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Abstract 

Groundwater systems are complex domains where multiple natural and anthropogenic 

processes interact, determining the various inputs and outputs of the systems. Current 

trends in climate change constitute a major threat to groundwater availability. The major 

concerns are usually related to the direct effects of climate change on groundwater 

recharge, driven by changes in temperature and precipitation patterns. Also, human 

activities often exert strong control over the groundwater budget, meaning that human 

responses to climate change can significantly affect groundwater resources. 

The primary objective of this Ph.D. project is to examine the key processes governing 

the groundwater budget in a highly anthropized and intensively cultivated system, in 

order to identify and quantify the primary drivers of its vulnerability to climate change. 

To achieve this goal, the study focuses on an area of approximately 4,000 km2 in the 

province of Brescia (N Italy). This area is considered representative of complex 

hydrogeological settings under strong human influence and includes two morainic 

amphitheaters, an alpine area, and a plain area that can be further subdivided into higher, 

middle, and lower plains.  

The work was structured into two consecutive phases: an initial data-driven analysis 

followed by a model-based investigation. In the first phase, high-frequency data 

collected by online sensors in active drinking wells were exploited to explore the main 

processes governing the groundwater budget. Particularly, after a pre-processing aimed 

at extracting time series representative of static conditions from dynamic data, a time 

series analysis was carried out, with a particular focus on the seasonal patterns and on a 

comparative analysis of the system’s dynamics under baseline conditions vs critical 

conditions (i.e., the 2022 meteorological drought). 

In the second phase, a three-dimensional numerical model was developed to allow for 

the quantitative assessment of the main processes identified in the first phase, by 

simulating the key features of the system, including surface water bodies, springs, and 

human-driven processes such as irrigation practices and abstractions. Successively, two 

scenarios were run to compare the effects of potential climate change related-stressors 
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on the system. Results of the first phase clearly indicate that the two main potential 

stressors related to climate change are meteorological drought and changes in irrigation 

practices resulting from reduced surface water availability. Human processes play a 

significant role in the equilibrium of the aquifer system, and therefore human response 

to climate change in terms of water management can exacerbate the effects of climate 

change, in some cases exceeding the magnitude of the direct climatic impacts on 

groundwater resources. Particularly, results of the second phase reveal that in the study 

area, irrigation return flow from surface-water-fed irrigation constitutes the major 

component of aquifer recharge. Results reveal that a reduction in the irrigation return 

flow volumes over a two-year time frame, associated with potential changes in irrigation 

practices driven by surface water scarcity, may lead to significant aquifer depletion 

(corresponding to a total groundwater storage loss of 2.77×105 m3/d over the simulated 

period), with repercussions on surface water bodies, springs, and groundwater-

dependent ecosystems, effects that may exceed those directly induced by climatic 

variability.  
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Groundwater constitutes a key resource and represents the largest reservoir of drinking 

water (UNESCO, 2022). Groundwater resource plays a crucial role in sustaining both 

human and ecological needs, supporting groundwater-dependent ecosystems, such as 

surface water bodies, springs, and wetlands that directly and indirectly depend on it. 

(Bhakar and Singh, 2019; Rohde et al., 2024; Saito et al., 2025). 

Groundwater aquifers are complex systems whose equilibrium depends on several 

factors, with different processes governing the inputs (recharge) and the outputs 

(discharge). Groundwater recharge is a complex process fundamental for the system’s 

sustainability and balance (Atawneh et al., 2021; Cook and Brunner, 2025). This process 

is determined by a combination of natural and anthropic inputs, including local 

precipitation, snowmelt, lateral recharge, interactions with surface water bodies, 

irrigation return flow, and managed aquifer recharge (Jasechko et al., 2014; Stigter et al., 

2023). Conversely, the outputs of the groundwater system may include lateral 

groundwater flow between aquifers, human abstraction, springs discharge, and 

interactions with surface water bodies (Arce et al., 2023; Cook and Brunner, 2025; 

Davamani et al., 2024).  

Each groundwater system represents a unique combination of these inputs and outputs, 

with each component playing a specific role in maintaining the system’s overall balance. 

Each input and output responds differently to varying meteorological and climate 

forcings, exacerbating or mitigating its effects on groundwater systems (Amanambu et 

al., 2020a; Meixner et al., 2016). While natural processes can be thoroughly investigated 

and their response to variations in climate patterns can be simulated and, to a certain 

extent, forecasted, human activities can introduce additional modifications to the system 

that are difficult to define or anticipate a priori (Davamani et al., 2024; McNamara et al., 

2025).  

In this context, the only key to a comprehensive assessment of the climate change effects 

on groundwater is to reach a complete knowledge of the main processes governing the 

groundwater budget under the present conditions. This involves identifying and 

quantifying all the natural and anthropogenic factors in order to evaluate how they may 
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change under future climate change scenarios (Amanambu et al., 2020a; Pool et al., 

2021; Taylor et al., 2013). 

Most of the aquifers worldwide are located beneath highly anthropized territories, which 

have been intensively modified by urban or agricultural land use (Ndehedehe et al., 2023; 

Van der Gun, 2022). Therefore, considering only the meteoclimatic variables could lead 

to an incomplete representation of the systems’ responses (Davamani et al., 2024). For 

this reason, socioeconomic response to the climatic changes must also be taken into 

account, and its potential effects on the groundwater budget must be identified and 

quantified (Söller et al., 2024; Stigter et al., 2023). 

Recent projections highlight that surface temperature will increase until at least mid-

century under all emissions scenarios, leading to drastic changes in the climate system, 

resulting in increased frequency and intensity of extreme events such as agricultural and 

ecological droughts (IPCC, 2023; Stigter et al., 2023). Historical records show an 

increasing trend in the severity of agricultural and ecological droughts worldwide in the 

last 120 years, as a consequence of amplified atmospheric evaporative demand (Vicente-

Serrano et al., 2022). As reported in Vicente-Serrano et al. (2022), an increased drought 

severity is expected in areas in which advanced earth system models project reduced 

precipitation (e.g., southern North America and Central America, the Mediterranean 

region, western and southern Africa, and South Australia) but, more generally, in water-

limited regions due to increasing temperature and atmospheric evaporative demand. 

Moreover, climate change is expected to severely affect groundwater storage globally. 

These impacts are not only related to predicted changes in precipitation but also involve 

other hydrological processes (e.g., evapotranspiration and snowmelt), worsened by over-

pumping that could easily exceed the natural replenishment (Davamani et al., 2024; Wu 

et al., 2020). 

These changes in natural hydrologic processes may not only lead to a reduction in natural 

recharge but also force significant changes in human water management (Vicente-

Serrano et al., 2022). Human changes can, in turn, drive further impacts on the 

groundwater budget, creating a feedback loop between climate effects and human 
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responses (Amanambu et al., 2020a; Davamani et al., 2024; Taylor et al., 2013). All 

these considerations highlight the importance of understanding the influence of possible 

variation of meteorological and climate forcings, and the related human-mediated 

drivers on the groundwater budget using past meteoclimatic contexts as proxy for the 

future. This is crucial for long-term water resources management, with implications not 

only for the groundwater resource but also for the interconnected surface water system 

(Meixner et al., 2016; Scanlon et al., 2023).  
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The main aim of this work is to investigate the key processes governing the groundwater 

budget in a highly anthropized system within the province of Brescia (northern Italy), 

characterized by intensive agricultural activities, with the ultimate goal of identifying 

and quantifying the main drivers contributing to their vulnerability to varying 

meteoclimatic conditions. To reach this goal, two main approaches have been 

implemented. Firstly, a statistical time series approach was applied to perform, through 

a data mining of groundwater level time-series, a first assessment of the main processes 

governing the groundwater budget in different hydrogeological compartments. 

Successively, a modeling approach was applied to a pilot area to enable a precise 

quantification of the water volumes contributing to system inputs and outputs. 

2.1 Data-driven approach 

Several studies demonstrated how the analysis of groundwater level time series can be 

crucial in deepening the knowledge of hydrogeological systems and processes (e.g., 

(Anand et al., 2020; Bakker and Schaars, 2019; Colyer et al., 2021; Egidio et al., 2022; 

Fronzi et al., 2024; Lasagna et al., 2020; Meggiorin et al., 2021; Noori and Singh, 2021; 

Obergfell et al., 2019; Pathak and Dodamani, 2019; Ronchi et al., 2018; Sakizadeh et 

al., 2019; Sartirana et al., 2022; Treviño et al., 2023). Long and consistent time series of 

monitoring data are crucial for performing meaningful data mining and extracting useful 

information on the hydrogeological processes from recorded groundwater level data 

(Meggiorin et al., 2021; Taylor and Alley, 2001; Yang et al., 2025). However, such 

datasets are often challenging to obtain, manage, and process. 

Recently, groundwater monitoring networks worldwide have been improved and are still 

under improvement, but the consequent extension of available data requires specific and 

reproducible procedures to manage all the stored data effectively (Fronzi et al., 2024; 

Yihdego and Khalil, 2017). Furthermore, regional monitoring networks managed by 

environmental agencies can hardly have the resolution needed to capture the complex 

heterogeneity of a territory (examples are reported in Asgharinia and Petroselli, 2020; 

Retike et al., 2022; Zaadnoordijk et al., 2019). 
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For groundwater studies, time series of static data (i.e., measurements taken after the 

well has been shut down long enough for the piezometric level to reach equilibrium) are 

normally required for extracting hydrogeological information. However, the collection 

of such data requires the drilling of ad hoc piezometers or measurements from active 

wells that need to be completely shut down for a time span that can last even several 

hours. Furthermore, one or more operators are required to measure the level in the well 

directly, limiting the number of monitoring wells that can be measured simultaneously. 

On the other hand, water suppliers often register for managing purposes long time series 

of groundwater levels and abstraction rates from online sensors recording in active 

drinking wells, which, if properly preprocessed, could become a valuable source of 

information on the hydrogeological processes. The data stored by water suppliers often 

have a high temporal resolution (e.g., one-minute temporal resolution) and are densely 

distributed over space, reaching even small aquifers and difficult areas frequently 

neglected by regional monitoring networks. Nevertheless, this data often lies unexploited 

due to a lack of a dedicated operating procedure that allows valuable information to be 

extracted. This issue was addressed in the first phase of this PhD project, through the 

definition of a dedicated procedure specifically proposed to extract meaningful time 

series from dynamic data collected from active wells, which could be considered 

representative of the natural conditions of the aquifers.  

In most cases, when analyzing groundwater level time series, researchers worldwide 

focus on long-term trends of groundwater levels to identify signs of possible aquifer 

depletion or responses to long-term changes in precipitation patterns and climatic 

conditions. On the other hand, analyzing seasonal patterns has been proven effective in 

providing insights into the human and natural processes that influence the groundwater 

budget over time (Colyer et al., 2021; Lafare et al., 2016; Stahl et al., 2024; Wu et al., 

2021). Indeed, many components of the groundwater budget exhibit pronounced 

seasonality. In this regard, Jasechko et al. (2014) pointed out that the recharge of 

groundwater systems by meteoric water worldwide has a strong seasonal feature. 

Similarly, anthropogenic processes influencing groundwater availability can also display 

marked seasonal variations. For example, agriculture, characterized by a strong seasonal 
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cyclicity, is considered one of the main human-driven factors affecting the groundwater 

balance: it has been proven to have multiple possible effects on groundwater worldwide, 

such as groundwater depletion in regions with primarily groundwater-fed irrigation or 

groundwater recharge from return flows where irrigation is fed by surface water (Dangar 

et al., 2021; Scanlon et al., 2023; Taylor et al., 2013). In this work, a procedure is 

proposed for evaluating seasonal patterns and their association with different processes 

governing the water budget and groundwater availability. The procedure is applied to 

investigate different hydrogeological contexts and water management practices.  

In addition to understanding the processes that govern the groundwater budget under 

ordinary conditions, analyzing how groundwater responds to critical situations, such as 

hydrological droughts, can provide valuable information about the elements of the 

groundwater budget and how they respond to specific water management practices and 

policies.  

Indeed, the analysis of critical situations can offer direct insights into what can be 

considered a plausible future in the context of climate change, not only through the 

analysis of the direct response of natural systems to variations in climate variables, but 

also through the study of the human response and the consequent adaptation measures 

taken to mitigate the effects of water scarcity (Ndehedehe et al., 2023; Stigter et al., 

2023; Taylor et al., 2013). In fact, droughts have become frequent in recent decades and 

are projected to become much worse in the future as part of a warming world (Bevacqua 

et al., 2024; Montanari et al., 2023; Zhang et al., 2023). In this context, the year 2022 

stood out for both temperature and precipitation anomalies. Intense and prolonged 

drought conditions affected several regions worldwide, resulting in devastating impacts 

on social, agricultural, and ecological sectors (Arias et al., 2024; Faranda et al., 2023; 

Liu et al., 2023; Weaver et al., 2023; Zhang et al., 2023). For this reason, in this work, 

the response to the 2022 meteorological drought is addressed, considering and 

disentangling all the possible aspects involved in the groundwater availability: a) direct 

effects of reduced precipitation and b) effects of the human response to surface water 

scarcity (i.e., increased abstraction and reduced surface-water-fed irrigation). 
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To summarize, the first phase of this PhD project was aimed at: 

1. developing a procedure for the preprocessing of dynamic data resulting from 

online measurements in active drinking wells, to extract meaningful time series 

of groundwater levels; 

2. analyzing the obtained groundwater level time series, with a focus on the 

seasonal patterns, to identify the main processes governing the groundwater 

budget under baseline conditions; 

3. performing a comparative analysis of the seasonal dynamics during the 2022 

hydrological drought against the baseline conditions (2013-2021) to get insights 

into the possible modifications induced by varying meteoclimatic forcings in the 

natural and human-mediated groundwater budget elements. 

2.2 Model-based approach 

Groundwater modeling is essential for managing water resources and constitutes a 

crucial tool for understanding complex subsurface hydrological systems. There are two 

main approaches to designing and solving groundwater models: the finite difference 

(FD) method and the finite element (FE) method. The FD method approximates the flow 

equation through differentiation, whereas the FE method adopts an integral approach. 

MODFLOW, developed by the United States Geological Survey (USGS), is the most-

used and free FD code. FEFLOW, a proprietary, non-free numerical code, is the most-

used FE code. In FD models, the differential equation is solved to calculate the unknown 

variable (e.g., hydraulic head) at the central points of the cells; in FE models, the 

hydraulic head solution is instead approximated using piecewise linear functions, with 

the distribution being approximated by a linear function for each element (Anderson et 

al., 2015; Spitz and Moreno, 1996; Wang and Anderson, 1982).  

In this project, MODFLOW was selected as the numerical code to reconstruct a 

numerical groundwater flow model aimed at quantifying the main processes influencing 

the groundwater budget within the study area and investigating their feedback 

interconnections. This choice came as a consequence of MODFLOW’s modular 
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structure, which allows flexibility in modeling and analyzing hydrogeological elements. 

In fact, it consists of a modular structure characterized by a main program supported by 

highly independent subroutines called 'packages'. Each package allows the simulation of 

a specific feature of a wide variety of hydrological systems, providing support in the 

analysis of their water budgets (Harbaugh, 2005; Kishor et al., 2025). 

In a climate change context, numerical groundwater flow models have proven 

instrumental in predicting how aquifer systems respond to climate change perturbations, 

as they integrate climatic, hydrological, and hydrogeological data across spatial and 

temporal scales. In this way, a comprehensive quantitative understanding of 

groundwater-climate interactions can be obtained (Tsypin et al., 2025). In recent years, 

different authors have developed numerical models to investigate these interactions 

(Aslam et al., 2022; Christos et al., 2025; Das et al., 2024; Davamani et al., 2024; Dubois 

et al., 2021; Khadim et al., 2023; Mensah et al., 2022; Pool et al., 2021; Scibek et al., 

2007). Dubois et al. (2021) provides an example of applying a regional-scale water-

budget approach in a cold and humid climate, highlighting the complex responses of 

recharge, runoff, and evapotranspiration to warming and precipitation changes. Some 

scenarios were also simulated to analyze variations in groundwater levels and outflows 

in tropical regions (Khadim et al., 2023). 

An important research gap concerns the adaptation of agricultural management systems 

to climate change, as these systems can significantly alter the groundwater budget. 

Globally, irrigation constitutes the largest consumer of freshwater resources, with 60-

70% sourced from groundwater withdrawals, though local variations exist. (Amanambu 

et al., 2020b; Davamani et al., 2024; Guo and Li, 2024). Most of the world’s large aquifer 

systems are located in regions with intensive agricultural activity, making them 

particularly vulnerable to both the direct effects of a changing climate and human-driven 

impacts related to changes in irrigation practices (Abd-Elaty et al., 2023; Ndehedehe et 

al., 2023). To preserve surface water and mitigate possible surface-water shortages, the 

transition from flood irrigation toward more efficient irrigation practices (e.g., drip-

irrigation, sprinkler systems, or subsurface irrigation) is becoming widely applied 
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worldwide (Guo and Li, 2024; Pool et al., 2021). These methods can, in fact, reduce 

water consumption by up to 90% by delivering water directly to the plant's roots (Munir 

et al., 2018; Nikolaou et al., 2020). However, this change could significantly reduce the 

aquifer recharge. This highlights the need to consider irrigation-practice changes as one 

of the most relevant drivers of recharge variability to bear in mind while managing 

groundwater resources under changing climate conditions (Abd-Elaty et al., 2023; Pool 

et al., 2021; Van der Gun, 2022).  

In this context, within this PhD project, the developed groundwater model was used to 

run two simulations specifically designed to investigate the aquifer’s response to two 

hypothetical hydrological scenarios of practical interest. These scenarios, not intended 

to represent actual forecasts, were specifically designed to quantify and compare the 

effects of meteorological drought conditions and changes in irrigation management on 

the system. The main aim was to identify the primary driver of potential future aquifer 

depletion in a highly anthropized system with strong agricultural activity, thereby 

providing a useful tool for assessing system vulnerability. 

To summarize, the second phase of this PhD project was aimed at: 

1. developing and calibrating a numerical flow model of a complex 

hydrogeological system, representing not only the groundwater dynamics but 

also the main natural and anthropogenic processes influencing the water budget 

(i.e. surface water bodies, irrigation practices, human abstractions, lowland 

springs). This phase of the PhD project was carried out in cooperation with Prof. 

Daniel T. Feinstein from the University of Milwaukee-Wisconsin, and with 

Ph.D., P.H. Randall J. Hunt from the US Geological Survey in Madison; 

2. exploiting the developed model to quantify the volumes of water exchanged 

within the system among its different components under baseline conditions; 

3. designing and running two synthetic scenarios, aimed at quantifying the 

modifications induced on the water budget by the most important potential 

stressors, identified in the first phase of the work. The comparative analysis was 
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performed by quantifying storage losses as well as modifications in river and 

springs discharges. 
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The study area of this PhD project covers approximately 4000 km2 within the province 

of Brescia, northern Italy (Fig. 1). In particular, in the first phase of the work (i.e., data-

driven approach), the entire broader area was considered, whereas the second phase (i.e., 

model-based approach) focused on a narrower pilot area. In Fig.1, the broader study area 

of the first phase is represented with a black rectangle, while a red rectangle represents 

the numerical model pilot area of the second phase.  

Based on the Köppen classification, the study area is categorized in the “Cfa” climate 

group, denoting a temperate continental climate with cold winters and humid, hot 

summers. The average temperature is 12.5°C, and the area is characterized by a bimodal 

rainfall regime with two maxima (autumn and spring) and two minima (winter and 

summer), and a mean annual precipitation of around 900 mm (1951-2005) (Faquseh & 

Grossi, 2023; Rotiroti et al., 2019). 

This area is characterized by a heterogeneous geological and hydrogeological setting, 

including an alpine area in the north, a plain area (part of the Po Plain) in the south, and 

two morainic amphitheaters along lakes Garda and Iseo (Marchetti, 2002; Vercesi, 1994; 

Zanotti et al., 2019). Lakes Garda and Iseo are two of the main Italian lakes in the 

subalpine lakes district, which has been dam-regulated since the second half of the 

twentieth century, mainly for hydropower and agriculture (Hinegk et al., 2022).  

In the study area, six main aquifer systems can be identified: i) Alpine area, ii) Lake Iseo 

and iii) Lake Garda morainic amphitheater, and a plain area which can be further divided 

into iv) higher plain, v) middle plain, and vi) lower plain (Fig. 1b). The transition from 

the higher to the lower plain is marked by the so-called “spring belt”, a narrow area 

characterized by numerous (semi)natural lowland springs, which crosses the entire plain 

in a transverse direction located in the middle plain (Bartoli et al., 2012; De Luca et al., 

2014). The Alpine area hosts alluvial river valley aquifers and mountain-blocked 

fractured aquifers, mainly recharged via precipitation and snowpack melt (Somers and 

McKenzie, 2020; Vercesi, 1994). The Iseo and Garda lakes morainic aquifer systems 

host local unconfined aquifers of limited potential and deeper confined aquifers, whose 

recharge mechanisms are difficult to determine due to the extreme structural complexity 
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of the aquifer systems. The land use is largely devoted to vineyards and as residential 

use, with intense summer tourism (Bini and Zuccoli, 2004; Vercesi, 1994; Zanotti et al., 

2022) (Fig. 1c). The higher plain (north) hosts a monolayer unconfined aquifer up to 100 

m below ground surface (b.g.s), mainly composed of coarse sediments (sands and 

gravels). In the middle plain, the thickness of the gravelly-sandy deposits becomes 

progressively finer while the silty-clayey layers become more continuous in thickness 

and extent, giving rise to semi-confined aquifers that become confined in the lower plain. 

The lower plain hosts a multi-layer system of confined sandy aquifers separated by a 

vertical alternation of several layers of fine material (silt and clay) (Bonomi et al., 2014; 

Rotiroti et al., 2019; Vercesi, 1994; Zanotti et al., 2022) (Fig. 3.2). The land use in the 

plain area is mostly agricultural (crop/arable land), where corn cultivation, especially for 

cattle and pig feeding, dominates (Fig. 1c). Here, irrigation demand is met through two 

sources: a) Subalpine lakes (lakes Iseo, Idro, and Garda) and Alpine rivers (i.e., Oglio, 

Mella, and Chiese rivers) water, and b) groundwater. Surface-water-irrigation is used in 

the northern part of the plain, where diverted water is distributed through an extensive 

network of centuries-old irrigation canals that serve multiple irrigation districts. In 

contrast, groundwater-fed irrigation is mainly used in the northernmost sector and in the 

southern part of the plain, supported by hundreds of irrigation wells (Rotiroti et al., 2019; 

Zanotti et al., 2022).  

In the higher surface-water-fed irrigated plain, aquifer recharge occurs via (1) surface-

water-fed irrigation return flow during the growing season, (2) local precipitation, (3) 

losing rivers and canals, and (4) surface mountain-front recharge (Markovich et al., 

2019) in the northernmost sector, while discharge is primarily related to outflow to the 

lower plain aquifers, outflows through the springs belt, well abstraction, and the gaining 

portion of rivers (Bonomi et al., 2008; Rotiroti et al., 2023). In the middle plain, the 

aquifer recharge is strongly connected to the irrigation excess in the higher plain (Bartoli 

et al., 2012; Fumagalli et al., 2017). Groundwater recharge to the lower plain aquifer 

system mainly occurs through groundwater inflow from the higher plain aquifer, due to 

superficial confining low-permeability layers that limit surface infiltration. However, 

vertical recharge may also occur as a result of local discontinuities or incomplete 



 
 

3. Study Area 

28 

   

confinement. Discharges occur through gaining rivers and wells withdrawal (Rotiroti et 

al., 2023, 2019; Vercesi, 1994; Zanotti et al., 2022). 

A prevalent NS direction characterizes groundwater flow in the higher plain, while 

interactions with surface water bodies cause NW-SE local deviations, especially in the 

shallow portion of the lower plain (Fig. 1b). The depth of the water table decreases from 

north to south, ranging from over 40 meters in the northernmost sector to less than 5 

meters in the medium-low plain.(Bartoli et al., 2012; Delconte et al., 2014; Regione 

Lombardia, 2016; Rotiroti et al., 2019).  

For the second phase of the PhD project (the model-based approach), the study focused 

on a narrower pilot area of approximately 2000 km² within the Oglio River basin (N 

Italy), located between the outflow of Lake Iseo and the river’s confluence with the 

Mella River. In particular, the pilot area was selected to represent two of the most 

important and productive compartments that characterize the Brescia province: the 

surface-water-fed irrigated plain and the lower groundwater-fed irrigated plain.  

Moreover, in this area, extensive datasets from previous projects were available, 

including data on rivers’ discharges, which are pivotal to model development. Indeed, 

developing a robust model requires a large amount of reference data, including not only 

piezometric level measurements but also river and main canal stage and discharge data, 

as well as spring discharge records (Anderson et al., 2015; Hunt et al., 2006). These data 

are essential, as their absence would increase the model’s uncertainty. Such data are 

extremely valuable for model construction and are typically difficult to obtain from 

institutional monitoring networks. 

The choice of focusing on a narrower pilot area was driven by the need to reduce 

computational time (which increases with the size of the simulated domain) and by the 

availability of additional data required for the development of a numerical model, which 

go beyond the simple piezometric levels. 
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Furthermore, generally, the model's extent is expanded outward from the area of interest, 

both vertically and horizontally. This is because, especially in transient models, the 

effects of simulated transience should depend primarily on internal boundary conditions 

rather than conditions at the perimeter, which are usually less well constrained and 

subject to greater uncertainty and potential errors (Anderson et al., 2015; Reilly and 

Harbaugh, 2004). For these reasons, a buffer outside the interest domain of the Oglio 

Mella basin was included in the study area of the second phase. 
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Figure 3.1 – a) Study area (Black rectangle) and Numerical model pilot area (Red rectangle); b) Geomorphology (Regione Lombardia 2007), 

water table contour map (September 2014; (Regione Lombardia, 2016)) with flow directions, and cross-section trace. The cross-section is 

visible in Fig. 3.2; c) Land use (Land use classes have been represented from the geographic database Dusaf 7.0 (Regione Lombardia 2023)). 
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Figure 3.2 – Cross-section (modified from Zanotti et al., 2022). The cross-section trace is visible in Fig. 3.1. 
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The PhD project was carried out through two successive phases, which are described in 

this thesis across three sections, according to the following structure: 

• Phase 1: Data-driven approach:  

o Section I: Data Acquisition and Database Management: a Structured 

Approach (Chapter 5). 

o Section II: Time series analysis (Chapter 6). 

• Phase 2: Model-based approach: 

o Section III: Implementation of the Groundwater Numerical Model and 

Results from Synthetic Scenarios (Chapter 7). 

I) Data Acquisition and Database Management: a Structured Approach – 

Chapter 5 

This first section is dedicated to data preprocessing, which was necessary to develop a 

structured database for the subsequent working phase. The work involved the 

acquisition, management, and standardization of heterogeneous datasets from the water 

supplier, Acque Bresciane S.r.l. SB, which were integrated into a unified database. 

Structural information on 107 wells and sensor installation depths was combined with 

groundwater level measurements to derive piezometric levels (m a.s.l.), where available. 

Particular attention was given to identifying and correcting anomalies in the time series, 

primarily due to installation errors, sensor displacement, or calibration issues. These 

steps provided not only a consistent and reliable dataset to support subsequent data-

driven applications but also a powerful tool for the water supplier, useful for identifying 

situations potentially prone to future critical issues and for supporting the adaptation and 

improvement of the overall efficiency of the monitoring process. 

II) Time series analysis – Chapter 6 

This second section of the thesis describes the analyses carried out on the database 

obtained in the previous section to investigate groundwater dynamics in different 

hydrogeological settings. Specifically, a procedure was proposed to extract meaningful, 

noise-free information from dynamic data from active drinking water wells, minimizing 
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the influence of pumping. Of the 107 available wells, 61 were selected that had at least 

one complete year of data available prior to 2022. A cluster analysis was used to identify 

typical seasonal patterns under baseline conditions (2013-2021) in different 

hydrogeological contexts in the province of Brescia (Alpine area, Lake Iseo and Lake 

Garda morainic amphitheater, higher plain, middle plain, and lower plain). The resulting 

clusters were interpreted to identify the average seasonal patterns and the associated 

recharge and discharge processes. Subsequently, the 2022 data were compared with the 

data under baseline conditions to quantify the impact of the hydrological drought, 

analyzing precipitation and temperature anomalies that affect groundwater systems 

while differentiating between direct meteorological effects and indirect human responses 

to water scarcity. The analysis not only assessed the vulnerability of different 

hydrogeological systems to climate change but also supported researchers and water 

managers with tools for a more effective groundwater management in the context of 

climate change, particularly in regions where irrigation plays a central role. 

The results of this section have been summarized in the following published paper, 

which is presented in Chapter 6 of this PhD thesis: 

The Dual Role Of Irrigation In The Groundwater Budget Under Baseline 

Conditions versus The 2022 Drought: Lessons For Future Climate Adaptation 

Agnese Redaelli1, Tullia Bonomi1, Davide Sartirana1, Gianfranco Sinatra2, Marco Rotiroti1 and 

Chiara Zanotti1,* 

1Department of Earth and Environmental Sciences, University of Milano-Bicocca, Milan, Italy. 
2Acque Bresciane S.r.l. SB, Via 25 Aprile, 18, 25038 Rovato, BS, Italy. 

Journal of Hydrology, Volume 658, September 2025, 133211. 

https://doi.org/10.1016/j.jhydrol.2025.133211 

https://doi.org/10.1016/j.jhydrol.2025.133211
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III) Implementation of the Groundwater Numerical Model and Results 

from Synthetic Scenarios – Chapter 7 

In the last section of the present thesis, the second phase of the PhD project is presented, 

concerning the development of a basin-scale numerical groundwater flow model for the 

Oglio River basin. The main goal of this model was to represent and quantify all inputs 

and outputs of the selected area as identified during the first phase, and to conduct a 

quantitative assessment of two synthetic scenarios of practical interest. To achieve this, 

a transient groundwater flow model was realized using MODFLOW-NWT as the 

numerical code, capturing the complexity of the study area through a combination of two 

MODFLOW packages. The model was first calibrated using a trial-and-error approach, 

followed by automatic calibration with the Parameter Estimation (PEST) software suite. 

Inflows and outflows of the system were quantified using MODFLOW’s 

Hydrostratigraphic Unit (HSU) option. Subsequently, the calibrated model was used to 

run two synthetic scenarios designed to analyze the aquifer’s response to two 

hypothetical hydrological scenarios of practical interest: (S1) a 2-year meteorological 

drought, using 2022 conditions as a reference, and (S2) a shift in irrigation practices 
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from surface-water irrigation to drip irrigation. The primary aim was to identify the main 

driver of potential future aquifer depletion in a highly human-influenced system with 

significant agricultural activity, providing a valuable tool for evaluating system 

vulnerability. 

The results of this section are discussed in the following paper, submitted to the Journal 

of Hydrology, which is presented in Chapter 7 of the PhD thesis:  

Changes in irrigation practices may bankrupt aquifers faster than meteorological 

droughts: a numerical modeling approach 

Agnese Redaelli1,*, Tullia Bonomi1, Davide Sartirana1, Gianfranco Sinatra2, Daniel T. 

Feinstein3, Randall J. Hunt4, Marco Rotiroti1, and Chiara Zanotti1 

1Department of Earth and Environmental Sciences, University of Milano-Bicocca, Piazza della 
Scienza 1, 20126, Milan, Italy. 
2Acque Bresciane S.r.l. SB, Via 25 Aprile, 18, 25038 Rovato, BS, Italy. 
3Department of Geoscience, University of Wisconsin-Milwaukee, Lapham Hall, R 3209 North 
Maryland Avenue, Milwaukee, WI 53211, USA. 
4Department of Geoscience, University of Wisconsin-Madison, Lewis G. Weeks Hall, 1215 West 
Dayton Street, Madison, WI 53706-1692, USA. 
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As part of this project, data from long-term monitoring operated by water manager 

Acque Bresciane S.r.l. SB on active wells were analyzed to identify situations most 

prone to possible future critical issues, support the planning of mitigation and adaptation 

strategies, and determine useful actions to enhance the efficiency of the monitoring 

process. The available data consists of groundwater levels and abstraction rates 

measured from active drinking wells. Typically, these data are collected by water 

suppliers for management purposes; however, especially in the past decades, the 

archiving and storage of such data in structured databases have not been a priority for 

most water suppliers. Therefore, in order to perform a meaningful data mining of the 

data, a first phase of data preprocessing was needed. The preprocessing procedure was 

implemented in the RStudio environment (R Core Team, 2021) to define an automatic 

system that allows for future data updates.  

This phase of the PhD project involved the following tasks: 

1. Acquisition, management, standardization of formats, and integration of the 

provided data into a single database.  

2. Integration of structural data on wells and automatic sensor depths to determine 

piezometric levels (m a.s.l.) based on groundwater level data above the sensor 

(m). 

3. Exclusion or correction of measurement anomalies in each time series related to 

problems connected with installation, movement, calibration, and measurement 

errors of the sensors. 

4. Extraction of representative data, visualization, and exploratory analysis. 

5.1 Groundwater online sensors 

Continuous data is collected by the water supplier by means of online sensors installed 

in the drinking wells. These sensors (Fig. 5.1) are positioned below the typical 

groundwater level and measure the pressure of the overlying water column, which is 

then converted into the height (in meters) of the water between the sensor and the 

groundwater table. 
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Therefore, to obtain groundwater level data in m a.s.l. two auxiliary information are 

needed: 

• Ground level data (m a.s.l.) 

• Sensor depth data (m) 

When these data are available, the groundwater level can be calculated with the 

following formula:  

Groundwater level (m a.s.l.) = Well elevation (m a.s.l.)-Sensor depth (m)+Pressure Head above the 

sensor (m) 

 

 

 

Figure 5.1 – Schematic representation of a well and the main references used for the 
representation and correction of available level data. 
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5.2 Acquisition, management, and integration of the provided data 

The water supplier provided a total of 111 files containing:  

• high-resolution (hourly data) static and dynamic groundwater level data above 

the sensor (m) and abstraction flow rates (L/s) data from automatic sensors 

extracted from the decommissioned data management system (maximum time 

range: 2013-2020); 

• high-resolution (hourly data) static and dynamic groundwater level data above 

the sensor (m) and abstraction flow rates (L/s) from automatic sensors extracted 

from the current data management system (maximum time range: 2020-2023); 

• static groundwater levels from manual measurements (m); 

• supplementary structural information (e.g., well’s elevation, well’s depth, data 

logger depth, and geographic coordinates). 

The provided data refer to 107 wells distributed in the province of Brescia, collected 

over nearly 11 years (2013-2023). Throughout the years, two different data management 

systems were implemented by the water supplier (a first system, decommissioned in 

2020, and a second one implemented starting from 2020), leading to heterogeneous data 

archiving formats. Furthermore, data from online sensors were never integrated with 

information from the well structure or location (e.g., coordinates and screen depths), as 

these were managed by separate working groups within the water supplier organization. 

In this context, available data were not directly compatible or ready for use, and a 

reorganization of the data into a structured database was needed. 

Firstly, all the available files were standardized into a common format and integrated 

into a single database specifically designed for graphical processing and comprehensive 

analysis. Specifically, identifying and defining a unique control code was essential to 

enable the joining of available measurements of the groundwater level above the sensor 

(m), the abstraction flow rates (L/s), and the available structural information of the wells. 

Where applicable, it also allowed for the merging of data series from the first 

decommissioned management system with those extracted from the current system. 
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Successively, the raw piezometric data, expressed as pressure head values above the 

sensor, were converted into piezometric levels (m a.s.l.) using, where available, the 

elevation values of the well reference point (m a.s.l.) and the sensor position (m a.s.l). 

5.3 Dataset Cleansing  

After merging the different files, a detailed analysis of the raw data from each historical 

series was performed to identify and exclude potential errors or malfunctions of the 

sensors, ensuring that only the most reliable data were maintained for subsequent 

analyses. First, all the possible data overlaps due to the transition from the 

decommissioned management system to the current one were removed, selecting the 

most reliable data. Particularly, the first phase of the new system installation often 

yielded a calibration phase with several missing data or malfunctions, leading to the 

exclusion of the new system data if the previous system data were available. 

During the database analysis, data associated with measurement and/or sensor 

calibration errors have been registered in most time series. For this reason, a selection of 

data considered directly interpretable was made, excluding those associated with 

measurement errors and/or noise. For this initial selection, a detailed analysis of the raw 

data was carried out based on an attentive hydrogeological interpretation of the series 

trend. To discriminate between the effects of variable pumping rates and possible 

sensors’ malfunctioning, each head measurement above the sensor, or piezometric level, 

was associated with the corresponding abstraction flow rate measured at the same time. 

In particular, seven abstraction flow rate classes were defined for all 107 wells, each 

identified by a different color code. Thanks to this graphical representation, interpretable 

data and data clearly associated with measurement errors were differentiated for each 

well through the definition of: 

• a time window to exclude data associated with an initial sensor calibration 

phase or data affected by a detection error not found in the remaining series; 

• threshold values (in meters or meters above sea level) beyond which the 

measurement was not considered reliable. 
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These exclusion parameters were identified through expert-driven evaluation, supported 

by a graphical analysis aimed at identifying data that were clearly out of scale or 

indicative of obvious sensor errors.  

In Figure 5.2 an example is shown of the exclusion of data below a threshold level: in 

this case the data highlighted with the red circle were static (abstraction rate = 0 L/s), but 

the resulting piezometric levels were significantly lower than dynamic data registered 

with abstraction rates up to 30 L/s, meaning that they were more plausibly associated 

with malfunctioning in the measurements or storage of the data than associated with 

actual hydrogeological processes.
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Figure 5.2 – Schematic representation of the selection of interpretable data and exclusion of data associated with errors by visual 

inspection. Groundwater level data from automatic sensor are classified according to abstraction rate classes (L/s). 
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After this first manual selection of the data, additional issues related to missing 

information were specifically addressed in order to minimize data loss and preserve as 

many available time series as possible. The most frequent problems were related to 

missing information, particularly to missing sensor depth data. Furthermore, a recurring 

issue was encountered, related to the displacement of the sensor throughout the years 

(e.g., due to maintenance, repositioning or sensor substitution), as previous sensor 

positions and depth information have not been retained, leaving only the most recent 

sensor location available. Therefore, several approaches were developed to address 

different issues:  

• Missing sensor depth data. 

• Sensor displacement associated with a sensor substitution. 

• Sensor displacement not associated with a sensor substitution: 

o data from manual measurements available; 

o data from manual measurements not available. 

As no specific metadata on sensor displacement was available, the displacement of each 

sensor was evaluated individually and discussed directly with the water supplier. 

5.3.1 Missing sensor depth data 

For some wells, the information regarding the depth of the sensor was lacking. In these 

cases, the elevation of the automatic sensor (in m a.s.l.) was determined by comparing 

the static groundwater level data manually measured (when available) with the average 

of the groundwater levels above the sensor associated with an abstraction rate of 0 L/s, 

measured on the same day. The average of the calculated values has been used to identify 

the position of the automatic sensor and to integrate the available manual measurements 

with the time series collected with the automatic sensor.  

Example 1 

Here is reported an example showing 1) the table containing the measurements used to 

identify the position of the automatic sensor in m a.s.l. (Table 5.1), 2) the comparison 

between the time series before and after the correction (Fig. 5.3), and 3) the calculated 
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position of the automatic sensor. For this well, the calculated position of the sensor is 

93.882 m a.s.l.. 

Table 5.1 – Comparison between manual static level measurements and groundwater level 

above the sensor, measured on the same day, used to calculate the position of the sensor in 

meters above sea level. 

Date 
Static manual 

measurement (m a.s.l.) 

Average of the 

groundwater level above 

the automatic sensor(m) 

Calculated sensor 

elevation (m a.s.l.) 

24/02/2014 115.15 21.266 93.884 

20/05/2015 113.88 19.974 93.906 

23/09/2015 115.36 21.469 93.891 

19/09/2016 115.84 21.891 93.949 

04/07/2018 114.03 20.25 93.78 

 

 

Figure 5.3 – Time series correction: a) shows the time series before the correction (manual 
data are in m a.s.l., while the sensor’s data are in m above the sensor), and b) shows the time 

series after the correction. Sensor data are classified according to abstraction rate classes 
(L/s), and manual data are represented in grey. 

5.3.2 Sensor displacement associated with a sensor substitution 

For some wells, it emerged that the sensor's position referred only to the sensor of the 

current management system. However, this data did not apply to the sensor of the 



 
 

5. Data Acquisition and Database Management: a Structured Approach 

49 

   

decommissioned management system due to the displacement/substitution of the sensor 

over time, as clearly highlighted by sudden shifts between the series sections that cannot 

be justified or interpreted as actual drops.  

In this case, the correction was made by comparing the manual static piezometric data 

with the average of the piezometric data (associated with an abstraction rate of 0 L/s) 

measured by the automatic sensor on the same date. The calculated average was then 

added to the sensor’s altitude (m a.s.l.) provided by Acque Bresciane in order to obtain 

the correct sensor elevation for the time series section to be corrected.  

Example 2 

Here is reported an example showing 1) the table containing the measurements used to 

identify the position of the decommissioned sensor (Table 5.2), 2) the comparison 

between the time series before and after the correction (Fig. 5.4), and 3) the calculated 

position of the decommissioned management system sensor. The sensor’s altitude (m 

a.s.l.) provided by Acque Bresciane was 94 m a.s.l., while the calculated altitude for the 

sensor of the decommissioned management system was 104.37 m a.s.l.. 

Table 5.2 – Comparison between manual static level measurements (SMM) and static level 

recorded by the automatic sensor (MAS), measured on the same day, used to calculate the 

position of the decommissioned management system sensor. 

Date 
Static manual 

measurement 

(SMM) (m a.s.l.) 

Average of the 

measurements from 

the automatic sensor 

(MAS) (m a.s.l.) 

Difference 

between SMM 

and MAS (m) 

Average of 

differences 

(m) 

02/03/2026 113.5 103.34 10.16 

10.37 15/03/2016 113.36 102.48 10.88 

28/09/2016 115.39 105.32 10.07 
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Figure 5.4 – Time series correction: a) shows the time series before the correction, and b) 
shows the time series after the correction. Sensor data are classified according to abstraction 

rate classes (L/s), and manual data are represented in grey. 

5.3.3 Sensor displacement not associated with a sensor substitution – manual data 

available 

For some wells, it was necessary to further divide the time series recorded by both 

decommissioned and actual management system sensors into multiple sections due to a 

sensor displacement over time. In these cases, it was necessary to identify the dates on 

which the sensor was moved and assign an identification code to each one.  

The identified segments were corrected by comparing the available manual static values 

with the average static values (associated with a flow rate of 0 L/s) measured by the 

automatic sensor on the same date. The calculated averages were then added to the sensor 

altitude provided by Acque Bresciane in order to obtain the correct sensor position data 

for each section. 

Example 3 

Here is an example showing 1) the table containing the measurements used to identify 

the position of the time series section (Table 5.3 and Table 5.4), 2) the comparison 

between the time series before and after the correction (Fig. 5.5), and 3) the calculated 

position of the sensors for each section. 

The time series measurements in the example were collected with three sensors. For the 

first sensor, the recorded data series had to be divided into four sections. The correction 

and realignment of the data were performed by comparing the manual static 
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measurements with the average of the static values (associated with a flow rate of 0 L/s) 

measured by the automatic sensor on the same date (Table 5.3). The average of the 

calculated values was then added to the automatic sensor elevation provided by Acque 

Bresciane. 

Table 5.3 – Comparison between manual static level measurements (SMM) and static level 

recorded by the automatic sensor (MAS), measured on the same day, used to calculate the 

position of the time series sections recorded with the first automatic sensor. 

Time series 
sections Date 

Static manual 
measurement 

(SMM) (m 
a.s.l.) 

Average of the 
measurements 

from the 
automatic 

sensor (MAS) 
(m a.s.l.) 

Difference 
between 

SMM and 
MAS (m) 

Average of 
differences 

(m) 

1 

(04/11/2013 - 

21/10/2016) 

18/03/2014 112.95 125.79 -12.84 

-12.66 

21/07/2014 114.36 127.16 -12.80 

17/11/2014 113.48 126.17 -12.69 

11/12/2014 113.36 126.20 -12.84 

16/04/2015 111.79 124.25 -12.46 

13/05/2015 111.24 124.02 -12.78 

25/06/2015 111.66 124.03 -12.37 

19/08/2015 113.07 125.45 -12.38 

21/09/2015 113.06 125.97 -12.91 

12/10/2015 112.71 123.99 -11.28 

17/11/2015 111.63 124.44 -12.81 

14/12/2015 110.93 123.76 -12.83 

25/01/2016 110.44 123.23 -12.79 

17/02/2016 110.11 122.92 -12.81 

14/03/2016 109.74 122.47 -12.73 

13/04/2016 109.28 122.06 -12.78 

18/05/2016 109.42 122.23 -12.81 
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Time series 
sections Date 

Static manual 
measurement 

(SMM) (m 
a.s.l.) 

Average of the 
measurements 

from the 
automatic 

sensor (MAS) 
(m a.s.l.) 

Difference 
between 

SMM and 
MAS (m) 

Average of 
differences 

(m) 

26/08/2016 113.51 126.30 -12.79 

19/09/2016 113.67 126.52 -12.85 

11/10/2016 113.19 125.89 -12.70 

2 

(13/10/2016 - 

21/10/2016) 

21/11/2016 111.94 109.38 2.56 

2.51 
16/12/2016 111.18 108.73 2.45 

3  

(21/10/2016 - 

19/10/2017) 

22/02/2017 109.91 109.27 0.64 

0.64 

20/09/2017 112.63 111.98 0.65 

4 

(19/10/2017 - 

27/11/2018) 

20/02/2018 111.74 122.63 -10.89 

-12.32 

21/03/2018 109.38 122.07 -12.69 

19/06/2018 109.83 122.62 -12.79 

17/09/2018 112.43 125.74 -13.31 

15/10/2018 112.62 125.30 -12.68 

08/11/2018 112.30 124.98 -12.68 

20/11/2018 112.16 123.35 -11.19 

The sensor’s altitude (m a.s.l.) provided by Acque Bresciane was 94.93 m a.s.l., while 

the calculated altitude for the sensor was 82.26 m a.s.l. for section 1, 97.44 m a.s.l. for 

section 2, 95.57 m a.s.l. for section 3, and 82.61 m a.s.l. for section 4. The second sensor 

depth data was not available. To determine the elevation of the second sensor, the 

groundwater level above the sensor (m) (associated with a flow rate of 0 L/s) was 

subtracted from the manual measurement (m a.s.l.) (Table 5.4). The calculated altitude 

for the second sensor was 93.39 m a.s.l.. 
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Table 5.4 – Comparison between manual static level measurements (SMM) and static level 

recorded by the automatic sensor (MAS), measured on the same day, used to calculate the 

position of the second automatic sensor. 

Date 
Static manual 

measurement (SMM)  
(m a.s.l.) 

Average of the measurements 

from the automatic sensor 

(MAS) (m a.s.l.) 

Sensor elevation 

(m a.s.l.) 

22/05/2019 109.36 15.97 93.39 

 

Figure 5.5 – Time series correction: a) shows the time series before the correction, and b) 

shows the time series after the correction. Sensor data are classified according to abstraction 

rate classes (L/s), and manual data are represented in grey. Numbers from 1 to 4 refer to the 

four sections of the data series recorded by sensor 1. 

5.3.4 Sensor displacement not associated with a sensor substitution – manual data 

not available 

For some wells, static manual data were not available. In these cases, the different 

segments of the historical series relating to the sensor displacement over time were 

corrected by comparing the last available data from the time series section to be realigned 

with the first available data from the reference series section. The data selected for 

correction were chosen based on the abstraction flow rate class. In these cases, an 

interval of up to two weeks has been considered acceptable for applying this correction 

method.  
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Example 4 

Here is an example showing 1) the table containing the measurements used to identify 

the position of the time series sections (Table 5.5), 2) the comparison between the time 

series before and after the correction (Fig. 5.6), and 3) the calculated position of the 

sensors for each section. 

The time series measurements in the example were collected with two sensors. For 

sensor 2, the recorded data series had to be divided into two sections. The correction of 

the time series from 04/11/2013 to 11/03/2021 was made using the second section from 

12/03/2021 to 08/05/2023 as the reference. The data selected for correction were both 

associated with a withdrawal rate class <5 L/s. The sensor’s altitude (m a.s.l.) provided 

by Acque Bresciane was 103.35 m a.s.l., while the calculated altitude for the first section 

was 112.8289 m a.s.l.. 

Table 5.5 – Comparison between the last available data from the time series section to be 

realigned and the first available data from the reference section, used to calculate the position 

of the first time series section. 

Last available data from the time 

series section to be realigned (m a.s.l.) 

First available data from the 

reference section (m a.s.l.) 

Difference 

(m a.s.l.) 

112.058 121.537 9.4789 

 

Figure 5.6 – Time series correction: a) shows the time series before the correction, and b) 

shows the time series after the correction. Sensor data are classified according to abstraction 

rate classes (L/s), and manual data are represented in grey. Numbers 1 and 2 refer to the two 

sections of the data series recorded by sensor 2. 
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Highlights 

• Surface-water-fed irrigation can recharge groundwater systems 

• Groundwater-fed irrigation depletes groundwater 

• 2022 drought determined significant changes in groundwater budget 

• Surface-water-fed areas suffered a severe lack of recharge in 2022 

• Groundwater-fed areas depletion increased by up to 100% more during 2022 summer 

Abstract  

Groundwater is facing shortage scenarios worldwide due to a changing climate, but 

systems governed by different recharge processes may react differently. Hence, 

understanding groundwater budget components is critical for sustainable resource 

management. This study analyzes seasonal groundwater level patterns from active 

drinking water wells, investigating different hydrogeological contexts and water 

management practices. In the first phase, data under baseline conditions (2013-2021) are 

mailto:chiara.zanotti@unimib.it
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analyzed to identify the average seasonal patterns and the associated recharge and 

discharge processes. Successively, the 2022 data is compared with baseline data to 

quantify the effect of the hydrological drought. Results show that in surface-water-fed 

irrigation areas, the absence of surface water during the 2022 summer, related to winter 

snow scarcity in the Alps, caused significant disruption of the typical groundwater 

seasonal profile. The winter groundwater table decrease was more than twice the average 

decrease under baseline conditions, and the summer rise was the 30% of the average rise 

under baseline conditions. This is related to the missing recharge and the increased 

abstraction of groundwater to fill the lack of surface water for irrigation needs. 

Therefore, in a scenario of dryer summers linked to climate change, the plausible 

transition toward more efficient irrigation methods or groundwater irrigation could cause 

severe groundwater depletion and compensation measures will be needed. Conversely, 

in groundwater-fed irrigation areas, the increased irrigation needs during the 2022 

summer determined a summer groundwater depletion 76% wider than the average 

summer depletion under baseline conditions. Here, mitigation actions to reduce 

abstracted volumes, such as transitioning to more efficient irrigation systems, could 

reduce groundwater vulnerability to climate change. On the other hand, aquifer systems 

governed by natural recharge and discharge processes showed a wider pluriannual 

variability associated with dry and wet years and resulted less vulnerable to single dry 

seasons than highly anthropic systems. 

6.1 Introduction 

Groundwater provides societies with tremendous social, economic, and environmental 

benefits and opportunities (UNESCO, 2022). Nevertheless, groundwater availability has 

been facing shortages worldwide in the last decades.  

A recent study (Jasechko et al., 2024) highlighted that rapid groundwater-level declines 

are evident globally in the twenty-first century and that declines have accelerated over 

the past four decades in 30% of the world’s regional aquifers. Although generally 

considered more resilient than surface water to meteorological conditions, concerns 

about groundwater availability in relation to climate change are rising worldwide 
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(Atawneh et al., 2021; Bierkens & Wada, 2019; Ndehedehe et al., 2023). More 

specifically, drought effect on water availability can have direct impacts on human 

activities and natural ecosystems (Stephan et al., 2021). 

IPCC reports that Global surface temperature will increase until at least mid-century 

under all emissions scenarios, and this will lead to changes in the climate system, 

including increases in the frequency and intensity of hot extremes and agricultural and 

ecological droughts. Projected changes in extremes are larger in frequency and intensity 

with every additional increment of global warming (IPCC, 2023; Stigter et al., 2023). 

In the last 120 years, an increasing trend in the severity of agricultural and ecological 

droughts emerged due to amplified atmospheric evaporative demand, and increased 

drought severity is expected in areas in which models project reduced precipitation 

(southern North America and Central America, northern South America and the Amazon 

basin, southwestern America, the Mediterranean region, western and southern Africa 

and South Australia) but, more generally, in water-limited regions everywhere due to 

enhanced atmospheric evaporative demand (Vicente-Serrano et al., 2022).  

A recent study at a global scale demonstrated that climate change is expected to have 

severe impacts on groundwater storage under the business-as-usual scenario (RCP8.5), 

highlighting that these effects are not only linked to projected changes in precipitations 

but also controlled by other hydrological processes (e.g., evapotranspiration and snow-

melt) worsened by the impacts of over-pumping that could easily far exceed the natural 

replenishment (Wu et al., 2020). 

In these scenarios, understanding the elements of the groundwater budget in specific 

areas is the cornerstone of sustainable resource management (Di Giovanni et al., 2023). 

Indeed, different recharge mechanisms can respond differently to global warming 

(Meixner et al., 2016), and a region's sensitivity to climate change depends on the 

recharge mechanisms governing a given aquifer system (Amanambu et al., 2020). 

The analysis of groundwater level time series demonstrated to be key in deepening the 

understanding of the groundwater's response to natural and anthropic factors (Anand et 
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al., 2020; Colyer et al., 2021; Egidio et al., 2022; Fronzi et al., 2024; Lasagna et al., 

2020; Meggiorin et al., 2021; Noori & Singh, 2021; Obergfell et al., 2019; Pathak & 

Dodamani, 2019; Ronchi et al., 2018; Sakizadeh et al., 2019; Sartirana et al., 2022; 

Treviño et al., 2023).  

More specifically, while most studies concentrate on long-term trends of groundwater 

levels, a focus on the seasonal patterns demonstrated to be able to provide precious 

insights into the anthropic and natural processes governing groundwater budget over 

time (Colyer et al., 2021; Lafare et al., 2016). Indeed, most of the groundwater budget 

elements can have a strong seasonality. In this regard Jasechko (2014) highlighted that 

the recharge of groundwater systems by meteoric water worldwide has a strong seasonal 

feature. On the other hand, also anthropogenic processes affecting groundwater can have 

strong seasonal differences. For example, agriculture, which has strong seasonal 

cyclicity, is regarded as one of the primary anthropogenic factors affecting the 

groundwater balance with multiple possible effects on groundwater worldwide, such as 

groundwater depletion in regions with primarily groundwater-fed irrigation or 

groundwater recharge from return flows where irrigation is fed by surface water (Dangar 

et al., 2021; Scanlon et al., 2023; Taylor et al., 2013).  

Besides understanding the processes governing the groundwater budget under ordinary 

conditions, analyzing the groundwater response to critical situations, such as 

hydrological droughts, can provide valuable information on the groundwater budget 

elements and the response to water management policies. Hydrological droughts are 

defined as low-flow periods with streamflow or groundwater level deficits lower than 

“natural” conditions (Tramblay et al., 2020). 

The year 2022 was one of the warmest years, with high temperatures in several regions 

worldwide. Many regions, such as the southwestern U.S., southern Europe, India and 

central South America suffered serious drought during that year, resulting in devastating 

impacts on social, agricultural, and ecological sectors (Liu et al., 2023; Weaver et al., 

2023; Zhang et al., 2023). 
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In several European countries, 2022 was a critical year with a severe hydrological 

drought that resulted in enormous socioeconomic impacts (Faranda et al., 2023; 

Masseroni et al., 2024; Toreti et al., 2022). The drought conditions in Europe originated 

from a quasi-stationary high-pressure ridge extending from northern Africa to the British 

Islands and from the Azores to Italy, starting in winter 2021 (Avanzi et al., 2024). The 

simultaneous occurrence of dry and hot conditions during winter, as in 2022, generally 

causes the most severe snow droughts and, consequently, the most severe summer 

streamflow droughts (Dierauer et al., 2018, 2019). 

Global projections emphasize the critical need to study the mechanisms of groundwater 

recharge and discharge and their changes under water scarcity conditions. This is 

essential for planning sustainable water resource management that accounts for potential 

future water scarcity. Nevertheless, several areas worldwide report a lack of monitoring 

data or monitoring networks that are scarce and unevenly distributed in both space and 

time (Bhatti et al., 2017; Haaf et al., 2023; Lall et al., 2020). In most cases, regional 

monitoring networks hardly reach the detail needed to deeply understand the water 

budget at local scales, especially in highly heterogeneous areas. On the other hand, water 

suppliers collect groundwater and abstraction rate data, which are often neglected as they 

are associated with pumping wells. To the best of our knowledge, no previous work 

specifically addressed the challenges in exploiting groundwater level data from pumping 

wells. Therefore, finding a way to exploit groundwater dynamic data from water 

suppliers can become the new key to investigate groundwater vulnerability to climate 

change with high spatial and temporal resolution.  

This work aims to investigate first the water budget under baseline conditions through 

the analysis of groundwater levels over time with a specific focus on seasonality and, 

successively, to explore the system response to the 2022 drought, highlighting the direct 

effects of meteorological conditions and the indirect effects mediated by human response 

to water scarcity, and to evaluate the vulnerabilities of different hydrogeological systems 

to climate changes. Furthermore, this work aims to investigate the potential of exploiting 

groundwater dynamic data collected from active drinking water wells that are crucial 
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also for investigating areas such as the morainic amphitheaters, where no monitoring 

network is available, leading to a complete lack of data and previous knowledge of 

groundwater dynamics. 

In this work, dynamic data from active drinking water wells are explored, and a 

preprocessing procedure is proposed aimed at extracting noiseless information from 

dynamic data representative of the aquifer conditions while discarding the effect of high 

pumping rates. The study area covers a wide range of hydrogeological settings and water 

management practices, including i) a plain area with intensive surface-water-fed 

irrigation, ii) a plain area with groundwater-fed irrigation, iii) two morainic 

amphitheaters with a multitude of small aquifers, and iv) alpine valleys. 

To investigate the groundwater budget components, semi-static data under baseline 

conditions are analyzed through cluster analysis to extract seasonal patterns 

representative of recharge and discharge processes. To quantify the distortion from the 

typical seasonal patterns induced by meteorological conditions and water management, 

the effect of the 2022 drought is explored through a specific focus. Furthermore, 22 years 

of meteorological data are analyzed to quantify precipitation and temperature anomalies.  

6.2 Materials and Methods  

6.2.1 Study Area 

The present study covers an area of ~ 4000 km2 within the province of Brescia in northern 

Italy (Fig. 6.1).  

According to the Köppen classification, the study area falls in the “Cfa” climate group, 

which is characterized by a temperate continental climate with cold winters and humid, 

hot summers and an average temperature of 12.5°C (Faquseh & Grossi, 2023). The 

rainfall regime, with a mean annual precipitation of ≅ 900 mm, is characterized by a 

bimodal trend with two maxima, with moderate prevalence of the autumn maximum 

over the spring one, and two minima, in winter and summer (Faquseh & Grossi, 2023). 
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The land use is mostly agricultural (Fig. 6.1c). The most commonly used irrigation 

method is the surface irrigation method, where farmers flow water down small trenches 

running through their crops, but this method is not practiced uniformly in the study area. 

In Figure 6.1d, the number of farms applying the surface irrigation method is shown for 

every municipality, standardized by the municipality area (n° of farms per hectare); it is 

evident that the surface irrigation method is widely applied in the south-central plain, 

while it is rarer in the northernmost sector of the plain and in the moraine amphitheaters, 

mostly devoted to vineyards. 

This area is denoted by a heterogeneous geological and hydrogeological setting (Fig. 

6.1b), including an alpine area in the north, a plain area (part of the Po Plain) in the south, 

and two morainic amphitheaters along lakes Garda and Iseo (Marchetti, 2002; Vercesi, 

1994; Zanotti et al., 2019). Lakes Garda and Iseo, together with Lake Idro, represent 

three of the main Italian lakes of the subalpine lakes district whose regime is dam 

regulated since the second half of the twentieth century, mostly for hydropower and 

agricultural purposes (Hinegk et al., 2022).  

In the study area, six main aquifer systems can be identified (Fig. 6.1b): i) Alpine area, 

ii) Lake Iseo morainic amphitheater, iii) Lake Garda morainic amphitheater, and a plain 

area which can be further divided into iv) higher plain, v) middle plain and, vi) lower 

plain. The transition from the higher to the lower plain is marked by a narrow area with 

numerous groundwater outflows (lowland springs), known as “the springs belt,” located 

in the middle plain (Bartoli et al., 2012; De Luca et al., 2014;). 

From a hydrogeological point of view, the Alpine area hosts alluvial river valley 

aquifers, usually unconfined, and mountain-blocked fractured aquifers whose main 

recharge sources correspond to precipitation and snowpack melt (Somers & McKenzie, 

2020; Vercesi, 1994). Almost all the coastal territories of Lake Iseo, Lake Idro and the 

northern portion of Lake Garda are included in the Alpine area. The Iseo and Garda lakes 

morainic aquifer systems constitute incredibly complex hydrogeological environments 

where moraine and fluvio-glacial/-lacustrine deposits overlap. Vineyards and residential 

destination are the two main land uses. In particular, the area along the shores of Lake 
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Garda is characterized by a strong summer tourist vocation. These systems include local 

unconfined aquifers of limited potential and deeper confined aquifers layered between 

silty/clayey aquitards with complex and long recharge mechanisms, which are difficult 

to determine due to the structural complexity of these aquifer systems (Bini & Zuccoli, 

2004; Vercesi, 1994; Zanotti et al., 2022).  

The higher plain (north) hosts a monolayer unconfined aquifer up to 100 m b.g.s, mainly 

composed of coarse sediments (sands and gravels – Fig. 6.2). The land use is mainly 

agricultural (Fig. 6.1c) (crop/arable land), where corn cultivation, especially for cattle 

and pig feeding, dominates. In this area, irrigation is mostly fed by surface water through 

an extensive network of centuries-old irrigation canals (Fig. 6.1c) whose water comes 

from Subalpine lakes (i.e., lakes Iseo, Idro, and Garda) and Alpine rivers (i.e., Oglio, 

Mella, and Chiese rivers). An exception is represented by the northernmost sector of the 

higher plain, where irrigation is rarely practiced using groundwater. In the higher plain, 

aquifer recharge occurs via irrigation return flow during the growing season, local 

precipitation, losing rivers and canals, and mountain-front recharge in the northernmost 

sector, while discharge is primarily related to outflows through the springs belt, well 

abstraction, gaining portion of Oglio River and outflow to the lower plain aquifers 

(Bonomi et al., 2008; Rotiroti et al., 2023). This sector constitutes the recharge area of 

both higher and lower plain aquifer system.  

The presence of the springs belt at the transition between the higher plain and the 

downstream lower plain intercepts and discharges the summer excess groundwater, 

preventing the increase of groundwater heads in the higher plain caused by irrigation 

during the growing season from being transferred to the lower plain aquifer. The spring's 

increased discharge transfers this excess downstream without excessively altering the 

groundwater level in correspondence and downstream of the spring belt (Fumagalli et 

al., 2017; Rotiroti et al., 2019a).  

The lower plain hosts a multi-layer system of confined sandy aquifers separated by a 

vertical alternation of several layers of fine material (silt and clay – Fig. 6.2) (Vercesi, 

1994). This multilayer system can be subdivided into three aquifer sub-units: shallow 
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(depth <40 m below ground surface (b.g.s.)), intermediate (40–100 m b.g.s.), and deep 

(>100 m b.g.s.). The shallow aquifer can become locally semi-confined or unconfined 

due to local factors, such as the local absence of shallow confining layers. (Rotiroti et 

al., 2019b). As shown in Figure 6.2, irrigation wells (I) predominantly tap the shallow 

sub-unit, whereas drinking water supply wells (D) tap the intermediate and deep aquifer 

sub-units. Similarly to the higher plain, the land use in the lower plain is mainly 

agricultural, but here the main source for irrigation is the groundwater abstracted through 

irrigation wells (Rotiroti et al., 2019a; Zanotti et al., 2019). Groundwater recharge for 

the lower plain aquifer system occurs solely through groundwater inflow from the higher 

plain aquifer due to the presence of superficial confining low-permeability layers that 

reduce or completely prevent surface infiltration. Discharges from the lower plain 

aquifers occur through gaining rivers and well abstraction (Vercesi, 1994).  

The groundwater flow in the plain area is characterized by a NS direction in the higher 

plain and NW to SE direction in the lower plain (Regione Lombardia, 2016). The water 

table depth (Fig. S.6.1a) decreases from north to south, ranging from more than 40 m in 

the northernmost sector to less than 5 m in the medium-low plain. 

Climate studies for northern Italy indicate that this region is facing a concerning trend 

toward dry conditions (Baronetti et al., 2020). Projections for the twenty-first century 

(Baronetti et al., 2022) suggest this trend will persist and intensify. Most Global Climate 

Models (GCM) and Regional Climate Models (RCM) indicate an increase in drought 

severity, particularly under the high-emission scenario (RCP 8.5), with longer drought 

durations and a larger percentage of drought-affected areas expected by the latter part of 

the century (Baronetti et al., 2022; Raymond et al., 2019; Sofia et al., 2023). Significant 

temperature increases and escalating drought conditions will particularly impact the 

Alpine region, a crucial water source for the downstream plain areas.
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Figure 6.1 – a) Study area; b) Geomorphology (Regione Lombardia, 2007), monitoring wells, meteorological monitoring station, water table 
contour map (September 2014; (Regione Lombardia, 2016)) with flow directions, and cross-section trace. The cross-section is visible in Fig. 
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6.2; c) Land use (land use classes have been represented from the geographic database Dusaf 7.0 (Regione Lombardia 2023)); d) Application of 
the surface irrigation method (surface water or groundwater fed) - number of farms that apply the surface irrigation method per hectare 

(municipal data available from ISTAT - http://dati-censimentoagricoltura.istat.it/Index.aspx)).  

 

 

 

 

 
Figure 6.2 – Cross-section (modified from Zanotti et al., 2022). The cross-section trace is visible in Fig. 6.1. Wells are classified according to 

their use: D = Drinking, I = Irrigation, while no label indicates other uses. 
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6.2.2 Available data 

The local water supplier Acque Bresciane S.r.l. provided hourly raw data of the water 

head above the data logger (meters) and withdrawal rate (L/s) for 107 drinking water 

supply wells. The total data covers a maximum period of 10 years, from 2013 to 2022. 

In addition, the dataset containing static groundwater level data manually collected 

between 2013 and 2021 was provided. Since the data come from wells used for public 

supply, and the integrated monitoring network is constantly being improved and 

expanded, the available time series are characterized by different time spans. Finally, 

available supplementary structural information such as the well’s elevation, well’s depth, 

and data logger depth were provided by the water supplier for each well.  

In previous studies (Zanotti et al., 2022), the classification of the groundwater body 

tapped by each well (Confined, Semiconfined, and Unconfined) was performed, 

evaluating the depth and extension of the first screen, lithostratigraphic data, geological 

information from the area, detailed cross-sections, and groundwater depth data. For nine 

wells, this categorization was not available.  

Daily water level data of Lake Garda were downloaded from the web portal of Regional 

Agency for Environmental Protection of Lombardy (ARPA Lombardy, 

https:///www.arpalombardia.it/Pages/Meteorologia/Requested-data-metered.aspx). In 

particular, the hydrometric observations recorded by the monitoring station of Manerba 

del Garda - Dusano (in the south-wester part of the Lake Garda) cover the period 2017–

2022. Finally, from the same web portal, the datasets containing the historical series of 

daily precipitation and maximum and minimum temperature data from 2001 to 2022 

were downloaded. These data were recorded by the gauging station in the city of Brescia 

(ITAS Pastori), where the longest time series were available. 

6.2.3 Meteorological data analysis 

Meteorological data were explored to identify the precipitation and temperature 

anomalies with a specific focus on 2022. The period 2001-2020 was considered as the 

reference period, and temperature and precipitation anomalies were expressed as 
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percentage variations from the reference period average. Yearly anomalies were 

evaluated on the hydrological years (December – November). Furthermore, monthly 

anomalies in the 2021 and 2022 periods were evaluated and compared with the minima, 

maxima, 25th, and 75th percentiles of the monthly anomalies in the reference period. 

The multi-annual variability of the seasonal data was calculated: for each season, the 

cumulative precipitation, the average temperature, and dry days were calculated for 

every hydrogeological year of the considered time window.  

6.2.4 Groundwater level data preprocessing  

Data preprocessing started with the exclusion of data associated with sensor errors (e.g., 

negative values). Of the 107 available wells, 61 were selected that had at least one 

complete year of data available prior to 2022. Successively, on the 61 selected wells, the 

identification and the extraction of the static and/or semi-static trends were carried out. 

A first analysis of the availability of groundwater level data associated with a 0 L/s 

abstraction rate (Q) value revealed that the selection of these sole data would result in a 

substantial loss of data and in the elimination of several wells from the dataset since, in 

several cases, the wells are rarely completely switched off. Consequently, the data 

associated with a minimum flow rate, identified by a threshold value of 5 L/s, were 

selected. This threshold was chosen as the value that would allow maximum continuity 

along the time series while preserving proximity to static conditions and avoiding the 

effects of higher pumping rates. To investigate the effect of using data associated with a 

<5 L/s discharge compared to the static data, a distribution analysis was performed on 

the daily maximum data through a Wilcoxon signed-rank test at a 95% significance level. 

The test showed that 78% of the wells had no significant difference between the 

distribution of static data and data associated with a <5 L/s discharge. The remaining 

22% of the wells showed a maximum difference of 0.47 m, which accounted for less 

than 2% of the total range of the total variability of the single wells. Only for two wells, 

average differences of 5.6 m and 6.5 m emerged, which accounts for 14% and 15% of 

the two wells' total variability. These average differences are mostly associated with 

sporadic data, whose effect is overcome by the monthly median calculation in the 
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successive step. The procedure for the distribution analysis is thoroughly explained in 

the supplementary material (Section S.6.2).  

Successively, to reduce the remaining noise in the data, the maximum daily values were 

extracted from the selected semi-static trend and the monthly medians were calculated. 

Monthly median groundwater levels were selected as robust values, less influenced by 

any possible remaining outlier and therefore considered representative of the static value. 

The figures in Section S.6.3 show several examples of the preprocessing on a variety of 

wells: from the raw data to daily maxima on data associated with an abstraction rate 

lower than 5 L/s and the monthly medians.  

6.2.5 Groundwater level data analysis 

As a first phase, the obtained time series were firstly standardized by subtracting the 

global mean for each well and then detrended by subtracting the yearly mean to remove 

the effect of interannual fluctuations, which could have masked seasonal variability, and 

to enable the comparison between time series with different time spans. Successively, 

seasonal profiles were extracted for each well as the twelve monthly medians. Figures 

in Section S.6.4 show examples of how subtracting the yearly mean allows for the 

extraction of meaningful seasonal profiles for a single well while using the original data 

could lead to noisy information. 

To identify groups of wells with similar seasonal profiles and recurrent patterns, a 

hierarchical cluster analysis (HCA) was performed, considering the 12 monthly medians 

of the 61 available wells as different variables. Cluster analysis is an unsupervised 

pattern recognition technique that divides a large group of elements into smaller coherent 

groups, i.e., clusters (Triki et al., 2014; Zhou et al., 2007). Hierarchical clustering, in 

particular, was widely used for several groundwater analyses (Nourani et al., 2022; 

Pathak & Dodamani, 2019; Yin et al., 2022). In this study, HCA was performed using 

the Ward hierarchical method (Ward, 1963) with the squared Euclidean distance 

(Bloomfield et al., 2015) in the RStudio environment using the "hclust" function from 

the "stats" package (R Core Team (2021) Development Core Team, 2021).  
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Through the combined analysis of the groundwater level fluctuations, such as the 

seasonal minimum and maxima and the dynamic range (the difference between the 

maximum and minimum groundwater levels), the obtained clusters have been further 

grouped using a posteriori knowledge of the groundwater systems' hydrogeological 

conditions. This analysis was performed on data from 2013-2021, focusing specifically 

on years with baseline conditions representative of the natural seasonal trend of the 

groundwater level within the study area's meteoclimatic regime.  

To investigate how the seasonal variability is related to the total variability of the data 

for each well, the standard deviation of the original data (as monthly medians), and the 

standard deviation of the detrended data (i.e., subtracted annual mean) were calculated. 

The ratio between these two values indicates how much of the total variability is 

associated with the seasonal variability. This analysis considered only wells with at least 

two years of data before 2022. 

6.2.6 2022 drought effects evaluation 

To identify the different hydrogeological systems' responses to 2022 extreme conditions, 

the groundwater level trends from years before 2022 and the 2022 trend were compared. 

This analysis was conducted on a subset of 51 wells with the 2022 measurement 

available.  

For the wells that showed a clear seasonal profile, a detailed analysis was carried out to 

quantify the distortion of the seasonal profile of 2022 compared to the seasonal profile 

of the reference years. Specifically, minimum and maximum groundwater levels have 

been identified for each year, and the average increase and decrease were calculated; 

successively, the 2022 decreases and increases were compared with the average decrease 

and increase and expressed as percentage anomalies. For the wells where the pluriannual 

trend constitutes a major contribution to the total variability and seasonal patterns were 

less evident, a qualitative analysis through visual inspection was conducted. 
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6.3 Results 

6.3.1 Meteorological data analysis 

The year 2022 stood out for record-low precipitation and record-high air temperature, 

which resulted in a severe hydrological drought. Figure 6.3 and a focus in Section S.6.5 

summarize the elaborations of meteorological data at the weather monitoring station 

(Fig. 6.1); a twenty-year time window (2001 – 2020) was considered as reference period.  

Figure 6.3a combines the temperature and precipitation anomalies over the hydrological 

years (Dec-Nov) based on the reference period. Figure 6.3b shows the monthly 

precipitation and temperature values for the reference period (boxplots and black line, 

respectively) and the 2022 data (red triangle and red line). Figures 6.3c shows monthly 

precipitation anomalies as percentages: the grey bars indicate maxima, minima, 25th and 

75th percentile of the percentage anomalies over the reference period, while red and blue 

bars indicate percentage anomalies of the 2021 and 2022 data. Figure 6.3d reports the 

seasonal count of dry days.  

This elaboration highlights how the hydrological 2022 year constitutes an absolute 

anomaly for both temperature and precipitation with respect to the reference period. 

Specifically, as shown in Figures 6.3b and 6.3c, starting from December 2021 

throughout the whole 2022, the precipitations were characterized by a severe negative 

rainfall anomaly and a deficit of precipitation of approximately - 48% that reached the 

highest value in October 2022 with a rainfall deficit of - 99% compared to the reference 

period. The driest season was spring, with a deficit equal to -75% (Fig. 6.3c, Fig. 6.3d, 

and Fig. S.6.18). In addition to the precipitation deficit, an annual temperature anomaly 

of about +1.5 ºC was recorded compared to the 2001-2020 average of 14.4 ºC (Fig. 6.3a). 

Positive temperature anomalies above 2 °C were recorded in February, May, June, 

October, and December, with a July peak of +3.6 °C (Fig. 6.3b, Fig. S.6.17, and Fig. 

S.6.19). 
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Figure 6.3 – a) Precipitation and temperature anomalies over hydrological years (Dec – Nov) 
with respect to the reference period 2001-2020; b) Monthly precipitation and temperature over 
the reference period (boxplots and black line) and 2022 monthly precipitation and temperature 

(red triangles and red line); c) Precipitation anomalies (as percentages): grey bars indicate 
maxima and minima (light grey) and 25th and 75th percentile (dark grey) of precipitation 

anomalies over the reference period, while red and blue bars indicate 2021 and 2022 
anomalies compared to the reference period; d) Seasonal count of dry days. The brown line 

represents the loess regression, while the light-brown area represents the confidence interval. 

 

6.3.2 Analysis of Groundwater levels under baseline conditions 

The HCA resulted in the identification of 13 clusters. The spatial distribution and 

seasonal profiles are shown in Figure 6.4, while Figure 6.5 shows the monthly median 

of groundwater level for each well, color-coded by clusters. The 13 clusters have been 

grouped into 6 groups (A-F) based on similarities between seasonal maxima and minima. 

The areas where these groups are located can be considered hydrological units with 
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comparable characteristics and where the groundwater level reacts to recharge and 

discharge in comparable ways. 

In Table 6.1, the ratios between the standard deviation of the detrended monthly median 

(i.e., subtracted annual mean) and the standard deviation of the original monthly medians 

are reported as average over the different clusters. 

The characteristics of each group are listed below, while focuses on single clusters are 

available in the supplementary materials (Section S.6.6)
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Figure 6.4 – a) Spatial distribution of the wells color-coded by cluster over the geomorphological map (Regione Lombardia, 2007), b) Seasonal 
pattern of the wells, grouped by clusters.
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Figure 6.5 – Groundwater level time series (monthly median) color-coded by cluster. Data for 
2022, excluded from the cluster analysis, are represented as black dots over the grey-shaded 

area. 
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Table 6.1 – Average ratio between the seasonal variability and the total variability calculated, 
respectively, as the standard deviation of detrended data (annual mean subtracted) and the 

standard deviation of original data. 

Cluster 
Average of 

sd. Detrended/ sd. Total 

A1 62.81% 

A2 84.70% 

A3 63.88% 

A4 92.63% 

B 76.57% 

C1 87.68% 

C2 92.45% 

C3 92.32% 

D1 59.05% 

D2 75.01% 

D3 53.76% 

E 99.24% 

F n.d. 

 

Group A consists of 4 clusters, including 15 wells located in the higher plain, 4 wells in 

the intermorainic plains, and 2 wells located in the morainic deposits. All clusters exhibit 

a seasonal pattern with a minimum in Spring and a maximum during Autumn. The range 

of seasonal variability increases from A1 (2.6 m) to A4 (one well - 10.3 m).  

The A group seasonal profile, with its summer rising, can be generally associated with 

recharge from surface water linked to irrigation processes: irrigation return flow or 

leakages from unlined irrigation canals. The clusters highlight a difference between 

wells located in the outer limit of the morainic aquifer systems and in the northern part 

of the higher plain (A1 and A3), where the surface irrigation method is rarely applied 

and irrigation canals are sparser, and the southern sector of the higher plain (Cluster A2) 

where the surface irrigation method is prevalent, and a dense canal network is evident. 
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More specifically, wells in the northern sector (A1 and A3) generally show a wider 

pluriannual oscillation, with the seasonal oscillation constituting ca. 60% of the total 

variability, while wells in the southern sector of the higher plain (A2) show a wider 

seasonal oscillation (3.8 m) constituting 85% of the total variability (Table 6.1). 

Group B includes 1 cluster, grouping 15 wells spatially dispersed in the study area. This 

cluster groups wells with the minimum seasonal oscillation in the dataset. The 

pluriannual variability (Fig. 6.5) is different among the wells in the cluster, ranging from 

very narrow (e.g., W33 and W34) to wider oscillations (e.g., W22 and W30). Within 

group B, 3 cases can be identified, characterized by specific hydrogeological settings 

that determine this narrow range of seasonal oscillation: a) proximity to the spring belt 

(middle plain), b) proximity to the Lake Garda shores, and c) morainic compartment and 

alpine valleys.  

Group C represents wells tapping from lower plain and morainic aquifers that show a 

seasonal trend disrupted by a summer lowering. Group C includes three clusters (C1-

C3) with a total of 14 wells, where C1 groups all the wells in the lower plain and a single 

well in the morainic compartment, C2 groups a set of neighboring wells in the southern 

portion of the Garda Lake morainic amphitheater and C3 only one well located in the 

morainic compartment. The range of the seasonal variability increases from C1 (2.5 m) 

to C3 (13.6 m). All the wells of group C show reduced pluriannual variability, and 

seasonal variability constitutes about 90% of the total variability. 

Group D (D1-D3) collects 7 wells in the morainic hills, showing a response to local 

precipitation. All group D clusters have a seasonal pattern with a maximum in Spring 

and a minimum in Summer or late Summer. All the wells in group D clusters show wide 

pluriannual variability (Fig. 6.5), and seasonal variability constitutes 54% (D3) to 65% 

(D1) of the total variability. For example, summer 2020, which was particularly wet, 

resulted in an average increase for most wells (Fig. 6.5). Well W51 appears to be the 

only exception since it is distinguished by a decreasing trend over all the available years 

dependent on local conditions. 
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Cluster E groups three wells tapping a small coarse aquifer in the Alpine valleys. The 

seasonal pattern, strictly correlated to the local geomorphological features, is 

characterized by the absence of an evident maximum but shows a minimum in October. 

Due to the relatively lower elevation of the tapped alpine aquifer, liquid precipitation 

constitutes the year-round primary driver of groundwater recharge.  

Cluster F includes only one well located in a small Alpine valley. As cluster E, cluster F 

well tap a small coarse aquifer. However, its seasonal pattern, with no specific maxima 

or minimum, results mostly from a general decreasing trend, and due to the reduced 

amount of available data, a specific seasonal pattern does not emerge. 

6.3.3 Analysis of groundwater level response to the 2022 drought 

The different hydrogeological compartments have shown a peculiar response to the 2022 

drought.  

For group A, the analysis of the 2022 response was conducted on 17 wells having 2022 

data (Fig. 6.6, focus in Section S.6.7). For each well, the 2022 spring decrease and 

summer increase were compared with the average decreases and increases in the 

previous years. It results that during 2022, over the whole A group, spring decrease was 

111% higher than the average decrease measured in years before 2022, while the 2022 

summer increase was 69% lower than the average increase (Fig. 6.6). More specifically, 

considering only the Higher Plain aquifer, the 2022 winter decrease was 89% wider than 

the usual decrease, while the 2022 summer increase was 71% lower than the usual 

increase. 

Moreover, in the typical seasonal profile of group A, the spring minimum is reached in 

April-May, while in 2022, 60% of wells (9 wells) reach the minimum in summer (July-

August) during the irrigation season (Fig. S.6.21). Differently, three wells (W5, W14, 

and W17) reach the minimum in the typical period, while they reach the maximum in 

July or August, i.e., 1-2 months before the typical maximum. For these three wells, the 

analysis was conducted using a reference period of one year (2021) since it was the only 

complete year available.  
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Well W21 (cluster A4) represents the only exception within group A; indeed, the 2022 

increase was only 6% lower than the average measured in years prior to 2022, while the 

decrease was 44% wider than the average decrease. As described in Section S.6, well 

W21 taps a smaller and highly responsive aquifer, which plausibly shows a response 

even to a small amount of recharge. Therefore, this peculiar behavior compared to group 

A could be attributable to the local management of irrigation water, where even a small 

amount could determine the groundwater table rise, also sustained by August and 

September rain.  

 

Figure 6.6 – Average winter/spring groundwater level decrease (orange bar), and summer 
increase (light blue bar) compared to 2022 winter/spring decrease (red bar) and increase (blue 

bar). 

For group C, the 2022 response analysis was conducted on 11 wells with 2022 data. In 

2022, group C displayed the typical profile but with an exacerbated summer minimum 

(Fig. 6.7, focus in Section S.6.7). The 2022 summer decrease and subsequent increase 

were compared to the average decreases and increases in previous years (Fig. 6.7 and 

Fig. S.6.22). Results show that, globally, the 2022 summer decrease was 76% higher 

than the average decrease (Fig. 6.7). As a result, the lowest groundwater level throughout 
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the available series was recorded in 9 wells. For most of the wells, the increase after the 

summer minimum led to the restoration of normal conditions, while for 2 wells (W41 

and W44), the 2022 increase was lower than the average of the years before 2022.  

 

Figure 6.7 – Average summer groundwater level decrease (orange bar), and autumn increase 
(light blue bar) compared to 2022 summer decrease (red bar) and increase (blue bar). 

For group B, 2022 data are available for 12 wells. Group B is characterized by a steady 

groundwater level with the narrowest groundwater level oscillation throughout the study 

area. The reduced amplitude of the oscillations is also confirmed in 2022. In the spring 

belt, 2022 data are available only for the eastern sector (W23 and W25), which shows a 

2022 response comparable to group C. Their 2022 trend is characterized by a decrease 

during the summer period that determined an unprecedented minimum. As for group C, 

this response to the 2022 conditions is attributable to the increased summer groundwater 

demand.  

Group B wells in the morainic compartment, primarily influenced by the recharge effect 

of rainy periods, exhibited different responses to the reduced amount of precipitation due 

to local hydrogeological factors. However, in 2022, a significant decrease in 

groundwater level was observed within all wells’ trends, with 8 wells recording historical 
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groundwater level minima within the available time series (Fig. 6.5 and Fig. S.6.23). 

Wells in the alpine valleys constitute exceptions: in well W33 the level increased 

comparably to the previous years, and in well W34, the groundwater level growing trend 

started in 2020 is also maintained during 2022 (in both cases the range is limited to a 

few cm), while well W24 shows a marked decrease in 2022 (ca. 1 m). 

W32, W35, and W36 wells, located along the Lake Garda shores, confirmed the pressure 

balance between these portions of the aquifer and the lake. The groundwater level trend 

of the three wells is indeed equal to the trend of the water level of Lake Garda, which 

showed a 2022 minimum typical of surface water bodies (Section S.6). 

All 7 wells of Group D have 2022 data. During 2022, the effect of the drought period is 

highlighted by a general decrease in the groundwater level in all the wells. Group D's 

response to 2022 is not homogeneous (Fig. 6.5, focus in Section S.6.8). For wells W52, 

W53, W54 and W57 (assuming W53 to have a similar time series to his neighboring 

well W52) 2022 response does not determine an unprecedented condition, as opposite to 

Groups A and B, while for wells W55 and W56 the 2022 response induce a minimum 

which is respectively 1.4 m and 2.4 m lower than the minimum of the previous years. 

Well W51 is characterized by a decreasing trend in all the available years. 

Due to a lack of data, analysis could not be performed for Cluster E and Cluster F (Fig. 

6.5, focus in Section S.6.8). 

6.4 Discussion  

6.4.1 Groundwater recharge and discharge of the different aquifer systems under 

baseline conditions 

6.4.1.1 Higher Plain Aquifer – Surface-water-fed irrigation areas 

The higher plain aquifer system is characterized by a highly permeable unconfined 

aquifer mainly composed of coarse sediments. All the wells tapping this aquifer system 

fall into the A group, showing a groundwater level rise during summer, which is a dry 

season in terms of precipitation. The A group seasonal profile, with its summer rising, 
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can be generally associated with recharge from surface water linked to irrigation 

processes: irrigation return flow or leakages from unlined irrigation canals (Zucaro et 

al., 2011). 

A narrower seasonal oscillation is evident in the north-western area and at the border of 

the morainic area (cluster A1 - 2.6 m), where irrigation canals are sparser than in the 

resto of the area (Fig. 6.1c), and irrigation methods rarely include the surface irrigation 

method (Fig. 6.1d). An exception is the well in cluster A3 which shows a wider 

variability, associated with the specific geological setting. For these wells, the seasonal 

variability only determines a portion of the total variability (ca. 60%), and wide 

pluriannual oscillations are evident. Therefore, in these areas, the contribution of local 

precipitation and recharge from upstream formations (mountain-front recharge) is 

significant and determines a wider pluriannual variability (Fig. 6.5, Table 6.1) compared 

to downstream wells. A narrow oscillation (cluster A1) is also evident for the confined 

and semi-confined wells of the higher plain (W3, W10), showing a seasonal pattern 

comparable to all wells in group A. The presence of fine material layers precludes aquifer 

direct contact with the surface, but their local extension does not prevent the interaction 

between these aquifer portions with the overlying unconfined aquifers of the higher 

plain.  

Conversely, wells in the southern and eastern portions of the higher plain (cluster A2), 

where the canal network is denser (Fig. 6.1c) and where the most common irrigation 

method is surface irrigation (Fig. 6.1d), show wider seasonal oscillations (3.8 m). Here, 

the seasonal variability is much wider than the pluriannual variability, constituting 85% 

of the total variability. Therefore, results confirm that the recharge in the higher plain is 

primarily influenced by irrigation return flow and leakages from the surface water 

network, while the variability associated with dryer or wetter years is reduced. Indeed, 

the infiltration of excess irrigation water together with losses during the distribution of 

water flowing along the unlined irrigation canals network has been estimated, through 

an isotopic approach, to constitute around 60% of the groundwater’s recharge in the area 
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while the remainder is from local precipitation and recharge from upstream (Rotiroti et 

al., 2019a, 2023). 

6.4.1.2 Middle Plain Aquifer – Springs Belt 

The wells at the transition between the higher plain and the lower plain show 

groundwater levels constant throughout the year and over different years (group B). In 

this area the decrease in grain size from coarse to fine sediments, and the consequent 

change in the aquifer transmissivity, force the groundwater level close to the ground 

level, constraining the groundwater head oscillations (De Luca et al., 2014). Therefore, 

the stability of the groundwater trend is mostly associated with the lower permeability 

of the aquifer system. In the western part of the area, downstream to the intensively 

irrigated areas, a seasonal pattern is associated with recharge from surface water 

irrigation, although the variability is significantly lower than upstream. In the eastern 

part, no seasonal pattern is evident. 

6.4.1.3 Lower Plain Aquifer – Groundwater-fed irrigation areas 

The lower plain aquifer system hosts a multilayer system of superimposed confined 

aquifers. All the wells in the lower plain fall into the C1 cluster, showing a constant 

pluriannual trend with significant summer decreases. Here, recharge is only from 

groundwater inflow from the higher plain, while irrigation water’s and rainwater’s 

infiltration is highly reduced due to diffuse sub-horizontal layers of clay and silt that 

preclude the aquifers from direct interaction with the surface. Contrary to the higher 

plain, the main source of irrigation comes from the groundwater extracted through the 

numerous irrigation wells displayed in the lower plain (Fig. 6.1c). Irrigation thus not 

only has minimal to no impact in recharging lower plain aquifer but, combined with the 

summer increase in domestic water demand, contributes significantly to the discharge 

from the aquifer system. 

6.4.1.4 Morainic Aquifers 

The morainic aquifer systems show a wide variety of seasonal patterns, strongly linked 

to the high heterogeneity of the geology settings.  
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South of Lake Garda, a group of wells marking a specific area and tapping confined and 

semiconfined aquifers that constitute cluster C2 is evident. These aquifers experience a 

significant drop in groundwater levels during the summer. The area is largely used for 

vineyards, which do not require intensive irrigation. 

The summer decrease is plausibly associated with increased groundwater extraction for 

domestic use during hotter months, worsened by the increase in the population due to 

tourist flow for summer holidays in the locations close to Lake Garda and by the limited 

lateral extent of the aquifers, which result in significant fluctuations in groundwater 

levels. 

Another group of wells is clearly evident, in the north-west portion of the Lake Garda 

amphitheater, and it constitutes group D. This group shows a direct response to local 

precipitations with a maximum during spring due to winter and spring precipitations and 

a minimum at the end of summer linked to dry summers and increased summer water 

demand. The reduced dimensions of the tapped aquifers and the fragmentation of the 

superficial impermeable layer determine a direct response of the aquifer to 

precipitations. The seasonal variability of these wells is only a small component of the 

total variability since pluriannual variations are higher than seasonal variations. This 

further supports the interpretation of group D as wells strongly linked to local 

precipitations, affected by rainy or dry months, but mainly by the cumulative effect of 

wet or dry years. 

Several other wells in the morainic aquifers system show different behaviors, falling into 

the A, B, or C groups. Three wells fall in the A group (clusters A4 and A1), with a 

summer increase associated with a summer recharge. Also in this case, since summer is 

the dry season, this recharge could be associated with surface water and irrigation 

processes. These territories have agricultural land use, but no dense river network is 

present. In this case, further analysis, such as isotopic analysis, could provide a 

conclusive validation of the recharge by irrigation hypothesis. 

Seven wells of the Lakes Garda and Iseo moraine fall in the B group. The reduced 

amplitude of the seasonal pattern oscillation is related to the limited thickness of the 
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tapped shallow aquifers, which are generally discontinuous and have low productivity. 

Despite local differences, aquifers with these characteristics are thereby affected by 

limited groundwater level oscillation that responds to particularly rainy periods (Severi 

et al., 1994). Local precipitation constitutes the main input of these systems (Bini & 

Zuccoli, 2004). This means that seasonality is not evident, while a wider variability is 

associated with pluriannual precipitation trends.  

A peculiar situation emerges for the wells along the Lake Garda shores, which present a 

strong similarity with the Lake Garda hydrometric level as a result of the pressure 

balance between the aquifer and the lake (Fig. S.6.20).  

Two moraine wells in clusters C1 and C3, with a marked summer groundwater level 

drop, tap confined aquifers in mostly residential areas. In this case, similarly to cluster 

C2, the increase in summer withdrawals is plausibly associated with domestic uses, also 

in relation to summer tourist flow, exacerbated by the reduced dimensions of the aquifer. 

6.4.1.5 Alpine Aquifers 

Wells in the alpine valleys show various behaviors: 3 wells in group E, 1 well in group 

F and 3 wells in group B (W24, W34 and W33), each characterized by a peculiar trend 

due to the geological and hydrogeological feature of the specific watershed (e.g. size and 

altitude) and aquifer (e.g. size, shape, lithology). 

6.4.2 The 2022 hydrological drought 

Results indicate that 2022 constitutes both a temperature and precipitation anomaly, 

showing: a) lack of winter precipitation, starting from December 2021, determining 

reduced local recharge, but mostly reduced snow accumulation in the Alps, which led to 

a water deficit in spring at the beginning of the irrigation season, and b) dry spring and 

summer, with anomalous high temperatures, which increased the irrigation needs and 

determined high evapotranspiration, reducing net recharge percentage. The combination 

of dry and hot conditions had significant repercussions on water reserves. Studies on the 

Italian Alps highlight that the warm and dry winter conditions caused a severe snow 

drought, with a snow water equivalent reported 88% lower than the 2011-2021 period 
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(Avanzi et al., 2024), with a March SWE anomaly in 2022 reaching the lowest value in 

the last century (Colombo et al., 2023). 

Spring snow melting constitutes one of the main water sources of the subalpine lakes 

(ANBI Lombardia, 2023; Cochand et al., 2019; Crespi et al., 2021). Therefore, in 2022, 

the lack of winter snow in the alpine region led to a reduced inflow in the alpine lakes, 

leading to a water deficit of more than -30% in the lakes' water volumes (ANBI 

Lombardia, 2023). 

The subalpine lakes constitute the reservoir for rivers and irrigation canals in the 

downstream plain during summer. Therefore, the reduced availability of surface water 

in the subalpine lakes and in the downstream rivers (-60% at the regional scale) led to a 

severe lack of surface water resources for irrigation purposes.  

In addition, the particular meteoclimatic conditions of 2022, and particularly the high 

temperatures, have led to an increase in net irrigation needs that, at a regional level, has 

recorded an increase of 32% compared to the period 2016-2021 (ANBI Lombardia, 

2023). Increased evapotranspiration has been proven to worsen storage anomalies during 

summer droughts (Teuling et al., 2013). 

It was demonstrated (Montanari et al., 2023) that the 2022 hydrological drought in the 

Po plain (N Italy) was the worst event in the past two centuries (30% lower than the 

second worst), being part of an increasing trend in severe drought occurrence in the area. 

Bonaldo et al. (2023) highlight that persistent negative rainfall anomalies like the ones 

that characterized the 2022 event, though unlikely to become a typical feature of future 

climate, could remarkably increase their frequency, particularly in severe climate change 

conditions, and rising temperatures will magnify their impacts. Local studies on 

Northern Italy indicate that droughts are expected to increase by about 50% by the mid-

21st century and by approximately 80% by the late 21st century under both 

Representative Concentration Pathway (RCP) 4.5 and RCP 8.5 (Sofia et al., 2024). More 

specifically for the city of Brescia, in the study area of the present study, climate change 

projections on groundwater resources indicate that a temperature increase has to be 

expected across all climate scenarios, while changes in precipitation patterns are 
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predicted with winter increase and summer decrease leading to water scarcity by the 

middle of the century (Faquseh & Grossi, 2023). 

6.4.3 Groundwater recharge and discharge changes due to the 2022 drought 

6.4.3.1 Higher Plain Aquifer – Surface-water-fed irrigation areas 

In the higher plain, 2022 determined a drastic change in the typical seasonal pattern. All 

the wells tapping the higher plain aquifer system reached an unprecedented minimum 

and exhibited a wider spring decrease (up to +148%) and a narrower summer increase 

(up to -97%) and shifts in the time distribution of minima and maxima compared to the 

reference period. This modified seasonal pattern is also evident in the northwest area 

where, under normal conditions, wells show a reduced seasonality and a wider 

pluriannual variability. 

Since the seasonal pattern is attributable mainly to recharge provided by surface water 

irrigation, it emerged that the vulnerability of this aquifer system is not directly linked 

to the lack of summer rainfall. Rather, the system’s groundwater scarcity was determined 

by the winter conditions (reduced rain and snow precipitation and higher winter 

temperatures decreasing snow accumulation) that largely determine the availability of 

surface water resources, especially in the lake's reservoirs. Specifically, the reduced 

availability of surface water resources resulted in a significant reduction of the total 

derived volumes for irrigation purposes from the Oglio and Chiese rivers (-36% and -

53%, respectively (ANBI Lombardia, 2022, 2023)).  

Furthermore, irrigation management played a crucial role in groundwater recharge: the 

lack of surface water led to an increased abstraction of groundwater to fulfill irrigation 

needs. Indeed, data shows that, at the Lombardy region scale, the groundwater volume 

abstracted in 2022 for irrigational purposes was double the average volume of 

groundwater extracted in 2016-2021 (ANBI Lombardia, 2023). Therefore, 2022 

modified seasonal patterns show the joint effect of surface water scarcity for irrigation 

and increased groundwater abstraction for irrigation purposes.  
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6.4.3.2 Lower and Middle Plain Aquifers – Groundwater-fed irrigation areas 

In the lower plain, groundwater levels in 2022 showed a drastic increase in the typical 

summer lowering (from 30% to 100% - Fig. 6.7); in most cases, the successive rising led 

to the restoration of baseline conditions. Since the main driver of summer decrease is 

water abstraction for irrigation purposes, which in this area is mostly based on wells, the 

response to the 2022 climatic conditions could be linked primarily to the increased 

summer temperature, which led to an increased net irrigation need for crop yield. The 

same response is visible in the middle plain, where 2022 data show a significant decrease 

during summer, plausibly associated with increased demand and groundwater 

abstraction. 

6.4.3.3 Morainic Aquifers 

The southeast part of the morainic amphitheater (cluster C2), which has a seasonality 

similar to the lower plain, also shows a 2022 response similar to the one of the lower 

plain, with a significantly wider groundwater level decrease during the 2022 summer 

compared to previous years (from 61% to 113%) but in several cases, the autumn rising 

did not restore the groundwater level of the previous winter. 

In the northern part of the morainic amphitheater (group D), the shorter time series limits 

the interpretation of the 2022 response due to high multi-annual variability. This 

contrasts with groups A, B, and C, where the seasonal pattern is the primary component 

of variability. In this case, longer time series would allow for a more solid comparison 

of 2022 effects with respect to a baseline calculated over several years. Nevertheless, 

group D’s 2022 response generally does not determine dramatic unprecedented 

conditions (Fig. 6.5, focus in Section S.6.8). 

Morainic wells that showed seasonal profiles assimilable to those in the plain (groups A, 

B, and C) also show a general 2022 response similar to plain wells, but the limited 

amplitude of the aquifers determines some peculiarities. The well W43 with the C profile 

has a widened summer decrease, but it restores the original conditions during autumn; 

the well W21, in group A, shows a widened winter decrease, but the summer rise is 
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similar to the average rise of the previous years, which seems to indicate that even small 

amount of recharge can determine a rise in this small aquifer. The morainic wells in 

group B (W30, W28, W29 and, W22) confirm narrow oscillations and 2022 does not 

determine a global groundwater level minimum. 

6.4.3.4 Alpine Valleys 

In the alpine valleys, 2022 data are available only for wells falling in the B group. The 

two neighboring wells W34 and W33, showed increased groundwater levels in 2022 

(less than 40 cm, compatible with the total variability of the wells). These wells tap an 

alpine valley aquifer with an ample watershed. Since no recharge from precipitation was 

available, this increased groundwater level can plausibly be associated with a mountain 

front recharge that was able to perdure for several dry months. Also in this case, chemical 

and isotopic analysis could provide more robust insights into the recharge processes of 

this valley. 

Conversely, well W24, located in a small valley on the slopes towards the lake, shows 

an unprecedented minimum in 2022, 15 meters below the groundwater level at the 

beginning of 2022. Therefore, as for the data under baseline conditions, 2022 data also 

showed diverse responses in different alpine valleys; here, more data are needed to 

investigate local recharge and discharge, also based on watershed amplitude, altitude, 

and exposition.  

6.4.4 Aquifer Vulnerability to climate change and adaptation measures 

6.4.4.1 Higher Plain Aquifer – surface-water-fed irrigation areas 

Results indicate that in areas with surface-water-fed irrigation, such as the higher plain, 

climate change adaptation strategies to preserve agricultural productivity will have a 

decisive impact on groundwater availability, plausibly stronger than climate change 

itself. Implementing actions to improve the efficiency of irrigation processes, like canal 

lining operations, and transitioning to more efficient irrigation techniques, such as 

sprinkling or micro irrigation, would lead to a drastic reduction in groundwater recharge.  
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Currently, in Italy, local authorities favor the transition from traditional surface irrigation 

systems to water-saving techniques such as spray, drip, or micro irrigation techniques in 

response to European and Italian directives. Previous studies (Fabbri et al., 2016; Pool 

et al., 2021, 2022) highlight that the infiltration due to irrigation could strongly decrease 

considering the climate changes, up to disappearance due to the complete transition to 

these irrigation systems. The potential decrease of the infiltration related to the joint 

effect of climate change and irrigation policies could represent a social, economic and 

environmental issue, including the decreased inflow of the middle plain springs related 

to the progressive recharge reduction. 

Furthermore, results clearly demonstrate that, in the most extreme case, switching from 

surface water irrigation to groundwater irrigation would have the double effect of 

reducing recharge and introducing a new system output. Indeed, groundwater irrigation 

has been proven to exacerbate drought conditions' effects on groundwater storage (Liu 

et al., 2022). 

In these scenarios, compensation measures will have to be implemented to restore 

groundwater recharge and guarantee the social and ecosystem services that it provides 

(such as the downstream springs). Examples of mitigation measures could be managed 

aquifer recharge systems, such as forested infiltration areas, exploiting the high flow 

conditions in wetter seasons. 

6.4.4.2 Lower plain – Groundwater-fed irrigation areas 

Conversely, in areas characterized by groundwater-fed irrigation, such as the lower 

plain, results indicate that vulnerability to climate change is mostly mediated by human 

abstractions: higher temperatures are expected to lead to increased water needs for 

irrigation and domestic purposes both in terms of extracted volumes and longer 

abstraction periods. Recent studies (Amanambu et al., 2020; Russo & Lall, 2017; 

Whittemore et al., 2016) have shown that groundwater levels can respond faster to 

changes in abstraction rates driven by human response to climate variability than to 

direct changes in recharge, also driven by climate variability. Unlike the high plain areas, 
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in the lower plain, mitigation actions such as the transition to more efficient irrigation 

methods or the reduction of aqueduct losses could contribute positively to the resilience 

of groundwater resources, reducing anthropic pressures and extracted volumes. 

6.4.4.3 Middle plain 

The transition zone in the middle plain shows recharge processes strongly connected to 

the irrigation excess in the higher plain. Still, results also indicated a summer decrease 

related to increased abstractions in 2022, similar to the lower plain. Therefore, in the 

middle plain, vulnerability in terms of water scarcity is linked to two aspects: 1) reduced 

recharge from upstream in case of changes in irrigation processes and surface water 

availability and 2) increased abstraction linked to increased irrigation and domestic 

needs due to higher temperatures. In this area, groundwater not only constitutes a 

valuable resource for human needs, but it also guarantees environmental services by 

feeding the multitude of springs vital for downstream agriculture and ecosystems. 

6.4.4.4 Morainic Aquifers 

Results in the southern sector of the Garda morainic amphitheater (cluster C2) indicate 

a water budget and a vulnerability profile similar to the one in the lower plain, governed 

by human abstractions. Similarly to the lower plain, in this area, the main driver of water 

scarcity during climate change could be increased abstractions for domestic use, 

exacerbated by the limited extension of the aquifers. Similarly, mitigation measures that 

reduce the extracted volumes in the future are necessary to preserve the water resource. 

The wells in the northeast sector of the Lake Garda morainic amphitheater (group D), 

which show a wider pluriannual variability compared to the seasonality, seem to indicate 

that in a hydrogeological context where the main recharge and discharge components 

are natural, groundwater can be resilient to single dry seasons. This is the opposite of 

environments where the water budget is highly governed by human water resource 

management, where anthropic impacts can exacerbate the effects of dry seasons. 

Nevertheless, longer time series could produce more robust conclusions in this highly 

variable region. 
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As regards single aquifers with peculiar situations that resulted similar to plain regions 

(groups A, B, or C), vulnerability to climate change can be deduced by association with 

respect to the groups they belong to, with parallels to what was deduced for groups A, 

B, and C. A significant aspect, however, lies in the reduced extension and productivity 

of these aquifers, which can potentially make them more vulnerable as the volumes 

involved are much lower than those of plain systems. 

6.4.4.5 Alpine Valleys 

Data were insufficient to draw robust conclusions about alpine valleys, but they 

highlighted the importance of local studies since vulnerability profiles are strictly 

connected to the amplitude and altitude of the aquifers and their watershed, other than 

human consumption and the presence of surface water bodies. 

6.4.5 Methodological approach pros and cons 

This work is based on dynamic data collected from active wells. This is unconventional 

since, in most cases, hydrogeological investigations are based on static data, which are 

considered more representative of the aquifer conditions. Here, the authors propose a 

method for data preprocessing that led to the extraction of significant information from 

dynamic groundwater level data. Exploiting dynamic data from active wells could help 

fill the gaps in ordinary monitoring networks in other regions worldwide. 

Indeed, data from water suppliers are usually monitored and archived for management 

purposes, and therefore, they can be used for research purposes without additional costs. 

These data usually have a high temporal resolution (hour/minutes), which means that the 

selection of static/semi-static data could lead to a lower resolution (days/months), which 

is still significant for hydrogeological evaluations. 

Exploiting dynamic data allowed us to investigate territories where the lack of regional 

monitoring networks has always prevented any kind of hydrogeological characterization. 

In this case, for example, no previous data are reported on the moraine aquifer system, 

which still constitutes a strategic territory for Italian wine production, tourism, and a 

residential area. 
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In this case, the limitations of the work are mostly related to the data being scattered 

among the database time span: different time spans were available for different wells. 

This prevented the application of typical analyses, such as trend analysis, which would 

have led to results that were not comparable between different wells.  

On the other hand, the evaluation of seasonal patterns was applied here by subtracting 

yearly means, which allowed data from different years to be compared both within the 

same well and different wells.  

While most time series studies focus on long-term trends, the seasonal analysis applied 

here allowed for a detailed understanding of the groundwater budget and a more precise 

quantification of the drought effects. Indeed, in most cases, the drought effects were not 

evident as significant global minima over the time span, but they were most likely 

associated with dramatic changes in the seasonal patterns, showing the complete lack of 

seasonal recharge or the exacerbation of seasonal depletion. 

6.5 Conclusions 

The present work provides valuable support to researchers and water managers, offering 

tools for more effective groundwater management in the context of climate change, 

particularly in regions where irrigation plays a central role.  

The analysis investigated groundwater levels across diverse hydrogeological settings, 

analyzing seasonal patterns to understand recharge and discharge dynamics under 

baseline conditions while assessing the response of groundwater resources to the 2022 

drought with implications for similar contexts facing water scarcity challenges, which 

afflicted several countries. 

The main outcomes of the study highlighted the dual role of irrigation on groundwater 

budget, based on the irrigation water source (i.e., surface water or groundwater-fed 

irrigation).  

Indeed, in regions with surface-water-fed irrigation, surface water scarcity under 

hydrological droughts can rapidly induce a groundwater depletion related to a) the 

missing recharge from irrigation return flow and b) the increased groundwater 
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abstraction to compensate for the lack of surface water. In these regions, the transition 

toward efficient irrigation practices, such as sprinkling or micro irrigation, would 

determine a significant reduction of aquifer recharge and would require compensation 

measures such as managed aquifer recharge during wet seasons. 

On the other hand, in regions with groundwater-fed irrigation, increased temperatures 

and the associated increased irrigation needs lead to increased groundwater depletion 

during irrigation season. In these regions, the aquifer balance could benefit from 

mitigation actions aimed at reducing groundwater abstractions, such as more efficient 

irrigation practices or consumption reduction.  

Differently, aquifer systems governed by natural recharge and discharge processes can 

be more characterized by pluriannual variability associated with dry and wet years and, 

therefore, less sensitive to single dry seasons than highly anthropic systems. 

The main limitations of this study arise from the varying time spans of the available data, 

which prevented the application of standard analyses, such as trend analysis, while still 

allowing for the comparison of seasonal patterns.  

The results of this work highlighted that analyzing groundwater seasonal patterns 

provides a deep understanding of groundwater dynamics and enables precise 

quantification of drought season effects, offering new findings that long-term 

analyses like trend analysis cannot describe in such detail and that can be applied 

in any similar hydrogeological context. 

Furthermore, if properly preprocessed, dynamic data from active wells can be 

valuable sources for investigating aquifer dynamics. They can also be useful for 

obtaining time series data in regions where monitoring networks are missing or 

insufficient. 
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S.6.1 – Water level maps 

In this section, the groundwater levels (Regione Lombardia, 2016) of the main aquifers 

in the study area are reported (Fig.S.6.1). Figure S.6.1a shows water table depth and 

water table contour map, while Figure S.6.1b shows the potentiometric map of the deep 

aquifer. Both maps are referred to September 2014. 
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Figure S.6.1 – a) Water table depth (color shade – m b.g.s.) and contour map (m a.s.l.) and b) potentiometric map (m a.s.l.) of the deep aquifer - 
September 2014 (Regione Lombardia, 2016). 

 

Reference 

Regione Lombardia. (2016). Programma di tutela e uso delle acque (PTUA 2016) “Programme for the protection and use of water.”
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S.6.2 – Distribution analysis of static and dynamic data 

Groundwater level data in the present work were collected from wells tapping for 

drinking water purposes. Drinking water wells are rarely completely switched off, which 

means that most of the collected data are not static but associated with a specific 

discharge rate.  

To maximize the exploitation of the available data collected from active wells, the 

possibility of selecting groundwater level measures associated with a minimum flow 

value was considered. Specifically, the static/semi-static groundwater levels trend in 

wells was obtained by selecting the groundwater level data associated with an abstraction 

rate class ≤ 5 L/s. Since the data came from operating wells, this cutoff was selected as 

a necessary trade-off between the requirement to maintain as many data and wells as 

possible, and that of obtaining time series representing the aquifer groundwater trend, 

avoiding the effect of data associated with higher pumping rates. Successively, to reduce 

the remaining noise in the data, the maximum daily values were extracted from the 

selected semi-static trend. To verify the significance of the selected 5 L/s cut-off value, 

the Wilcoxon signed-rank test at 95% significance level was conducted in the RStudio 

environment using the "wilcoxon.test" function from the "stats" package (R Core Team 

(2021) Development Core Team, 2021). The Wilcoxon test is a nonparametric statistical 

test that considers the differences between two paired data groups and does not require 

the assumption of normality of distributions. (Wilcoxon, 1945). This test was used to 

determine whether there were statistically significant differences in weekly aggregated 

groundwater level data associated with Q = 0 L/s and groundwater level data associated 

with Q ≤ 5 L/s. The comparison was based on weekly medians to minimize the effect of 

long-term changes and to obtain enough paired couples to be tested. Therefore, weekly 

medians were calculated using only data associated with Q = 0 L/s and including also 

data associated with Q ≤ 5 L/s, and the test was performed to investigate whether the 

two time series could be comparable. Specifically, the following null and alternative 

hypotheses for the statistical testing were formulated: 
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- H0 = There is no statistically significant difference between time series 

calculated on GW level data associated with Q = 0 L/s and GW level data 

associated with Q ≤ 5 L/s. 

- H1 = There is a statistically significant difference between time series calculated 

on GW level data associated with Q = 0 L/s and GW level data associated with 

Q ≤ 5 L/s. 

For 21 out of 61 wells, the test could not be applied as a) groundwater level data are all 

associated with Q = 0 L/s (3 wells), b) groundwater level data are all associated with Q 

≤ 5 L/s (3 wells), c) the abstraction rate data are missing (6 wells), and d) the well has a 

paired data (i.e. static data and dynamic data ≤ 5 L/s in the same week) number n°< 3 

(10 wells). Within the 40 tested wells, the majority of the wells (31 wells) showed no 

significant differences between the two time series (pvalue > 0.05). Among the 

remaining nine wells that showed a significant statistical difference between the two 

time series, it was found that 7 wells showed a difference in the total averages of the two 

groups lower than 0.47 m, accounting for 2% of the total groundwater level variability 

for each well. Only for two wells average differences of 5.6 m and 6.5 m emerged, which 

accounts for 14% and 15% of the two wells total variability of the semistatic data. These 

average differences are mostly associated with sporadic data, whose effect is canceled 

by the monthly median calculation in the successive step. The 5 L/s value was, therefore, 

selected as an advantageous trade-off between data quality and availability for the 

considered dataset. 

References  
R Core Team (2021) Development Core Team. (2021). R: A Language and Environment 

for Statistical Computing. In R Foundation for Statistical Computing (Vol. 3, p. 

https://www.R-project.org). R Foundation for Statistical Computing. 

Wilcoxon, F. (1945). Individual Comparisons by Ranking Methods. Biometrics Bulletin, 

1(6), 80. https://doi.org/10.2307/3001968 
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S.6.3 – Groundwater level data preprocessing 

In this section, the preprocessing of the time series is reported for some time series 

examples (Figures S.6.2-S.6.14). In all figures, graph a) shows the raw data, color-coded 

by the associated abstraction rate; graph b) shows the daily maxima data extracted from 

the subset of data associated with an abstraction rate lower than 5 L/s; graph c) shows 

the monthly median extracted from the data selected for graph b). The graphs show how 

the selection of only static data would have led to an excessive loss of data and how, 

instead, the identification of a minimum flow threshold made it possible to obtain 

representative data. 

 

Figure S.6.2 – Preprocessing of the W2 well time series. 

 

Figure S.6.3 – Preprocessing of the W7 well time series. 
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Figure S.6.4 – Preprocessing of the W8 well time series. 

 

 

 

Figure S.6.5 – Preprocessing of the W9 well time series. 
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Figure S.6.6 – Preprocessing of the W11 well time series. 

 

 

 

Figure S.6.7 – Preprocessing of the W16 well time series. 
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Figure S.6.8 – Preprocessing of the W21 well time series. 

 

 

 

Figure S.6.9 – Preprocessing of the W22 well time series. 
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Figure S.6.10 – Preprocessing of the W24 well time series. 

 

 

 

Figure S.6.11 – Preprocessing of the W42 well time series. 
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Figure S.6.12 – Preprocessing of the W47 well time series. 

 

 

 

Figure S.6.13 – Preprocessing of the W49 well time series. 
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Figure S.6.14 – Preprocessing of the W51 well time series. 

 

 

S.6.4 – Exploration of seasonal patterns 

Figure S.6.15 and Figure S.6.16 show examples of how subtracting the yearly mean 

allows for extracting meaningful seasonal profiles for a single well while using the 

original data could lead to noisy information. Furthermore, the use of detrended data 

allows for the comparison within wells with different time spans. In both figures, graphs 

a) show the monthly median extracted by the daily maxima of the data associated with 

an abstraction rate lower than 5 L/s; graphs b) show the monthly median detrended by 

subtracting the yearly mean; graphs c) show the monthly boxplots of data in graphs a); 

graphs d) show the monthly boxplots of data in graphs b).  
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Figure S.6.15 – Comparison of data (a) and monthly boxplot (c) over raw data versus data (b) 

and monthly boxplot (d) detrended by subtracting the yearly mean for well W3. 

 

 

Figure S.6.16 – Comparison of data (a) and monthly boxplot (c) over raw data versus data (b) 

and monthly boxplot (d) detrended by subtracting the yearly mean for well W6. 
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S.6.5 – Meteorological data analysis 

In this section, additional graphs underline the extreme meteorological conditions of 

2022. Figure S.6.17 shows monthly temperature anomalies as percentages: the grey bars 

indicate maxima, minima, 25th and 75th percentile of the percentage anomalies over the 

reference period, while red and blue bars indicate percentage anomalies of the 2021 and 

2022 data. Figure S.6.18 reports seasonal cumulative precipitation, and Figure S.6.19 

reports the mean temperature. 

 

 

Figure S.6.17 – Temperature anomalies (as percentages): grey bars indicate maxima and 

minima (light grey) and 25th and 75th percentile (dark grey) of precipitation anomalies over 

the reference period, while red and blue bars indicate 2021 and 2022 anomalies compared to 

the reference period. 
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Figure S.6.18 – Seasonal cumulative precipitation. The blue line represents the loess 

regression, while the light-blue area represents the confidence interval. 

 
Figure S.6.19 – Seasonal cumulative temperature. The orange line represents the loess 

regression, while the light-orange area represents the confidence interval. 
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S.6.6 – Clusters information 

In this section, additional information on the single clusters belonging to groups A, C, 

and D are reported, together with a focus on group B which includes only one cluster but 

representing three different cases with the same seasonal pattern. 

Group A 

Cluster A1 consists of 10 wells, each showing a seasonal groundwater head minimum in 

May, a maximum in September-October, and a maximum yearly oscillation of 2.6 m, 

which is the narrowest oscillation within group A, with a wider pluriannual variability 

(Fig. 6.5); the seasonal variability corresponds to 63% of the total variability (Table 6.1). 

Cluster A2 (8 wells) shows a minimum in April and a maximum in August-September, 

with a maximum yearly oscillation of 3.8 m and a narrow pluriannual variability (Fig. 

6.5) and a seasonal variability accounting for ca. 85% of the total variability (Table 6.1). 

Similarly to cluster A1, cluster A3 (2 wells) presents the groundwater head level 

minimum in May while the highest level is in October with a yearly oscillation equal to 

5.5 m and a wide pluriannual variability, with the seasonal variability constituting 64% 

of the total variability. Cluster A4 (1 well) presents the widest yearly oscillation, 

reaching up to 10.3 m, and a seasonal pattern comparable to cluster A2, with a minimum 

in April and a maximum in September; the seasonal variability constitutes 92% of the 

total variability. In detail, A1 includes wells located in the outer limit of the morainic 

aquifer systems and in the northern part of the higher plain where surface irrigation is 

rarer (Fig. 6.1d) and irrigation canals are sparser or correspondent to the distal portions 

of the irrigation canals network (Fig. 6.1c), which leads to a smaller summer rise 

compared to the other A clusters. Wells in cluster A1 show a wider pluriannual 

variability (Fig. 6.5), and the seasonal variability corresponds to 63% of the total 

variability (Table 6.1) Cluster A2 groups wells located in the southern sector of the 

higher plain where traditional surface irrigation is largely practiced (Fig. 6.1d). In this 

aquifer system, the rise in groundwater levels between April and October is caused by 

the sum of water leaking from the irrigation canals and, to a significant extent, by the 

return of irrigation water. The wells in cluster A2 show a narrow pluriannual variability, 
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with seasonal oscillations around an almost constant mean (Fig. 6.5), and the seasonal 

variability accounts for ca. 85% of the total variability (Table 6.1). Cluster A3 includes 

two columns of the same well, tapping at different depths. For this well, the seasonal 

variability is wider than the neighboring wells (cluster A1), but, similar to the wells in 

cluster A1, it presents a wide pluriannual variability, and the seasonal variability 

constitutes 64% of the total variability. Cluster A4 includes a single well tapping a small 

aquifer in the outer circle of the Garda morainic amphitheater, which is characterized by 

reduced lateral amplitude but is highly transmissive and has a significant thickness. The 

combination of these elements contributes to the definition of a sensitive system with a 

rapid response to the summer superficial input and underground intake from upstream 

basins. 

Group B 

Within group B, including only one cluster, different cases can be identified, 

characterized by specific hydrogeological determining a narrow seasonal oscillation: a) 

proximity to the spring belt, b) proximity to the lake shores, and c) morainic 

compartment and alpine valleys. The spring belt's proximity mostly affects medium plain 

wells W23, W25, W26, and W31. For these wells, the pluriannual variability is also 

extremely reduced. Wells in the eastern part of the middle plain, W23 and W25, show 

an extremely reduced seasonal level oscillation, while W26 and W31, located in the 

western part, downstream to the intensively irrigated areas, show a seasonal profile 

comparable to that exhibited by group A, albeit with a significantly lower amplitude. 

Proximity to the Lake Garda shore is the main driver of W32, W35, and W36 narrow 

variability, presenting a strong similarity with the Lake Garda trend. A correspondence 

between the two trends is the result of the pressure balance between the aquifer and the 

dam-regulated lake; a comparison of groundwater level and Lake Garda hydrometric 

level is shown in Figure S.6.20. The third case involves wells W22, W28, W29, and W30 

in the Garda morainic amphitheater, W27 in the Iseo morainic amphitheater, and W33, 

W34, and W24 in the alpine valleys. Wells W22, W24, W27, and W30 show the highest 
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variability within group B, linked to a major contribution of the pluriannual trend to the 

total variability (Fig. 6.5), while the seasonal oscillations are narrow. 

Group C  

C1 (8 wells) groups all wells located in the lower plain and one well located in the 

morainic compartment. This cluster’s seasonal pattern shows the weakest groundwater 

level variations range within group C (up to 2.5 m), with a minimum in July. Only W44 

shows the lowest seasonal value in August. C2 (5 wells) gathers all the confined and 

semi-confined wells in the morainic compartment south of Lake Garda. Cluster C2’s 

pattern presents a summer minimum that lasts in July and August and a groundwater 

level seasonal oscillation of approximately 7.0 m. Cluster C3, with only one well located 

in the morainic compartment, shows the lowest seasonal value in August but it emerges 

for the widest seasonal pattern magnitude within all clusters (13.6 m).  

Group D 

Cluster D1 (4 wells) shows a maximum in March and a minimum in August. D1’s 

seasonal pattern highlights the lowest yearly oscillation of the group that reaches a 

maximum value of 5.0 m. Cluster D2 consists of 2 wells with a seasonal pattern 

oscillation up to 7.4 m. Both wells show a maximum in spring (March) and a minimum 

in autumn (October). Well W55 shows a different pattern during summer, which results 

from the data of a single year (Fig. 6.5). Cluster D3 (1 well) has a seasonal groundwater 

head maximum in February, a minimum in September, and a maximum yearly 

oscillation of up to 8.0 m, the highest oscillation within Group D. 
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Figure S.6.20 – Comparison of the groundwater levels at wells W32, W35, and W36 with the 

hydrometric level of Lake Garda. All the time series have been standardized by subtracting the 

mean for a quicker comparison. The black line represents the Lake level, while the grey lines 

represent the groundwater level for the different wells. 

 

 

S.6.7 – Focuses on groups A, and C time series 

This section focuses on the monthly groundwater level for the wells in groups A (Fig. 

S.6.21) and C (Fig. S.6.22). Each trend is color-coded by cluster: grey dots indicate the 

annual maxima, black dots the annual minima, while red dots indicate  maxima and 

minima used to calculate the 2022 decrease and increase. Each graph has its own scale 

to provide better visibility.



 
 

6. Time Series Analysis 

128 

   

 

Figure S.6.21 – Groundwater level time series of wells in group A, color-coded by cluster: grey dots indicate the annual maxima, black dots the 

annual minima, while red dots indicate maxima and minima used to calculate the 2022 decrease and increase. 
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Figure S.6.22 – Groundwater level time series of wells in group C, color-coded by cluster: grey dots indicate the annual maxima, black dots the 

annual minima, while red dots indicate maxima and minima used to calculate the 2022 decrease and increase.
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S.6.8 – Focuses on groups B, D, E, and F time series 

This section focuses on the monthly groundwater level for the wells in groups B, D, E, 

and F (Fig. S.6.23). Each graph has its own scale to provide better visibility. 

 

Figure S.6.23 – Focus on the variability of groups B, D, E, and F. 
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Highlights 

● A groundwater numerical model developed for an intensively irrigated aquifer 

● Two scenarios simulated: a drought and a shift to drip irrigation 

● Drought reduces recharge and storage yet maintains seasonal dynamics 

● Reduced irrigation return flow significantly depletes the aquifer 

● Adaptation measures need to be carefully designed to avoid significant impacts on 

groundwater 

Abstract  

Groundwater availability worldwide is threatened by a changing climate. Aquifers in 

intensively irrigated systems 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 
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agricultural areas: hydrological droughts and changes to more efficient irrigation 

practices as a response to reduced surface availability. A three-dimensional combined 

steady-state and transient numerical groundwater flow model was developed for an 

intensively irrigated hydrogeological system where irrigation return flow constitutes a 

major recharge source. Two hypothetical scenarios were simulated: (1) a two-year 

meteorological drought and (2) a transition from surface irrigation to the more efficient 

drip irrigation technique, while maintaining all other conditions the same as in the 

reference period. The drought scenario leads to a significant reduction of the recharge 

processes but preserves the overall relative dynamics and seasonal patterns in 

groundwater storage, groundwater heads, lowland springs discharge, and surface water-

groundwater interactions, with a total groundwater storage loss of -2.34×105 m3/d over 

the two simulated years. 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. Therefore, the results indicate that 

possible 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. 

7.1 Introduction 

Groundwater provides societies with social, economic, and environmental benefits and 

opportunities (UNESCO, 2022). Although considered more resilient than surface water 

to meteorological conditions, 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-
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dependent ecosystems worldwide, including terrestrial vegetation, rivers, springs, 

wetlands, and riparian zones, which not only support biodiversity but also provide 

fundamental ecosystem services 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 combination of natural (e.g., 

precipitation, geology, or vegetation characteristics) 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 characterized 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 

irrigation return flows) (Van der Gun, 2022, Wu et al., 2020). 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; Masseroni 

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; Taylor et al., 2013; Van der Gun, 2022). However, surface 

water is highly vulnerable to meteorological droughts. Consequently, there is a growing 
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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 consumption, the subsequent decrease 

in irrigation return flow percolating toward the aquifer may lead to a reduction in aquifer 

recharge. Therefore, 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), but no quantitative estimates of the resulting loss 

in recharge volumes are currently available. Understanding and quantifying the 

influence of irrigation 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).  

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 
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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 (expressed as flow exchanges), one of the most important 

indicators of change in an aquifer system (Stefania et al., 2018; Stigter et al., 2023). 

7.2 Materials and Methods 

7.2.1 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. 7.1). 

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. 7.1).  

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). 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).  

Land use in the study area is mostly agricultural (Fig. 7.1c), with extensive cultivation 

of corn primarily used for livestock feeding (cattle and swine). 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 distributed to the fields through 

an extensive network of century-old irrigation canals. In contrast, groundwater-fed 
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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 increases up to 67±19 m3/s compared to the average of 48±20 m3/s 

during the non-irrigation period (Consorzio dell’Oglio, 2019). 

7.2.2 Hydrogeological Conceptual Model 

A concise summary of the hydrogeological conceptual model for the study area is 

reported here; extensive descriptions are available in previous studies (Redaelli et al., 

2025; Rotiroti et al., 2019b, 2019a). 

7.2.2.1 Geological and Hydrogeological System 

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 (Denti et al., 1988; Rotiroti et al., 2019a; 

Vercesi, 1994).  

From a hydrogeological perspective, the plain area can be subdivided into higher and 

lower plains by the so-called “spring belt” (Fig. 7.1b), 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 (Fig. 7.2). The lower 

plain is characterized by a multilayer aquifer system consisting of vertically alternating 

sandy aquifers and silty-clay aquitards (Fig. 7.2). Previous works (Regione Lombardia 

& ENI Divisione AGIP, 2002) classified these overlapping aquifers into 4 Aquifer 
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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 differences, the 

permeability of the aquifer on the higher plain is significantly 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 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 surface 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 irrigation season. In the 

lower groundwater-fed irrigated plain, the typical seasonal trend shows a steady summer 

decline due to increased withdrawals and a rebound in fall (Redaelli et al., 2025; Rotiroti 

et al., 2019a). 

7.2.2.2 Groundwater Recharge and Discharge 

The higher surface-water-fed irrigated plain aquifer is recharged by (1) irrigation return 

flow from surface-water-fed irrigation, (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, 
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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).
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Figure 7.1 – a) Geographical setting; b) Study area, model domain, geomorphology (Regione Lombardia, 2007), water table contour map 

(September 2014 (Regione Lombardia, 2016)) with groundwater flow direction, and cross-section trace. The cross-section is visible in Fig. 7.2; 
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c) Land use (land use classes have been represented from the geographic database Dusaf 7.0 (Regione Lombardia 2023)), and Lombardy 

provinces (BG = Bergamo, BS = Brescia, LO = Lodi, CR = Cremona, MN = Mantova). 

 

 

 

 

Figure 7.2 – Cross-section (modified from Zanotti et al., 2022). The cross-section trace is visible in Fig. 7.1. 
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7.2.3 Available data 

Eight field measurement campaigns were conducted between October 2015 and October 

2017 to monitor the following parameters: river stage at 21 sites, river discharge at 17 

sites, and groundwater head in 46 wells (see Sup. Info. Sect. S.7.1 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. S.7.1).  

Monthly 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.7.1) 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 difference in river discharge on the same day at two consecutive 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 exchanges can be considered baseflow 

values. 

7.2.4 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 
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of ~ 5000 km2 (active cell ~ 3400 km2) and consists of 7,990,080 cells with a uniform 

cell size of 100 m x 100 m arranged into 861 rows (NS direction) and 580 columns (EW 

direction) (Fig. 7.4). The model domain is divided into a near-field, including the area 

between the Oglio and Mella Rivers (~ 780 km2), and a far-field, including surrounding 

areas for a total of ~ 4220 km2. Vertically, the model is discretized into 16 layers of 

variable thickness (Fig. 7.3). The model simulates the Aquifer Groups A and B (Sect. 

7.2.1). These are reconstructed through 11 and 5 layers, respectively, modeling a total 

depth of 625 m, which is reached in the south-eastern part of the model. Details on grid 

construction are reported in Sup. Info. Sect. S.7.2.1. 

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, including 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) (Ajami et 

al., 2014; 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. A monthly stress period was selected to capture 

seasonally variable processes (i.e., recharge, groundwater use).  

A first hydrogeological parametrization was performed before calibration, 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 ordinary kriging through a quasi-3D stratified approach (Fabbri and 

Trevisani, 2005). Further details are reported in Sup. Info. Sect. S.7.2.2. The continuous 

distribution of hydraulic conductivity (K) was then discretized into 20 zones through the 
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analysis of the frequency distribution of the obtained hydraulic conductivity, with values 

of horizontal K ranging from 2.4×10-2 m/d to 2.0×102 m/d (Fig. 7.3). 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 anisotropy 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 derived from the 

aggregation of the hydraulic conductivity zonation. 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. 
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Figure 7.3 – Spatial distribution of the initial values of the hydraulic conductivity in a) layer 1, 

b) layer 8, c) layer 12, and d) within a cross-section (N-S). The dotted line refers to the limit 

between Aquifer Groups A and B, as defined by the model vertical discretization. 
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Vertical recharge was simulated using 21 zones, with monthly-variable values. In 17 of 

these 21 zones, vertical recharge was simulated considering both effective precipitation 

and irrigation return flow (zones 1-17, Fig. 7.4b); the latter was applied only during the 

irrigation season (May-September). These 17 zones represent the irrigation management 

areas used by the local irrigation authority. In the remaining 4 zones, the sole effective 

precipitation was simulated (zones 18-21, Fig. 7.4b). The detailed recharge values are 

reported in Sup. Info. Sect. S.7.2.3. 

Other internal conditions were implemented according to the conceptual model, 

including the complex hydrographic network of rivers and primary irrigation canals 

(simulated with SFR2 Package) and secondary 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 southernmost 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 with the plain (Fig. 7.4a). Details on 

boundary conditions are reported in Sup. Info. Sect. S.7.2.4 
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Figure 7.4 – a) Boundary conditions of the model (Numbers 1-3 refer to the three General 

Head Boundaries); b) Spatial distribution of the 21 recharge zones. Each color corresponds to 

a specific zone (recharge values are reported in Tab. S.7.3). 

7.2.5 Model Calibration 

The calibration process included two steps: (1) a preliminary manual trial and error 

calibration, adjusting hydraulic conductivity, vertical recharge (RCH), abstraction rate, 

riverbed (SFR2) and drain (DRN, lowland springs) K, pumping rate of wells (WEL), 

groundwater head of General Head Boundaries (GHB) and Constant Head Boundary 

(CHB), followed by (2) a parameter estimation calibration, performed on the last 36 

stress periods (corresponding to the January 2015-December 2017 period), through the 

Parameter Estimation (PEST) software suite, through formal mathematical regression 

techniques (Doherty, 2025). Subspace regularization techniques were applied using 
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singular value decomposition (SVD) in conjunction with Tikhonov regularization 

(Doherty and Hunt, 2010).  

A total of 8 parameter groups (474 parameters) were calibrated. 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 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 upper and lower bounds 

were set for each parameter. For groups 1, 4, and 8, calibration was performed by 

applying a multiplier to each parameter whose value was set during manual trial-and-

error calibration, whereas for the other groups, the values set during manual trial-and-

error were calibrated directly. Further information on the upper and lower bounds are 

reported in Table S.7.5. Specifically, for group 1, the K values of the secondary canal 

beds were adjusted by a single multiplier. For group 2, the streambed K value of each 

SFR2 segment was calibrated individually (to achieve finer resolution, the first segments 

of the Serio and Chiese rivers were further subdivided into two sub-segments each), 

whereas a unique value was adjusted for the K of the lowland springs, for a total of 80 

parameters calibrated. For group 3, the discharge value was calibrated individually for 

each river, using different multipliers for each of the 36 stress periods, for a total of 72 

parameters calibrated. For group 4, to preserve spatial heterogeneity while managing 

parameter dimensionality, recharge zones were aggregated into three wider 

homogeneous recharge areas: the higher surface-water-fed irrigated plain (zones 1–4, 6–

9, and 11–16); the lower groundwater-fed plain (zone 21); and the remaining portion of 

the plain (zones 5, 10, and 17–20). A multiplier was defined for each of the 36 stress 

periods for the three defined areas, resulting in a total of 108 parameters calibrated. 

Concerning Group 5, the horizontal hydraulic conductivity values were calibrated by 

dividing the 20 zones originally defined for the entire model (Sect. 2.4) according to 

Aquifer Group classification. The 20 zones of K pertaining to the Aquifer Group A 
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(layers 1-11) were calibrated separately from those pertaining to the Aquifer Group B 

(layers 12-16), thus effectively creating 40 zones of horizontal K (40 calibrated 

parameters). For group 6, the 20 zones of vertical anisotropy were singularly calibrated. 

For group 7, each Sy zone was calibrated individually (3 parameters), whereas Ss zones 

were divided following the same vertical discretization used for hydraulic conductivity 

(6 parameters), resulting in a total of 9 parameters calibrated. Finally, irrigation wells 

were subdivided into 4 different groups: (1) wells located upstream of the main irrigation 

canals, (2) wells in the higher surface-water-fed irrigated plain, (3) wells in the medium-

lower groundwater-fed plain, and (4) wells in the lower groundwater-fed plain. For each 

group, irrigation well abstraction rates were parameterized with one multiplier per stress 

period, with variations allowed only during the irrigation season (May–September) for 

a total of 144 parameters calibrated.  

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. 7.2.3). 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, following the same spatial subdivision 

adopted for the irrigation wells, 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.  
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To address the large computational effort associated with the calibration process, model 

runs were performed in parallel on a high-performance computing cluster by using the 

HTCondor run management software (HTCondor Team, 2021).  

7.2.6 Hypothetical scenarios 

To better understand the effects of climate change on the groundwater 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, the parameters of two out of the 

three simulated years were selectively modified. 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 scenarios were then compared with the 

baseline condition. 

In the first scenario (Scenario 1 (S1) - Prolonged Drought Simulation), a synthetic 

drought parameter setting was developed to represent prolonged drought conditions. 

Recent studies have demonstrated that climate change is expected to cause frequent and 

severe impacts on groundwater, with drought episodes that in Northern Italy have 

become stronger in both frequency and duration since 2001 (Baronetti et al., 2020; 

Montanari et al., 2023). 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 was defined by modifying the parameters of the final 24 

simulated stress periods with respect to baseline conditions to reproduce the 

meteorological conditions observed during the 2022 drought, considered as an example 

of effective drought in the study area. Specifically, 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, which are extended over 2 years. 

Details on parameter setting for defining S1 Scenario are reported in Sup. Info. Sect. 

S.7.3. 
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In the second scenario (Scenario 2 (S2) – Change in Irrigation Practices), all the areas 

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 recommendations 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 change in irrigation methods was 

simulated by reducing (with respect to baseline conditions) 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.7.2.3) from 20–40% (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.  

7.2.7 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, as in other recent studies (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 exchange 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 
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convention, positive values indicate discharges toward the aquifer (i.e., inflow) while 

negative values represent discharges from the aquifer to a system’s components (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, positive 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 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 variations will be noted as storage increase (i.e., rising groundwater 

levels). 

7.3 Results 

7.3.1 Baseline Model Calibration and Statistics 
An acceptable agreement between the observed and simulated groundwater heads was 

obtained after parameter estimation, as supported by the statistical parameters reported 

in Table 7.1 and Figure 7.5. 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. 7.5f and Fig. 7.5g). 

As shown in Figure 7.5a, the distribution of groundwater-level residuals was overall 

random, with wells showing both positive and negative biases across different parts of 



 
 

7. Implementation of the Groundwater Numerical Model and Results from Synthetic Scenarios 

153 

   

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. 

The reconstructed water level surfaces of both shallow and deep aquifers (Fig. 7.5a) 

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. 7.5b and 

Fig. 7.5c). 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. 7.5d and Fig. 7.5e). Details on calibrated parameter values are reported in Sup. Info. 

Sect. S.7.4.
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Figure 7.5 – 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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Table 7.1 – 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 

In the higher surface-water-fed irrigated plain (~ 320 km2), 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. 7.6). As shown in Figure 7.6a and Figure 7.6c, 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. 7.6a). 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 
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equal to 8%. Outflow was mainly generated by discharge to the lower plain aquifer 

(31%) (Fig. 7.6c). 

In the lower groundwater-fed plain (~ 460 km2), the main inflow was the outflow from 

the higher plain, which accounted for 31% (Fig. 7.6d), 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. 7.6b). 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%) (Fig. 7.6d). 
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Figure 7.6 – (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 boundary conditions is the same as in Fig. 7.4. Positive 

and negative values indicate, respectively, inflows (blue arrow) and outflows (red arrow) from 
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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. 

The monthly storage variation of the higher surface-water-fed irrigated plain followed 

the seasonal recharge dynamics with increased storage during the irrigation periods, 

reflecting the summer increase in groundwater levels (Fig. 7.7a). On an annual basis, a 

storage loss occurred in 2015 (8.94×104 m3/d) 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.7.4 in Sup. Info. Sect. S.7.5). 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.7.4b). 

Simulated discharges of the lowland springs exhibited a marked seasonal variability, 

with maximum values during the periods of highest irrigation return flow (Fig. 7.8). 

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. 7.8b). 

In contrast, the minimum discharges were consistently observed in spring with values of 

-9.55×104 m3/d in May 2015, -8.88×104 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. 7.8b). 

The net monthly groundwater/Oglio River flow exchanges 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. 7.8c). In the central stretch (segments 11–21), a seasonal variability 

was observed: the river shifted to gaining conditions in all three simulated years between 
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June and September/October, with outflow from the aquifer ranging between -9.04×103 

in June 2016 and -1.17×105 m³/d in July and August 2016 (Fig. 7.8d). 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 fluxes ranging 

from -6.50×105 m³/d in January 2015 to -1.08×106 m³/d in July 2016 (Fig. 7.8e). The 

simulated groundwater/surface-water exchanges along the Oglio River are in line with 

previous studies (Bartoli et al., 2012; Delconte et al., 2014; Rotiroti et al., 2019a). 

7.3.2 Scenarios 

7.3.2.1 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% (Fig S.7.4). 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.7.4a). On a monthly scale, during the irrigation 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. 7.7a). 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.7.4b). 

In the higher plain, simulated groundwater levels exhibited slight seasonal variability, 

with consistently reduced summer peaks (Fig. 7.7a), while in the lower plain, Y1 showed 

the absence of the late-spring rise (May–June) evident in 2016 under baseline conditions 

(Fig. 7.7b). 

Simulated lowland spring discharge showed a slight dampened seasonal variability, with 

a maximum during the irrigation season. During simulated drought years, the maxima 
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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. 

7.8b). 

The groundwater-Oglio River exchanges showed spatial patterns comparable to the 

baseline but with notable changes in flux 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 

simulation), and 8.20×103 m³/d in June of the same year (-14% relative to the same 

month of the baseline simulation) (Fig. 7.8c). 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 outflow from the 

aquifer ranged from -5.56×10² m³/d (June of Y2) to -4.05×10⁴ m³/d (August of Y1) (Fig. 

7.8d). 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 outflows from the 

aquifer ranging from -5.83×105 m³/d (October of Y2) to -8.54×105 m³/d (August of Y1) 

(Fig. 7.8e). The annual simulated outflow from the aquifer decreased by 14% and 16% 

in Y1 and Y2, respectively, compared to baseline conditions. 
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Figure 7.7 – 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 year of the two scenarios, S1 (yellow) 

and S2 (orange). Baseline (green) refers to the 2015-2017 simulation. Positive storage 

variation indicates a loss of storage, corresponding to a decrease in groundwater levels. 

7.3.2.2 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) correlated 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.7.4a). On a monthly basis, only June of Y1, and September and November of Y2 

showed a slight increase in storage (Fig. 7.7a). 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, 
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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.7.4b). 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. 

7.7a). In contrast, the simulated groundwater levels in the lower plain showed no 

significant deviations from the baseline trend (Fig. 7.7b). 

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. 7.8b). 

The groundwater-Oglio River exchanges 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 consistently losing behavior in the higher plain (Fig. 7.8c). 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 outflow from the 

aquifer ranged from -5.87×103 m³/d to -1.73×104 m³/d during these months, while in all 

the other months of scenario S2, the river was constantly losing (Fig. 7.8d). Annual 

cumulative exchanges shifted from negative to positive 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 outflows from the aquifer ranging between -

5.79×105 m³/d (October of Y2) and -1.00×106 m³/d (June of Y1) (Fig. 7.8e). The 

cumulative annual outflows from the aquifer decreased by 6% and 12% in the two years 

of scenario S2 compared to the baseline. 
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Figure 7.8 – 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 
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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 S1 (yellow) and 

S2(orange) compared to the baseline simulation (green, 2015-2017). Y1 and Y2 refer to the first 

and the second year of the S1 and S2 scenarios; c), d), and e) net flow exchanges between the 

three Oglio river stretches (respectively stretches 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).  

7.4 Discussion 

7.4.1 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 system to changes in climatic 

conditions combined with a decreased surface-water availability for irrigation, as 

evidenced by a pronounced attenuation of the typical seasonal patterns of the main water 

budget components observed under baseline conditions. 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.7.4). 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, 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, highlighting the greater stress on the system under 

a two-year drought scenario. On a monthly scale, the effect of the summer storage 
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reduction is even more evident, reflecting the system's inability to sustain the seasonal 

groundwater rise observed in the baseline simulation (Fig. 7.7a).  

In the lower plain, Y1 resulted in a significant storage loss and decreased groundwater 

heads, highlighting the effect of the reduced precipitation, the reduced inflow from the 

higher surface-water-fed irrigated plain, and effects of increased pumping. 

Consequently, groundwater level trends showed an evident reduction in the 2016 

groundwater level rise detected in the baseline simulation (Fig. 7.7b). 

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. 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 exchanges maintained the same spatial pattern as in the 

baseline simulation, but the flow magnitudes changed considerably. 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 (Fig. 7.8c), while in the southern 

stretch (segments 22-29), the outflows from the aquifer to the river decreased by 

2.42×105 m3/d (-15%) compared to the total drained water in the baseline simulation 

(Fig. 7.8e). The most evident change was detected in the central stretch of the Oglio 

River (segments 11-21), where the magnitude of the outflow from the aquifer during the 

irrigation period decreased drastically (Fig. 7.8d). 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. 

7.4.2 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 
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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 dynamics 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.7.4). 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. 7.7a).  

In the lower groundwater-fed plain, the annual storage variation exhibited a general 

behavior comparable to that observed in the baseline simulation (Fig. S.7.4). Despite the 

observed changes, the simulated groundwater heads in this area did not show significant 

deviation from the baseline simulated trend (Fig. 7.7b). This suggests that in the lower 

plain, the effect of changed irrigation practices, and the consequent reduction of the total 

inflow from the higher plain of about -14% in the two simulated years, 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 pronounced under the S2 

drip irrigation scenario, compared to the S1 scenario, 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 
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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. 7.8b).  

The groundwater-Oglio River exchanges 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. 7.8c), and a consistently gaining 

behavior in the southern stretch (segments 22–29), where the outflows from the aquifer 

decreased by 1.44×105 m3/d (-9%) in the two simulated years compared to the total 

drained water in the baseline simulation (Fig. 7.8e). In the central stretch (segments 11–

21), the S2 scenario induced an almost complete suppression of the seasonal alternation 

between gaining and losing behavior (Fig. 7.8d), 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.  

7.4.3 Meteorological droughts vs. irrigation management: which drives greater 

disruption to the aquifer system? 

The comparison of the baseline conditions with the results of 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 effects on the higher plain aquifer system, lowland 

springs, and rivers. Under 2-year drought conditions (S1), the primary effect is the 

attenuation 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 
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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 countries 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 simulations 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 

agricultural systems to climate change. 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 valuable 

ecosystem services. 

These results apply to our highly irrigation-dominated area (e.g., here, irrigation return 

flow is over 80% of aquifer recharge), and suggest that, in similar 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 adaptation measures, which require targeted research 

and improved communication between academia and policymakers to ensure sustainable 

water resource management.  
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Therefore, if such changes were to be introduced, a holistic view of the hydrologic 

system is needed. Sustainable 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 techniques, 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; Sufyan et al., 2024). These findings further 

highlight the need for integrated surface water and groundwater management to address 

the combined direct and indirect effects of climate and human stressors on these complex 

systems. 

7.4.4 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 interactions 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 river basin, can represent a major driver in the dynamics of aquifers (Van der 

Gun, 2022). 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 

process, while the two scenarios are not meant to be actual predictions. In this context, 

working with short-term synthetic scenarios can provide a quick and effective way to 
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assess the main processes governing the water balance and to identify the system’s 

vulnerabilities.  

This approach helped capture the processes 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. Based on this new knowledge, future developments will 

integrate scenario analyses by coupling the groundwater numerical model with data 

derived from GCMs nested with dynamically downscaled and bias-corrected Regional 

Climate Models (RCMs) driven by different carbon dioxide emission scenarios (e.g., 

Representative Concentration Pathways 4.5 and 8.5). This approach will allow a better 

assessment of system responses to both direct and indirect climatic and socio-economic 

drivers as a direct human response to change in climatic conditions, providing policy-

relevant insights for water-resources management. 

The two scenarios analyzed in this study are not intended to represent a realistic forecast 

of future system evolution, but rather conceptual experiments designed to test the system 

sensitivity and to explore the effects of specific stresses on groundwater dynamics in a 

complex environment. Specifically, the 2-year drought scenario (S1), based on the 

repetition of a single extreme, does not represent a physically realistic multi-year drought 

with persistence and recovery dynamics; rather, it represents a synthetic-stress case. In 

this scenario, inflows from the Alpine area were kept unchanged. The water exchanges 

between the Alpine sector and the aquifer system in the plain area are 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 introduced additional uncertainty into 

the simulations, altering the interpretation of scenario results. For this reason, the 

scenario design focuses on changes in vertical recharge (including both precipitation and 
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irrigation return flow), variations in irrigation well abstraction rates, and changes in 

inflow to the Oglio River. Although this scenario is not intended to reproduce the 2022 

conditions, focusing on parameter changes relative to realistic values enabled assessment 

of the simulated system's response to the combined effects of these variations. 

Specifically, the choice of the 2022 drought as a reference reflects the use of an observed 

and well-documented event to evaluate the system’s response to conditions that actually 

occurred and are widely recognized, thereby providing policy-relevant insights for 

water-resources management 

Changes in irrigation practices scenario (S2) assumes an instantaneous and complete 

shift from surface to drip irrigation over the entire irrigated area, which is not intended 

as a plausible management or policy pathway but represents a theoretical stress test (a 

worst-case sensitivity analysis) aimed at isolating the system response to the loss of 

irrigation return flow contribution. In this scenario, in fact, several physical and socio-

hydrological processes are simplified or not included in the model, such as detailed 

vadose zone processes, changes in evapotranspiration associated with irrigation 

methods, and adaptive farmer behavior.  

Future development will aim to extend the simulation timeframe beyond the two-year 

period (5-10 years) to characterize the long-term trajectory of the aquifer system under 

persistent stressors, considering both changes in irrigation practices and multi-decadal 

climate shifts. 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 controlling groundwater dynamics in the lower plain. Long-term 

simulations 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. 

These developments would provide a more comprehensive basis for evaluating the long-

term vulnerability of groundwater under the combined pressures of climate change and 

management. 
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7.5 Conclusion 

This work provides a quantitative assessment of the main components 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 effects 

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 groundwater–surface water interactions, particularly 

in the higher surface-water-irrigated plain, with stronger effects than a prolonged 

drought.  
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These results offer a practical decision-support framework for managers 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 agricultural intensive areas to better define future scenarios and provide 

decision makers with a methodology to design water management policy adequately.  
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S.7.1 – Spatial distribution of measurement points 

In this section, the spatial distribution of measurement points of groundwater heads 

(from 58 wells), river stages (from 21 sites), and river and irrigation canal discharges 

(from 17 locations) is reported in Figure S.7.1. Following the classification performed 

by Rotiroti et al. (2019) and Zanotti et al. (2022), all the wells are color-coded based on 

the type of tapped aquifer: Confined (red), Semiconfined (yellow), and Unconfined 

(cyan). For one well, this categorization was not available (grey). The list of stretches 

for which groundwater-river flow exchanges were calculated is provided in Table S.7.1. 

 

Figure S.7.1 – Locations of measurement points for groundwater heads, river stages, and river discharges 

over the geomorphological map (Regione Lombardia, 2007). 

 



 
 

7. Implementation of the Groundwater Numerical Model and Results from Synthetic Scenarios 

187 

   

Table S.7.1 – List of stretches for which groundwater-river flow exchanges were calculated. 

River  Stretch Upstream site  Downstream site 

Oglio 

O1 QOg01 QOg02 

O2 QOg02 QOg02bis 

O3 QOg02 QOg03 

O4 QOg03 QOg03bis 

O5 QOg03 QOg04 

O6 QOg03bis QOg04 

Strone S1 QSt01 QSt02 

Mella M1 QMe02 QMe03 
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S.7.2 – Numerical Model 

In this section, a detailed description of the numerical model's construction and 

characteristics is provided. 

S.7.2.1 Model grid 

The three-dimensional grid was developed using the GOCAD software (Geological 

Object Computer Aided Design, Paradigm, 2009). A vertical deformation of the grid 

between two bounding surfaces was applied (Paradigm, 2009). First of all, a first 

shallower layer (Layer 1) was defined using the Digital Terrain Model (DTM, with 

spatial resolution of 100 m (Regione Lombardia, 2024)) as top and an interpolated 

surface located 2–3 meters below the riverbed elevation as bottom. This bottom surface 

was defined to enable accurate positioning of riverbeds, thus improving the simulation 

of groundwater-river interactions. Beneath Layer 1, the geometry and thickness of the 

10 layers corresponding to the Aquifer Group A were reconstructed by applying the 

vertical deformation between the bottom of Layer 1 and the bottom of Aquifer Group A, 

which was derived from Regione Lombardia & ENI AGIP (2002). Finally, the 5 layers 

representing the Aquifer Group B were deformed using the bottom surfaces of Aquifer 

Groups A and B. Layers with uniform thickness were set in the vertical deformation for 

Aquifer Group A, whereas layers with progressively increasing thickness toward the 

bottom were obtained for Aquifer Group B. 

S.7.2.2 Hydraulic conductivity interpolation 

The K values used in the interpolation were extracted from the 4686 available 

stratigraphic logs using TANGRAM (Bonomi et al., 2014), applying a vertical range of 

extraction of 1 m for each log. A natural log transformation was applied in order to obtain 

normally distributed data, which are better suited to kriging interpolation, as shown by 

previous studies (Martin and Frind, 1998). Three datasets were constructed following 

the log coding: 1) for Layer 1, 2) for Layers 2-11 (Aquifer A), and 3) for Layer 12-16 

(Aquifer B). Specifically, omnidirectional experimental variograms were considered in 

the variogram modeling. To represent both local and regional structures, the variogram 
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models were nested, combining two spherical functions with different range values 

(Table S.7.2). Figure S.7.2 shows the experimental variogram with the respective model 

for ln(k) as an example. The obtained K values were then imported into the 3D grid 

(Sect. S.7.2.1) and interpolated using a 2D approach for each layer of the grid. This 2D 

method can be considered faster and more accurate than a full 3D analysis when 

simulating stratified sedimentary systems (Paradigm 2009).  

 

Table S.7.2 – Properties of variogram models. 

Layer Model Variogram 
Type 

Model 
Name 

Variogram 
Type Range Cumulative 

Sill 
Nugget 
effect 

1 Nested 
(Models 1 and 2) 

Model 1 Spherical 4850 10.7 
8.05 

Model 2 Spherical 22170 11.9 

2-11 Nested 
(Models 1 and 2) 

Model 1 Spherical 1938 13.4 
10.5 

Model 2 Spherical 25000 17.3 

12-16 Nested 
(Models 1 and 2) 

Model 1 Spherical 2997 14.6 
11.7 

Model 2 Spherical 24000 17 
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Figure S.7.2 – Experimental variograms (blue square) and variogram models (blue line) of 

ln(k) for a) Layer 1, b) Layers 2-11 (Aquifer Group A), and c) Layers 12-16 (Aquifer Group B). 

 

S.7.2.3 Vertical Recharge zones 

The monthly-variable values of effective precipitation and irrigation return flow for the 

different recharge zones were calculated by applying an infiltration coefficient to (a) 
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measured cumulative monthly precipitation and (b) estimated monthly irrigation 

volumes from irrigation water permits. A single infiltration coefficient of 20% was used 

to calculate effective precipitation, whereas two coefficient values were used for 

irrigation return flow: (a) 40% for the zones located in the highly permeable higher plain 

(zones 1-4, 6-9, and 11-15) and (b) 20% for the zones in the low-permeable lower plain 

(zones 5, 10, 16, and 17). A sensitivity analysis was conducted on the recharge zone 

values, leading to the definition of a multiplier for each zone (ranging from 0.4 to 1.6) 

that was applied to adjust the recharge values accordingly. Table S.7.2 reports the 

minimum and maximum values of vertical recharge in the 36 monthly stress periods for 

each zone. 

Table S.7.3 – Minimum and maximum values of vertical recharge in the 36 monthly stress 

periods for each zone. 

Zone Number Min Recharge Value (m/d) Max Recharge Value (m/d) 

1 1.57E-05 4.05E-03 
2 1.57E-05 4.10E-03 
3 1.57E-05 8.79E-03 
4 1.57E-05 3.37E-03 
5 1.77E-05 1.20E-03 
6 1.57E-05 6.20E-03 
7 1.57E-05 3.68E-03 
8 1.57E-05 1.51E-03 
9 1.57E-05 3.14E-03 

10 1.77E-05 1.18E-03 
11 1.57E-05 1.30E-02 
12 1.57E-05 8.72E-03 
13 1.57E-05 3.22E-03 
14 1.57E-05 8.40E-03 
15 1.57E-05 6.96E-03 
16 1.57E-05 2.18E-02 
17 2.35E-05 2.59E-03 
18 1.77E-05 1.02E-03 
19 1.18E-05 6.78E-04 
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Zone Number Min Recharge Value (m/d) Max Recharge Value (m/d) 

20 1.57E-05 9.04E-04 
21 2.35E-05 1.36E-03 

 

S.7.2.4 Boundary conditions 

Three General Head Boundaries (GHB, a Cauchy-type boundary condition) have been 

imposed along the northern border of the model, with the aim of simulating the recharge 

contribution through the Alpine area into the plain sector (Redaelli et al., 2025; Vassena 

et al., 2012). GHB's position is derived from the piezometric maps reported in Rotiroti 

et al. (2019a) and Vassena et al. (2008). The assigned head values, reconstructed for each 

time step, were derived from the piezometric data of the nearest wells, measured from 

2015 to 2017, to reproduce the typical seasonal groundwater level profile of this area. 

Along the south-eastern edge of the model domain, between the Oglio River and the 

southern no-flow area, a Constant Head Boundary (CHD, Dirichlet boundary condition), 

ranging from 23.5 m to 23.15 m a.s.l. (from N to S) was used to simulate the southern 

groundwater outflow from the plain. This boundary condition was selected because there 

are no physical limits capable of controlling the groundwater level, and because the 

boundary is located a great distance from the near-field area. 

To simulate well withdrawals during the model simulation, the MODFLOW WEL 

package (a Neuman boundary condition) was used. A total of 7,426 pumping wells has 

been inserted into the numerical model (Fig. S.7.3), allocating pumping rates based on 

screen elevation. For 7408, pumping well information is derived from the TANGRAM 

database (Bonomi et al., 2014). Since direct measurement of pumping rate is unavailable, 

a discharge value equal to the daily water-use permit was initially attributed to these 

wells. Irrigation wells (≅ 27% of the total) were considered active only during the 

irrigation months (from May to September). For pumping wells without information on 

the daily water-use permit, the average well discharge of the wells with the same use 

was assigned. Information on screen depth and/or well depth was lacking for 62.5% of 

the wells. To address this issue, the wells were first subdivided according to 
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homogeneous hydrogeological areas and then according to their use. The average 

screen/well depth was then assigned to each subgroup from the corresponding group of 

wells that had this information. For 12 public wells, information on actual well pumping 

rate was provided by Acque Bresciane S.r.l. SB. All the pumping wells have been 

categorized into 16 groups, as reported in Table S.7.4. 
Table S.7.4 – Total number of wells for each group category. 

Well Categories  Total number  Percentage (%) 

Zootechnical 2475 33.33% 

Irrigation 2012 27.00% 

Industrial 746 10.05% 

Hygienic 727 9.79% 

Drinking 579 7.80% 

Domestic 433 5.83% 

Firefighting 131 1.76% 

N.A. 123 1.66% 

Other Uses 104 1.40% 

Pisciculture 46 0.62% 

Green/Sport area 23 0.31% 

Drinking - Acque Bresciane 12 0.16% 

Heat pump 11 0.15% 

Energy production 2 0.03% 

Street washing 1 0.01% 

Drinking for private 1 0.01% 
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Figure S.7.3 – Spatial distribution of the pumping wells, color-coded according to the 18 group 

categories. 

S.7.2.4.1 Hydrographic system 

The complex hydrographic network of rivers and irrigation canals is represented by the 

Streamflow-Routing (SFR2) Package. This package calculates the exchange between 

surface-groundwater systems and routes the flow directly downstream along the 

hydrographic network (Niswonger and Prudic, 2010). Moreover, it allows for the 

simulation of disconnected stream-aquifer interaction, which was particularly important 



 
 

7. Implementation of the Groundwater Numerical Model and Results from Synthetic Scenarios 

195 

   

in the higher plains, where rivers are not in direct contact with the water table (Rotiroti 

et al., 2019; Vassena et al., 2012). A sequence of 77 segments (8357 reaches) simulates 

both rivers (in a NW–SE order, including the Serio, Cherio, Oglio, Saverona, Strone, 

Mella, and Chiese rivers, as well as parts of the Adda and Po rivers) and the main 

artificial irrigation canals in the model area (see Fig. 7.4). Specifically, a detailed 

reconstruction of the Oglio River was conducted by dividing the river's course into 32 

segments corresponding to the presence of tributaries or effluents. Each stream reach 

was characterized by specifying the following parameters: stream stage, bed elevation, 

channel width and length, streambed thickness and hydraulic conductivity, bed slope and 

roughness, as well as incoming flow for boundary segments. These information were 

identified or reconstructed through field campaign analysis, the Digital Terrain Model 

analyses (DTM, with spatial resolution of 100 m (Regione Lombardia, 2024)), and the 

information reported in the Oglio-Mella Consortium report (Consorzio di bonifica Oglio 

Mella, 2020). The streambed thickness was set to 1 m, and a rectangular channel was 

used to define the stream geometry in all model segments. The streambed slope was 

imposed equal to 0.001 to ensure that the stream channel altitude decreased in a 

downstream direction in each segment, while the streambed roughness of all segments 

was set at 0.037 (medium-low roughness) to simulate gravel–dominated substrates with 

gentle slopes (Arcement and Schneider, 1989; Barnes, 1967). A streambed hydraulic 

conductivity ranging from 8x10-8 m/d (representative of a nearly impermeable canal) to 

1 m/d was assigned to the different segments, based on the lithology of the riverbed.. A 

median monthly inflow (Q) was imposed at the upstream boundary (first SFR cell) of 

each river segment to simulate flow propagation along the river network (Prudic et al., 

2004). Specifically, the average monthly median flow released from the dam was 

introduced into the first SFR cell of the Oglio River, as well as the monthly volumes of 

water diverted into the four main irrigation canals for agricultural use were added in the 

first cell of each diversion. The dense network of secondary irrigation canals distributed 

in the model area was represented through the MODFLOW RIV package (a Cauchy 

boundary condition). The total number of 104921 RIV cells was assigned to Layer 1 to 

simulate the mechanism of collecting tailwater runoff (surface water runoff at the end of 
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a field) without forcing water out of the system (a passive mechanism). Finally, the 

MODFLOW DRN package (a Cauchy boundary condition) was used to represent the 

385 lowland springs distributed within the model domain.  
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S.7.3 – Methodological Parameter Settings for S1 Scenario 

In this section, a detailed description of the parameter setting necessary to develop S1 

scenario is reported. The inflow to the Oglio River set for the baseline condition was 

replaced with monthly mean values of 2022 derived from daily discharge data obtained 

from the Consorzio dell’Oglio (2025). In addition, the abstraction rate of irrigation wells 

in the higher surface-water-fed irrigated plain was doubled to reflect the intensified 

withdrawals reported during drought conditions (ANBI Lombardia, 2023), used to 

compensate for the lack of surface water for irrigation. Recharge was also modified by 

applying multiplicative factors to its two main components: effective precipitation and 

irrigation return flow. For precipitation, twelve monthly factors were calculated as the 

ratio between the cumulative monthly precipitation in 2022 and the mean cumulative 

monthly precipitation over the 2016–2021 reference period. This time frame was 

selected to align with the reference period used by ANBI Lombardia (2023) for assessing 

irrigation well abstraction increment and the water diverted from the Oglio river in 2022. 

The resulting multiplier factors were applied uniformly to the three recharge macro-areas 

defined during model calibration. For irrigation return flow, since no real data were 

available, a proxy value corresponding to a 33% reduction in Oglio River derived-flows 

over the 2016–2021 reference period was adopted (ANBI Lombardia, 2023). This factor 

was applied to both the irrigated macro-area of the higher surface-water-fed irrigated 

plain and to the remaining portion of the plain, but only during the five irrigation months 

(May–September). 
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S.7.4 – Calibration Results 

In this section, Table S.7.5 reports the eight parameter groups, their descriptions, the 

number of parameters in each group, the ranges (minimum and maximum) of initial 

values obtained after manual trial-and-error calibration, the ranges (minimum and 

maximum) of applied bounds, and the final calibrated value ranges (minimum and 

maximum). For groups comprising different parameter types, additional subdivisions 

into subgroups are provided, together with the corresponding information. Moreover, a 

detailed description of the set of parameter values obtained by parameter estimation 

calibration performed through PEST is presented. Calibrated hydraulic conductivity in 

Aquifer Group A zones ranged from 0.02 to 265.38 m/d, while in Aquifer Group B zones 

it ranged from 0.17 to 396.47 m/d. Vertical anisotropy values were varied by ±4%. The 

calibrated Sy in the 3 considered zones was 0.062, 0.105, and 0.158, while Ss ranged 

respectively from 9.97×10-6 to 1×10-5 m-1 in Aquifer Group A and from 9.88×10-6 to 

1×10-5 m-1 in Aquifer Group B. Streambed hydraulic conductivity ranged from 8×10-8 to 

1.92 m/d. For the Oglio River (segments 1-32), calibrated values ranged between 

3.77×10-3 and 1.92 m/d. The calibrated conductivity of the secondary irrigational canal 

network remained unchanged, while the calibrated drain conductivity was reduced by 

56%. The calibrated inflows of the Oglio and Cherio Rivers were, on average, adjusted 

by ±4%. In the higher surface-water-fed irrigated plain, the calibrated recharge was 

consistently lower than pre-calibration values in every stress period, with multipliers 

ranging from 0.19 to 0.98. In contrast, in the lower groundwater-fed irrigated plain, 

recharge was increased in 47% of the stress periods, with multipliers ranging from 0.14 

to 2. In the remaining portion of the plain, recharge was increased in 67% of the stress 

periods, with applied multipliers ranging from 0.17 to 2. Finally, abstraction rates for 

irrigation wells located upstream of the main irrigation canals and in the higher surface-

irrigated plain were reduced in all stress periods, with a reduction ranging from 2% to 

13% of the initial value. For wells in the medium-lower groundwater-fed irrigated plain 

and in the lower groundwater-fed plain, there was a decrease in the withdrawal rate in 

73% and 53% of the total stress period, respectively. Specifically, for the wells located 
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in the medium-lower groundwater-fed plain, the multipliers ranged between 0.8 and 

1.06, while for the wells located in the lower groundwater-fed plain, the multipliers 

ranged between 0.89 and 1.14.
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Table S.7.5 – List of the eight parameter groups, their descriptions, the numbers of parameters in each sub-group, ranges of initial values set 

after manual trial and error calibration (for each sub-group, the minimum and the maximum values of all parameters are reported), the ranges 

of the applied bounds (for each sub-group, the minimum and the maximum bounds of all parameters are reported), and the ranges of final 

values (for each sub-group, the minimum and the maximum final values of all the parameters are reported ).  

Group Description N° of 
parameters 

Min 
Initial 
Value 

Max 
Initial 
Value 

Min 
Lower 
Bound 

Max 
Upper 
Bound 

Min 
Final 
Value 

Max 
Final 
Value 

1 Hydraulic conductivity multiplier 
for the secondary canal beds 1 1 1 0.1 2 1.00 1.00 

2 

Streambed hydraulic conductivity 
values (m/d) 79 8.00E-08 1.00E+00 8.00E-09 1.00E+01 7.99E-08 1.92E+00 

Lowland spring hydraulic 
conductivity value (m/d) 1 5.00E+03 5.00E+03 1.00E-05 1.00E+06 2.22E+03 2.22E+03 

3 

Inflow in the first cell of the 
Oglio River (m³/d) 36 2.23E+06 7.44E+06 2.01E+06 8.18E+06 2.01E+06 6.70E+06 

Inflow in the first cell of the 
Cherio River (m³/d) 36 8.00E+03 2.21E+05 1.60E+03 1.11E+06 7.81E+03 2.27E+05 

4 Recharge multipliers 108 1 1 0.1 2 0.14 2.00 

5 
Horizontal hydraulic conductivity 

values for Aquifer Group A 
(Layers 1-11) (m/d) 

20 4.80E-02 1.99E+02 4.80E-03 1.99E+03 1.89E-02 2.50E+02 
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Group Description N° of 
parameters 

Min 
Initial 
Value 

Max 
Initial 
Value 

Min 
Lower 
Bound 

Max 
Upper 
Bound 

Min 
Final 
Value 

Max 
Final 
Value 

Horizontal hydraulic conductivity 
values for Aquifer Group B 

(Layers 12-16) (m/d) 
20 4.80E-02 1.99E+02 4.80E-03 1.99E+03 1.69E-01 1.98E+02 

6 Vertical anisotropy 20 1.00E+01 1.00E+01 1.00E+00 1.00E+03 9.68E+00 1.28E+01 

7 

Specific yield values (Sy) 3 7.00E-02 2.00E-01 1.00E-02 3.00E-01 6.24E-02 1.58E-01 

Specific storage values (Ss) for 
Aquifer Group A (Layers 1-11) 

(m-1) 
3 1.00E-05 1.00E-05 1.00E-07 1.00E-02 9.97E-06 1.00E-05 

Specific storage values (Ss) for 
Aquifer Group B (Layers 12-16) 

(m-1) 
3 1.00E-05 1.00E-05 1.00E-07 1.00E-02 9.88E-06 1.00E-05 

8 Abstraction rate multipliers for 
the irrigation wells 144 1 1 0.8 1.2 0.80 1.14 
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S.7.5 – Annual storage variations 

In this section, Figure S.7.4 shows the annual storage variation for a) the higher surface-

water-fed irrigated plain and b) the lower groundwater-fed irrigated plain.  

 

Figure S.7.4 – Annual storage variation for a) the higher surface-water-fed irrigated plain and 

b) the lower groundwater-fed irrigated plain. The percentages refer to the annual storage 

variation in Y1 and Y2 of the two scenarios, S1 (yellow) and S2 (orange), compared to the 

baseline simulation (2015-2017, green). Y1 and Y2 refer to the first and the second year of the 

S1 and S2 scenarios. Positive storage variation indicates a loss of storage (blue arrow), while 

negative storage variation indicates a gain in storage (red arrow).  
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The main aim of this PhD project was to investigate the key processes governing the 

groundwater budget in a highly anthropized system characterized by intensive 

agricultural activities, with the ultimate goal of identifying and quantifying the main 

drivers of the system and their vulnerability in the context of a changing climate. 

To achieve this goal and to provide practical support to decision-makers, two phases 

were followed, in particular:  

1. A data-driven approach was applied to the groundwater level time series to 

investigate groundwater dynamics in different hydrogeological contexts in the 

Brescia province. The main aim of this phase was to develop a procedure to 

exploit dynamic data from active wells to identify the main processes governing 

the groundwater budgets under baseline conditions (2013-2021) and to compare 

their dynamics under critical conditions (2022 hydrogeological drought). 

2. A model-based approach that led to the implementation of a basin-scale 

numerical groundwater flow model for the Oglio River basin. The main aim of 

this phase was to quantify the inputs and outputs of a highly human-influenced 

system with significant agricultural activity, and to perform a quantitative 

assessment of two synthetic scenarios of practical interest (i.e., meteorological 

drought and a change in irrigation practices as a potential result of reduced 

surface water availability), identifying the main driver of potential future aquifer 

depletion. 

The development of this work allowed for different considerations that are summarized 

in the following paragraphs.  

8.1 Data-driven approach  

Findings from the analysis conducted in this first phase of this PhD thesis demonstrated 

how dynamic data collected from active wells, when properly managed, can represent a 

crucial resource. The proposed procedure offers valuable support to both researchers and 

water managers, providing a key tool for improving groundwater monitoring and 

management, and enabling the extraction of multiple groundwater level time series, 
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particularly useful in regions where monitoring networks are often missing or 

insufficient.  

The extracted seasonal groundwater level time series from 61 wells were analyzed to 

investigate different hydrogeological contexts in the province of Brescia, including the 

Alpine area, the morainic amphitheaters of Lake Iseo and Lake Garda, the higher plain, 

the middle plain, and the lower plain, as well as different water management practices.  

First, a cluster analysis was used to identify the typical seasonal patterns of the 

hydrogeological systems investigated under baseline conditions (2013-2021). The 

clusters were then analyzed to identify the average seasonal patterns and the associated 

recharge and discharge processes. Subsequently, the 2022 data were compared with the 

baseline data to quantify the effect of the hydrological drought.  

Results highlighted the central role of irrigation on the groundwater budget of the main 

aquifer systems in the plain area, with different effects based on the water source (i.e., 

surface water or groundwater-fed irrigation).  

Specifically, in the higher plain, the seasonal profile, with its summer rising, can be 

associated with recharge from surface-water-fed irrigation return flow. For this reason, 

surface water scarcity under hydrological droughts (as in 2022) can rapidly induce 

groundwater depletion due to the lack of recharge from irrigation return flow and the 

consequent increase in groundwater abstraction to compensate for the lack of surface 

water. In these regions, the transition toward more efficient irrigation practices, such as 

sprinkling or micro irrigation, would determine a significant reduction of aquifer 

recharge and would require compensation measures such as managed aquifer recharge 

during wet seasons. 

Conversely, in the lower plain, where groundwater-fed irrigation is the main irrigation 

practice, a pluriannual trend with significant summer decreases was observed. Here, the 

increased irrigation needs under hydrological droughts (as in 2022) can lead to greater 

summer groundwater depletion than the average summer depletion observed under 

baseline conditions. Mitigation actions to reduce abstracted groundwater volumes, such 
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as transitioning to more efficient irrigation systems, could reduce groundwater 

vulnerability to climate change.  

On the contrary, aquifer systems mainly governed by natural recharge and discharge 

processes (i.e., Alpine aquifers and Morainic aquifers) are more vulnerable to 

pluriannual variability associated with dry and wet years, while they are less affected by 

individual dry seasons than highly anthropogenic systems. 

8.2 Model-based approach  

Results from the second phase of this PhD thesis demonstrated that numerical models 

are effective tools for quantifying the volumes of water exchanged among the system's 

components, not only under baseline conditions but also under hypothetical scenarios. 

During this second phase, a basin-scale numerical groundwater flow model 

(MODFLOW-NWT code) for the Oglio River basin was developed to quantify the inputs 

and outputs of two of the most important and productive compartments that characterize 

the Brescia province: the surface-water-fed irrigated plain and the lower groundwater-

fed irrigated plain. 

Using the MODFLOW’s Hydrostratigraphic Unit (HSU) option, all the inflows and the 

outflows of the two main compartments were quantified. In the higher surface-water-fed 

irrigated plain, results indicated that the irrigation return flow (the main component of 

the vertical recharge) constituted the main component of the total inflow while the 

outflow was mainly generated by discharge to the lower plain aquifer. In the lower plain, 

the main inflow was the outflow from the higher plain, while aquifer outflow was 

generated by gaining rivers.  

Subsequently, two synthetic hydrological scenarios of practical interest were simulated 

to assess the changes in the water budget caused by the two most significant potential 

stressors: 2-year droughts (S1 scenario) and a shift from traditional irrigation methods 

to more efficient techniques aimed at reducing irrigation return flow to cope with surface 

water scarcity (S2 scenario). 
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The comparison between baseline conditions and the two scenarios highlights the crucial 

role of surface-water-irrigation return flow in maintaining groundwater balance and the 

ecological functions of the groundwater-dependent system (e.g., lowland springs, 

baseflow to rivers). While 2-year drought conditions (S1) attenuated recharge 

mechanisms without significantly altering seasonal dynamics, the reduction in irrigation 

return flow (S2) induced a drastic change in the system, especially in the higher surface-

water-fed irrigated plain, leading to the disappearance of the typical summer rise in 

groundwater, persistent loss in groundwater storage during the irrigation season, and a 

decrease in spring discharges.  

Therefore, findings from the analysis conducted in this second phase of the thesis 

indicated that, if not tailored to the specific hydrological and hydrogeological context, 

the adaptation measures implemented by policymakers to address surface water scarcity 

induced by climate change may have a greater impact on groundwater resources than the 

direct effects of climate change itself. This emphasizes the importance of carefully 

selecting context-specific adaptation measures, supported by targeted research and 

improved communication between academia and policymakers, to ensure the sustainable 

management of water resources. 

8.3 Final remarks 

In conclusion, the research work and the results of this PhD led to the following 

considerations:  

- Time series analysis proved to be an effective tool to perform data mining on 

groundwater level data. Particularly, a focus on seasonal patterns allowed for the 

identification of the main drivers governing groundwater availability over 

different hydrogeological contexts, providing insights into their vulnerability to 

climate change.  

- Groundwater numerical flow models, on the other hand, have been demonstrated 

to be a valuable instrument for an actual quantification of the volumes 

exchanged among the system’s components, taking into consideration all the 
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natural and anthropic elements of the system (e.g., surface water bodies, springs 

discharge, and well abstraction) and their modification induced by changes in 

climatic variables or human adaptation measures. 

- Human processes play a significant role in the equilibrium of the aquifer 

systems, and therefore, human response to climate change in terms of water 

management can exacerbate the effects of climate change.  

- Adaptation strategies' effects, if not implemented following local studies and 

specific needs, could exceed the magnitude of the direct climatic impacts on 

groundwater resources.  

On the whole, the combination of all the proposed methodologies and tools provides a 

deeper knowledge of the aquifer systems, thus bringing valuable support to researchers, 

stakeholders, and decision makers, offering tools for more effective groundwater 

management in the context of climate change, particularly in regions where irrigation 

plays a central role.  
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