climate change and groundwater with-
drawals increase on the groundwater levels in the study area.

The model we present here is publicly available, allowing
anyone interested to make further improvements or conduct
more refined analyses. We believe that this study can provide
valuable information for water management in regions that
face similar issues to those discussed here.

2 Study area

The Emilia-Romagna region is located in northeastern Italy
and extends between 43°44’ and 45°08'N latitude and from 9°
11’ to 12°45°E longitude (Fig. 1). The study area covers
a portion of the Emilia-Romagna region of more than 7000 -
km?, stretching between the Secchia River in the west and the
Senio River in the east (Fig. 2). The study area includes parts of
the municipalities of Reggio Emilia, Modena, Bologna, Ferrara,
and Ravenna. The northern and southern boundaries of the
area are marked by the Po River and the Apennine mountains,
respectively. The western and the eastern groundwater model
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Figure 2. Regional river network. The study area is highlighted in light blue.
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boundaries are marked by two straight cuts to provide
a boundary to the groundwater model at a sufficient distance
from the Secchia and Senio rivers.

2.1 Geology and hydrogeology
The geology and hydrogeology of the region were studied in

multiple monitoring programmes (Regione Emilia-
Romagna and ENI-AGIP 1998, Molinari et al. 2003). The
aquifers of the Emilia-Romagna region are mainly com-
posed of middle-upper Pleistocene sediments that provided
the more recent contribution to the sediment filling of the
former perisutural padan basin (Regione Emilia-Romagna
and ENI-AGIP 1998), developed during Neogene times and
subject to active tectonic deformation. The subsurface geol-
ogy has mainly become known through hydrocarbon
exploration in this area, focused on the exploitation of
natural gas and geothermal resources. The younger portions
of the stratigraphic succession are dominated by Po River
sediments, grading southward into the sediments deposited
by its tributaries.

The stratigraphic description of the region is based upon
the works of Pieri and Groppi (1981), Ricci Lucchi et al. (1981,
1982), Gasperi et al. (1982), Castellarin et al. (1985), Dondi and
D’Andrea (1986), Orlando et al. (1992), Vai and Castellarin
(1992) and Pini (1999). Geological information was retrieved
from an intensive monitoring programme and sedimentologi-
cal-stratigraphic interpretation of continuously-cored bore-
holes by the Emilia-Romagna Region, the local
administrations, and the National Hydrocarbon Agency.
Such information supported the rendering of several geologi-
cal cross-sections in the north-south direction, leading to
a stratigraphic sequence interpretation of the Quaternary
deposits in the Emilia-Romagna region. This helped to identify
three main aquifers separated by aquitards and marked with
the letters A, B and C (Regione Emilia-Romagna and ENI-
AGIP 1998) (see Fig. 3), reaching depths of about 350, 600 and
700 m below sea level, respectively. Aquifers in Group A and
Group B mostly consist of gravel sediments from alluvial fans
of Apennine rivers, fine deposits from alluvial plains, and
sandy deposits from the Po River. Group C aquifers mostly
originate from marine sediments. Five sub-groups of aquifers
have been classified within Group A, four within Group B and
five in the deeper Group C (Fig. 3; Arpa Emilia-Romagna and
Regione Emilia-Romagna 2003b).

Figure 4 presents a schematized cross-section in the
north-south direction of the classified aquifers and hydro-
geological systems of the region. The geometric shape and
the thickness of the sediments and aquitards vary along
the east-west direction and have been mapped through
the previously mentioned data acquisitions.

While the connection between the three aquifer groups is
naturally limited, it is interesting to note that the continuity
of the aquitards may be impacted by the huge number of wells
in the region, in particular over the Apennine rivers’ alluvial
fans, as water may flow through the gap between the well
jacket and the ground (Santi et al. 2006).
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Figure 3. Classification of aquifers in the Emilia-Romagna region (from Arpa
Emilia-Romagna and Regione Emilia-Romagna 2003b).

2.2 Groundwater monitoring network

The European Water Framework Directive (European
Parliament and Council 2000) establishes that the frequency
of measurements by a groundwater monitoring network
should be sufficient to allow assessment of the quantitative
status of each groundwater body (or group of bodies) taking
into account short- and long-term variations in recharge, as
well as the impact of abstraction and discharges on the
groundwater level. For monitoring parameters assessing the
physical and chemical quality conditions of groundwater
bodies, the frequency should be selected to minimize the
impact of seasonal variations on the results.

According to the European Water Framework Directive, in
Emilia-Romagna groundwater is thoroughly monitored
through a network managed by Arpae, that currently numbers
about 730 monitoring stations over the regional territory. Both
quantitative and qualitative states are monitored (Arpae
Emilia-Romagna and Regione Emilia-Romagna 2021b)
through 633 and 600 wells, respectively. Quarterly piezometric
data are available from 1976, and twice a year from 2002. Based
on prior knowledge and the variability of lowland water
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Figure 4. Figurative cross-section in the north-south direction of the classified aquifers and hydrogeological systems of the Emilia-Romagna region (Chahoud et al.
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alluvial plain and Po delta.

bodies, this frequency was deemed suitable for reconstructing
piezometric trends to determine the quantitative status of the
water body and its water balance (Marcaccio and Palumbo
2014).

The location of monitoring wells with piezometric mea-
surements is shown in Fig. 5. Data are publicly accessible
through the regional database (Arpae Emilia-Romagna 2018).
The information about the screen depth is provided in the
database as well, which helps to identify the Aquifer Group (A
or B) to which the piezometric measurement refers at each well
location.

In the present work, the quantitative observations collected
by the regional monitoring network support the numerical
model calibration process described in Section 4.1.

3 Groundwater model setup
3.1 Spatial discretization

The groundwater model is built using the MODFLOW 6 code
(Langevin et al. 2017) to simulate groundwater flow in aquifers
of Groups A and B (see Fig. 4). The model grid is adopted from
previous groundwater modelling studies in the Emilia-
Romagna region conducted by Arpae (Arpa Emilia-Romagna
and Regione Emilia-Romagna 2003a, Arpae Emilia-Romagna
and Regione Emilia-Romagna 2021a). The model grid has
a resolution of 1 km? in the horizontal directions, while in
the vertical direction the model is sub-divided into 35 layers of
variable thickness. In total the groundwater model grid con-
sists of 89 rows and 105 columns, resulting in approximately
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Figure 5. Regional monitoring network: wells providing piezometric measurements. The study area is highlighted in light blue.
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245 000 active cells. The y-axis of the grid forms an angle of 22°
clockwise with respect to the north direction so that the x- and
y-axes are oriented along the dominant groundwater flow
direction of the Apennine divide, assuming that the ground-
water flow direction is parallel to the chosen grid boundary in
both eastern and western limit of the groundwater model.
The vertical discretization has been designed to (Arpa
Emilia-Romagna and Regione Emilia-Romagna 2015, Arpae
Emilia-Romagna and Regione Emilia-Romagna 2021a):

(1) guarantee a good level of detail, considering the avail-
able hydrogeological knowledge about the regional
multi-layered aquifer system;

(2) represent the morphology of the main aquifers at regio-
nal scale;

(1) make it technically feasible to characterize hydrogeolo-
gical parameters using statistical methods (see
Section 3.3).

The choice of 35 layers, based on these criteria, proved suitable
for capturing the variability of hydrogeological parameters
among the aquifers (and sub-aquifers and aquitards) within
the regional system. Specifically, in the adopted fine vertical
discretization, the variable thickness of the model cells was
assigned by vertically deforming the grid according to the
actual elevation of the bases of the different aquifer sub-
groups. Figure 6 depicts the distribution of cell thickness
within the groundwater model domain.

3.2 Temporal discretization

The groundwater model is run in transient conditions and is
divided into two main simulation periods. First, the current (or
pre-scenario) groundwater conditions are simulated. In this
stage, the simulation period ranges from 1 January 2002 to
31 December 2018 (17 years). Each simulation year is broken
down into four stress periods with constant input data, each 3
months long (January-February-March, April-May-June,
July-August-September, October-November-December).
The beginning of the pre-scenario simulation period (and
of the period simulated by the regional groundwater flow
model (Arpa Emilia-Romagna and Regione Emilia Romagna
2015)), is defined by the availability in the open-access
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Figure 6. Frequency distribution of cell thickness.

database of groundwater head observations, required for cali-
bration. In 2002, the monitoring network was updated to align
each monitoring well to a specific aquifer in the layered sys-
tem, based on the latest geological knowledge (Regione Emilia-
Romagna and ENI-AGIP 1998). This update also increased
measurement density in high priority groundwater bodies
(major and intermediate alluvial fans) while reducing it in
less critical areas (minor and foothills alluvial fans, and depos-
its of the Apennine and Po valley floodplains). The end of the
pre-scenario simulation period stems mainly from the fact that
when the estimation of the overall withdrawal values (see
Section 3.4) was carried out, the most up-to-date available
data extended up to 2018 (Arpae Emilia-Romagna and
Regione Emilia-Romagna 2021a).

The length of these stress periods matches the periodicity of
the regional monitoring network, later used for model calibra-
tion purposes. Furthermore, this sub-division allows us to
follow the seasonal fluctuations of time-dependent parameters
(such as groundwater pumping or precipitation rates). The
groundwater modelling study by Arpae adopted the same
time discretization and successfully reproduced seasonal
groundwater level variations (Arpa Emilia-Romagna and
Regione Emilia-Romagna 2015, Arpae Emilia-Romagna and
Regione Emilia-Romagna 2021a).

The scenario simulation runs until 31 December 2030 and
follows the same time discretization as the pre-scenario simu-
lation with 3-month-long stress periods. Here, the effects of
possible drought and variations in the pumping regime are
simulated, as described in detail in Section 3.8. Extending the
simulation over a long period allows us to assess the impact of
the considered perturbations over a long time span.

3.3 Hydrogeological properties

A key step for setting up a groundwater flow model is the
definition of local geological conditions. In MODFLOW this is
achieved by defining vertical and horizontal hydraulic con-
ductivity, specific storage, and specific yield for each model
grid cell. The above-mentioned intensive monitoring pro-
gramme enabled the stratigraphic interpretation of the regio-
nal multi-layered aquifer system, as described in Section 2.1. In
total, more than 7000 wells and drilling cores were used to
create the geological model (Arpa Emilia-Romagna and
Regione Emilia-Romagna 2003a). Additionally, information
from 17 stratigraphic sections from the National
Hydrocarbon Agency (Regione Emilia-Romagna and ENI-
AGIP 1998) was also used to build the geological model.

To assign geological parameter values to each of the 245 000
cells of the groundwater model, the horizontal and vertical
distributions of properties (vertical and horizontal hydraulic
conductivity, specific storage, specific yield) were described
statistically (Chahoud et al. 2014). This was achieved by taking
into account the point information (borehole data) where
available, and describing spatial variability (Arpa Emilia-
Romagna and Regione Emilia-Romagna 2003a) using the
approach proposed by Carle and Fogg (1996) and implemen-
ted into the software T-PROGS (Transition PRObability
Geostatistical Software, Carle and Fogg 1996, Ritzi 2000, Lee
et al. 2007, Dell’Arciprete et al. 2012). T-PROGS is a robust



probabilistic modelling tool for defining lithological sequences
using indicator variables and transition probability functions.
These are automatically calculated along the vertical axis, by
relying on assumptions for horizontal transitions (Arpa
Emilia-Romagna and Regione Emilia-Romagna 2003a). Being
a geostatistical model, T-PROGS reflects the statistics of the
actual subsurface heterogeneity (Weissmann and Fogg 1999),
thus implying uncertainty with respect to the actual variations
and patterns. In view of the large amount of information
available, a statistical description is a convenient solution to
describe the hydrogeological complexity of the region
(Chahoud et al. 2014).

Accordingly, the probability distribution of the considered
lithologies in the three spatial dimensions is estimated from
the available prospections and used to obtain a simulation of
hydraulic properties conditioned to the observed borehole
data. In detail, the T-PROGS algorithm describes the prob-
ability that an assigned lithology may be followed by another
selected one in the vertical direction depending on their dis-
tance. With an additional algorithm, an analogous probabil-
istic description has been attained in the two horizontal
directions, thus obtaining a probabilistic measure of the dis-
tribution of each pair of lithologies in the whole considered
space. These probability distributions are then used to generate
the grid of lithologies by imposing that observed types are
preserved in the corresponding cells. Finally, the GMS
(AQUAVEO n.d.) interface of T-PROGS is used to adjust
cell thickness to emulate the observed displacement along the
vertical direction of aquifer bottoms (see Section 2.1.) In the
resulting simulation, model cells are sub-divided into 12
classes, each corresponding to given values of horizontal
hydraulic conductivity, vertical hydraulic conductivity, specific
storage, and specific yield. The number of classes is derived
(Arpa Emilia-Romagna and Regione Emilia-Romagna 2003a)
from the sub-division of basic lithological types (gravel, coarse
sand, fine sand, clay/silt) into sub-classes according to their
geographical and structural location (Apennine alluvial fans,
Apennine alluvial plain, alluvial and deltaic Po plain); this
approach aims at increasing the level of heterogeneity to
achieve a more detailed description of the system. Figure S1
in the Supplementary material (modified from Arpa Emilia-
Romagna and Regione Emilia-Romagna 2003a) shows a cross-
section of the model domain along the Panaro River and the
corresponding simulation in the model grid.

In the current application, the parametrization of hydro-
geological properties defined for the regional model (Arpa
Emilia-Romagna and Regione Emilia-Romagna 2015, Arpae
Emilia-Romagna and Regione Emilia-Romagna 2021a) is
applied. Model layers present the values for the hydrogeologi-
cal properties reported in Table S1 in the Supplementary
material. To reduce calibration requirements, horizontal ani-
sotropy is set to 1 for every cell, which means that the hydraulic
conductivities in the x and y directions have the same magni-
tude in every point of the model domain.

3.4 Groundwater withdrawals

The Emilia-Romagna region hosts an extensive groundwater
pumping field. The location and pumping rates for most of the
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pumping wells are recorded in a regional database.
Groundwater abstraction was implemented in the ground-
water model using the MODFLOW Well package (WEL, US
Geological Survey n.d.c), in which the location of each pump-
ing well is defined together with the abstraction model layer
corresponding to the well’s filter depth and abstraction rate.

A detailed estimation of groundwater withdrawals for each
municipality in the region has been carried out by Arpae for
the period between 2002 and 2017. The results were reported
in the River Basin Management Plan (Arpa Emilia-Romagna
and Regione Emilia-Romagna 2015, Arpae Emilia-Romagna
and Regione Emilia-Romagna 2021a). The total extracted
volume during this period is approximately 10 860 x 10® m?,
with a mean annual groundwater abstraction of around
680 x 10° m’/year. The minimum and maximum annual
values are approximately 573 and 840 x 10° m’/year,
respectively.

For the civil sector, groundwater abstraction rates were
collected from the water meters of the water boards operating
in the region. The mean annual groundwater abstraction from
the 794 licensed wells corresponding to the civil sector is about
300 x 10° m*/year, with annual values ranging from 265 to
318 x 10° m3/year. For the industrial and zootechnical sectors,
the abstraction rates were estimated by combining water con-
sumption data (when available) with human and cattle num-
bers present in the region. The resulting mean annual
groundwater abstraction rate for the industrial and zootechni-
cal sectors is about 180 x 10° m*/year, with annual values
between 113 and 223 x 10°® m*/year.

The mean annual groundwater abstraction rate for the
agricultural sector has been indirectly estimated by combining
several inputs and regional information. First, the extent of the
cultivated area and the fraction that is supplied by surface
water is considered. This is combined with the surface water
availability, main crop type in the area, irrigation technique
applied, and efficiency and type of water supply system. This
information is available in the 2015 and 2021 River Basins
Management Plan (Arpa Emilia-Romagna and Regione
Emilia-Romagna 2015, Arpae Emilia-Romagna and Regione
Emilia-Romagna 2021a). In this manner the mean annual
groundwater abstraction rate for the agricultural sector is
estimated to be about 210 x 10° m3/year, with minimum and
maximum annual values around 117 and 300 x 10° m’/year,
respectively.

In the regional groundwater model (Arpa Emilia-
Romagna and Regione Emilia-Romagna 2015, Arpae Emilia-
Romagna and Regione Emilia-Romagna 2021a), as well as
the current application, groundwater abstractions were com-
puted as previously described, and allocated at the depth of
the filter for each well where such information is available.
The abstraction depth in wells with no filter depth informa-
tion was estimated according to the probability distribution
of the known filter depths. Groundwater abstractions that
were indirectly estimated were uniformly distributed in
terms of wells” location and depth over the corresponding
municipality. The mean groundwater abstraction rates (m*/
s) are approximated for each 3-month-long stress period and
for each groundwater model cell where a groundwater
abstraction well is located over the whole simulation period.
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Figure 7. (a) Groundwater withdrawal rates for the different uses over the 68 stress periods of the simulation. (b) Total groundwater abstraction volume in the study
area during the pre-scenario simulation period. The colour assigned to each cell represents the cumulated volume extracted from 1 January 2002 to 31 December 2018

for the entire underlying water column.

Therefore, in the regional model the depth of well filters, the
depth and extent of aquifers, and point-specific withdrawal
volumes were directly taken into account wherever informa-
tion was available. This combination of deterministic and
statistical allocation of abstractions makes optimal use of the
available information.

The groundwater pumping rates for each stress period over
the study area are shown in Fig. 7(a). The highest pumping
rates occur during the third stress period of each year, corre-
sponding to the summer months (July—August-September).
These peaks are primarily driven by increased groundwater
abstraction for both civil and agricultural purposes. For both
uses, maximum peak values show a declining trend over the
analysed period (2002-2018). Agricultural abstractions take
place exclusively from April to September (the second and
the third stress period of each year), during the hottest and
driest months. The lowest pumping rates for civil use typically
occur during the first stress period (January-February-
March).

Industrial water use reaches its highest pumping rates in
October-November-December. Afterwards, abstraction rates
from April to June become comparable, while January-
February-March consistently records the lowest values.
Three distinct phases of average pumping rates for industrial
use can be identified, with rates gradually decreasing over time:
2.98 m’/s from 2002 to 2008, 2.03 m*/s from 2009 to 2015, and
1.43 m’/s from 2015 to 2018. Similarly, for zootechnic use,
three distinct phases are evident, with average pumping rates
of 0.16 m>/s from 2002 to 2006, 0.12 m*/s from 2007 to 2014,
and 0.17 m*/s from 2015 to 2018.

The highest abstraction rates occur in Aquifer Group
A (model layers 1-23), especially in model layers from 9 to
11, and 23. Agricultural abstraction is predominant in model
layers 1-3, while civil abstraction dominates in model layers
4-5. Industrial abstraction is the most significant contribution
in layers 6-7. From model layers 7 to 35, civil abstraction
remains the primary use, followed by industrial, agricultural,
and zootechnic uses. Agricultural and zootechnic withdrawals



are concentrated in the uppermost model layers, whereas civil
and industrial ones are more prominent in model layers 9-11
and 6-7, respectively, with an additional peak for both uses in
model layer 23.

Overall, the total abstraction rates exhibit a slightly
decreasing trend over time, with both maximum and mini-
mum peak values showing consistent declines. Figure 7(b)
depicts the spatial distribution of total groundwater
abstraction in the study area during the pre-scenario simu-
lation period. The cumulative groundwater abstraction
volume is calculated for each vertical column of the
groundwater model grid, summing up the extraction rates
in each layer in period from 1 January 2002 to
31 December 2018.

3.5 Groundwater recharge

Aquifer recharge has been herein computed using
a different approach with respect to the previous application
by Arpae, where a soil-water balance model was applied
(Arpae Emilia-Romagna and Regione Emilia-Romagna
2021a, 2021b). Groundwater recharge considered in our
model is divided into distributed recharge and local
recharge. The distributed recharge is the result of precipita-
tion and hillslope runoff and the subsequent infiltration
into the aquifers. On the other hand, local recharge
accounts for direct contact between riverbeds and the aqui-
fer layers.

3.5.1 Distributed recharge

Distributed recharge is analytically computed as the difference
between precipitation (P) and actual evapotranspiration (ETa).
Both of these terms are computed at a daily time scale over the
simulation period and then aggregated for each stress period.

Cumulated
distributed
recharge per
unit area (m)
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Precipitation and temperature values are available from the
dataset Eraclito (Arpae Antolini et al. 2016, Arpae Emilia-
Romagna n.d.), which has provided daily data for the entire
regional territory since 1961; precipitation and temperature
time series, from 254 and 60 monitoring stations, respectively,
are first checked for quality, temporal homogeneity and syn-
chronicity, and then interpolated on a regular grid at 5 x 5 km
resolution.

According to Pistocchi et al. (2008), ETa has been defined
by the Turc formula (Equation 1) as:

p
ETg = ———— 1

o ()]

where a = 1, p = 1.5, and ETp is potential evapotranspiration.
It is computed by applying Hargreaves’ formula (Equation 2):

ET, = 0.0022 - Ry - 87" - (T + 17.8) )

where R, is the mean extra-terrestrial radiation, depending on
latitude; &1 is the difference between the maximum and the
minimum temperature; and T is the mean air temperature.
Daily extra-terrestrial radiation data are extracted from the
Solar radiation Data service (Solar radiation Data n.d.),
which provides historical, real-time, and future predictions of
weather data; daily values are the same for the whole study
area, and range between 46.58 and 49.80 W/m” during the
period of interest (2002-2018).

Distributed recharge values are computed at the resolution
of 5 x 5 km grid cells and then interpolated by the inverse
distance weighting method at 1 km resolution. In this way,
computed values are assigned as inputs to each model top layer
cell. Figure 8 shows, for each groundwater model cell, cumu-
lated volumes of distributed recharge per unit area over the

Figure 8. For each groundwater model cell in the topographic surface, representation of cumulated volumes of distributed recharge per unit area over the pre-scenario

simulation period.
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Figure 9. For each stress period, representation of average distributed recharge per unit area over the entire study region. Values computed for the pre-scenario (2002-

2018) are reported.

pre-scenario simulation period (2002-2018). Figure 9 depicts,
for each stress period in the pre-scenario simulation period
(2002-2018), average distributed recharge per unit area (m)
over the entire study region. The pattern reproduces seasonal
variations, with higher distributed recharge values during
autumn-winter  stress periods (October-November-
December and January-February-March, respectively).

3.5.2 Local recharge (via rivers)

Cross-channel sections providing river bed elevation informa-
tion are available for the main rivers in the region. The river
network layout is publicly available on the Regione Emilia-

Romagna website (Regione Emilia-Romagna 2018) (Fig. 10),
and the riverbed elevation is acquired from the website of the
regional agency for the Po River management (AIPo n.d.).
Additionally, river stage data are publicly available from the
regional Hydrographic Annals (Arpae Emilia-Romagna 2019).
The average monthly river stage values are available for several
rivers in the region as cross-sections. These are then averaged
over the three-monthly time windows to match the groundwater
model stress period length. Subsequently, the difference between
river stage and river bed elevations is computed for each stress
period. In this way, we estimate the river water depth, which is
assumed to be spatially constant for a whole river stretch in the

LR
Hrcentol
Wy iy,
I

b,
i,
I
A

950000N

:&?:n:&.:-
1o EBazzano
oy s M
L Eaving'di sopra

QPonte Lugo

.Ponte Samone

0 10 20
L | | |

650000E

900000N

700000E

750000E

Figure 10. Layout of the rivers included in the simulation. The gauging stations where river stage values are available are highlighted as red dots.



downstream direction until another river stage cross-sectional
measurement is available. River interaction with the aquifers is
implemented through the MODFLOW River package (RIV, US
Geological Survey n.d.b). In this way, the flux between the river
and aquifers is simulated based on the assigned water depth and
conductance value in each groundwater model cell where a river
is present. The conductance is a MODFLOW parameter
(AQUAVEO 2019) relating the difference in head to the rate
of flow, and is usually calibrated in groundwater modelling
studies (Cousquer et al. 2017). The conductance is defined as
K W/M, where K is the hydraulic conductivity of the sediment in
the boundary condition (the riverbed, in this case), W is the
width of the boundary condition (the riverbed), and M is the
thickness of the sediment in the boundary condition (the riv-
erbed) perpendicular to flow between the boundary and the cell.
The conductance parameter takes into account numerous pro-
cesses and properties, and it cannot be directly measured in the
field (Cousquer et al. 2017). In total 11 rivers were considered in
the groundwater model domain (see Fig. 10), including the Po
River and its main right tributaries in the region.

Note that rivers in the region are essentially steep torrents
with significant topographical slopes. Consequently, their
stage—discharge relationship shows a sharp increase in dis-
charge with increasing river stages especially for lower water
depths, suggesting that recharge amounts to a small fraction of
river flow volume and therefore is barely sensitive to it. As
such, we assumed that river recharge is invariant under the
changes in climate that are considered here. To provide an
example, along the course of the Panaro River the total
recharge (i.e. water flowing from the river to the aquifer)
during stress period 42 (April-May-June 2012) amounts to
6 141 916 m’. During the same period, the average river dis-
charge (Bomporto gauging station) was approximately 15 m*/s

Initial head
(ma.s.l)
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D 2388
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(22.8 in April, 18.7 in May, 4.0 in June), implying a total water
volume of 118 635 840 m’ delivered by the river during the
stress period. One can see that recharge accounts for about 5%
of the available water volume.

3.6 Boundary and initial conditions

The boundary conditions in the present groundwater model
are derived from the previous regional groundwater model
implemented by Arpae (Chahoud et al. 2014). In such a way,
we define different boundary conditions for each stress period.

The groundwater model boundary conditions are assigned
to all cells at the contour of the groundwater model domain.
These cells are then assigned a general head boundary condi-
tion, by applying the hydraulic head simulated by the previous
regional model (Arpae), which captures a larger spatial
domain than the groundwater model built in this study. The
General Head Boundary package (GHB; US Geological Survey
n.d.a) is used, which simulates head-dependent flux bound-
aries depending on assigned conductance.

The initial condition of the groundwater head distribution
is defined for each layer by adopting the groundwater head
values simulated by the regional model (Chahoud et al. 2014)
at the date of 1 January 2002. Initial head values are repre-
sented in Fig. 11 for the uppermost layer.

3.7 Groundwater model calibration

The groundwater model has been calibrated by comparing
observed and simulated water table levels at the same time
and location over the years 2010-2018 (9 years) — that is, the
period during which piezometric data are available in the
regional database (see Section 2.1). The calibration of the

Figure 11. Initial head values over the uppermost layer of the simulated domain (1 January 2002).
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groundwater model prioritizes accurately reflecting hydrogeo-
logical conditions during the most recent period (2010-2018),
as this is crucial for reliable future scenario simulations (2019-
2030). The observations available from 2010 onward provide
current and relevant data, closely aligning with the conditions
and pressures expected during the projection period.

Among the more than 630 monitoring wells of the regional
monitoring network, 127 are located within the study area, and
provide measurements twice a year. This results in about 2260
groundwater head observations. The distribution of observa-
tion points is denser in correspondence with the alluvial fans
(i.e. the southern portion of the study area), and more scat-
tered for the plain aquifer system (Fig. 5).

In our calibration process, we focus on the groundwater
model parameters that were based on estimation and expert
judgement and for which no data or information was available.
The main parameter to be manually tuned was the conduc-
tance term in both the rivers (RIV package) and the boundary
cells (GHB package). The groundwater model has been run
multiple times, each time changing the set of input parameter
values (i.e. river and/or boundary cells conductance) to
improve the match between observed and simulated ground-
water head values. The performance of the model was evalu-
ated using the R> coefficient. This coefficient represents the
proportion of the variance in the observed data that can be
explained by the model. R? typically ranges from 0 to 1, where
1 indicates that the model perfectly fits the observations.

After each simulation, monitoring wells simulating the
largest discrepancies from observed values were identified
and located within the study area. In areas where the model
simulated groundwater head values significantly higher (or
lower) than the corresponding observations, the conductance
of nearby rivers and/or boundary cells was reduced (or
increased) to limit (or enhance) water inflow to the aquifer
system. The groundwater budget was also computed to ensure
that, with the adjusted conductance values, inflows and out-
flows through the various boundaries (such as rivers) were
consistent with the expected seasonal variations and the
groundwater budgets from the previous model by Arpae.

3.8 Drought and groundwater abstraction scenarios

The goal of our scenario analysis is to investigate potential
groundwater level decline in the regional aquifer system as
a result of hypothetical drought events, and subsequent
increased groundwater abstractions. This is simulated by vary-
ing the groundwater model input variables, especially the
groundwater distributed recharge and groundwater abstrac-
tion rates. Accordingly, the calibrated groundwater model is
used as the initial condition for three simulation scenarios that
span the period from 2019 to 2030. The aim is (i) to estimate
the effects of a groundwater distributed recharge reduction on
groundwater head distribution in the study area, and (ii) to
gain insights into the combined effects of natural and artificial
stresses on the regional aquifers. To do so, first, a reference
scenario was outlined; then, precipitation and groundwater
extraction rates were reduced and increased, respectively, as
described below.

Table 1. Precipitation rate reduction applied for each month from January 2019
to December 2030.

Precipitation rate

Precipitation rate

Month reduction (%) Month reduction (%)
January 16.3 July 12.8
February 12.4 August 235
March 17.1 September 15.1
April 20.5 October 12.7
May 1.8 November 14.0
June 11.4 December 21.0

In the reference (R) scenario, all the time-dependent input
parameters (general head boundary, river stage, distributed
groundwater recharge, groundwater abstractions) for the
years 2019-2030 were considered constant for each stress
period. The input values are averaged over the last five years
of the pre-scenario simulation period (2014-2018) for each
corresponding stress period. For example, the groundwater
abstraction rate of a specific pumping well during the April-
May-June months from 2019 to 2030 is equal to the average
extraction rate for the same pumping well computed over the
April-May-June months in the period from 2014 to 2018.

In scenario 1 the monthly average precipitation rate is
reduced over the years 2019-2030 by a fixed percentage for
each month of the year (Table 1), while all the other input
values are kept identical to scenario R. The reduction in pre-
cipitation has been determined by analysing historical daily
time series collected in Bologna (from 1813 till present), which
is one of the longest rainfall records currently available. It
shows that the climate of the region is characterized by the
occurrence of long-term droughts that were identified by
applying the run theory (Guo and Montanari 2023).

Guo and Montanari (2023) found that drought hazard esti-
mated on scenarios generated by 13 state-of-the-art climate mod-
els was less precautionary with respect to estimates provided by
the statistical analysis of the Bologna rainfall series. Figure S2 in
the Supplementary material presents the annual precipitation
time series for Bologna from 1813 to 2021, where drought years
(shaded in grey) are identified by 2 consecutive years with rainfall
below the mean value of the whole series. The average monthly
precipitation deficit during the 12 most relevant droughts identi-
fied by Guo and Montanari (2023) was used to define the reduced
precipitation input for scenario 1 (see Table 1).

The precipitation reduction has been applied to each grid
cell relative to the average monthly precipitation values for the
period 2014-2018. Then, distributed recharge has been com-
puted as shown in Section 3.5.1 using the new, reduced values
of precipitation. In calculating the actual evapotranspiration,
the reduced precipitation values have been applied, while the
other parameters (R,, 81, T) remained the same as those used
in scenario R. Note that river stages are assumed to be
unchanged in scenario 1.

In scenario 2, the extraction rates for each pumping well and
for each stress period over the years 2019-2030 are increased by
a fixed percentage (20%). Increased groundwater pumping is
a realistic condition for future scenarios, given several interre-
lated factors, including demographic, climatic, and hydrological
situations in the Emilia-Romagna region. Population growth
and urbanization, for example, amplify the water demand for
multiple wuses. This is compounded by agricultural



intensification since food production heavily relies on ground-
water. These challenges are exacerbated by climate change,
through reduced precipitation, and more frequent and intense
droughts, which lead to a reduction of surface water supplies
and consequently to an increased reliance on groundwater.

In scenario 2 precipitation (and thus distributed recharge)
is the same as in scenario 1, and the boundary conditions are
those computed for scenario R. Therefore, in scenario 2
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a situation of realistic overexploitation of groundwater
resources during a hypothetical drought event is emulated.
The precipitation reduction defined for scenarios 1 and 2
leads to a decrease in distributed recharge across the entire study
area. Figure 12 illustrates the spatial distribution of cumulated
distributed recharge per unit area for the years 2019-2030,
comparing (i) the reference scenario, and (ii) the values influ-
enced by the precipitation reduction in scenarios 1 and 2.

(b)

Figure 12. For each groundwater model cell, illustration of cumulated distributed recharge per unit area (m) for both configurations considered in scenario simulations
(2019-2030). (a) refers to the reference scenario, while (b) refers to scenarios 1 and 2.
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Table 2. Average values of river cell conductance for each river in the simulation.

Conductance per

River unit length (m/s)
Idice 2.20E-04
Lavino 1.06E-04
Panaro 9.63E-02
Po 7.01E-05
Reno 3.52E-04
Samoggia 1.74E-04
Santerno 1.25E-04
Savena 1.56E-04
Secchia 3.90E-04
Senio 2.10E-07
Sillaro 1.97E-04

Overall, the distributed recharge in the scenario 1 and 2 config-
uration is approximately 30% lower than that in scenario R.

4 Results

4.1 Pre-scenario estimations and groundwater model
calibration

In the pre-scenario model simulation, we were able to repro-
duce the regional groundwater flow patterns and the ground-
water head distribution. Results are in line with those obtained
in the previous modelling studies in the area (see e.g. Arpa
Emilia-Romagna and Regione Emilia-Romagna 2003a) and
around it (Cherubini et al. 2023). Furthermore, during the
calibration procedure, we were able to derive the optimal
average values of conductance per unit length for each river
in the model domain (see Table 2). The optimal average value
of conductance for the boundary cells in the uppermost 23
model layers is around 0.15 m?/s, and it is around 9.70 m?/s for
model layers 24-35.

100-

75~

50-

26-

Simulated groundwater head (m)

25
Observed groundwater head (m)

50

The groundwater model calibration process led to a best-
performing model run with an R? coefficient value of 0.89,
comparing the simulated and the observed groundwater heads.
This value indicates that the model accounts for 89% of the
variability in the measured data, demonstrating a strong cor-
relation between simulated and observed values. This suggests
that the model effectively replicates the observed system beha-
viour under calibrated conditions. This level of performance is
generally satisfactory for many hydrological and groundwater
modelling studies.

Figure 13 shows the calibration plot, where the colour of
each hexagon fill has been assigned according to the number of
observation points within the range of observed-simulated
value combinations for the period 2010-2018. The red dashed
line represents the equality between observed and simulated
groundwater head values, indicating perfect model perfor-
mance. Clearly, many hexagons are positioned at some dis-
tance from the red line, especially for groundwater head values
exceeding 50 m. However, it is also evident that the hexagons
located farther from the red line tend to have a lower point
density (indicated by colours shifting towards blue), while the
majority of observed-simulated value pairs (with colours shift-
ing towards green and yellow) are situated closer to the red
line.

A histogram showing the distribution of the residuals, i.e.
the difference between observed and simulated groundwater
head values, for the period 2010-2018 is provided in Fig. 14.
The groundwater flow model shows reasonable predictive
accuracy, with a mean residual of 0.99 m. However, even
though simulated groundwater head values are on average
close to observed ones, the standard deviation of residuals of
7.43 m indicates that the model struggles to consistently cap-
ture groundwater head values across different locations. The
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Figure 13. Calibration plot. The colour of each hexagon fill has been assigned according to the number of points it shows. The dashed red line represents the equality of

observed and simulated data, which outlines perfect model performance.
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Figure 14. Distribution of the differences between simulated and observed groundwater head values at the same time and location.

high coefficient of variation of residuals (7.47) reflects this
uncertainty, and the positive skewness coefficient (0.31) sug-
gests that the model tends to overestimate groundwater levels
in certain areas, leading to a longer tail of positive residuals.
About half of the simulated values differ from the observed
ones by less than 4 m, meaning that while the model performs
well in many areas, in some regions discrepancies persist. This
is supported by the interquantile range of 6.83 m. Overall, the
model provides a reasonable estimate of the observed ground-
water head values in the study area, but the presence of outliers
suggests that there are specific areas where the model is less
effective, potentially indicating regions of greater complexity.
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residual (m)

0.54-1.03
1.03 - 1.56
1.56 - 2.02
202-270
270-3.75
3.75-4.46
4.46 -6.21
6.21-8.41
8.41-10.94
10.94 - 28.16

The largest residuals between observed and simulated ground-
water head values correspond to nine observation wells and
a total of 120 observations (5% of the observations dataset).
These wells lie close to the southern boundary of the study
region.

Figure 15 shows a representation of the model performance
in reproducing historical groundwater head data for the mon-
itoring wells in the study area. For each monitoring well, we
first considered the corresponding groundwater head observed
and simulated values at the end of each stress period. Then for
each pair we computed the absolute value of the residual.
Finally, we calculated the average of the absolute values related

Figure 15. Representation of the spatial distribution of residuals (i.e. difference between observed and simulated groundwater head values) in the study area. For each
monitoring well, first the corresponding observed and simulated groundwater head values are considered. Then for each pair the absolute value of the residual is
computed. Finally, the absolute values related to each well are averaged.
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Figure 16. Comparison of the trend line slopes of observed and simulated groundwater head time series for each monitoring well in the study area. Each point in the
plot represents a well: the x-coordinate corresponds to the slope of the trend line for the observed values time series, while the y-coordinate represents the slope for
the simulated values time series. The red dashed line marks the ideal scenario where the slopes of the observed and simulated trend lines are identical. Violet triangles
represent monitoring wells where both the observed and simulated trends are positive, or both are negative. Green circles represent monitoring wells where the model

simulates a positive trend while observations show a negative trend, or vice versa.

to each well. As is clearly visible in the map, the largest
residuals occur in the southern part of the study area.

When calibrating a numerical groundwater flow model, ana-
lysing the trends of simulated groundwater heads and compar-
ing them to the observed ones is a crucial step to ensure the
reliability of the model. Comparing the slopes of the trend lines
for time series of observed and simulated values sheds light on
the model’s ability to capture the system’s temporal dynamics.
Ideally, the trend line slopes should be similar - or at least have
the same sign - indicating that the model effectively represents
the overall trend observed at the monitoring stations.

Figure 16 compares the slopes of trend lines for
observed (x-axis) and simulated (y-axis) groundwater
head time series for each monitoring well in the study
area. Ideally, the model should accurately replicate
observed groundwater head value trends. However, for 38
out of 127 monitoring wells, the mismatch between
observed and simulated trends highlights a discrepancy
between the real system’s behaviour and the simulated
output.

Figure 17 shows groundwater head values for five cross-
sections over the model domain at the end of the pre-scenario
simulation period (31 December 2018). Cells that run dry by
the end of the simulations are coloured in white. The ground-
water model simulates well the spatial variability in ground-
water head distribution, with values ranging from a few meters
to tens of meters above the sea level. Note that the highest
heads are concentrated in the southern part of the study
region, where the aquifers are closer to the topographic
surface.

The variability in groundwater head distribution across the
cross-sections underscores the complexity of the system.

Higher recharge and shallow aquifers, that characterize the
southern part of the study area, create a system highly respon-
sive to external conditions, leading to significant fluctuations
in water levels.

While direct recharge in the southern region benefits
aquifer replenishment, it could be a threat in terms of
water quality, since direct recharge can increase the vul-
nerability of aquifers to contamination. Given the key role
these aquifers play in civil and agricultural water supply,
the model’s ability to capture such dynamics is essential
for effective resource management and risk assessment.

4.2 Groundwater budget

The groundwater budget for the pre-scenario simulation per-
iod 2002-2018 is reported in Table 3. Here, water flows
towards and from the aquifer system and the difference
between the two are reported in terms of both flow rates,
averaged over the pre-scenario simulation period, and total
volumes (2002-2018). Ss and Sy are the contributions due to
specific storage and specific yield, respectively; WEL are the
water flows generated by groundwater abstraction; RCH repre-
sents the distributed recharge inflows (outflows are null); RIV
indicate water fluxes exchanged between the rivers and the
aquifer system; and GHB are water flows at boundaries.
These numbers show that the flow at the boundaries is the
main contributor in terms of inflows, but it also provides the
largest outflows. Its contribution to water accumulation in the
aquifer system over the pre-scenario simulation period is
about half of the inflows from distributed recharge, which is
the main contributor to groundwater accumulation. The
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Figure 17. Groundwater head distribution for five sections over the groundwater model domain at the end of the pre-scenario simulation period (31 December 2018).

White cells are dry. For all the sections, vertical magnification is set to 50.

Table 3. Groundwater budget for the pre-scenario simulation period (2002-2018). The following contributions are considered: storage due to specific
storage (Ss), storage due to specific yield (Sy), pumping wells (WEL), distributed recharge (RCH), rivers (RIV), and flows at the boundaries (GHB). Inflows (IN)
to the aquifer system, outflows (OUT) from the aquifer system, and difference between the two (IN-OUT) are reported in terms of both average flow rates
(m/s) and total volumes (m?). Note that for Ss and Sy, IN terms represent depletion from aquifer storage and OUT represents accumulation in the aquifer.

Contribution IN (m%/s) OUT (m%/s) IN-OUT (m>/s) IN (m3) OUT (m%) IN-OUT (m?)
Ss 2.54E+00 8.23E+00 —5.69E+00 2.01E+07 6.49E+07 —4.48E+07
Sy 5.18E+00 1.08E+01 —5.65E+00 4.08E+07 8.53E+07 —4 45E+07
WEL 4.45E-06 7.33E+00 ~7.33E+00 3.53E+01 5.79E+07 -5.79E+07
RCH 1.27E+01 0.00E+00 1.27E+01 9.99E+07 0.00E+00 9.99E+07
RIV 4.41E-01 2.10E-01 2.31E-01 3.48E+06 1.66E-+06 1.82E+06
GHB 2.94E+01 2.36E+01 5.76E-+00 2.32E+08 1.87E+08 4.54E+07
TOT 3.96E+08 3.96E+08 —2.64E+04

average net flow rates (difference between inflow and out-
flows) for the southern, western, northern, and eastern bound-
aries are 5.99, —0.43, 0.03, and —0.10 m?®/s, respectively.
According to these values, groundwater enters the aquifer
system mainly from the southern boundary: this is expected,
since the main groundwater flow direction is from south to
north. Fluxes across the other boundaries are less significant.

The water fluxes via rivers are lower than the water fluxes
due to other sources (e.g. general head boundaries,
recharge). However, it is interesting to note that water
inflow from rivers to aquifers is more than double the
corresponding outflow. This exchange can be read as

a signal of an active interaction between the rivers and the
aquifer systems. In the pre-scenario simulation period, the
Panaro River is the most active in the study area, exhibiting
the highest water inflows to and outflows from the aquifer
system. The Secchia River also shows significant interactions
with groundwater; however, while the inflows from the two
rivers are comparable, Secchia outflows are on average 100
times smaller than those of Panaro. Overall, Panaro River
functions as a drain, with outflows consistently exceeding
inflows. In contrast, the Reno River contributes the most to
groundwater accumulation, with the largest difference
between inflows and outflows.
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Groundwater accumulation in the entire aquifer system
is the difference between inflows and outflows. During the
pre-scenario simulation period, the accumulation rates
(difference between inflow and outflow rates) are positive
for approximately 80% of the stress periods, indicating that
inflows exceed outflows and the aquifer system accumu-
lates water most of the time.

Groundwater accumulation trends in time have been
evaluated for the pre-scenario simulation period by esti-
mating the slope of the regression line for the relevant time
series. Although the aquifer storage increased from 2002 to
2018, two distinct phases can be observed: from 2002 to

2011 storage increased, whereas from 2012 to 2018 it
declined. The downward trend becomes particularly pro-
nounced during the period 2014-2018.

4.3 Scenario results

The scenario results are displayed as groundwater head varia-
tion in model layers 6 and 24 in scenarios 1 and 2 with respect
to scenario R at the end of the simulation period 2019-2030
(see Fig. 18(a and b)). The considered groundwater model
layers are located in Aquifer Groups A and B, respectively.

Groundwater
head
variation (m)

Layer 6
(Aquifer group A)

Layer 24
(Aquifer Group B)
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Figure 18. (a) Groundwater head variation in scenario 1 with respect to scenario R; white cells are dry in scenario 1, but not in scenario R. (b) Groundwater head
variation in scenario 2 with respect to scenario R; white cells are dry in scenario 2, but not in scenario R. (c) Groundwater head variation in scenario 2 with respect to
scenario 1; white cells are dry in scenario 2, but not in scenario 1. For each scenario, groundwater model layers 6 (Aquifer Group A) and 24 (Aquifer Group B) are
represented. Positive values indicate a decrease in the first scenario with respect to the second.
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Table 4. For each model layer, statistics about groundwater head variations at the end of scenarios 1 and 2 with respect to scenario R. In particular, the average
variation value for each layer is computed, as well as the corresponding variance and coefficient of variation.

Groundwater head
Scenario R - Scenario 1

Groundwater head
Scenario R - Scenario 2

Layer Mean (m) Variance (m?) Coefficient of variation (-) Mean (m) Variance (m?) Coefficient of variation (-)
1 0.85 0.87 1.10 0.94 0.96 1.04
2 0.82 0.65 0.99 0.93 0.77 0.94
3 0.81 0.55 0.92 0.93 0.68 0.88
4 0.79 0.49 0.88 0.93 0.64 0.86
5 0.78 0.46 0.87 0.92 0.63 0.86
6 0.77 0.44 0.87 0.91 0.60 0.85
7 0.74 0.45 0.91 0.88 0.61 0.89
8 0.73 0.44 0.91 0.88 0.59 0.88
9 0.59 0.50 1.19 0.72 0.69 1.14
10 0.63 0.45 1.06 0.79 0.62 1.00
1 0.63 0.43 1.05 0.78 0.61 1.00
12 0.62 0.42 1.05 0.77 0.59 1.00
13 0.54 0.39 1.15 0.69 0.58 1.10
14 0.54 0.38 1.14 0.69 0.56 1.09
15 0.51 0.37 1.19 0.66 0.55 1.13
16 0.47 0.36 1.28 0.61 0.55 1.22
17 0.46 0.34 1.26 0.60 0.52 1.20
18 0.45 0.33 1.27 0.59 0.51 1.20
19 0.44 0.32 1.29 0.58 0.50 1.22
20 043 0.32 1.31 0.57 0.50 1.24
21 0.42 0.31 1.34 0.55 0.49 127
22 0.40 0.31 1.38 0.53 0.49 1.30
23 0.18 0.27 293 0.25 0.46 2.67
24 0.21 0.31 2.61 0.33 0.52 2.20
25 0.21 0.30 2.58 0.33 0.51 2.15
26 0.22 0.30 2.56 0.34 0.51 2.12
27 0.22 0.30 2.55 0.34 0.51 2.10
28 0.22 0.30 2.54 0.34 0.51 2.09
29 0.22 0.30 2.54 0.34 0.51 2.08
30 0.22 0.30 2.53 0.34 0.51 2.07
31 0.22 0.30 2.53 0.34 0.51 2.07
32 0.22 0.30 2.53 0.35 0.51 2.07
33 0.22 0.30 2.53 0.35 0.51 2.07
34 0.22 0.30 2.52 0.35 0.51 2.06
35 0.22 0.30 2.52 0.35 0.51 2.06

The reduction in groundwater head in scenario 2 with respect
to scenario 1 is shown in Fig. 18(c) (again, model layer 6 and
model layer 24 are represented).

In both Fig. 18(a) and (b), variations are positive almost all
over the model domain, meaning that a reduction in ground-
water head is simulated, as expected. Table 4 presents statistics
regarding groundwater head variations at the end of scenarios 1
and 2 with respect to scenario R. Specifically, for each model
layer, the table reports the mean difference in groundwater head
between scenario R and scenarios 1 and 2, along with the
corresponding values of variance and coefficient of variation.

Results show that the mean variations of groundwater head
range approximately from 20 to 85 cm for scenario 1, and from
25 to 95 cm for scenario 2. In both cases, these values decrease
within the layers associated with Aquifer Group A (model
layers 1-23), and stabilize at a nearly constant value in
Aquifer Group B (model layers 24-35). This indicates that
shallow layers are more susceptible to variations induced by
the applied changes in model inputs (precipitation reduction
and groundwater abstraction increment, according to the defi-
nition of the scenarios).

The variance of groundwater heads is generally higher in
scenario 2, reaching a maximum of about 0.95 m?, compared
to a maximum of approximately 0.85 m” in scenario 1.

Variance decreases with depth, with a sharp decline in the
uppermost eight model layers. Also in this case, the more
pronounced variability near the surface and its gradual decline
with depth suggest that variations in natural and artificial
stresses are more effective in shallow aquifers.

The higher variability observed in the shallow layers is
reasonable, given the input changes applied during scenario
definition. Variations in recharge also have a greater impact
near the surface. Additionally, most groundwater abstrac-
tion occurs in the superficial layers. Thus, these layers
undergo larger variations in total volumes, leading to
more pronounced effects in the most heavily exploited
aquifers.

In contrast, the coefficient of variation decreases in the first
eight model layers, but then it increases with depth, showing
notably higher values from model layer 23 downward. The
values are comparable between the two scenarios, ranging
from 0.87 to 2.93 in scenario 1 and from 0.85 to 2.67 in
scenario 2. Therefore, relative variability is more significant
in deeper model layers, despite absolute variations being
smaller.

Groundwater head decreases from 0 to 60 cm can be con-
sidered barely concerning in terms of aquifer exploitation
sustainability, when compared to the historical variability of
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Figure 19. Time series (2010-2018) of groundwater head observations for three pumping wells in the study area (BOB300, FE6000, FE4800). Their trends show seasonal

variations ranging from a few cm to 1-2 m.

the observed groundwater level time series (see Fig. 19 and
Table 4). The similarity of the magnitude of the changes we
detected here to past variations indicates that the hypothesized
evolutions of climate and water exploitation would probably
not cause unprecedented critical situations. For the same rea-
son, changes in the 1-3 m range are more concerning, as these
may imply groundwater levels much lower than those that
were regularly experienced in the past.

Zones subjected to the most critical impacts can be located
in Fig. 18: (a) the northern part of the study region between
Ferrara and Ravenna for Aquifer Group A; (b) the northern
part of the study region between the rivers Secchia and Panaro
for Aquifer Group A; (c) the southern part of the study region
between the rivers Secchia and Panaro for both Aquifer
Groups A and B; (d) the southern part of the study region
between the rivers Sillaro and Idice for Aquifer Group A and,
to a lesser extent, Aquifer Group B. All of these areas are
located between rivers and the most critical conditions occur
at large distances from the rivers themselves.

Overall, we notice perturbations due to groundwater
recharge reduction, that are particularly concerning for
Aquifer Group A, as one would expect given their proximity
to the ground level which implies a larger sensitivity to dis-
tributed groundwater recharge. The impact on Aquifer Group
B is noticeable for the southern part of the region only; here,
the presence of alluvial fans enhances the sensitivity of both
aquifer groups to recharge. Moreover, most of the ground-
water abstraction is concentrated in this part of the study
region, thus further enhancing the sensitivity of aquifers to
the future scenarios we consider here. Combining increased
groundwater abstraction with groundwater recharge reduction
exacerbates the stress over the aquifers in particular in the
southern part of the study region between the rivers Secchia
and Panaro (Fig. 18(b)).

Similarly to the pre-scenario simulation period, accumula-
tion flow rates (difference between inflow and outflow rates)
during each stress period over the entire study area are positive

for the largest part of the scenario simulation period, meaning
that the system usually accumulates water. Scenario R shows
the highest fluxes and scenario 2 the lowest, meaning that
more water accumulates in the system in scenario R than in
the other two and showing that less favourable conditions
(reduced precipitation and increased abstraction) threaten
the amount of water stored in the aquifer system. In particular,
the average maximum peak values for scenarios R, 1, and 2 are
18.79, 13.49, and 12.76 m’/s, respectively. Conversely, the
average minimum peak values are -0.32, -0.90, and
~2.28 m’/s for scenarios R, 1, and 2, respectively. These values
demonstrate an alternation between accumulation and deple-
tion phases in the groundwater system for all scenarios.

As in the pre-scenario simulation period (see Section 4.2),
groundwater accumulation trends in time have been evaluated
for the three scenarios (R, 1, 2) by considering the slopes of
their time series trend lines. After the decreasing trend in the
last years of the pre-scenario simulation period (meaning that
the system accumulates less and less water), in all the consid-
ered scenarios the accumulation trend continues to decline in
the study area; however, the pace of the reduction is approxi-
mately 10 times lower than in the previous period (2014-
2018). Scenario R exhibits the highest rate of decrease, whereas
scenario 2 shows the lowest.

5 Discussion
5.1 Groundwater model setup and calibration

A general consideration that must be emphasized is that the
numerical groundwater flow model presented herein addresses
complex phenomena that inevitably require assumptions and
simplifications. These introduce uncertainties that can impact
the final results. In this case, four main sources of uncertainty
can be identified.

The first one is the three-dimensional description of hydro-
geological properties; while the study area has been extensively



explored with boreholes, the spatial distribution of hydrogeo-
logical properties still entails uncertainty, being stochastic in
nature (see Section 3.3). The second source of uncertainty is
related to the characterization of distributed groundwater
recharge, which is estimated using a simplified scheme (see
Section 3.5.1); this complex process can hardly be described
deterministically, and the simplified approach adds an addi-
tional layer of uncertainty. The estimation of groundwater
withdrawals and their allocation to specific aquifers
(Section 3.4) is a further source of uncertainty; many wells
extract water from multiple aquifers, making it impossible to
deterministically estimate their relative contributions if infor-
mation about the well screen depth is not available. Finally,
conductance parametrization in RIV and GHB packages intro-
duces uncertainty, as it depends on estimating variables that
are not always directly measurable and relies on assumptions
about factors such as material properties and boundary con-
ditions. While the reproduction of the observed groundwater
heads is satisfactory, the presence of uncertainty may impact
the sensitivity of the results to changes in climate and ground-
water exploitation.

After the calibration procedure, the largest residuals
between observed and simulated groundwater head values
can be found in wells close to the southern boundary of the
study area, which borders the Apennine mountains. Here, not
only does the model boundary experience the largest net
inflows (difference between inflows and outflows) to the aqui-
fer system (see Section 4.2), but the region is also predomi-
nantly hilly. Therefore, for these wells, the simulation error is
probably due not only to the sensitivity of nearby model cells
to the choice of boundary conditions, but also to the complex-
ity of the topographic surface and water table levels in that
area. The challenge in accurately reproducing observations in
the southern area could stem from the aquifers being shal-
lower, highly permeable, and marked by faster dynamics. In
view of the numerous prospections of hydrogeological proper-
ties in this area, it is unlikely that uncertainty is originated by
insufficient information on the aquifer structure.

To more accurately reproduce groundwater head values for
the wells in the southern area, a grid refinement may be
necessary. A more specific definition of distributed ground-
water recharge could be a further possible improvement. In
this study, we only considered precipitation and evapotran-
spiration, by applying methods based only on precipitation,
temperature, and extra-terrestrial radiation. Therefore, we
neglected other elements that can influence the processes of
infiltration and aquifer replenishment, such as land use, vege-
tation cover, and hydrogeological properties of the soil.

Groundwater salinity is a relevant concern in coastal areas
for both surface and groundwater. In this work, the study area
includes a portion (even if relatively short) of the regional
coastline, but we did not implement any salinity model. This
would represent an improvement in the assessment of regional
groundwater conditions: in fact, in recent years saltwater
intrusion has become more and more frequent and intense,
especially in the Po delta, due to the exceptional water scarcity
and consequent reduction of water flow in the river (Regione
Emilia-Romagna 2023).
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5.2 Scenario simulations

The main aim of this study is the implementation of
a groundwater model to simulate the possible response of the
Emilia-Romagna aquifer system to changes in climate condi-
tions and groundwater resources management. To do so, we
decided to apply variations in natural and artificial stresses, in
particular (i) a reduction in precipitation and (ii) an increase in
groundwater abstraction, respectively. These two factors influ-
ence the groundwater head distribution to varying degrees
throughout the study area, as shown in Fig. 18.

The two northern regions where a greater reduction in
groundwater head is simulated as a consequence of precipita-
tion reduction (Fig. 18(a)) are also subject to relatively smaller
groundwater abstractions (see Fig. 7). Therefore, it can be
deduced that in these areas the groundwater head is particu-
larly sensitive to changes in distributed recharge rather than
changes in withdrawals. Figure 18(c) indeed confirms that
distributed recharge reduction is more impactful than
increased groundwater abstraction.

In all scenarios, the largest variations in groundwater head
generally occur in the southern part of the study area where the
recharge is higher, as one would expect. A limitation of our
study is the assumption that only precipitation and ground-
water pumping change in the scenarios, while all other vari-
ables are assumed to be consistent with their values from the
pre-scenario simulation period. Variations in evapotranspira-
tion, for example, are simulated only by varying precipitation
values, while all the other parameters involved in its calcula-
tion are invariant from the pre-scenario simulation period. An
explicit analysis of how evapotranspiration may change during
prolonged drought periods has not been carried out, since the
effects of these potential variations are indirectly considered
through increased groundwater demand for irrigation under
scenarios of reduced precipitation. In agricultural systems,
increased evapotranspiration due to climate change generally
results in larger water demand for irrigation, which is explicitly
captured by the outlined model scenarios. Furthermore, it is
not clear whether evapotranspiration would increase under
global warming (see e.g. Roderick and Farquhar 2002), given
that it is the result of the interaction of complex phenomena
(like solar irradiance or air humidity) whose variations might
offset each other. In any case, given the way actual evapotran-
spiration and distributed recharge are defined, changes in
precipitation have a greater impact than changes in other
parameters. Therefore, disregarding the latter does not result
in significant differences for the scenario analysis carried out
in this study.

River stage is also unchanged during drought events. Our
scenario neglects possible reductions during droughts, as local
river management policies in principle impose the preserva-
tion of environmental flow. However, derogation to the policy
is possible under extreme events which may then lead to
drought impact exacerbation in the proximity of rivers. Since
river stages directly influence the amount of flow exchanged
between rivers and the aquifer, variations in these levels could
lead to changes in river recharge that differ from those
accounted for in this study.
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Results shown in Fig. 18 suggest that distance from rivers
(and therefore river recharge) may be a significant factor in
simulated groundwater head drop in the presence of climate
change and overexploitation. We notice that the two northern
areas where the highest groundwater head reduction is simu-
lated are the regions farthest from the rivers, possibly high-
lighting the spatial variability in the influence of river recharge
on groundwater systems. Since river stage is considered invar-
iant and the groundwater recharge from rivers (Table 3) is
a function of the head difference between the river and the
groundwater system, it could locally compensate for budget
deficits due to the variations related to the scenarios, especially
in scenario 1. For example, if the groundwater head drops and
the river stage is constant, the difference between the two
increases, and so does the river recharge; this effect becomes
more pronounced as external conditions further lower the
groundwater level. As a consequence, this mechanism could
simulate larger inflows from the rivers to the groundwater
system, acting as a buffering effect. Even if water inflows to
the groundwater system due to rivers are smaller than the
distributed recharge (see Table 3), and therefore their influ-
ence may be relatively limited, we cannot exclude that, if
derogation to the environmental flow policy is granted leading
to lower river discharge rates, the compensatory effect of river
recharge may be reduced and more pronounced drops could
be simulated also in other portions of the study area, poten-
tially expanding the areas of critical concerns.

We also notice that the two northern areas where the largest
groundwater head reduction is simulated are not only the
farthest from rivers, but also subject to a less intensive ground-
water extraction (see Fig. 7). This may justify their reduced
vulnerability to overextraction in scenario 2 for Aquifer Group
B, which is less sensitive to the reduction of recharge.

In defining scenario 2, we applied a flat increment of
groundwater abstraction of 20% over the whole study area.
However, different increase percentages or specific local con-
ditions could lead to different groundwater head distributions
at the end of the scenario simulation period.

Also in the case of scenario simulations, a local grid refine-
ment may be useful to better assess groundwater dynamics,
especially in regions where the effects of variations in natural
and artificial stresses seem to be more pronounced.

6 Conclusions

The groundwater model simulations provide insight into the
long-term impacts of long drought events. In particular,
a reduction of distributed recharge may cause a mean ground-
water head drop in the regional aquifer system from 20 to 85 cm
during a long-term drought as simulated here. Such drop is (a)
larger for the upper Aquifer Group A, (b) larger for the southern
part of the study region where most of the groundwater with-
drawals are located, and (c) larger for areas located far from rivers
recharge. The most significant reduction of groundwater head -
about 3 to 5 m — would occur in the southwest part of the region.

Our results show - as expected — that these impacts will be
exacerbated by increased groundwater abstractions that might
occur to alleviate the drought-induced water shortages. Namely,
the combined effects of increased groundwater abstraction and

reduced recharge cause a further decrease of groundwater head
generally lower than 10 cm, even though in the southwest part of
the region the reduction is much more pronounced - about 1
to 2 m.

Even if the scenarios result in relatively limited groundwater
head changes, aquifer security remains an increasing concern in
the study region, since here groundwater provides about 60% of
civil water supply. This issue is particularly critical in the south-
ern part of the study area, where aquifers play a relevant socio-
economic role. A decrease in groundwater heads might also
impact the water table depth in the rooting zone, potentially
posing risks to agriculture and ecosystems.

Given these concerns and the importance of aquifers in the
region, effective groundwater resources management is essen-
tial. In this context, our study contributes to identifying areas
where monitoring could be further intensified and future
groundwater modelling studies refined through the integration
of additional data and strengthened interdisciplinary coopera-
tion between researchers, policy makers and stakeholders.

A key contribution of our study is the implementation of
a detailed, open-source numerical groundwater flow model for
part of the Emilia-Romagna region, which can be reused and
refined by future research. As such, it is an important addition
to the tools available for regional water management and offers
valuable insights for managing water resources in similar
regions facing comparable challenges.

In summary, the model simulations provide useful infor-
mation on the reaction of the aquifer system to a hypothetical
long-term drought, helping to identify:

o the areas most affected by long-term droughts;

e areas more sensitive to increased groundwater
abstraction;

e areas and aquifers less resilient to climate change.

Such information is affected by uncertainty (see Fig. 13).
Therefore, any strategic solution for water resources manage-
ment under extreme and prolonged precipitation scarcity should
be carefully planned and designed, with the support of an
intensified monitoring programme, to avoid severe local effects.
Several aspects should still be addressed to improve the
quality of predictions for future groundwater head variations
under changing natural and artificial stresses on the regional
multi-layered aquifer system. In particular, refining the grid in
critical areas could likely enhance model accuracy. The influence
of other variables within the simulated domain requires further
investigation: while the considered scenarios focus only on
changes in precipitation and abstraction rates, results suggest
that other factors may play a significant role. For instance, the
sensitivity of the simulated groundwater head to fluctuations in
river boundary conditions deserves more in-depth analysis.
Exploring additional scenarios could shed light on the
dynamics and potential future evolution of the regional aquifer
system. This includes testing different pumping regimes tai-
lored to local conditions, and considering different drought
scenarios such as shorter but more intense events. For exam-
ple, if the intensity and duration of droughts were identified
using a different approach, such as the determination of the
Standardized Precipitation Evapotranspiration Index (SPEI),



the precipitation reduction percentages applied in scenarios 1
and 2 could vary. Evaluating different scenarios could also be
valuable to reveal the relationships between drought duration
and changes in groundwater head and storage in the study
area, while also providing insights into the aquifer system’s
recovery time after a drought event.
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