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A B S T R A C T

Groundwater availability worldwide is threatened by a changing climate. Aquifers in intensively irrigated sys
tems may present peculiar vulnerability to climate change related to changes in irrigation practices triggered by 
potential surface water scarcity. This work aims to provide a quantitative assessment of the major drivers of 
aquifer depletion in agricultural areas: hydrological droughts and changes to more efficient irrigation practices as 
a response to reduced surface availability. Based on a site-specific conceptual model, a three-dimensional 
combined steady-state and transient numerical groundwater flow model was developed and calibrated using 
groundwater level and groundwater-river exchange flow data to reconstruct the 2015–2017 dynamics of an 
intensively irrigated hydrogeological system, where irrigation return flow dominates the recharge mechanism. 
Two hypothetical scenarios were simulated: (1) a two-year meteorological drought and (2) a change in irrigation 
practices from surface irrigation method to the more efficient drip irrigation technique, while maintaining all 
other conditions the same as in the baseline simulation. The drought scenario leads to a significant reduction of 
the recharge processes, resulting in a total groundwater storage loss of 2.34 × 105 m3/d over the two simulated 
years. However, the relative dynamics and seasonal patterns of groundwater storage, groundwater heads, low
land springs discharge, and surface water-groundwater interactions observed in the baseline simulation are 
preserved. In contrast, the scenario representing the reduction in irrigation return flow determines a disruption 
in the seasonal pattern over the two simulated years, leading to a loss in groundwater storage up to 2.77 × 105 

m3/d and critical impacts on lowland springs and connected surface water bodies. The comparison of baseline 
conditions and the two scenarios demonstrates that surface-water irrigation return flow is critical to sustaining 
groundwater balance and the ecological functioning of groundwater-dependent systems in intensively cultivated 
areas. Therefore, the results indicate that potential policymakers’ adaptation measures to address surface water 
scarcity induced by climate change may have a more significant impact on groundwater resources than the direct 
effects of climate change itself, highlighting the crucial role of scientific evidence in informing and guiding 
policymakers.

1. Introduction

Groundwater provides societies with social, economic, and envi
ronmental benefits and opportunities (UNESCO, 2022). Although 
considered more resilient than surface water to meteorological condi
tions, groundwater is facing direct and indirect impacts worldwide due 
to a changing climate (Taylor et al., 2013).

Projections indicate that global surface temperature will increase 

until at least mid-century under all emissions scenarios, leading to 
changes in the climate system, including increases in hot extremes and 
droughts (IPCC, 2023; Stigter et al., 2023). Studies highlight that 
meteorological drought will increase in frequency and intensity 
(Baronetti et al., 2020; Wu et al., 2020), threatening groundwater and 
groundwater-dependent ecosystems worldwide, including terrestrial 
vegetation, rivers, springs, wetlands, and riparian zones, which not only 
support biodiversity but also provide fundamental ecosystem services 
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for human communities (Howard et al., 2023; Rohde et al., 2024; Saito 
et al., 2025; Stigter et al., 2023).

Groundwater recharge is a complex process controlled by a combi
nation of natural (e.g., precipitation, geology, or vegetation character
istics) and anthropogenic (e.g., land use and irrigation return flows) 
drivers (Atawneh et al., 2021; Jasechko et al., 2014). Moreover, aquifer 
systems are subject to specific combinations of recharge mechanisms, 
each of which responds differently to the direct and indirect effects of 
climate change, defining a region's peculiar sensitivity to climate change 
(Amanambu et al., 2020; Meixner et al., 2016).

In this context, groundwater systems in agricultural areas charac
terized by intense irrigation are extremely vulnerable, as they are 
currently threatened by the direct effects of a changing climate, as well 
as by human-driven impacts related to changes in irrigation practices (e. 
g., increased abstraction and reduced recharge due to the loss of irri
gation return flows). Most of the world’s large aquifer systems are 
located in regions characterized by extensive agricultural and irrigation 
activity, making them essential not only for local agricultural needs but 
also for global food security, and the sustainability of related ecosystems 
(Ndehedehe et al., 2023). Examples include the Ogallala Aquifer and the 
California’s Central Valley Aquifer in North America (Davis and Putnam, 
2013; Faunt, 2009), Indo-Gangetic Basin and the North China Plain 
systems in Asia (Du et al., 2024; MacDonald et al., 2016; Yang et al., 
2015), and the Po Plain aquifer in Europe (Carlson et al., 2025; Mas
seroni et al., 2024; Van der Gun, 2022).

Agriculture can have a dual effect on many of these systems, either 
depleting them through withdrawals or contributing to the system’s 
recharge through irrigation return flow, especially when surface water is 
used as the source of irrigation (Redaelli et al., 2025; Scanlon et al., 
2023; Van der Gun, 2022; Taylor et al., 2013). However, surface water is 
highly vulnerable to meteorological droughts. Consequently, there is a 
growing global attention toward efficient irrigation methods such as 
drip or subsurface irrigation to conserve surface water and reduce the 
risk of water shortages (Guo and Li, 2024; Masseroni et al., 2024; 
Nikolaou et al., 2020). These methods can achieve high efficiency levels 
(up to 90%) by delivering water directly to the plant's roots, significantly 
reducing the amount of water that percolates through the soil toward the 
aquifer (Munir et al., 2018; Nikolaou et al., 2020). However, while these 
strategies can be beneficial in terms of reducing surface water con
sumption, the subsequent decrease in irrigation return flow percolating 
toward the aquifer may lead to a reduction in aquifer recharge. There
fore, aquifers in agricultural and heavily irrigated areas present a 
peculiar vulnerability to climate change, being exposed not only to its 
direct effects, such as reduced precipitation, but also to indirect impacts 
related to changes in water management as a response to surface water 
scarcity.

To date, only a few studies have directly investigated the effects of a 
reduction in irrigation return flow on groundwater systems and 
groundwater-dependent ecosystems (e.g., Jin et al., 2018; Pool et al., 
2021). These studies have highlighted that reductions in return flow 
associated with improved irrigation efficiency may significantly alter 
groundwater recharge patterns and reduce baseflow contributions to 
surface water and to ecosystems that depend on groundwater. However, 
no quantitative estimates of the resulting loss in recharge volumes are 
currently available, which determines a significant gap for water re
sources research. Understanding and quantifying the influence of irri
gation management combined with future climatic changes and other 
drivers is crucial for developing sustainable strategies and long-term 
water resources management, considering not only groundwater but 
also its interconnection with the surface water system (Meixner et al., 
2016; Scanlon et al., 2023). Therefore, addressing this gap requires in
tegrated modelling approaches capable of capturing these coupled 
processes.

The aim of this work is to perform a quantitative assessment of the 
effects of meteorological droughts and changes in irrigation practices on 
groundwater and groundwater-dependent ecosystems (e.g., rivers and 

springs) in order to favor evidence-based decisions for stakeholders and 
water managers. For this reason, a transient groundwater flow model 
was developed to simulate groundwater dynamics in a complex, highly 
human-modified system where land use is primarily agricultural, and to 
investigate how it may be affected by potential changes in climate and 
water use.

To quantify and compare the effects of meteorological conditions 
and irrigation management changes on the system, two hypothetical 
scenarios were run: a) a two-year meteorological drought and b) a 
change in irrigation practices, from surface irrigation to a more efficient 
drip irrigation method. The effects of the two scenarios are evaluated by 
comparing the impacts on multiple system’s components: (1) the aquifer 
storage, as one of the most susceptible components to climate change 
(Ndehedehe et al., 2023; Wu et al., 2020), (2) the lowland spring 
discharge, fundamental from a hydrogeological, agricultural, and 
ecosystem perspective (De Luca et al., 2014), and (3) the groundwater- 
surface water relation, one of the most important indicators of change in 
an aquifer system (Stefania et al., 2018; Stigter et al., 2023).

2. Materials and methods

2.1. Study area

This study focuses on a ~ 2000 km2 area within the Oglio River basin 
(N Italy), between the outflow of Lake Iseo and the river’s confluence 
with the Mella River (Fig. 1). Along the ~ 95 km stretch considered in 
this study, the Oglio River receives water from five tributaries: the 
Cherio River, the Scolmatore di Genivolta Channel, the Saverona 
Stream, the Strone River, and the Mella River (Fig. 1) (Rotiroti et al., 
2019a; Zanotti et al., 2019).

The study area has a temperate continental climate, characterized by 
cold winters and humid, hot summers. The average temperature is 
12.5 ◦C, and the mean annual precipitation is ≈ 900 mm (Faquseh and 
Grossi, 2023, Faquseh and Grossi, 2024). The rainfall regime is denoted 
by a bimodal trend with two maxima, with moderate prevalence of the 
autumn maximum over the spring maximum. Spatially, precipitation 
intensity shows a north–south decreasing trend due to orographic effects 
in the northern piedmont areas (Faquseh and Grossi, 2023; Rotiroti 
et al., 2019a).

The Oglio-Mella River basin is located within the Po Plain alluvial 
basin, which is composed of an alternating sequence of sediments 
belonging to the continental depositional system of Plio-Pleistocene age 
(Garzanti et al., 2011). The plain area exhibits a gentle north–south 
elevation gradient, and its morphology is interrupted by isolated hills, 
resulting from Quaternary uplift of the rocky substrate that crosses the 
Brescia plain with an ENE-WSW direction (Rotiroti et al., 2019a; Denti 
et al., 1988; Vercesi, 1994). Land use in the study area is mostly agri
cultural, with extensive cultivation of corn primarily used for livestock 
feeding (cattle and swine) (Fig. 1c). Agricultural irrigation is practiced 
through the surface irrigation technique, that is, flooding of farm fields 
(Caschetto et al., 2025). In the northern part of the plain, surface water is 
used for irrigation, which is diverted from the Oglio River and distrib
uted to the fields through an extensive network of century-old irrigation 
canals. In contrast, groundwater-fed irrigation is mainly used in the 
southern part of the plain, supported by hundreds of irrigation wells 
(Rotiroti et al., 2019a; Zanotti et al., 2022). Surface water diversions 
from the Oglio River occur within 35 km from the Lake Iseo outlet, 
whose flow regime is dam-regulated for hydropower and agricultural 
purposes (Hinegk et al., 2022). During the irrigation period, from May to 
September, the water discharged from Lake Iseo to the Oglio River in
creases up to 67 ± 19 m3/s compared to the average of 48 ± 20 m3/s 
during the non-irrigation period (Consorzio dell’Oglio, 2019).

2.2. Hydrogeological conceptual model

A concise summary of the hydrogeological conceptual model for the 
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study area is reported here; extensive descriptions are available in pre
vious studies (Redaelli et al., 2025; Rotiroti et al., 2019a,b).

2.3. Hydrogeological system

From a hydrogeological perspective, the plain area can be subdivided 
into higher and lower plains by the so-called “spring belt” (Fig. 1b), a 
narrow area characterized by numerous (semi)natural lowland springs, 
often engineered to increase flow, which cross the entire plain in a 
transverse direction (Bartoli et al., 2012). The higher plain hosts an 
unconfined, monolayer aquifer primarily composed of coarse sediments 
such as gravel and sand, with a cumulative thickness reaching up to 
100–150 m. The lower plain is characterized by a multilayer aquifer 
system consisting of vertically alternating sandy aquifers and silty-clay 

aquitards (Fig. 1d). Previous works (Regione Lombardia & ENI Divi
sione AGIP, 2002) classified these overlapping aquifers into 4 Aquifer 
Groups (A-D) based on the glacial deposition cycles that shaped the 
plain, from the shallowest (Aquifer Group A) to the deepest (Aquifer 
Group D). The present work only focuses on Aquifer Groups A and B. 
Although the Aquifer Group A in the lower plain is mainly confined, in 
some cases, the shallow confining layer thins locally, creating semi- 
confined or unconfined conditions. As a result of these lithological dif
ferences, the permeability of the aquifer on the higher plain is signifi
cantly greater than that of the lower plain (Perego et al., 2014; Rotiroti 
et al., 2019a).

As the study focuses on the Oglio-Mella River basin, the model 
domain was extended north–south, from the Alpine area limits to the Po 
River, and east–west, including the portion of the Po Plain between the 

Fig. 1. a) geographical setting; b) study area, model domain, geomorphology, cross-section trace, and water table contour map (september 2014 (Regione Lom
bardia, 2016)) with groundwater flow direction; c) land use, and lombardy provinces (BG = Bergamo, BS = Brescia, LO = Lodi, CR = Cremona, MN = Mantova); d) 
Cross-section (modified from Zanotti et al., 2022).
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Serio and the Chiese Rivers, to set boundary conditions far from the 
study area.

Groundwater heads range from ~ 160 m a.s.l. in the northwest to ~ 
35 m a.s.l. in the southeast. In the shallow aquifer, groundwater flows 
from NW to SE, with surface water bodies causing local deviations, 
especially in the lower plain, where the Oglio, Saverona, Strone, and 
Mella rivers are gaining (Bartoli et al., 2012; Delconte et al., 2014). In 
the northernmost part of the higher plain, the water table is around 50 m 
below ground level (b.g.l.) and progressively approaches the land sur
face toward the spring belt (<5 m b.g.l.). Groundwater levels in the 
surface-water-fed irrigated plain exhibit a seasonal trend, with the 
lowest levels occurring in April-May, following the reduced winter 
precipitation, and the maximum in August-September, after the irriga
tion season. In the lower groundwater-fed irrigated plain, the typical 
seasonal trend shows a steady summer decline due to increased with
drawals and a fall rebound (Redaelli et al., 2025; Rotiroti et al., 2019a).

2.4. Groundwater recharge and discharge

The higher surface-water-fed irrigated plain aquifer is recharged by 
(1) irrigation return flow, (2) local precipitation, (3) surface mountain- 
front recharge (Markovich et al., 2019) in the northernmost sector, and 
(4) losing river reaches, and discharges through (1) gaining rivers, (2) 
the spring belt, (3) the downstream lower plain aquifer, and (4) 
groundwater abstraction (Rotiroti et al., 2019a, 2023). In contrast, the 
lower groundwater-fed irrigated plain aquifer receives almost all its 
recharge water by lateral recharge from the upstream higher plain 
aquifer, as extensive shallow low-permeability layers reduce vertical 
recharge from the surface. However, vertical recharge may also occur 
due to local discontinuities or incomplete confinement. Discharges 
mainly occur through gaining rivers and well abstraction (Rotiroti et al., 
2019a, 2023). Previous studies (e.g., Caschetto et al., 2025; Giuliano, 
1995; Rotiroti et al., 2023) have primarily described the contribution of 
these processes in relative terms, without explicitly quantifying their 
absolute volumetric contributions or their temporal variability.

2.5. Available data

Eight field measurement campaigns were conducted between 
October 2015 and October 2017 to monitor the following parameters: 
river stage in 21 sites, river discharge in 17 sites, and groundwater head 
in 46 wells (see Sup. Info. Sect. S.1 for details). Additional groundwater 
level data for the same period from 12 wells were provided by Acque 
Bresciane S.r.l. SB, a local water supplier (Fig. S1.1 and Fig. S1.2).

Data from 2015 to 2017 of the Oglio River stages and discharges, and 
irrigation canal discharges, with the corresponding distribution areas, 
were acquired from the Consorzio dell’Oglio, the authority responsible 
for controlling Lake Iseo levels and downstream flows to the Oglio River 
(Consorzio dell’Oglio, 2019). The discharges of the other main rivers in 
the model domain, lowland springs’ location and elevation, and daily 
precipitation from 2015 to 2017 were acquired from the Regional 
Agency for Environmental Protection of Lombardy (ARPA Lombardia, 
2019).

Furthermore, 32 estimates of groundwater-river flow exchange were 
calculated for 9 river stretches (Tab. S.1.1 and Fig. S1.2) between 2015 
and 2017 (7 stretches of the Oglio River, 1 of the Strone River, and 1 of 
the Mella River). These values were obtained by measuring the differ
ence in river discharge measured on the same day at two consecutive 
measurement locations along the river, while taking into account all 
known tributary or effluent discharges. Except for the upgradient stretch 
of the Oglio River, which alternates between losing and gaining 
behavior throughout the year, the remaining stretches are permanently 
gaining (Rotiroti et al., 2019a), so their groundwater-river flow ex
changes can be considered baseflow values.

2.6. Numerical model

A three-dimensional combined steady-state and transient numerical 
groundwater flow model was developed using MODFLOW-NWT, the 
Newton-Raphson formulation of MODFLOW-2005 (Niswonger et al., 
2011). The MODFLOW-NWT was selected to address problems caused 
by the drying and rewetting nonlinearities of the unconfined 
groundwater-flow equation (Hunt and Feinstein, 2012). The model grid 
covers an area of ~ 5000 km2 (active cell ~ 3400 km2) and consists of 
7,990,080 cells with a uniform cell size of 100 x 100 m arranged into 
861 rows (NS direction) and 580 columns (EW direction) (Fig. 2). The 
model domain is divided into a near-field, including the area between 
the Oglio and Mella Rivers (~ 800 km2), and a far-field, including sur
rounding areas for a total of ~ 4200 km2. Vertically, the model is dis
cretized into 16 layers of variable thickness. The model simulates the 
Aquifer Groups A and B (Sect. 2.2.1). These are reconstructed through 
11 and 5 layers, respectively, modeling a total depth of 625 m. Details on 
grid construction are reported in Sup. Info. Sect. S.2.1.

The groundwater model is temporally discretized into 109 stress 
periods, consisting of one initial steady-state period, referring to the 
average conditions of the period 2015–2017, and 108 monthly transient 
stress periods. These include an initial 6-year spin-up (for a total of 72 
stress periods), consisting of two repetitions of the three-year period 
2015–2017 selected to reach the system equilibrium and to establish the 
initial condition for the simulation of the 3 years of interest (2015–2017, 
the last 36 stress periods), while minimizing the impact of errors in the 
initial conditions (Ajami et al., 2014; Anderson et al., 2015; Seck et al., 
2015). The spin-up period was defined due to a lack of sufficient data 
prior to 2015, which did not allow for the reconstruction of the previous 
groundwater levels and flow conditions. Its length was determined 
through a trial-and-error procedure by testing different lengths. Dy
namic cyclic equilibrium conditions were assessed by comparing 
groundwater head differences between the end of the spin-up cycles, 
which were found to be negligible (with a median of absolute differences 
lower than 0.4 m). A monthly stress period was selected to capture 
seasonally variable processes (i.e., recharge, groundwater use).

A first hydrogeological parametrization was performed before cali
bration, as described below. A total of 4686 stratigraphic logs, extracted 
from the TANGRAM database (Bonomi et al., 2014), were used to 
reconstruct the spatial distribution of hydraulic conductivity (K) 
following the coding method proposed by Bonomi (2009). This coding 
assigns hydraulic conductivity values to each lithological unit based on 
its textural composition, using reference K values for selected lithologies 
(Freeze and Cherry, 1979; Fetter, 1994). The hydraulic conductivity 
values were then interpolated using GOCAD (Paradigm, 2009) by or
dinary kriging through a quasi-3D stratified approach (Fabbri and Tre
visani, 2005); more details on the stratigraphic model are reported in 
Sup. Info. Sect. S.2. The continuous distribution of hydraulic conduc
tivity (K) was then discretized into 20 zones, with values of horizontal K 
ranging from 2.4 × 10-2 m/d to 2.0 × 102 m/d (Fig. S.2.2.1). This 
conversion from continuous to (several) discrete K values is justified by a 
trade-off between the number of variables to be calibrated (thousands of 
pilot points needed to maintain a continuous K distribution) and the 
level of detail with which heterogeneity is represented. For each K zone, 
the vertical K value was calculated by multiplying the vertical anisot
ropy factor of 0.1 to the horizontal K value. Regarding specific yield 
(Sy), 3 zones (0.07, 0.14, and 0.20) were set, with a spatial distribution 
based on that of the hydraulic conductivity. The specific storage (Ss) 
follows the same zonation used for Sy (3 zones); however, a single value 
for the entire system, equal to 1 × 10-5 m−1, was initially set.

Vertical recharge was simulated using 21 zones, with monthly- 
variable values. In 17 of these 21 zones, vertical recharge was simu
lated considering both effective precipitation and irrigation return flow 
(zones 1–17, Fig. 2b); the latter was applied only during the irrigation 
season (May-September). These 17 zones represent the irrigation man
agement areas used by the local irrigation authority. In the remaining 4 
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zones, the sole effective precipitation was simulated (zones 18–21, 
Fig. 2b). The detailed recharge values are reported in Sup. Info. Sect. 
S.2.3.

Other internal conditions were implemented according to the con
ceptual model, including the complex hydrographic network of rivers 
and primary irrigation canals (simulated with SFR2 Package) and sec
ondary irrigation canals (simulated with RIV Package), 385 lowland 
springs (simulated with the DRN Package), 7426 pumping wells 
(simulated with WEL Package), recharge contribution from the Alpine 
area (simulated with GHB Package), and southern groundwater outflow 
from the plain (simulated with CHD Package). No flow boundaries were 
placed in the northern part of the model, corresponding to the south
ernmost outcrop of the Alpine area, and in the area south of the Po River, 
corresponding to a separate aquifer system. In addition, no flow 
boundaries were used to represent isolated bedrock reliefs within the 
plain (Fig. 2a). Details on boundary conditions are reported in Sup. Info. 
Sect. S.2.4.

2.7. Model calibration

According to the model calibration best practices (Anderson et al., 
2015), the calibration process here adopted included two steps: (1) a 
preliminary manual trial and error calibration was performed on both 

steady-state period and the transient stress periods, adjusting hydraulic 
conductivity, vertical recharge, abstraction rate, riverbed and drain K, 
groundwater head of GHBs and CHBs, followed by (2) a parameter 
estimation calibration, performed on the last 36 stress periods (corre
sponding to the 2015–2017 period – transient stress periods), through 
the Parameter Estimation (PEST) software suite, through formal math
ematical regression techniques (Doherty, 2025). Subspace regulariza
tion techniques were applied using singular value decomposition (SVD) 
of the Jacobian matrix to ensure a well-posed inverse problem (using an 
eigenvalue ratio of 10-7 suggested by Doherty and Hunt (2010)), in 
conjunction with preferred value Tikhonov regularization to reign in 
extreme parameter values and overfitting (Anderson et al., 2015; Doh
erty and Hunt, 2010). The primary calibration objective was to adjust 
and optimize parameter values to minimize both the measurement and 
regularization objective functions, thereby ensuring a unique solution 
that balances model fit with what is known about the system’s param
eter ranges. A total of 8 parameter groups (474 parameters) were cali
brated. These groups include: 1) hydraulic conductivity multiplier for 
the secondary canals (RIV) bed, 2) streambeds (SFR2) and lowland 
springs (DRN) hydraulic conductivity, 3) stream inflow from unmodeled 
upstream surface water features added in the first cell of the Oglio and 
Cherio rivers (SFR2), 4) recharge rate (RCH) multiplier, 5) horizontal 
hydraulic conductivity, 6) vertical anisotropy, 7) specific yield (Sy) and 

Fig. 2. a) boundary conditions of the model; b) spatial distribution of the 21 recharge zones (values are reported in Tab. S.2.3.1).
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specific storage (Ss), and 8) abstraction rate multipliers for the irrigation 
wells (WEL). To constrain the minimum and maximum values each 
parameter could assume during calibration, specific calibration param
eter bounds were set for each parameter. Lower and upper bounds, and 
preferred values for Tikhonov regularization, were set based on expert 
knowledge derived from available field data and values reported in 
literature (e.g., Consorzio dell’Oglio, 2019; Consorzio di bonifica Oglio 
Mella, 2020; Denti et al., 1988; Vercesi, 1994). Details on parameter 
groups are reported in Sup. Info. Sect. S.4.

Model calibration relied on both groundwater level measurements 
and groundwater-river exchange flow data. Therefore, two types of 
calibration targets were used: 571 head targets from the 58 monitored 
wells and the 32 groundwater-river exchange flow difference targets, 31 
of which are baseflow targets (Sec. 2.3). Prior to automated calibration, 
the calibration targets were weighted to account for the different 
availability of target types and the error in each observation (Anderson 
et al., 2015). Specifically, smaller weights were assigned to the baseflow 
targets due to the high uncertainty in river discharge measurements and 
consequent exchange flow calculation. Indeed, due to the high 
complexity of the heavily anthropized system under investigation, it was 
not possible to exclude the presence of unknown inflows or outflows (e. 
g., industrial waste, tailwater contribution, and controlled movement of 
water flows for irrigation purposes) along the considered sections. The 
head targets were divided into four groups to ensure consistency in the 
representation of different parts of the study area. The baseflow targets 
were instead divided into three groups: 1) the calculated values from the 
northernmost portion of the Oglio River, corresponding to the stretch 
where the river behavior shifts from gaining to losing, 2) the calculated 
values from the remaining segments of the Oglio River, and 3) the 
calculated values from the Mella and Strone river stretches.

To address the large computational effort associated with the cali
bration process, model runs were performed in parallel on a high- 
performance computing cluster by using the HTCondor run manage
ment software (HTCondor Team, 2021).

2.8. Hypothetical scenarios

To better understand the effects of climate change on the ground
water budget, two scenarios were simulated, including: (1) prolonged 
drought conditions, and (2) changes in irrigation practices. To minimize 
computational time and optimize the model’s use as a practical, 
management-oriented, and operational tool, selected parameters in the 
baseline simulations for the years 2016 and 2017 were modified to 
represent the conditions of each scenario. This approach was designed to 
reconstruct the conditions of the two scenarios, avoiding the need for 
additional stress periods in the simulations. The two simulated scenario 
results were then compared with the corresponding years of the baseline 
simulation. All reported differences represent deviations from baseline 
conditions for the corresponding years, ensuring that the impacts of each 
scenario are evaluated consistently and directly comparable to the 
baseline simulation. In the scenario simulations, the modified 2016 and 
2017 conditions are denoted as Y1 (first year of the scenario simulation) 
and Y2 (second year of the scenario simulation), respectively.

In the first scenario (Scenario 1 (S1) − Prolonged Drought Simula
tion), a synthetic drought parameter setting was developed to represent 
prolonged drought conditions. Recent studies have demonstrated that 
climate change is expected to cause more frequent and severe impacts on 
groundwater, with drought episodes that have become stronger in both 
frequency and duration (Baronetti et al., 2020; Wu et al., 2020). In this 
trend, 2022 emerged as one of the most critical years, with record-low 
rainfall and high temperatures, causing a 1-year severe hydrological 
drought that impacted surface water availability and the agricultural 
systems (Montanari et al., 2023). The S1 scenario represents a synthetic- 
stress case defined by modifying selected parameters of the final 24 
simulated stress periods with respect to baseline conditions. Parameter 
changes were imposed to reflect the meteorological and hydrological 

conditions observed during the 2022 drought, which represents one of 
the most severe and well-documented drought events of the past two 
centuries in the study area (Avanzi et al., 2024; Faranda et al., 2023; 
Montanari et al., 2023; Redaelli et al., 2025; Lombardia, 2023). Spe
cifically, the inflow to the Oglio River, the abstraction rate of irrigation 
wells in the higher surface-water-fed irrigated plain, and the two main 
components of recharge (precipitation and irrigation return flow) have 
been modified accordingly to reflect the observed 2022 data. These 
conditions were extended over 2 years to assess the system’s response to 
the hypothetical persistence of drought conditions. Although this sce
nario does not represent a physically realistic multi-year drought with 
persistence and recovery dynamics, it enables the evaluation of the 
system’s sensitivity to prolonged stress based on realistic parameter 
deviations derived from an observed extreme event. Details on param
eter setting for defining S1 Scenario are reported in Sup. Info. Sect. S.3.

In the second scenario (Scenario 2 (S2) – Change in Irrigation Prac
tices), all the areas currently subjected to surface-water irrigation were 
assumed to change to drip irrigation, to simulate the potential impacts of 
adopting more efficient irrigation techniques, in accordance with rec
ommendations from the European Union (e.g., “The European Water 
Resilience Strategy (2024/2104(INI)” (European Parliament, 2025), and 
“Regulation (EU) No 1305/2013 – Support to rural development” 
(European Parliament & Council of the European Union, 2013)). This 
scenario was specifically designed as a theoretical stress aimed at 
isolating and analyzing the system's vulnerability to a drastic reduction 
in the contribution of irrigation return flow. This change in irrigation 
methods was simulated by reducing (with respect to baseline condi
tions) vertical recharge by irrigation return flow in the corresponding 17 
recharge zones during the last 24 stress periods, while keeping all other 
model parameters and boundary conditions identical to those of the 
baseline simulation. Specifically, the return flow of drip irrigation was 
calculated by changing the infiltration coefficient (Sect. S.2.3) from 20 
to 40% (used in the simulation of baseline conditions) to 10% (Munir 
et al., 2018; Nikolaou et al., 2020).

These scenarios were used to (1) quantify the effects on groundwater 
storage, (2) estimate the effects on lowland spring outflow, and (3) 
evaluate the possible change in the relation between the Oglio River and 
groundwater.

2.9. Groundwater budget calculation

To quantitatively evaluate the water exchanges among the different 
components involved in the model water budget, the MODFLOW’s 
Hydrostratigraphic Unit (HSU) option was employed (Alberti et al., 
2025; Sartirana et al., 2022). This feature allows for the calculation of 
the water budget within a specified area and time span. Particularly, a 
sub-accounting of annual and monthly inflows and outflows was 
computed separately for the higher surface-water-fed irrigated plain and 
the lower groundwater-fed irrigated plain. Therefore, the analysis of the 
water budget focuses on the two near field compartments and the ex
change between them, with a comparative analysis of the baseline 
simulation and the two scenarios.

The results of the water budget are expressed as exchange flows 
between the system components (e.g., rivers, drains, and upstream and 
downstream areas' flows) and the aquifer, as well as changes in water 
storage in the study area. Following MODFLOW convention, positive 
values indicate discharges toward the aquifer (i.e., inflow) while nega
tive values represent discharges from the aquifer to a system’s compo
nents (i.e., outflow). Change in storage occurs when inflows are not 
balanced with outflows, leading to a loss or gain of groundwater storage 
in the aquifer and consequently a change in groundwater head 
(Anderson et al., 2015).

It is noted that, in the water budget calculated by MODFLOW, pos
itive groundwater storage variations indicate aquifer gain from storage 
(that is, storage loss) in response to declining groundwater heads, 
whereas negative groundwater storage variations indicate aquifer loss to 
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storage (that is, storage gain) in response to rising groundwater heads. In 
general, the magnitude of storage loss or gain balances the gains to 
groundwater from sources and the losses from groundwater to sinks. 
Falling water levels prompt a release from storage to the aquifer system, 
which, even though represented by a positive number in groundwater 
budget terms, represents a storage deficit. Conversely, rising water 
levels prompt a gain in storage, which, however, is represented by a 
negative number in groundwater budget terms. Hereafter, the following 
notation will be used: positive storage variation will be noted as storage 
loss (i.e., declining groundwater levels), while negative storage varia
tions will be noted as storage increase (i.e., rising groundwater levels).

3. Results

3.1. Baseline model calibration and Statistics

An acceptable agreement between the observed and simulated 
groundwater heads was obtained after parameter estimation. Model 
performance was evaluated by both visual comparisons of simulated and 
observed target values and the statistical metrics selected following 
established groundwater modeling best practices (Anderson et al., 
2015), as reported in Tab. 1 and Fig. 3. Specifically, the groundwater- 
level residuals ranged from − 7.87 to + 3.79 m, with a mean residual 
of 0.16 m and an absolute residual mean of 1.31 m. The simulated 
groundwater-level range was 106.04 m, and the root mean square error 
(RMSE) was 1.66 m, with 79% of residuals being within ± 2 m (Fig. 3f 
and Fig. 3g). As shown in Fig. 3a, the distribution of groundwater-level 
residuals was overall random, with wells showing both positive and 
negative biases across different parts of the model domain. The largest 
misfits were mainly located outside the main area of interest, across the 
Oglio River, and in the southernmost portion of it. The local deviations 
are attributable to site-specific behaviors of the system, which cannot be 
represented by a basin-scale model; however, the scaled RMSE (1.6%) 
falls within the accepted threshold of 10% used to evaluate a good model 
fit (Anderson et al., 2015; Feinstein et al., 2010). The simulated baseflow 
targets were lower than the estimated values used for calibration in 84% 
of cases, with an average of percent discrepancies of 53% between the 
estimated and the simulated values. This is mainly due to the higher 
uncertainty in the estimated values of the baseflow flow targets, given 
the system's high complexity, compared to the head targets, which are 
based on direct measurements. Despite their uncertainty, baseflow tar
gets were retained in the calibration process because they provide 
further insight into processes occurring in different areas of the model, 
thereby enhancing its robustness.

Baseline simulation results have been evaluated against available 
observational data from the literature. Specifically, the reconstructed 
water level surfaces of both shallow and deep aquifers (Fig. 3a) indicate 
a dominant NW-SE flow direction, consistent with previous regional and 
local reconstructions (Regione Lombardia & ENI Divisione AGIP, 2002; 
Rotiroti et al., 2019a). A local deviation to the regional flow direction is 
observed in the southern sector for the shallower aquifer (Group A) due 
to the gaining behavior of the rivers. In the higher plain, simulated 
groundwater levels exhibited strong seasonal variability, characterized 
by spring minima and summer or late-summer maxima (see Fig. 3b and 

Fig. 3c). In the lower plain, groundwater levels showed an increase in 
2016, followed by a progressive decline that reached their minimum 
during the summer of 2017 (see Fig. 3d and Fig. 3e). Details on cali
brated parameter values are reported in Sup. Info. Sect. S.4.

In the higher surface-water-fed irrigated plain, vertical recharge 
represented the larger component of the total inflow (36%), with a 
marked seasonal pattern characterized by summer peaks, with maxima 
occurring in July (2015 and 2016) or August (2017) (Fig. 4). As shown 
in Fig. 4a and Fig. 4c, the decomposition of vertical recharge into its two 
main components showed that irrigation return flow constituted the 
main component over effective precipitation during the summer 
months, ranging between 2.91 × 105 m3/d in September 2016 to 2.37 ×
106 m3/d in July 2016. On an annual basis, irrigation return flow 
contributed to an average of 83% of the total recharge (ranging from 
81% in 2016 (4.87 × 105 m3/d) to 85% in 2017(5.54 × 105 m3/d)); the 
remaining 17% corresponds to effective precipitation with 9.72 × 104 

m3/d. The monthly contribution of irrigation to total recharge exhibited 
a marked variability, ranging from 64% in May 2016 to 99% in July 
2015 (Fig. 4a). These results agree with the analysis by Redaelli et al. 
(2025), which suggested that seasonal variability associated with 
surface-water-fed irrigation accounts for most of the total variability, 
with an average contribution of 84.7%, comparable to the average 
irrigation return flow contribution simulated in this work. These results 
are further supported by the isotopic analysis by Rotiroti et al. (2023). 
Specifically, the analysis of the monitoring points located in the higher 
surface-water-fed irrigated plain (i.e., HL11, HL13, and OV62, see 
Fig. S.7.1) closely matches the return flow contribution simulated by the 
calibrated model for the corresponding zones (i.e., zones 13 and 8), with 
an average of differences equal to 8%. Outflow was mainly generated by 
discharge to the lower plain aquifer (30%).

In the lower plain, the main inflow was the outflow from the higher 
plain, which accounted for 31% (Fig. 4d), with annual cumulative 
values equal to 4.95 × 105 m3/d in 2015, 4.63 × 105 m3/d in 2016, and 
4.96 × 105 m3/d in 2017. These results highlighted the role of the higher 
surface-water-fed irrigated plain as the major recharge source for the 
entire aquifer system, as also validated by previous studies (Éupolis 
Lombardia, 2015; Rotiroti et al., 2023).

Vertical recharge from effective precipitation represented the second 
most significant component of the total inflows (28%). The highest 
monthly recharge was recorded in May 2016 (2.18 × 106 m3/d) 
(Fig. 4b). On an annual basis, the cumulative recharge in 2016 (6.45 ×
105 m3/d) was 36% higher than in 2015 and 63% higher than in 2017, as 
2016 was a wetter year with above-mean precipitation. The main 
outflow was generated by gaining rivers (39%).

The monthly storage variation of the higher surface-water-fed irri
gated plain followed the seasonal recharge dynamics with increased 
storage during the irrigation periods, reflecting the summer increase in 
groundwater levels (Fig. 5a). On an annual basis, a storage loss occurred 
in 2015 (8.94 × 104 m3/da) and in 2017 (1.85 × 104 m3/d), indicative of 
overall falling water levels, whereas in 2016 the storage increased 
(−1.36 × 104 m3/d) (see Fig. S.5.1 in Sup. Info. Sect. S.5). The annual 
storage loss in 2015 and 2017 reflects the reduced precipitation and the 
low surface water availability that characterized those years. However, 
the increased irrigation inputs in 2017 partly compensated for this 
deficit. On the contrary, in the lower groundwater-fed irrigated plain, no 
evident seasonal trend was identified. Here, the storage volume 
increased in 2015 (−3.46 × 104 m3/d) and in 2016 (−5.62 × 104 m3/d), 
indicative of net rising level, whereas 2017 led to a storage loss (1.06 ×
105 m3/d) (Fig. S.5.1b).

Simulated discharges of the lowland springs exhibited a marked 
seasonal variability, with maximum values during the periods of highest 
irrigation return flow (Fig. 6). Specifically, monthly discharge peaks 
were observed in October 2015 (−1.39 × 105 m3/d), in August 2016 
(−1.89 × 105 m3/d), and in September 2017 (−1.42 × 105 m3/d) 
(Fig. 6b). In contrast, the minimum discharges were consistently 
observed in spring with values of −9.55 × 104 m3/d in May 2015, −8.88 

Table 1 
Statistical analysis of head targets.

Statistical parameter Target Value

Minimum residual −7.87
Maximum residual 3.79

Residuals Mean (ME) 0.16
Absolute residual mean (MAE) 1.31

RMSE 1.66
Range of observation 106.04

Scaled RMSE 1.6%
Number of Observations 571
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× 104 m3/d in April 2016, and −7.12 × 104 m3/d in May 2017, 
reflecting the reduced recharge during winter. On an annual scale, the 
maximum cumulative outflow occurred in 2016 (−1.28 × 105 m3/d), 
which was 9% higher than in 2015 and 22% higher than in 2017 
(Fig. 6b).

The groundwater-Oglio River interactions showed distinct patterns 
along the river course. In the northernmost stretch (segments 1–10), the 
model indicated a fully losing behavior of the river, with an inflow to the 
aquifer ranging between 6.89 × 103 m3/d in March 2017 and 9.48 × 103 

m3/d in June 2016, and a three-year mean of 8.01 × 103 m3/d (Fig. 6c). 
In the central stretch (segments 11–21), a seasonal variability was 
observed: the river shifted to gaining conditions in all the three simu
lated years between June and September/October, with baseflow 
ranging between −9.04 × 103 m3/d in June 2016 and −1.17 × 105 m3/ 
d in July and August 2016 (Fig. 6d). During the remaining months, the 
river was predominantly losing, with a maximum inflow into the aquifer 
of 6.28 × 104 m3/d in April 2016. In the southern stretch (segments 
22–29), the Oglio River consistently behaved as gaining during all stress 
periods, with baseflow ranging from −6.50 × 105 m3/d in January 2015 
to −1.08 × 106 m3/d in July 2016 (Fig. 6e). The simulated behavior of 
the Oglio River is in line with previous studies (Bartoli et al., 2012; 
Delconte et al., 2014; Rotiroti et al., 2019a).

3.2. Scenarios

3.2.1. 15. Scenario S1 – Prolonged Drought
Results of the synthetic 2-year drought S1 scenario, based on 2022 

data, showed that in the higher surface-water-fed irrigated plain, the 

storage increase of the baseline simulation turned into a storage loss in 
the first year of drought (Y1) (9.32 × 104 m3/d), with a relative change 
of –784%. The second year of drought (Y2) yielded to a further storage 
loss, equivalent to a 78% increment compared to the baseline simulation 
(3.29 × 104 m3/d) (Fig. S.5.1a). On a monthly scale, during the irriga
tion period storage decreased by 58% in Y1 and by 50% in Y2, with the 
most significant changes occurring in May, when storage variation 
switched from negative to positive values in both simulated drought 
years (Fig. 5a). In the lower groundwater-fed irrigated plain, in Y1, the 
storage increase of the baseline simulation turned into a storage loss 
(8.40 × 104 m3/d) with a relative change of –249%, while in Y2 the 
storage loss (7.89 × 104 m3/d) was 26% lower compared to the baseline 
simulation (Fig. S.5.1b).

In the higher plain, simulated groundwater levels exhibited slight 
seasonal variability, with consistently reduced summer peaks (Fig. 5a), 
while in the lower plain, Y1 showed the absence of the late-spring rise 
(May–June) evident in 2016 under baseline conditions (Fig. 5b).

Simulated lowland spring discharge showed a slight dampened 
variability, with a maximum during the irrigation season. During 
simulated drought years, the maxima occurred in August of Y1 (−9.71 
× 104 m3/d) and in September of Y2 (−5.58 × 104 m3/d), representing 
respectively a 49% and a 61% reduction compared to the same months 
in the baseline simulation. Seasonal minima occurred in December of Y1 
(−6.36 × 104 m3/d) and in June of Y2 (−4.10 × 104 m3/d). Overall, 
lowland spring discharge decreased by 36% in Y1 (−8.12 × 104 m3/d) 
and by 51% in Y2 relative to the baseline (−4.91 × 104 m3/d) (Fig. 6b).

The groundwater-Oglio River interactions showed spatial patterns 
comparable to the baseline simulation but with notable changes in flow 

Fig. 3. a) groundwater potentiometric map at model scale, head target mean groundwater-level residuals (L = Layer); b-e) Observed (m a.s.l.) vs simulated (m a.s.l.) 
values for some selected targets; f) Linear regression of observed and simulated hydraulic heads; g) Frequency of hydraulic-head residuals.
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Fig. 4. (a-b) Monthly and (c-d) annual cumulative model mass balance. a) and c) refer to the higher surface-water-fed irrigated plain, b) and d) refer to the lower 
groundwater-fed irrigated plain. The color coding for the BCs is the same as in Fig. 2. Positive and negative values indicate, respectively, inflows and outflows from 
the considered element to the groundwater. For instance, a positive net storage variation indicates a loss of storage, corresponding to a decrease in groundwater level. 
IN refers to the inflow into the aquifer, whereas OUT refers to the outflow from the aquifer.
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magnitude. In the northernmost stretch (segments 1–10), the river was 
losing, with an inflow to the aquifer ranging from 5.53 × 103 m3/d in 
August of Y1 (−36% relative to the same month of the baseline simu
lation), and 8.20 × 103 m3/d in June of the same year (−14% relative to 
the same month of the baseline simulation) (Fig. 6c). The annual inflows 
to the aquifer decreased by 18% and 15% in Y1 and Y2, respectively. In 
the central stretch (segments 11–21), a seasonal pattern was evident 
with gaining behavior simulated in the summer months (July-September 
of Y1, and June-September of Y2). The baseflow ranged from −5.56 ×
102 m3/d (June of Y2) to −4.05 × 104 m3/d (August of Y1) (Fig. 6d). In 
the remaining months, losing conditions prevailed, with a maximum 
inflow to the aquifer of 7.45 × 104 m3/d simulated in March of Y2. On an 
annual scale, cumulative exchanges shift from gaining to losing, with 
relative changes of −477% and −450% over the baseline simulation in 
Y1 and Y2, respectively. In the southern stretch (segments 22–29), the 
Oglio river consistently showed a gaining behavior, with baseflow 
ranging from −5.83 × 105 m3/d (October of Y2) to −8.54 × 105 m3/ 
d (August of Y1) (Fig. 6e). The annual simulated baseflow decreased by 
14% and 16% in Y1 and Y2, respectively, compared to baseline 
conditions.

3.2.2. Scenario S2 – Changes in irrigation practices
Results of scenario S2, with a change from surface to drip irrigation, 

showed that in the higher surface-water-fed irrigated plain, the annual 
storage increase of the baseline simulation turned into a storage loss 
(1.33 × 105 m3/d) in the first year of using drip irrigation (Y1) corre
lated to falling water levels, with a relative change of −1080% 
compared to the baseline simulation. In the second year of using drip 

irrigation (Y2), the storage loss (7.81 × 104 m3/d) increased by 323% 
compared to the baseline simulation (Fig. S.5.1a). On a monthly basis, 
only June of Y1, and September and November of Y2 showed a slight 
increase in storage (Fig. 5a). Overall, storage increase observed in the 
baseline simulation during the irrigation period, turned into a storage 
loss with a relative change of −109% in Y1 and of −112% in Y2. In the 
lower groundwater-fed irrigated plain, Y1 led to a storage increase 
(−2.18 × 104 m3/d), but a reduction of 61% relative to the baseline 
simulation was registered. In Y2, the storage decreases (1.42 × 105 m3/ 
d) by 34% compared to the baseline simulation (Fig. S.5.1b). In the 
higher plain, simulated groundwater levels showed the absence of the 
summer rise observed under baseline conditions, instead exhibiting a 
progressively declining trend starting from Y1 (Fig. 5a). In contrast, the 
simulated groundwater levels in the lower plain showed no significant 
deviations from the baseline trend (Fig. 5b).

Simulated lowland spring discharge showed a maximum value 
occurring in June of Y1 (−1.12 × 105 m3/d), representing a 41% 
reduction compared to the baseline maximum of August, followed by a 
decreasing trend that lasted until September of Y2. During this month, a 
slight increase was registered, reaching the maximum of Y2 (−4.24 ×
104 m3/d), corresponding to a 70% reduction compared to the baseline 
simulation maximum. Overall, total lowland spring discharge decreased 
by 29% in Y1 (−9.08 × 104 m3/d) and by 54% in Y2 (−4.60 × 104 m3/d) 
relative to the baseline simulation (Fig. 6b).

The groundwater-Oglio River interactions were further evaluated 
under the change in irrigation practice scenario. Specifically, in the 
northern stretch (segments 1–10), the river showed a trend identical to 
the baseline simulation during both simulated years, showing a 

Fig. 5. Monthly storage variations and groundwater level trend for the a) higher surface-water-fed irrigated plain, and the b) lower groundwater-fed irrigated plain 
into the 36 monthly stress periods. Y1 and Y2 refer to the first and the second modified years of the S1 (yellow) and S2 (orange) scenarios. Baseline (green) refers to 
the 2015–2017 simulation. Positive storage variation indicates a loss of storage, corresponding to a decrease in groundwater levels.
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Fig. 6. a) map with the Oglio River divided into i) northern (blue), ii) central (orange), and iii) southern (red) stretches. L stands for Losing, T stands for Transition, 
and G stands for Gaining stretch; b) Monthly (lines) and annual (bars) lowland spring discharge. The percentages refer to the annual outflow reduction in Y1 and Y2 
of the two simulations compared to the baseline simulation. Y1 and Y2 refer to the first and the second modified years of the S1 (yellow) and S2 (orange) scenarios. 
Baseline (green) refers to the 2015–2017 simulation; c), d), and e) net flow exchanges between the three Oglio river stretches (respectively i, ii, and iii) and the 
aquifer system. IN refers to the inflow into the aquifer (blue arrow), whereas OUT refers to the outflow from the aquifer (red arrow).
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consistently losing behavior in the higher plain (Fig. 6c). In the central 
stretch (segments 11–21), seasonal shifts from losing to gaining 
behavior occurred only during Y1, with gaining conditions between July 
and August. The baseflow ranged from −5.87 × 103 m3/d to −1.73 ×
104 m3/d during these months, while in all the other months of S2 
scenario, the river was constantly losing (Fig. 6d). Annual cumulative 
exchanges shifted from gaining to losing in both S2 scenario years, with 
relative changes of −1125% and −896% in Y1 and Y2, respectively, 
compared to the baseline simulation. In the southern stretch (segments 
22–29), the river behaved as gaining throughout the simulation, with 
baseflow ranging between −5.79 × 105 m3/d (October of Y2) and −1.00 
× 106 m3/d (June of Y1) (Fig. 6e). The cumulative annual baseflow 
decreased by 6% and 12% in the two years of scenario S2 compared to 
the baseline.

4. Discussion

4.1. A prolonged drought can dramatically reduce both groundwater 
storage and springs discharge

The S1 Scenario, based on conditions observed in 2022 but extended 
over a two-year period, revealed a strong sensitivity of the aquifer sys
tem to changes in climatic conditions combined with a decreased 
surface-water availability for irrigation. This sensitivity is evidenced by 
a pronounced attenuation of the typical seasonal patterns of the main 
water budget components observed under baseline conditions. Specif
ically, while the amplitude of the seasonal variability is reduced, the 
characteristic seasonal pattern, with spring minimum and summer 
maximum, is preserved. The results highlight that prolonged drought 
conditions not only reduce groundwater availability but also alter the 
temporal dynamics of recharge, storage, and discharge processes.

On an annual scale, the cumulative storage variation dynamics 
exhibited similar patterns in both the higher surface-water-fed irrigated 
plain and the lower groundwater-fed irrigated plain (Fig. S.5.1). In the 
higher plain, the simulated loss in groundwater storage recorded during 
the first year, Y1, is primarily due to the reduction in summer irrigation 
return flow, which, when summed with the change in total precipitation, 
resulted in a strong reduction of the recharge and, consequently, in a 
reduction in groundwater accumulation during this season. Although 
2017 had already been a critical year with below-average precipitation 
(Faquseh and Grossi, 2024), the drought scenario conditions, which 
extended 2022 1-year drought conditions, led to a higher annual storage 
loss in the second year, Y2, compared to the baseline simulation, high
lighting the greater stress on the system under a two-year drought sce
nario. On a monthly scale, the effect of the summer storage reduction is 
even more evident, reflecting the system's inability to sustain the sea
sonal groundwater rise observed in the baseline simulation (Fig. 5a).

In the lower plain, Y1 resulted in a significant storage loss and 
decreased groundwater heads, highlighting the effects of reduced pre
cipitation, reduced inflow from the higher surface-water-fed irrigated 
plain, and of increased pumping. Consequently, groundwater level 
trends showed an evident reduction in the 2016 groundwater level rise 
detected in the baseline simulation (Fig. 5b).

The two-year drought led to a significant reduction in lowland spring 
discharge, resulting in an annual discharge loss of 4.65 × 104 m3/ 
d (−36%) in Y1 and 5.01 × 104 m3/d (−51%) in Y2, compared to the 
baseline simulation (Fig. 6b). The less pronounced seasonal trend, 
marked by reduced summer peaks, highlights their sensitivity and strong 
connection to the recharge from the higher surface-water irrigated plain 
and the specific irrigation methods used in the study area.

The groundwater-Oglio River interactions maintained the same 
spatial pattern as in the baseline simulation, but the flow magnitudes 
changed considerably (Fig. 6c-e). In the northern stretch (segments 
1–10), the inflow to the aquifer during the two drought years decreased 
by 2.62 × 103 m3/d (−16%) compared to the baseline, while in the 
southern stretch (segments 22–29), the baseflow decreased by 2.42 ×

105 m3/d (−15%) compared to the baseline simulation. The most 
evident change was detected in the central stretch of the Oglio River 
(segments 11–21), where the magnitude of the baseflow during the 
irrigation period decreased drastically (Fig. 6d). This decrease indicates 
that the transition zone between losing and gaining behavior shifted 
towards the south, as a consequence of the lowering of the piezometric 
levels that moved the boundary between these behaviors further 
downstream.

4.2. A change to drip irrigation can disrupt the typical aquifer dynamics

The S2 Scenario has further elucidated a central role of surface-water 
irrigation techniques. In the second scenario, the simulated transition to 
drip irrigation led to a dramatic change in system dynamics, which was 
particularly evident in the higher surface water-fed irrigated plain. In 
contrast to the S1 scenario, the impacts are entirely controlled by the 
severe reduction in recharge derived from irrigation return flow.

In the higher surface-water-fed irrigated plain, the simulated dy
namics further highlight the sensitivity of storage in highly managed 
basin to irrigation return flows. Although, as for the S1 scenario, a loss in 
groundwater storage was evident in both simulated years (Fig. S. 5.1). 
The monthly analysis highlighted the complete loss of the characteristic 
seasonal dynamic observed in the baseline simulation. On a monthly 
scale, indeed, almost all months showed a persistent storage loss even 
during the irrigation season. This drastic trend change was confirmed by 
the simulated groundwater heads, which showed a complete absence of 
summer rises during both S2 years scenarios, replaced by a continuous 
decreasing trend (Fig. 5a).

In the lower groundwater-fed plain, the annual storage variation 
exhibited a general behavior comparable to that observed in the baseline 
simulation (Fig. S.5.1). Despite the observed changes, the simulated 
groundwater heads in this area did not show significant deviation from 
the baseline simulated trend (Fig. 5b). This suggests that in the lower 
plain, the effect of changed irrigation practices is not detectable within a 
two-year time frame, indicating a higher resilience of this compartment 
compared to the higher plain, if the precipitation patterns and the other 
components of the groundwater budget (e.g., groundwater abstraction) 
remain unchanged. However, it is unlikely a technology shift to more 
efficient irrigation would be reversed after two years, thus our results 
are best thought of as a reflection of the transition of the system more 
than the final endpoint.

The reduction of lowland spring discharge became even more pro
nounced under the S2 drip irrigation scenario, compared to the S1 sce
nario, further highlighting the critical dependence of the spring system 
on the irrigation return flow. The typical seasonal trend observed in the 
baseline simulation disappeared completely, substituted by a steady, 
progressive decrease throughout the two simulated years, resulting in an 
annual discharge loss of 3.68 × 104 m3/d (−29%) in the Y1 scenario and 
5.32 × 104 m3/d (−54%) in the Y2 scenario, compared to the baseline 
simulation (Fig. 6b).

The groundwater-Oglio River interactions further emphasized the 
impacts of reduced return flow irrigation recharge. The S2 simulation 
indicated that the Oglio River maintained a predominantly losing 
behavior in the northern stretch (segments 1–10), without deviations 
from the baseline simulation (Fig. 6c), and a consistently gaining 
behavior in the southern stretch (segments 22–29), where the baseflow 
decreased by 1.44 × 105 m3/d (−9%) in the two simulated years 
compared to the baseline simulation (Fig. 6e). In the central stretch 
(segments 11–21), the S2 scenario induced an almost complete sup
pression of the seasonal alternation between gaining and losing behavior 
(Fig. 6d), indicating an even more marked shift towards the south of the 
transition zone compared to the S1 scenario, driven by the lowering of 
the groundwater levels. Such results are expected in systems where 
irrigation return flow constitutes a large source of aquifer recharge.
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4.3. Meteorological droughts vs. Irrigation management: Which drives 
greater disruption to the aquifer system?

The comparison of the baseline conditions with the two modeled 
scenarios identifies the drip irrigation Scenario S2 as the worst-case 
condition for the study area in the two simulated years, with major ef
fects on the higher plain aquifer system, lowland springs, and rivers. 
Under 2-year drought conditions (S1), the primary effect is the attenu
ation of the typical seasonal dynamics that emerged in the simulated 
trend of all the main water budget components, which is still preserved 
thanks to the irrigation return flow. On the contrary, the second scenario 
(S2) induced a systematic disruption of typical temporal and spatial 
dynamics, especially in the higher surface-water-fed irrigated plain. 
Quantitatively, these results are even more pronounced when examining 
the storage variation across the entire study area. The first scenario, in 
fact, induced a storage loss with a relative change of −354% in Y1 and 
storage loss reduction of 10% in Y2, for a total loss in groundwater 
storage of 2.34 × 105 m3/d during the two years, whereas the second 
scenario induced a storage loss with a relative change of −260% in Y1 
and an increased storage loss of 70% in Y2, with a larger total loss in 
groundwater storage of 2.77 × 105 m3/d during the two years. 
Groundwater is the primary source of drinking water in several coun
tries worldwide, including Italy. Therefore, assuming an average per- 
capita drinking water use of 0.272 m3/person*d (in Lombardy region, 
(Polis Lombardia, 2020)), the storage deficit induced in the two simu
lations corresponds to the annual water demand of approximately 
864,107 people, considering the S1 scenario, and of approximately 
1,023,314 people, considering the S2 scenario. The European Union and 
local authorities strongly support a change in agricultural practices 
aimed at reducing the impact on surface-water resources, particularly 
during the summer months when the surface-water system is under 
increasing stress (Fabbri et al., 2016; Nikolaou et al., 2020). These 
policies promote surface water conservation and the resilience of agri
cultural systems to climate change (Escribano Francés et al., 2017; 
Hunink et al., 2019). However, results clearly highlight that in a context 
where irrigation return flow constitutes a significant percentage of 
recharge, a large-scale shift in irrigation methods towards more efficient 
practices may disrupt the system's equilibrium. Furthermore, results 
show that such changes affect not only groundwater availability with 
direct socioeconomic implications but also have broader impacts on 
interconnected surface water bodies and springs, which provide valu
able ecosystem services.

These results apply to highly irrigation-dominated areas (e.g., here, 
irrigation return flow is over 80% of aquifer recharge), and suggest that, 
in such settings, climate change adaptation measures can have stronger 
effects on groundwater availability than the direct impacts of climate 
change itself, with crucial implications also for surface water bodies and 
groundwater-dependent ecosystems. Even widely implemented and 
popular options (e.g., drip irrigation) may be ineffective if they are not 
tailored to the specific hydrological and hydrogeological context. This 
highlights the importance of carefully selecting context-specific adap
tation measures, which require targeted research and improved 
communication between academia and policymakers to ensure sus
tainable water resource management. Therefore, if such changes were to 
be introduced, a holistic view of the hydrologic system is needed. Sus
tainable groundwater management strategies that encompass the full 
range of groundwater inflows and outflows will be essential to maintain 
the system’s dynamics and protect groundwater-dependent ecosystems 
such as rivers and lowland springs. In particular, managed aquifer 
recharge (MAR) techniques (e.g., surface spreading, subsurface tech
niques, induced recharge and aquifer modification techniques), if 
defined explicitly on the hydrogeological condition of the area, could 
play a crucial role in restoring natural replenishment processes and 
ensuring the long-term availability of water resources (Hiscock et al., 
2024; Palma Nava et al., 2022; Sufyan et al., 2024; Zhang et al., 2020). 
These findings further highlight the need for integrated surface water 

and groundwater management to address the combined effects of 
climate and human stressors on these complex systems.

4.4. Limitations and future improvements

Groundwater is a key part of the climate system, but many potential 
impacts of climate change are still largely unknown due to the 
complexity of the systems involved, characterized by multiple in
teractions and different feedback loops (Amanambu et al., 2020; 
Davamani et al., 2024). The future impact of climate change on the 
groundwater system is commonly assessed using General Circulation 
Models (GCMs) (Zabihi et al., 2025). However, GCMs are the largest 
sources of uncertainty in hydrological predictions, followed by the 
downscaling method, the selection of the emission scenario, and the 
choice of the hydrological model structure or parameterization (Mustafa 
et al., 2019; Raju and Kumar, 2020; Zabihi et al., 2025). Moreover, 
irrigation practices and water management in regions characterized by 
extensive agricultural activity, such as the Oglio-Mella river basin, can 
represent a major driver in the dynamics of aquifers (Van der Gun, 2022; 
Carlson et al., 2025). The aim of this work was primarily to assess which 
factor, meteorological variables or water management practices, is the 
major driver of possible future aquifer depletion in cases where human- 
derived mechanisms primarily control the system processes. Accord
ingly, the two scenarios analyzed in this study are not intended to 
represent a realistic forecast of future system evolution; rather, they are 
conceptual experiments designed to test the initial system sensitivity 
and to explore the effects of specific stresses on groundwater dynamics 
in a highly irrigation-dominated area. In this context, working with 
short-term synthetic scenarios provides a quick and effective way to 
assess the main processes governing the water balance and to identify 
the system’s vulnerabilities.

Within this scope, some simplifying assumptions were necessary. In 
the 2-year drought scenario (S1), inflows from the Alpine area were kept 
unchanged, as the hydrological connection between the Alpine sector 
and the aquifer system in the plain area is still poorly constrained, and 
no quantitative estimates of these inflows are currently available either 
under baseline conditions or during drought periods. Modifying these 
boundary conditions without a quantitative basis would have intro
duced additional uncertainty into the simulations, thereby altering the 
interpretation of scenario results despite their location in the far field. In 
the S2 scenario, the shift to drip irrigation was simulated by a reduction 
in the infiltration coefficient of the surface-irrigation return flow, while 
several physical and socio-hydrological processes were intentionally 
simplified or not explicitly represented in the model, such as detailed 
vadose zone processes, changes in evapotranspiration associated with 
irrigation methods, and adaptive farmer behavior to reduced surface 
water availability. In addition, due to the uncertainty associated with 
baseflow calibration targets, the representation of groundwater-surface 
water interactions in the baseline simulation remains weakly con
strained. As a result, the quantitative evaluation of the scenario-induced 
impacts on baseflow-dependent components represents upper-bound 
estimates, reflecting the uncertainty in baseflow calibration and the 
simplified representation of a complex anthropized system.

Despite these assumptions, this approach helped capture the pro
cesses driving large-scale system behavior and can be of great practical 
value. The proposed methodologies led to an in-depth understanding of 
the system and its interconnections, highlighting the system's responses 
to changes in its main drivers. The application of two hypothetical 
scenarios (meteorological drought and changes in irrigation practices) 
enabled linking the system’s great vulnerability to a probable change in 
irrigation practices and its impact on the surface water bodies connected 
to the aquifer system.

Future development will aim to extend the simulation timeframe 
beyond the two-year period (e.g., over 10 years) to characterize the 
long-term trajectory of the aquifer system under persistent stressors, 
considering both changes in irrigation practices and multi-decadal 
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climate forces from GCMs nested with dynamically downscaled and 
bias-corrected Regional Climate Models (RCMs) under different emis
sion scenarios (e.g., Representative Concentration Pathways 4.5 and 
8.5). This would allow for a better evaluation of the cumulative stress 
effect on storage, lowland spring discharge, and groundwater surface 
water relation future dynamics, and to better assess the role of the 
contribution from the higher surface-water-fed irrigated plain in con
trolling groundwater dynamics in the lower plain. Long-term simula
tions would help to distinguish transient responses from persistent 
trends, as well as assess potential lagged effects that cannot be entirely 
captured in short-term analyses (Cuthbert et al., 2019). These de
velopments will provide a more comprehensive basis for evaluating the 
long-term system’s vulnerability responses to both direct and indirect 
climatic and socio-economic drivers as a direct human response to 
changes in climatic conditions, providing policy-relevant insights for 
water-resources management.

5. Conclusions

This work provides a quantitative assessment of the main compo
nents of the system's mass balance in a highly irrigation-dominated area, 
as well as of their potential variations associated with climate variability 
and changes in irrigation practices. Particularly, two scenarios were 
compared with the baseline modeled conditions to investigate the ef
fects of prolonged droughts (S1 scenario) and of a shift from traditional 
irrigation methods toward more efficient techniques aimed at reducing 
irrigation return flow (S2 scenario). The modeling approach allowed for 
the quantification not only of changes in groundwater availability but 
also in the discharges of interconnected rivers and springs, allowing for a 
comprehensive assessment of the direct and human-mediated impacts of 
climate change on the whole system.

Our main findings are: 

• the comparison between baseline conditions and the two scenarios 
highlights the central role of surface-water-irrigation return flow in 
maintaining the groundwater balance and the ecological functions of 
the groundwater-dependent system (e.g., lowland springs, baseflow 
to rivers) in intensively cultivated areas;

• a 2-year drought mainly leads to an attenuation of the recharge 
processes while preserving the overall dynamics and seasonal 
patterns;

• in contrast, the reduction in irrigation return flow induced by a shift 
toward more efficient irrigation techniques induces a drastic change 
in the system, especially in the higher surface-water-fed irrigated 
plain, resulting in the disappearance of the typical summer rise in 
groundwater, persistent loss in groundwater storage during the 
irrigation season, and a sharp decrease in spring outflows;

• reducing irrigation without alternative recharge mechanisms (e.g., 
managed aquifer recharge) could compromise the resilience of the 
aquifer system and lead to long-term alterations of groundwa
ter–surface water interactions, particularly in the higher surface- 
water-irrigated plain, with stronger effects than a prolonged 
drought.

These results offer a practical decision-support framework for man
agers and stakeholders responsible for water resources, highlighting the 
importance of carefully assessing the effects of irrigation modernization 
on groundwater recharge. These findings also highlight the necessity of 
integrating irrigation practices into hydrological models for other agri
cultural intensive areas to better define future scenarios and provide 
decision makers with a methodology to design water management pol
icy adequately.
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