
Vol.:(0123456789)

https://doi.org/10.1007/s11269-022-03059-7

1 3

Combined Management of Groundwater Resources 
and Water Supply Systems at Basin Scale Under Climate 
Change

Giada Felisa1 · Giulio Panini1 · Pietro Pedrazzoli1 · Vittorio Di Federico2 

Received: 10 March 2021 / Accepted: 3 January 2022 / 
© The Author(s) 2022

Abstract
Water stress conditions associated with population growth, climate change, and groundwa-
ter contamination, represent a significant challenge for all stakeholders in the water sector. 
Increasing the resilience of Water Supply Systems (WSSs) becomes of fundamental impor-
tance: along with an adequate level of service, sustainability targets must be ensured. A long-
term management strategy is strictly connected to a holistic approach, based on analyses at 
different scales. To this end, both groundwater modeling tools and water management models, 
with different spatial and temporal scales, are routinely and independently employed. Here, we 
propose a coupled approach combining: i) groundwater models (MODFLOW) to investigate 
different stress scenarios, involving climate change and anthropic activities; ii) water man-
agement models (Aquator), to assess the water resources availability and the best long-term  
management strategy for large-scale WSS. The management models are implemented starting 
from input and output flows derived by groundwater models: this leads to establish a compre-
hensive framework usually not defined in management models and including a quantitative 
characterization of the aquifer. The proposed methodology, general and applicable to any study 
area, is here implemented to the WSS of Reggio Emilia Province, and its main groundwater 
resource, the Enza aquifer, considering three different stress scenarios for groundwater models 
(BAU, ST1, and ST2), and for management strategies (BAU, BAURV2, ST2). Among the key 
results, we observe that coupling the two model types: i) allows evaluating water resources 
availability in connection with management rules; ii) leads to examining more realistic opera-
tion choices; iii) permits planning of infrastructures at basin scale.

Keywords  Groundwater modelling · Optimization · Long-term strategies · Climate 
change · Sustainability · Combined management

1  Introduction

Groundwater is the most exploited water resource worldwide for drinking water, irriga-
tion and industrial purposes. The increase in water demand in urban areas, together with 
a limited availability, poses a considerable challenge for water companies (Koop and van 
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Leeuwen 2017; van Leeuwen 2013). Together with these factors, population growth, cli-
mate change and contamination of water resources contribute to increasing water stress, 
both locally and globally (IPCC 2014).

Climate change effects on groundwater are a major concern, since hydrogeological pro-
cesses may be directly and indirectly affected. Several studies showed that this still repre-
sents an open chapter (Mehrazar et al. 2020; Amanambu et al. 2020), suggesting the need 
for a deeper comprehension of the complex physical processes and interactions between 
climate and groundwater. Furthermore, the lack of sufficient data makes it very difficult to 
understand the impacts that climate change may have on groundwater resources. Freshwa-
ter resources are vulnerable and can be strongly influenced by climate change, with wide-
ranging consequences for societies and ecosystems (Kundzewicz et al. 2007).

It is therefore of fundamental importance to focus on increasing the resilience of 
Water Supply Systems (WSSs), in terms of environmental and infrastructural compli-
ance (Pamidimukkala et al. 2021; Li and Lence 2007). Alongside adequate service lev-
els, sustainability objectives must be ensured (Elshall et al. 2020), with economic, social, 
environmental, infrastructural and governance constraints that vary over time: their 
assessment is critical for water companies in the long-term. Management strategies need 
to improve the resilience of WSS and account for the sustainability of water withdraw-
als (Marques et  al.  2015; Hernández-Bedolla et  al.  2017). Increasing the resilience of 
WSS, under a sustainability perspective, has been widely analyzed in several studies (Liu 
et al. 2012; Felisa et al. 2019; Liserra et al. 2016), aiming to identify performance indi-
cators to assess and support decision strategies.

Proper managements of water resources must ensure that the needs of private users, agri-
cultural production centers, and industrial activities are met, while protecting the sources 
of supply. The management should be carried out in optimized way, i.e. determining the 
solution that satisfies demand while minimizing costs, and identifying alternative strate-
gies in case of unavailability of resources normally exploited. The optimized manage-
ment should be also accompanied by a sustainability assessment aimed at preserving water 
resources from pollution and excessive withdrawals. Under this perspective, the combina-
tion of different models at different scales may improve the comprehension of real WSS 
and sources exploitation. Groundwater modelling has been widely investigated, and several 
studies focused on its use to support resource planning and water management (Mirdashtvan 
et  al. 2021; Mussa et  al. 2020). Groundwater models lead to understand the dynamics of 
groundwater systems and the processes affecting their output, especially if linked to human 
activities (Vadiati et al. 2018; Ali et al. 2020).

Combining optimization management strategies with groundwater dynamics allows to 
link two different actors, i.e. the WSS and its supply sources, usually disconnected in terms 
of management. In fact, optimization models typically consider the groundwater resources 
as infinite, given their focus on supporting management strategies under an economic and 
sustainability perspective: this approach represents a limitation, as it doesn’t represent the 
real behavior of subsurface resources.

In order to characterize the WSS with a holistic approach, in this study we adopt a novel 
methodology, combining groundwater flow models (developed with MODFLOW) able 
to describe groundwater availability and its variation over time, with optimization mod-
els (developed with Aquator), to simulate changes in surface runoff and design an addi-
tional network element, a reservoir, serving extra irrigation/industrial demand. The latter 
tool is widely adopted by UK water companies and employed in different studies to ver-
ify the capacity of supply networks and the exploitation of their resources (Morley and 
Savić 2020; Arena et al. 2015), to develop conscious and sustainable withdrawal strategies. 
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The joint use of these models allows assessing the current state of the WSS and predict the 
main trend of aquifer behaviour, under different stress scenarios.

In the following, the general methodology is presented, focusing on the models adopted 
in this study (Sect. 2.1). The approach is applied to a specific area, described in Sect. 2.2; 
different stress scenarios are considered for both groundwater models (Sect.  2.3), and 
management models (Sect. 2.4). Results of the modeling are discussed in Sect. 3, present-
ing trends of key variables related to groundwater availability and the management of the 
added reservoir. A set of conclusions and perspectives for future work (Sect. 4) closes the 
paper.

2 � Material and Methods

2.1 � Methodology

The methodology applied in this study combines two different types of analyses: (i) 
groundwater models, to describe the hydrodynamic behavior of the main aquifer feeding 
the WSS, under different stress scenario; (ii) management optimization models, to charac-
terize the WSS with a simplified schematization.

We start with groundwater modeling to understand the input and output variables 
involved in the aquifer dynamics, under three different scenarios. These analyses also allow 
to quantify the available volume within the aquifer and its future trend according to climate 
projections.

Subsequently, the flows derived by groundwater simulations are adopted to implement 
optimization models. A reconstruction of the simplified WSS is conducted and the time 
series of the input and output flows derived by groundwater models are inserted in the dif-
ferent components of the skeletonization. The aquifer, typically defined as having infinite 
capacity, is on the contrary properly characterized by means of the input and output time 
series for different stress scenarios.

The proposed methodology is general and applicable to any case study. Here, we adopt 
this approach and apply it to a specific study area, i.e. the Enza aquifer and the WSS of 
Reggio Emilia Province. Figure  1 shows the models and their exchange of information: 
in particular, the management models also involve the presence of a reservoir element, 
namely RV2, to evaluate different withdrawal strategies according to increasing water 
demand.

2.2 � Characterization of the Study Area

In this study we investigate the WSS of Reggio Emilia Province and its main source, 
i.e. the Enza alluvial fan. This aquifer represents the major groundwater reservoir of 
the Reggio Emilia Province, being the venue of the major well fields feeding the WSS, 
namely Quercioli, Roncocesi, Caprara, and S. Ilario Nuovo. Figure 2 provides a plani-
metric representation of the area of interest, together with the location of Enza aquifer. 
The main characteristics of the area, i.e. rivers, geology and hydrogeological parameters, 
are presented and discussed in Supplementary Materials (hereinafter SM), Text S1.1.

Water withdrawals for civil use, managed by Water Company IRETI S.p.A., take place 
through 59 wells active in the Reggio Emilia area, grouped into 14 well fields. In addition, 
25 wells in the neighboring Parma area are considered in this study. The location of Reggio 
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Emilia well fields and Parma wells are displayed in Fig. S3, while Fig. S4a−b show respec-
tively the average annual volumes extracted from Parma wells, and the trend of ground-
water withdrawals for civil use in the Reggio Emilia area for the 2002-2012 decade. Most 
of the wells interact with aquifer Group A, more exploited due to its larger permeability 
(Table S2). Major withdrawals are derived from Quercioli, Roncocesi, S. Ilario Nuovo and 
Caprara well fields, located in the northern part of the Enza alluvial fan: in the 2002-2012 
period, these abstractions represent about 77% of the total withdrawals from the Enza fan. 

Fig. 1   Methodology scheme adopted

Fig. 2   Location of Reggio Emilia Province, and the hydrogeological units of Enza alluvial fan
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During this decade, a decrease is registered in Quercioli and Roncocesi withdrawals, while 
an increase is observed in S. Ilario nuovo and constant values are recorded in Caprara well 
fields.

Irrigation withdrawals are particularly concentrated in the plain area, where agricultural 
activities are intensive (Table S3): the area considered in this study is 1,137.35 km2. Indus-
trial extractions are estimated as 19 Mm3  (Regione Emilia-Romagna 2015b), but only a 
small amount pertain to the Enza alluvial fan (Table S4).

A detailed discussion about natural recharge and climate change in the study area is 
reported in SM, Text S1.2 and S1.3 respectively.

2.3 � Groundwater Models

A characterization of the hydrodynamic behavior of the aquifer can be achieved by means 
of groundwater flow simulations, here conducted with U.S. Geological Survey MOD-
FLOW-NWT code (Niswonger et al. 2011).

In the following, three different cases are described: (i) the Business As Usual (BAU) 
case, with data from the 2002-2012 period; (ii) the Strategy 1 (ST1) case, incorporating 
climate change RCP4.5 scenario over a 30-year time horizon; (iii) the Strategy 2 (ST2) 
case, the same as ii) but assuming that a reservoir is planned for irrigation and industrial 
purposes in the Enza river basin.

2.3.1 � Business As Usual (BAU) State

The spatial domain is discretized in a grid of 67,596 square cells (131 rows by 129 columns 
by 4 layers), with a dimension of 250 m. The active area of the model is about 500 km2, 
and is bordered by the Apennines to the south, the Parma river to the west, the Crostolo 
river to the east, and the A1 highway to the north. The vertical discretization is obtained 
considering 4 layers, all convertible, associated to the main aquifer complexes (Fig. S7b).

The horizontal hydraulic conductivity khor of the area is deduced from the transmissivity 
T (Table S2): 5 areas are detected, with average values of T (Fig. S7c). For each grid cell, T 
is divided by the thickness of Group A, obtaining a value of khor assumed equal for all three 
layers of Group A (Fig. S7d). Regarding Group B, the khor values is obtained assuming an 
average transmissivity equal for the whole unit, initially corresponding to 3.93×10-3 m2/s, 
and then lowered to 1.96×10-3 m2/s after the calibration process. For both Group A and 
Group B, a vertical hydraulic conductivity kvert initially equal to khor/10 is assumed.

A transient simulation is performed, considering the 2002-2012 decade and 4 stress 
periods (hereinafter SP) of three months for each year, coinciding roughly with the sea-
sons: for every year, the first SP coincides with January, February, March, the second with 
April, May, June, the third corresponds to July, August, September, and the fourth SP coin-
cides with October, November, December.

Specific storage ( Ss ) and specific yield ( Sy ) coefficients are related to the storage variation 
within the modeled aquifer. The value of Ss is derived from the storativity S obtained from 
tests on some well fields, i.e. Caprara, S. Ilario Bellarosa, Roncocesi, Quercioli, Caneparini 
and Case Corti for aquifer Group A, and Mangalana and Aiola for Group B. Average values 
of S equal to 1.51×10-4 for Group A, and to 2.02×10-4 for Group B are obtained, correspond-
ing to an average value of 1.76×10-4. The spatial trend of the parameter Ss is deduced for 
each cell, dividing the value of S by the thickness between the DEM and the base of the 
aquifer Group B. The parameter Sy is assumed equal to 0.05 after calibration.
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The initial head value for the transient simulation is obtained from a preliminary sta-
tionary simulation, considering the average forcing agents over the 2002-2012 period.

The forcing agents considered in this study are presented in Text S2.1 of SM. The cali-
bration and validation of BAU groundwater model are discussed in SM, Text S2.2.

2.3.2 � Alternative Strategies: ST1 and ST2

Strategy ST1 assumes that the RCP4.5 scenario takes place at the provincial scale (Text 
S1.3): the temperature and rain variations foreseen by RCP4.5 are adopted (Table S5) and 
used as an input to project forward to 2020-2050 the average values calculated in the 2002-
2012 period. A transient simulation is performed with quarterly SP over the 30-year time 
horizon, for a total of 120 SPs. Natural recharge and baseflow of rivers differ with respect 
the BAU model, while pumping and “fontanili” (represented as drains) are supposed to be 
unchanged; in particular, withdrawals for civil, irrigation and industrial uses in the Reggio 
Emilia area are assumed to be equal to those during the last year of the transient simula-
tion in the BAU scenario (SP37 - SP40). Considering an average runoff over the 2002-2012 
period, equal to R = EPm - Im = 104.86 mm/year (Text S1.2), and the ratio � between aver-
age runoff R and average effective infiltration value Im being constant ( � = 1.04), the climate 
parameters at year 2049 are estimated as follows: (i) the annual average rainfall P30 = Pm + 
ΔP = 748.23 mm/year; (ii) the annual average temperature T30 = Tm + Δ T = 14.60 °C; (iii) 
the annual average evapotranspiration ETR30 as 568.6 mm/year, derived by Turc equation 
(Text S1.2); (iv) the annual average infiltration Im,30 = ( P30 - ETR30)/(1+ � ) = 88.26 mm/
year. Here, the decrease in rainfall ΔP is equal to 23.7 mm over the 30-year time horizon, 
and the increase in temperature Δ T is 0.6°C (Table S5).

In the climate projection, the infiltration coefficients for each soil class are modified 
according to the average effective infiltration value Im of the 2002-2012 period: the infiltra-
tion coefficient becomes 0.48 for fine soil, 1.08 for medium texture soil, and 2.73 for coarse 
soil. Consequently, the recharge rates RR30 for the different soil types over the 30-year time 
horizon are obtained: 1.3×10-9 m/s for fine-grained soils, 3 ×10-9 m/s for medium-textured 
soils, and 7.6×10-9 m/s for coarse-grained soils. The following quantities of interest are 
calculated, starting from the average values for each past SP over the 2002-2012 period: 
(i) the decrease in rainfall for each future SP on a quarterly scale, dividing the expected 
decrease equally; (ii) the annual average temperature variation; (iii) the real annual evapo-
transpiration (Turc equation, Text S1.2), equally distributed for all SP. The recharge rate 
adopted in the ST1 model for each SP ( RR

SP,ST1 ) is estimated from the effective infiltration, 
assuming that the infiltration coefficients for each soil type remain constant throughout the 
simulation.

The basic runoff of the rivers also tends to decrease in strategy ST1. As a simplified 
assumption, the baseflows are supposed to decrease by 5% over the entire simulation hori-
zon 2020-2050 (Table S11). Hence, the following quantities of interest are evaluated for 
every river: (i) the average baseflows for each season, from the BAU model; (ii) the varia-
tion coefficients for each baseflow, compared to the average baseflow in 2002 – 2012. Con-
sequently, from the seasonal average of the variation coefficients, and assuming an annual 
reduction of 0.2% for baseflows, the time series of baseflows are obtained for the first (SP1 
- SP40) and last (SP81 - SP120) decade of simulation (Fig. S11), multiplying the average 
value of the seasonal variation coefficient for each year of projection.

Strategy ST2 adopts as a reference condition the RCP4.5 scenario envisaged in ST1. 
From the tenth year of simulation in ST1, a variation in the Enza baseflow is assumed to 
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take place due to the presence of the RV2 reservoir located upstream of the surface water 
abstraction in Cerezzola. In ST2, climate change effects are combined with natural/arti-
ficial runoff variations: here, the RV2 reservoir is designed to meet a specific additional 
water demand of irrigation/industrial nature, defined as surplus, evaluated as the difference 
between the demand calculated in Annex 2 of the Regional Law DGR 1781/2015 (Regione 
Emilia-Romagna 2015b), and the demand simulated in the BAU. In particular, the resulting 
surplus is estimated as 27.4 Mm3/year, according to data discussed in Sect. 2.2 and Text 
S2.1, and taken to be constant for the whole time horizon.

The RV2 reservoir is designed to ensure the respect of Enza’s Minimum Vital Flow 
(MVF), as downstream release: at the closure section of the Vetto basin, the MVF values 
are estimated as 0.77 m3/s in May - September, and 1.03 m3/s in October - April (Regione 
Emilia-Romagna 2015a).

A schematization of the system is represented in Fig. S12a, while Fig. S12b depicts the 
trend of MVF downstream from RV2 with the consequent release, considering a storage 
capacity of RV2 equal to 20 Mm3, with and without climate changes (i.e. ST2 and BAURV2, 
from Aquator models described in Sect. 2.4.2). The ST2 groundwater model is developed 
considering the reservoir RV2 to have a capacity able to meet the surplus of 27.4 Mm3/
year. Starting from 2030 (SP37), it is further assumed that the presence of RV2 implies: i) 
a decrease in Enza baseflow of about 25%, compatible with its MVF; ii) a decrease in river 
head of about 30 cm over the entire course of the river. These reductions are verified with 
Aquator models (Sect.  2.4.2). All the other forcers adopted in ST1 (recharge, pumping, 
and drains) are assumed to be equal for ST2. The comparison between the Enza baseflow 
assumed in ST1 and ST2 is shown in Fig. S13.

2.4 � Aquator Models

The groundwater models previously discussed allow optimizing models of the WSS by 
means of the Aquator software. In this study, we adopt Aquator XV OSS (2015). In gen-
eral, an Aquator model is designed to meet water demand, subject to constraints, licenses 
and concessions, minimizing operating costs or the impact of the water resource, depend-
ing on its availability.

2.4.1 � Modelling of WSS in Aquator ‑ BAU

The BAU groundwater model (Sect. 2.3.1 and Text S2.1) allows to implement the recon-
struction of the WSS in Reggio Emilia Province.

Figure 3a shows the schematization of the WSS including three basins: the Enza basin 
(Bacino Enza); a “dummy” basin to represent the other rivers in the study area (Altrifiumi); 
another “dummy” basin that represents the recharge (Recharge), derived from the BAU 
model. Part of the surface water flow from Enza basin is captured through a water intake 
(Abstraction Ab1), partly feeding the Cerezzola demand center (DC_Cerezzola). The DC_
Cerezzola is also fed by the Malamassata well field (Pump_Malamassata), which draws 
directly from the model’s aquifer (Reservoir Enza). The outflow from Ab1 joins the flow 
from the Altrifiumi basin, constituting the surface runoff that potentially feeds the aquifer. 
Another abstraction (Abstraction Ab2) is inserted to simulate the baseflow adopted in the 
BAU model, which feeds directly the Enza reservoir: here, the flow time series of “Stream 
Leakage In” parameter (Stream In), derived from the BAU groundwater model, is assigned 
to the connection between Ab2 and the reservoir.
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The Enza aquifer is represented by a reservoir with limited dimensions, defined through 
4 parameters: (i) Initial Storage (54,373 Ml) derived as part of the available volume of the 
modelled area (Sect. 3.1); (ii) Capacity, taken to be double of Initial Storage (108,745 Ml); 
(iii) Emergency Storage, assumed equal to 10% of Capacity; (iv) Dead Storage, considered 
null.

The flow time series “Drains Stream Out” from the Enza reservoir, i.e. the sum of 
contribution derived from “Drains” and “Stream Leakage Out” of the BAU groundwater 
model, is assigned to the reach between the reservoir and the termination, and treated as a 
release from the reservoir.

Finally, the existing WSS is simplified using data provided by water company IRETI 
IREN (2016) (Table S12). The capacities of power plants and service reservoirs, also pre-
sent in the schematization, are left undefined for the purposes of the study. Both irrigation/
industrial withdrawals and the cumulative demand from Parma area are represented as two 
different demand centers: these simplifications are in line with the assumptions of the BAU 
groundwater model.

Figure S14a−d show the flow time series inserted in Aquator model. The trend of sur-
face water flows in Bacino Enza and Altrifiumi is derived by the hydrological annals (Text 
S1.1) and shown in Fig. S14a: the series of inflows - outflows with missing data for the 
2002-2012 period are reconstructed using a linear autoregressive model.

2.4.2 � Increase in Irrigation/Industrial Demand ‑ BAURV2, ST2

An additional reservoir RV2 (Sect.  2.3.2) is introduced upstream of Ab1 as depicted in 
Fig.  3b. The insertion of this element modifies the trend of water surface flows coming 
from the Enza basin, upstream of the abstraction Ab1. The RV2 reservoir is designed to 
satisfy the additional irrigation/industrial demand, taken to be constant over the simulation 
time horizon.

The release of a minimum flow equal to the Enza’s MVF is imposed downstream of 
RV2 in the river branch connected to Ab1. In this strategy, namely BAURV2, the same time 
series flow applied in BAU groundwater model are adopted; further contributions are the 
Enza’s MVF time series, and the additional irrigation/industrial demand time series, evalu-
ated as described in Sect. 2.3.2. In BAURV2, the Capacity of RV2, and therefore the Initial 
Storage (50% of the Capacity) is considered as a design variable, while the value of Dead 
Storage is considered constant and equal to 1,000 Ml; the same holds for the Emergency 
Storage of 1,500 Ml. The Capacity is varied to evaluate how much additional demand RV2 
is able to satisfy.

The presence of RV2 is also combined with climate change, according to RCP4.5 sce-
nario, over the 30-year time horizon (2020 – 2050), as discussed in Sect. 2.3.2. In this case, 
again denominated ST2 in analogy with the groundwater model, the release from RV2 is 
the same adopted in BAURV2, so that the MVF in Enza river is ensured. The last decade of 
2020 – 2050 is analyzed (SP81-SP120). The time series of surface flow from Enza basin 
decreases by 13% with respect to the monthly average value in BAU; this decrease is akin 
to that deduced for net recharge due to climate change. For Altrifiumi basin, an average 
decrease of 5% is assumed for the outflows of Termina, Masdone, Rio Zolle, Modolena 
and Quaresimo rivers, while the outflows of Parma and Crostolo rivers are reduced by 
13% on the basis of reconstructed inflows - outflows time series, as for the Enza basin. 

Fig. 3   Schematization of WSS in (a) BAU, and (b) with RV2 reservoir (BAURV2, ST2) ▸
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The recharge time series in ST2, entering the Enza reservoir, is the same adopted in the 
ST1 groundwater flow model. The other two time series introduced in ST2, i.e. Stream 
Leakage In and Out and Drains, exhibit some differences, in particular during the spring. 
Demand centers time series, both civil and irrigation/industrial, are the same adopted in 
BAURV2, since it is assumed that no increase in pumping, and therefore in demand, occurs. 
In ST2, the Enza reservoir Capacity is increased to 217,490 Ml, with Initial Storage equal 
to 50% (108,745 Ml), and Emergency Storage equal to 10% (21,749 Ml); Dead Storage is 
assumed to be null. As in BAURV2, the Capacity of RV2 is a design variable, and thus so 
is the Initial Storage; again, Emergency Storage and Dead Storage are assumed to be con-
stant and equal to 1,500 Ml and 1,000 Ml, respectively. Figure S16a shows the time series 
of water surface flows of Enza and Altrifiumi basins, in comparison with the 2002-2012 
series, while Fig.  S16b depicts the flow time series derived by groundwater model ST2 
(Sect. 2.3.2) and adopted in the Aquator model.

3 � Results

3.1 � Groundwater Availability

The groundwater flow models presented in Sect. 2.3 allow deriving the aquifer availability 
in the study area.

Figure 4a shows the volumetric budget of the aquifer for the BAU scenario during the 
last year of simulation (2011); Fig. S17a−d show the hydraulic head within the shallowest 
aquifer portion. The head tends to decrease in spring and summer: in this period pumping 
increases, while recharge and influx from rivers tend to decrease.

The trend of the variables in the BAU model is shown in Fig. S18a−e, computed from 
the volumetric budget: recharge shows maximum values mainly in spring and autumn; 
stream leakage In, i.e. the influx of rivers into groundwater, is greater in winter and 
autumn; the effect of drains is minimal in spring and summer. Consequently, the trend of 
storage variation (storage Out – storage In) of the aquifer can be inferred from the combi-
nation of all the forcing agents: the variation is lower, and most often negative, in spring 
and summer, and higher, and typically positive, in autumn and winter, when the combined 
effect of recharge and influx from rivers is more consistent.

Considering the ST1 strategy, the results show a tendency to lower values of hydraulic 
head within the aquifer. The average reduction over the entire area in the last simulation 
year is about 1 m compared to BAU: most pronounced decreases are observed in the north 
and northeast areas, where the hydraulic head lowers by 3 to 4 m. The results of ST1 flow 
model in the last year of simulation (2049) are depicted in Fig. S19a−d.

For the same year, the volumetric budget of ST1 is reported in Fig.  4b: a positive 
and very marked increase in storage variation is detected in autumn, while lower val-
ues occur in spring and summer. A decrease in recharge and river inflow is observed 
in summer. Figure S20a−e depict the time series of the volumetric budget over the last 
decade of ST1: recharge and stream leakage In and Out show a slight decrease over the 
last decade of simulation, in line with results discussed in Text S1.3. Drains show a very 
significant reduction respect BAU, in particular in winter, spring and summer. Storage 
Out prevails over storage In (Fig. S20e): the groundwater availability decreases.

Finally, the results of ST2 strategy for the last year of simulation show a seasonal var-
iation of hydraulic head similar to the previous cases (Fig. S21a−d): the head decreases 
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until summer, and then increases in autumn. Comparing the respective SPs of ST1 and 
ST2, a greater decrease of the hydraulic head is observed in ST2, on average about 2.5 
m: differences are more pronounced in the north and northeast areas, while minor varia-
tions are found in the southern zone.

Figure 4c shows the volumetric budget for ST2 in the last simulation year. As in ST1, 
there is a very marked increase in storage variation in autumn, while recharge shows 
higher values in spring and autumn. During spring, lower values are observed for influx 
from the river to the aquifer. Drains have no flow in spring and summer. Little variations 
of pumping are observed between ST1 and ST2, since the solver decreases the flow 
withdrawn during the simulation below a defined head variation.

The flow series derived by volumetric budget in ST2 for the last decade are depicted 
in Fig.  S22a–e: recharge is equal to ST1, and a significant decrease is observed for 
stream leakage In and Out time series, due to the RV2 reservoir, whose presence inter-
acts with surface water flow in Enza river, and consequently with inflow from the river 
to the aquifer. The reduction of flow from drains is also marked. The storage variation 
(Fig. S22e) is positive only during autumn SPs, indicating a further decrease of ground-
water availability.

Considering the input and output variables derived for BAU, ST1 and ST2, averaged 
over the last decade of simulation, it is possible to observe that input and output totals do 
not change from BAU to ST1 (92 Mm3/year), while ST2 shows a decrease of 2% (90 Mm3/
year). A drop of about 12% from BAU (43 Mm3/year) to ST1 (38 Mm3/year) is observed 
for recharge, while ST2 is equal to ST1. A slight decrease respect BAU (64 Mm3/year) 
occurs in withdrawals: 3% for ST1 (62 Mm3/year) and about 5% for ST2 (61 Mm3/year). 
The inflow from river to groundwater decreases by 11% from BAU (35 Mm3/year) to ST2 

Fig. 4   Volumetric budget for: (a) BAU scenario in 2011; (b) ST1 and (c) ST2 in 2049; (d) total volumetric 
budget for all scenarios
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(31 Mm3/year), due to the presence of RV2. Drains show a very marked decrease, 67%, 
from BAU (3 Mm3/year) to ST2 (1 Mm3/year). A large variation occurs for storage In and 
Out compared with BAU (14 Mm3/year): storage In increases of 35% in ST1 (19 Mm3/
year) and 50% in ST2 (21 Mm3/year), while storage Out increases of 21% for both ST1 and 
ST2 (17 Mm3/year). This leads to the conclusion that in ST1 and ST2 the reservoir func-
tion of the aquifer becomes predominant. Moreover, the increase of storage variation repre-
sents a situation where the equilibrium is not reached (storage In and Out are different): in 
fact, this scenario implies a constant and continuous decrease over time in natural recharge 
and baseflow.

An evaluation of the total available groundwater volume is possible observing the results 
derived by BAU, ST1 and ST2 flow models. Assuming an effective porosity of 0.1, the 
BAU scenario allows estimating the volume of the modelled area as approximately 4,946 
Mm3. Observing the last year of simulation of ST1, and evaluating the average hydraulic 
head of the area, a volume of about 4,899 Mm3 is estimated. Therefore, the climate change 
conditions implied in RCP4.5 scenario bring a reduction in the available aquifer volume of 
about 47 Mm3 over a 30-year time horizon, i.e. little less than 1.6 Mm3/year on average. 
The decrease in aquifer capacity for ST2 is estimated in an identical fashion: the average 
volume during the last simulation year of ST2 is equal to 4,790 Mm3, corresponding to a 
decrease of about 156 Mm3 over the 30-year time horizon, in the order of 5 Mm3/year on 
average.

3.2 � Optimal Management of RV2

The RV2 reservoir placed in Aquator models BAURV2 and ST2 (Sect. 2.4.2) modifies the 
water surface flow in Enza river, ensuring downstream a runoff at least equal to Enza’s 
MVF. For both strategies BAURV2 and ST2, a daily time step simulation is carried out over 
ten years, i.e. 2002-2012 (BAURV2) and 2040-2050 (ST2).

As discussed in Sect. 2.3.2, the base surplus covering the entire demand is equal to 16.9 
Mm3/year for irrigation, and 10.5 Mm3/year for industrial withdrawals, for a total of 27.4 
Mm3/year. A sensitivity analysis is then carried out by increasing the surplus by a fixed 
percentage (25% to 100%) to define the RV2 volume able to satisfy it; this analysis is per-
formed by estimating the number of days when the demand is not met, and the value of 
the unmet demand (deficit). In doing so, the irrigation component of the surplus is applied 
only in spring and summer, while the industrial one is distributed uniformly throughout the 
year. In both scenarios BAURV2 and ST2, the surplus demand is the same.

The base surplus of irrigation/industrial demand can be satisfied with a relatively small 
reservoir volume of the order of 20 Mm3 in scenario BAURV2, while a reservoir volume 
of 25 Mm3 is required in scenario ST2. Clearly, larger reservoir volumes are required for 
increasing surplus; for both scenarios, a RV2 volume of 45 Mm3 can meet a doubling of 
surplus. A detailed representation is depicted in Table S13.

The number of days of failure are estimated as a function of the RV2 volume, for both 
BAURV2 and ST2 scenarios: as the volume increases, the days of water crisis decline; for 
a given RV2 volume, the number of failure days increase in ST2 due to the decrease in 
outflows from Enza basin. A graphical representation is provided in Fig. 5a−d. The exact 
value of RV2 volume able to meet a given surplus is shown in Fig. S23, for both strategies.

The trend of releases downstream in the Enza river is then investigated considering 
the surplus range covered by Table S13 and the RV2 volumes able to satisfy the demand. 
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As the surplus varies (base case, +25%, +50%, +100%), different RV2 volumes are con-
sidered: 20, 25, 30, and 45 Mm3 for scenario BAURV2, and 25, 30, 35, and 45 Mm3 for 
ST2. The corresponding release values downstream of the RV2 reservoir are depicted in 
Fig.  S24a–b. Increasing the surplus, the downstream release tends to decrease, reaching 
the MVF value that must be ensured: the number of days in a decade when the MVF is 
released tends to increase as a result of higher surplus (Table S14). Moreover, the variation 
in baseflow of the main river (ST2) associated with the presence of RV2 produces a benefit 
with respect to the present situation (BAU), notwithstanding the negative effects of climate 
change.

The variations of storage within the Enza aquifer are also analyzed according to ST2 
flow model; in particular, the results derived from Aquator are compared with MOD-
FLOW, to verify that the storage variations coincide. The inclusion of RV2 does not alter 
the inputs to Enza reservoir, as these flows are derived from the ST2 groundwater model, 
that already considers the variations, albeit hypothetical, due to climate change. Therefore, 
the inputs to Enza reservoir are exactly the inputs of stream In and recharge as described 
in Sect. 2.4.2. Figure S25 depicts the Enza storage variation derived from MODFLOW and 
Aquator for the ST2 scenario; results are practically identical.

In conclusion, simulations with Aquator show that RV2 does not modify the over-
all dynamics of the aquifer: its sizing suggests that a capacity around 25 Mm3 is already 
able to cover the surplus associated with the base additional water demand under climate 
change. This type of analysis also allows decision-makers to start from the demand to be 
satisfied and dimension the reservoir so that there is no deficit at all.

Fig. 5   Volumetric budget for: (a) BAU scenario in 2011; (b) ST1 and (c) ST2 in 2049; (d) total volumetric 
budget for all scenarios
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4 � Conclusions

The coupling of two types of modeling, a groundwater simulator (MODFLOW) and an 
optimization tool (Aquator), enables to better characterize the interplay between manage-
ment and modeling issues. The transfer of information between the modelling and manage-
ment tools is a crucial issue: the latter tools often do not quantify the groundwater resource, 
which is considered to be unlimited, leading possibly, in turn, to unrealistic results.

In this study, the Enza aquifer is considered as a reservoir of finite capacity, with char-
acteristics derived directly from subsurface flow modelling: this allows to examine realistic 
management choices. In particular, we observe that the decrease in available aquifer vol-
ume due to climate change is comparable to the capacity of RV2 reservoir (10 - 50 Mm3): 
this leads to consider the option of operating with managed aquifer recharge (MAR) tech-
nologies as an alternative to the reservoir to increase the available volume in the aquifer.

The present study is based on simplified assumptions, and their removal can lead in 
the future to an improvement of the existing models and a refinement of results. The main 
perspectives for future work are: i) a better description of the stress conditions of the flow 
models; ii) a deeper analysis of the system forcings in the climate projection; iii) a detailed 
implementation of actual management rules of the WSS within the model, aiming at a 
combined management of groundwater resources and water supply systems at basin scale; 
this, in turn, will allow decision-makers to better define optimal withdrawals.

The results obtained show how an integrated approach not only improves the overall 
decision-making and planning process, but also yields a methodology applicable to any site.
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