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Abstract: We analyze the variation in groundwater budget by modeling an aquifer in a semi-arid
region in southern Italy, using different good pumping scenarios. This aquifer is overexploited due
to the agricultural vocation of the area. We propose an integrated method to assess the distribution
of hydrogeological parameters and the recharge rates. The hydrogeological parametrization is
performed through a hydrostratigraphic approach using the geostatistical tool. Recharge rates are
computed through a soil water balance application, using different monitoring stations over the
area for the whole period of interest. Integrating the results of this analysis with pumping scenarios
based on the water irrigation requirement of the main crops in the area, different water budgets
are estimated. The results show how different pumping scenarios affect the availability of water
resources and thus underline the importance of management. This integrated hydrogeological model
can be applied to other areas with similar hydrogeological characteristics, and it can be considered a
valuable tool for evaluating sustainable groundwater management strategies, considering land use
practices and socio-economic factors.

Keywords: modeling; hydrogeology; soil water balance; groundwater recharge; groundwater
exploitation

1. Introduction

In recent years, especially in the Mediterranean area, groundwater over-abstractions have
led to significant impacts on both the quantity and quality of underground resources [1,2],
driven by increasing freshwater demand for different purposes combined with changes in
the precipitation pattern.

Several studies have reported a rise in the frequency and intensity of rainfall events,
as well as prolonged droughts, with a noticeable decline in average annual precipitation in
the Mediterranean area [3,4]. In this context, coastal aquifers are particularly sensitive to
groundwater extraction and shifts in precipitation patterns [5,6].

Groundwater plays a crucial role in the agricultural, industrial, and domestic sectors
in both rural and urban areas. Sustainable groundwater management requires a compre-
hensive understanding of groundwater flow dynamics, including changes in recharge,
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discharge, and storage changes [7–9]. It is essential to consider groundwater recharge char-
acteristics, their spatial and temporal variations, and the factors controlling the interaction
between surface water and groundwater [10,11].

Integrated hydrogeological models may play an important role in forecasting the
effects of human activities, such as groundwater extraction and irrigation, that have the
potential to directly impact the hydrogeologic systems [12,13].

One of the key challenges in the hydrogeological model implementation is the defi-
nition of a three-dimensional Conceptual Geological Model (CGM) representing the vari-
ability of the identified facies. This is necessary to determine the flow units through lateral
and vertical integration of the hydraulic properties of the facies. The use of appropriate
geostatistical techniques allows the definition of the CGM to respect the available hard and
soft data as well as the geological knowledge [14].

At the catchment scale, the assessment of the impact of groundwater pumping scenar-
ios, including numerous discrete groundwater wells and variable pumping rates, poses
additional challenges [15]. Land use variability further affects the components of the hydro-
geological cycle, influencing components such as irrigation demand, evapotranspiration,
and net infiltration due to the change in vegetation [16,17]. A reliable estimation of these
components requires the definition of the hydrogeologic balance on a daily scale [18].
Moreover, the hydrogeological model should maintain a low computational cost to allow
the implementation of multiple scenarios involving changes deriving from anthropogenic
activities and climate [19,20].

In the Mediterranean Basin, the Apulia region in southeastern Italy is highly vulnera-
ble, as it relies almost exclusively on groundwater for all water needs due to the lack of
surface waters. A particularly sensitive area is the Cerignola Plain at Tavoliere di Puglia,
which is subjected to several natural and anthropogenic stresses, such as sea level rise
and consequent shoreline modifications, groundwater pumping from shallow and deep
aquifers, and land subsidence [21,22].

In this area, characterized by a semi-arid climate, the shallow aquifer is primarily used
for agricultural purposes. Groundwater levels data, collected as part of the Tiziano Project,
a monitoring plan for groundwater qualitative and quantitative monitoring funded by the
Apulia Region Administration [23], showed a significant decline in the piezometric level of
the shallow aquifers between 1950 and 2007, leading to the drying up of many wells. The
study area contains a high density of groundwater wells, including both registered (active
and abandoned) and non-registered (not authorized) wells.

As regards the groundwater quality, the water chemical composition at Tavoliere di
Puglia is highly variable due to the variation in the nature and permeability of the materials
composing the aquifer. In particular, the chemical composition of the shallow aquifer is
influenced by the interaction processes between the soil matrix, often rich in clay minerals,
and the rainwater infiltrating underground; at the coastal zones, the water quality is also
affected by seawater intrusion. In general, shallow groundwater has a moderate salinity
value of approximately 0.7–0.9 g/L, although in some cases, it can exceed 1 g/L. Only the
wells closest to the coastline have higher salinity (about 4 g/L) with sodium-chloride facies
determined by marine intrusion [24].

The present study illustrates a physically-based numerical model to assess ground-
water dynamics, focusing on precipitation, evapotranspiration, infiltration, and aquifer
recharge and discharge in the area. The goal is to understand the aquifer response to
increasing pumping rates and to evaluate potential actions for sustainable groundwater
management. The methodology employs a hydrologic model (Soil Moisture Balance)
paired with a groundwater flow model based on the MODFLOW code.

Following analogous approaches used in similar hydrogeological contexts [25], we
apply in this work a methodology based on the discretization of the lithostratigraphy into
hydrogeologic units and assess their distribution using a geostatistical method. After defin-
ing the hydrogeological parameters and estimating the groundwater recharge, groundwater
levels, and total storage were calculated for three different well pumping scenarios.
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2. Geological and Hydrogeological Settings

The Cerignola Plain extends for about 1.000 km2, facing the Adriatic Sea in Apulia
(Figure 1). Located in the southern part of the Tavoliere di Puglia plain, it is bounded by
the Carapelle torrent to the north, the mountain ridges of the Daunia Apennines to the
west, and the Ofanto river to the southeast [26].
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Figure 1. Location of the study area. 
Figure 1. Location of the study area.

The geodynamic evolution of this plain is closely connected to those of the Bradanic
trough [27]. Geologically, its formation began during the Lower Pliocene between the
southern Apennine chain and the Apulian foreland [28]. The Bradanic trough was affected
by two geodynamic phases: the first (Middle Pliocene—Lower Pleistocene) induced in-
tense subsidence over the entire area (estimated at around 2 mm/year), leading to the
accumulation of carbonate marine deposits (Calcarenite di Gravina, GRA), followed by
silty–clay hemipelagic deposits (Argille subappennine, ASP). The second phase (Middle
Pleistocene—present time) is related to a general uplift of the entire Apulian foreland and
generated the regressive deposits of the Bradanic trough [29–33].

The study area is characterized by Holocene-Pleistocene deposits belonging to strati-
graphic units associated with the second geodynamic phase (Figure 1). The glacio-eustatic
sea-level oscillations, occurring simultaneously with regional uplift, added further com-
plexity to the regression mechanism. Consequently, the area is characterized by alternating
marine and alluvial terrace deposits. Recently, in the new geological map that covers part of
the study area [34], the marine and continental deposits have been included in the domain
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of the Bradanic trough, while the alluvial terraces related to the Cervaro and Carapelle
streams have been grouped in the Tavoliere di Puglia supersynthem (TP) and the Ofanto
river alluvial deposits in the Ofanto river supersynthem (OF), as shown in Figure 2.

t t

t

 

Figure 2. (a) Schematic geological map (original surveys by the authors, modified after [34]);
(b) geological section of the area.

Within the stratigraphy of the Bradanic foredeep, two main discontinuity surfaces
have been identified. The first separates the Argille subappennine from the Cerignola
synthem, which is attributable to the Middle Pleistocene. This latter represents the most
extensively studied deposits in the present research. At the top of the Cerignola synthem,
two erosional unconformity boundary surfaces have been identified: the first, partially
present in the southeastern sector of the study area, separates the Cerignola synthem
deposits from the Ofanto River supersynthems (OF). The second unconformity surface,
cropping out at the northwestern sector of the area, constitutes the base of the Tavoliere di
Puglia supersynthem (TP) [35,36].

The Cerignola synthem includes two heteropic litho-stratigraphical units: the Ordona
conglomerates (ODN), deposited in an alluvial plain, and the Torre Quarto sands (STQ),
indicative of various environments, from infralittoral to transitional [35,36].

The geological setting of the study area gives rise to the existence of three different
aquifers (Figure 3) hosted within the permeable formations [37,38]. From bottom to top,
the sequence is as follows:
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- Fractured karst bedrock aquifer;
- Deep porous aquifer;
- Shallow porous aquifer (object of investigation in the present study).

t ff
t

 
 
 

 

ff

Figure 3. Hydrogeological schematic section of the Tavoliere di Puglia Plain adapted to the Cerignola
Sheet of the Geological Map of Italy, scale 1:50,000 (modified after [34]).

2.1. Fractured Aquifer—Karst Bedrock

The groundwater flows within the carbonate rocks of the bedrock and is in continuity
with the Murgia karst aquifer. Groundwater circulation is heavily influenced by the
fracturing and karstification of the carbonate rock masses [39–41].

2.2. Deep Porous Aquifer

The deep porous aquifer is present in relatively thin silt, sand, and gravel levels in-
terbedded at different depths within the Plio-Pleistocene clay succession. It is a confined
aquifer, with piezometric levels rising for hundreds of meters, sometimes above the to-
pographic surface. The spatial distribution, geometry, and hydraulic parameters of these
water bodies are still poorly known [42].

2.3. Shallow Porous Aquifer

The shallow porous aquifer occurs in the permeable deposits overlaying the Pleis-
tocene clay formation. Stratigraphic data from the many boreholes drilled in the area show
the existence of high permeable sand and gravel levels alternated with silt and clay strata
with lower permeability. Groundwater flows in the permeable formations that constitute,
in most cases, a unique hydraulically interconnected system. Generally, in the Tavoliere
di Puglia innermost areas, more permeable coarse-grained sediments prevail and play
a significant role in the aquifer circulation. Toward the coast, less permeable silt and
sand intercalations (Late Quaternary) with greater thickness are more frequent, playing
the role of aquitards or aquiclude. Inland groundwater presents free flow conditions,
whereas it is under pressure towards the coastline, thus inhibiting any interaction with
seawater [24,43,44].

The total thickness of the aquifer varies considerably in space, with a general increase
from the inner sectors to the coast, where it shows the highest values, about 50 m [45].

Recharge of the aquifer comes from both rain infiltration and the contribution of the
Carapelle stream with seasonal variations, while the contribution of the Ofanto River is
almost null since it flows in the recessed riverbed, bordered by Argille Subappennine
(Plio-Pleistocene). Additional inputs are attributable to irrigation. The outputs, on the other
hand, mainly derive from the overexploitation of the groundwater resource by means of
pumping wells [24,43].
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3. Methods

3.1. Dataset

The stratigraphy of about 300 boreholes for water exploration purposes was col-
lected (Figure 4) to define the geometry and the hydrostratigraphic features of the shallow
porous aquifer.

t

 

Figure 4. Map showing the ubication of boreholes, meteorological (thermo-pluviometric) gauges,
and manual and automatic monitoring stations.

Moreover, daily meteorological data derived from the Regional Service Network of
Civil Protection were collected. In detail, six thermo-pluviometric stations were considered
in the timespan from February 2011 to June 2021.

To reconstruct the piezometric level and its variation in time, monitoring data retrieved
by the Tiziano Project were used. This project, whose purpose was the groundwater
qualitative and quantitative assessment, was implemented from the end of 2006 to the
first half of 2011, enabling the creation of a widespread monitoring network to improve
the region’s hydrogeological knowledge [23]. In the study area, 17 stations are present,
13 of them with manual periodic measurements (see Supplementary Materials) and the
remaining with continuous monitoring (Figure 5). These data were used for both calibrating
the model and validating the results.

3.2. Hydrostratigraphic Analysis

The geological and hydrogeological settings described in previous sections allowed
the definition of the shallow porous aquifer conceptual model.

The study area (Figures 1 and 2) is characterized by an extension of about 1000 km2

and includes almost the entire Cerignola Plain. The southwest edge is characterized by the
presence of Argille Subappennine (ASP) at the outcrop, which represents the bottom limit
of the model domain [46,47]. The shallow aquifer has been modeled up to this geological
layer. Two rivers flow at the borders of the area: the first is the Ofanto River, flowing for
about 17 km on the southeastern side; on the northwestern sector, the Carapelle stream
borders the area for 38 km. The drainage network shows an intermittent regime, with
significant flows for short times after intense and prolonged rainfall.
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Figure 5. Normalized groundwater level during time in four automatic monitoring stations.

Given the geological complexity and the extent of the study area, it was necessary to
adopt a lithology grouping procedure based on the hydrogeological characteristics of the
geological formations [48]. Three hydrostratigraphic units with homologous hydrogeologi-
cal characteristics were defined, grouping silty–sands with sands, silty–clay with clay, and,
eventually, conglomerate, thus obtaining the final units: sand, clay, and conglomerate.

A geostatistical approach was adopted to define the spatial variability of the hy-
drostratigraphic distribution. Specifically, through the Stanford Geostatistical Modeling
Software (SGeMS, v2.5b), it was possible to estimate the spatial distribution of the different
lithologies, as illustrated in a previous work [25].

Knowing the spatial distribution and the elevation of each borehole, the upper and
lower surfaces of the domain were normalized with respect to two horizontal planes.
This procedure allowed the indicator kriging to be performed in a three-dimensional grid.
Considering the extent of the area and the borehole distribution, the size of each cell was
defined as 500 m × 500 m on the horizontal plane and 1.25 m in the vertical direction.

3.3. Hydrologic Balance and Recharge Computation

Groundwater recharge from precipitation was assessed by means of the U.S. Geological
Survey Soil–Water Balance (SWB 2.0) code [49]. This tool was developed to estimate net
infiltration below the root zone and its variation overtime on a regular grid defined by
users. The results can eventually be integrated into MODFLOW. Using readily available
data, SWB 2.0 allows us to also calculate other components of the water balance, such as soil
moisture, potential and current evapotranspiration, canopy interception, and crop water
demand. Based on a modified Thornthwaite–Mather soil–water balance approach [50], the
tool computed the net infiltration and the other parameters on a rectangular grid.

In order to perform the computation, SWB 2.0 requires input parameters in grid form,
such as hydrologic soil groups, moisture-retaining capacity, available water capacity, flow
direction of the drainage network land use, and meteorological data (precipitation and
temperature). Furthermore, for each land use class, a crop coefficient has been defined to
compute both canopy interception and irrigation values in the period between mid-April
and mid-October to evaluate their contribution to the recharge [51].

Hydrologic soil groups, moisture-retaining capacity, available water capacity, and crop
coefficient were defined based on the comprehensive analysis of these data for Apulia, as
provided in [24].

Land use data for Cerignola Plain were obtained from the CORINE Land Cover
database (CLC2018) [52]. A total of 58 Land Cover (LC) classes were identified in the study
area, which were reclassified into 12 land use classes for SWB 2.0 input data purposes
(Figure 6).
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Figure 6. Land use map used for hydrological computation.

Starting from daily records of precipitation (mm) and temperature (◦C), an inverse
distance weight (IDW) interpolation was performed in MATLAB, obtaining the distribution
of the parameters in the whole area using a grid with 74 rows and 108 columns. A raster
with 500 m resolution was obtained for each daily time step from 2007 to 2021.

3.4. Hydrogeological Parametrization and Boundary Conditions

To implement the conceptual model and define the initial and boundary conditions,
the parameterization of the aquifer was carried out by means of packages integrated
into MODFLOW.

A finite difference grid in MODFLOW was used to discretize the study area. The
model domain covers an area of 990 km2 with a regularly spaced grid of 108 columns and
74 rows with a cell size of 500 m × 500 m.

Vertically, the model consists of a single layer. The layer top elevation was established
using a digital terrain model (DTM) from the Apulia Region database [23], while the layer
bottom elevation was defined as the top surface of ASP [43].

According to the considerations of the previous sections, along the coastline, no flow
condition was imposed because discharge flow towards the sea is limited by the presence
of the aquiclude. No flow condition was also imposed inland along the boundary in
correspondence with the ASP outcrops and the surficial watershed. The aquifer discharge
can occur along the river and the deeper incisions of the hydrographic network. Then,
hydraulic head-controlled conditions along the rivers bordering the area were set using the
general head package (GHD), and discharge dynamics along the hydrographic network
were simulated as drain boundary conditions through the DRN package (Figure 7).

The shallow aquifer is supplied directly by the net infiltration. The results ob-
tained from the SWB 2.0 model were used to define the recharge values by means of
the RCH package.

Physical properties required for the model were defined using the layer property flow
package (LPF). First, hydraulic conductivity (HC), specific storage (SS), and specific yield
(SY) were assigned to each hydrostratigraphic unit, previously defined by geostatistical
analysis of the hydrostratigraphic data, based on bibliographic sources (Table 1). Secondly,
the physical properties were weighted and averaged along the depth in order to associate a
representative value to each cell of the implemented flow model.
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Figure 7. Boundary conditions and starting head.

The starting head was computed through interpolation and comparison of several
measurements of piezometric level distributed over the entire area in 2007 with those
presented in [24] (Figure 4).

The well density distribution in the Cerignola Plain is very high due to the presence of
unauthorized wells. The exact location of the wells and their pumping rate are also difficult
to quantify and very uncertain. A spatial well pumping rate was estimated according to
the annual irrigation demand for agricultural land use.

Eventually, three scenarios related to the spatial well pumping were defined based on
the results obtained by [53], which estimated the irrigation water requirements (IWR) in
Apulia for different irrigated crops. Furthermore, in the Foggia province, values related to
irrigation water requirement (IWR), irrigation water requirement under controlled deficit
irrigation (CDI), and current irrigation water requirement are available.

Then, in each cell of the model, a WELL boundary condition was imposed according
to the estimate of the spatial distribution (Figure 8).

 

t

Figure 8. (a) Crop distribution over MODFLOW grid; (b) average values of pumping rate adopted
for each crop in the three scenarios: full IWR, requirements under CDI, and actual volumes supplied,
all expressed in m3 per day per ha, in the Foggia province [53].
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Moreover, the spatial well pumping rate is not constant during the year, but according
to interviews with the locals, the wells are active from mid-April to mid-October, with a
peak in July. Then, the temporal variation in the pumping rate during the irrigation season
was estimated indirectly by means of the comparison between the observed data and the
simulated ones.

Given the huge amount of meteorological data (February 2007–June 2021), to simplify
the computation, a time period of 14 years was considered with a time step of 11 days,
performing the computation model in a transient regime.

Table 1. Specific storage and specific yield intervals for the main lithologies [54] are used for the
implementation of the input data grid throughout the entire domain.

Specific Storage (1/m) Specific Yield (%)
Hydraulic

Conductivity (m/s)

Gravels 1.5 × 10−5 25 1.5 × 10−2

Sands 2.5 × 10−3 20 7.3 × 10−5

Clay 2.9 × 10−5 4 1.7 × 10−9

4. Results

This chapter summarizes the results obtained from the integrated methodology
adopted in this study.

After evaluating the basic statistics for each variable and defining the variogram with
the corresponding range and sill (Table 2), three probability distributions were obtained
(Figure 9).

The 3D model domain was defined by re-arranging the highest values of probabilities
for each of the three variables over the grid and reprojecting it onto the topographic and
bottom surfaces (Figure 9d). Comparing this figure with the geological map (Figure 2), a
good agreement with the distribution of the lithologies can be appreciated.

Starting from the 3D model obtained combining the probability distribution of the
three hydrostratigraphic units, the mean values of hydraulic conductivity, specific storage,
and specific yield (Table 1) were assigned to each cell of the domain, and the weighted
averages were evaluated along the vertical axis in order to switch from a 3D to a 2D grid.

Figure 10 shows the distribution obtained for the three hydrogeological parameters.

Table 2. Summary of statistics for the three variables and values of sill and range obtained from the
horizontal and vertical variograms.

Material

Summary of Statistic Horizontal Variogram Vertical Variogram

N. of Data Mean (m)
Variance

(m2)
Sill Range (m) Sill Range (m)

Sand
12,341

0.45 0.25 0.242 1000 0.25 0.55
Clay 0.37 0.23 0.240 1000 0.22 0.23

Congl. 0.19 0.15 0.200 12,000 0.15 0.75

For the GHB package, a specific value for conductance was defined for each arc of
the rivers. This boundary condition permits the evaluation of the water exchange between
aquifers and rivers.

The results of soil water balance 2.0 are represented in Figure 11. In detail, Figure 11a
shows the current evapotranspiration (AET) computed based on the FAO-56 approach [55],
assuming that AET and potential evapotranspiration are equal up to some critical soil
moisture level. Figure 11b indicates the interception computed by the Bucket method [56],
assuming that a constant, user-defined amount of rainfall must occur before any precip-
itation reaches the soil. Figure 11c, on the other hand, expresses the runoff calculated
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by means of the Natural Resources Conservation Service curve number method [57]. Fi-
nally, Figure 11d represents the net infiltration based on a modified Thornthwaite–Mather
soil–moisture method [50], used as input data in the RCH packages in MODLFOW.

 

t

ff

Figure 9. Probabilities distribution for each of the three categorical variables in space, with borehole
location: (a) sand probabilities distribution; (b) clay probabilities distribution; (c) conglomerate
probabilities distribution; (d) 3D model resulting from the combination of the previous probabilities
distribution, reprojected onto topographic and bottom surface.
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Figure 10. Hydrogeological parameters obtained through geostatistical analysis. (a) Hydraulic
conductivity (m/s); (b) specific storage (m); (c) specific yield; (d) aquifer thickness (m).
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Figure 11. Spatial distribution of average annual soil water balance components: (a) Actual evapo-
transpiration; (b) interception; (c) surface runoff; (d) net infiltration.

These results allow the definition of the hydrogeological model with a transient regime
from 2007 to 2021. The groundwater flow and groundwater balance were estimated based
on the three scenarios.

In Figure 12, a scatterplot of observed vs. computed values for irrigation water
requirement under controlled deficit irrigation is shown, with the statistical summary
of residual. This scenario, based on agricultural practices in the area, seems to have a
good fit between observed and computed values (mean values of the residuals range from
−0.068 m to −1.189 m).

The comparison between observed and computed values of the resulting water flow
model for each scenario in continuous monitoring stations is shown in Figure 13. Consider-
ing the statistical summary of the residuals (Table 3), the stations showing the best fit are
FG 5IS and FG LSCFG, with mean residual values of 0.02 ± 0.33 and 0.06 ± 0.31 for FG 5IS
in IWR under ICD and actual IWR scenarios, respectively, and −0.05 ± 0.62 for FG LSCFG
in IWR under CDI scenario.

Using the ZONEBUDGET application [58], which calculates the sub-regional water
budget on the basis of the results of MODLFOW simulation, computing inflow and outflow
for each boundary condition, the hydrogeological balance was estimated for full irrigation
water requirement (Full IWR), irrigation water requirement under controlled deficit irri-
gation (IWR under CDI), and current irrigation water demand (Act IWR). The balance in
terms of inflows, outflows, and cumulative storage has been represented in Figure 14.
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Figure 12. Observed vs. computed data scatterplot for IWR under CDI (agricultural practices)
refers to manual station measurements. Summary of statistics referred to residual for IWR under
CDI scatterplot.
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Figure 13. Observed vs. computed graph for each automatic station for each scenario.

Table 3. Summary of statistics of residuals for automatic stations.

Statistical Summary of Residuals (m)

Statistics FG 5IS FG 3RTP FG LSGFG FG LSCFG

Full
IWR

IWR
Kd

ACT
IWR

Full
IWR

IWR
Kd

ACT
IWR

Full
IWR

IWR
Kd

ACT
IWR

Full
IWR

IWR
Kd

ACT
IWR

min −0.62 −0.86 −0.96 −4.90 −7.84 −10.10 0.96 0.80 0.58 −0.78 −1.43 −1.63
max 0.64 0.46 0.45 0.57 −0.60 −1.06 1.48 1.41 1.34 1.60 1.17 0.94

dev.st 0.27 0.31 0.33 1.31 2.04 2.69 0.15 0.17 0.20 0.56 0.62 0.62
mean 0.23 0.06 0.02 −2.07 −3.99 −5.47 1.21 1.08 0.97 0.48 −0.05 −0.26

The charts are divided in two time steps: the calibrated model from 2006 to 2011 and
the forecast model from 2011 to 2021. The first was used to calibrate the hydrogeological
parameters and the boundary condition to forecast the water budget under different
pumping rate scenarios. The relationship between recharge, discharge, and cumulate
storage is evident. Indeed, the discharge rate, influenced by drainage and boundary
conditions, increases during the wet season, such as the recharge rate. This latter decreases
during the dry season due to aquifer exploitation. This behavior has been observed in
every hydrologic year for each scenario.

Finally, Figure 14d summarizes the main differences between each scenario. In the
case of Act IWR and IWR under CDI, the cumulate storage does not decrease significantly,
whereas, for Full IWR, a high depletion of the aquifer is expected.
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Figure 14. Computed water budget for the three implemented scenarios distinguished between the
calibration period and forecast period. (a) Recharge of the area in the period considered; (b) trend of
maximum pumping rate for each scenario; (c) discharge for each scenario; (d) cumulative storage for
each scenario.

5. Discussion

In this study, the impact of pumping scenarios of shallow groundwater resources in
the semi-arid region of the Cerignola Plain (Apulia, southern Italy) is investigated. The
impact is assessed through the coupling of hydrostratigraphic geostatistical analysis, soil
water balance, and groundwater flow models. The modeling framework applied in this
study, in comparison with more complex surface–groundwater integrated models, consists
of an independent soil water balance model and a groundwater flow model that results
more appropriate to achieve the goal of the present study [18,59].

The implementation of the soil water balance separately on a daily scale allowed the
analysis of the recharge variation compared to other components such as actual evapo-
transpiration, surface runoff, and crop interception. For the proposed model, with reliable
meteorological data and high-resolution land use information, it was possible to estimate
the net infiltration for each land use class based on crop distribution. The results show
that main net infiltration occurs over vineyards and orchards in winter, with mean annual
values of 100 mm, while in olive groves, simple arable land, and horticultural crops, the
contribution is estimated to be in the range of 50–70 mm per year. The comparison between
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the net infiltration and the geological map indicates that the main recharge takes place in
the central sector of the area, corresponding to the Torre Quarto sands within the Cerignola
Synthem, in agreement with what is described by [24]. Furthermore, the hydrologic balance
shows that the computed actual evapotranspiration is between 300 and 400 mm for the
considered land use classes. Other components that negatively contribute to the recharge
include interception and surface runoff. Interception values range from 30 to 170 mm
per year, with the highest value corresponding to simple arable land, while runoff shows
values between 20 and 50 mm per year, again with maximums recorded in simple arable
land. As regards the contribution of irrigation to the aquifer recharge, it has been estimated
that the irrigation periods correspond to those with the lowest precipitation (mid-April to
mid-October). Therefore, almost all water is absorbed by the crops, with only a minimum
amount contributing to the aquifer recharge.

Given the heterogeneity of the sediments in the area due to its geological evolution, a
geostatistical approach based on hydrostratigraphic units allowed to obtain a probabilistic
distribution of the hydrogeological properties for the entire area, where only limited
studies were available [24]. From the results of indicator kriging, the obtained map for
hydraulic conductivity, specific yield, and specific storage shows values consistent with
those known in the region [24]. Specifically, hydraulic conductivity ranges from 1 × 10−6

to 9 × 10−5 ms−1, specific storage ranges from 0.0001 to 0.001 m−1, while specific yield
exhibits low values near 0.09.

The proposed conceptualization of the shallow aquifer in the Cerignola Plain ac-
curately represents the observed groundwater dynamics. The comparison between the
observed groundwater level and simulated ones shows a decent fit. The four automatic
monitoring stations show different seasonal trends, probably related to the different fea-
tures of the aquifer and different net infiltration patterns. The model confirms this trend for
each station, showing a peak at the end of the winter period and a lowering trend at the
end of the summer.

A loss in model reliability is observed along the marginal areas of the model. This
is evident in Figure 13, where larger discrepancies occur when there is a lack of data in
terms of stratigraphy knowledge or when the groundwater level is more susceptible to
river stage. Additionally, in the area with a larger amount of stratigraphic data, the aquifer
parameters and the hydrostratigraphic structures are well defined, and as a consequence,
the simulation results are more reliable. This study discloses the importance of the definition
of the hydrostratigraphic model of the shallow alluvial aquifer to adequately represent the
groundwater flow dynamics [60].

The behavior of the aquifer at the boundaries with the Ofanto River and the Carapelle
stream shows, in the first case, a trend of the iso-piezometric contours perpendicular to
the river, thus underscoring what was stated before about the absence of water exchanges
between the aquifer and the river. At the Carapelle stream, the iso-piezometric contours
show a parallel trend locally, thus highlighting exchanges between the two systems.

The water budget analysis clearly indicates that drains and rivers play a primary role
in the discharge. The hydrographic network of the area is active only during periods of
heavy precipitation when the peak corresponds to a high net infiltration event correlated
with rainfall. On the other hand, due to the lowering of the water table over time, rivers
appear to recharge the aquifer near the coastal plain.

The decision to apply three different pumping scenarios was driven by the need to
analyze the roles of well pumping in an area known for its strong agricultural vocation,
where aquifer overexploitation is one of the main challenges faced by local farms. Using
data related to full irrigation water requirement (full IWR), irrigation water requirement
under controlled irrigation demand (IWR under CID), and actual irrigation water require-
ment (Act IWR), as stated in [53], we defined three scenarios based on crop distribution,
assuming no land use change in time.

The results obtained, in terms of cumulative storage, show an initial constant trend
related to the observed precipitation patterns during the period 2006–2011, which con-
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tributed to a sufficient recharge rate. However, starting in 2011 with the assumption of
an equal pumping rate, a depletion of the aquifer is observed in all the scenarios. In the
case of IWR under CDI and Act IWR, the decrease in storage is minimal, but the projected
model for Full IWR shows a depletion of approximately 5 × 107 m3. This behavior could
be attributed to a decrease in rainfall in recent years, leading to reduced aquifer recharge.

Further, the analyses allowed for a quantitative estimation of the water budget for the
investigated area in terms of inflow and outflows under the imposed scenarios until 2021.

6. Conclusions

Managing groundwater resources in a sustainable way is one of the most significant
challenges that societies currently face. In this study, for the first time, a methodology aimed
at evaluating how variations in well pumping might affect the groundwater resources of
the shallow aquifer at the Cerignola Plain was developed and implemented. This was
carried out through the application of an integrated method, where each analysis provided
useful results for the subsequent evaluations, enabling a reasoned and physically based
assessment. Indeed, the evaluation was conducted using numerical models grounded on
physical principles, taking into account factors such as soil moisture, the drainage effects of
upstream channels, and hydrostratigraphic discretization.

The developed model is a preparatory step for the hydrogeological modeling of the
salinization of the aquifers due to the seawater intrusion phenomenon. The study area
is affected by saline pollution that can induce progressive deterioration in the quality of
the groundwater, likely compromising agricultural activities. Along the coastal area, the
direct flow toward the Adriatic Sea is limited. In this zone, the aquifer lies in the sand
intercalations at greater depth within the less permeable silts. Therefore, the lateral intrusion
phenomenon in the shallow aquifer is limited. In this aquifer, saltwater contamination
occurs primarily by means of upconing phenomena as a result of the deepening of wells to
exploit the deep carbonate aquifer. The latter, due to its degree of permeability, is affected by
lateral seawater intrusion. It is not uncommon to find wells without casing installed in deep
aquifers in the study area that could give rise to hydraulic connections between the deep and
the shallow aquifers, thus triggering local saline pollution. The accuracy of the groundwater
flow model can be further improved by incorporating additional hydrogeological data
eventually available and more detailed characters of the shallow aquifer.

The outcomes of this study, notwithstanding the limitations provided by a non-
homogenous data coverage, both in spatial terms and in time, represent a useful ad-
vancement for the Cerignola Plain in terms of improving the knowledge of the overall
situation of the aquifer. For better management of the water resources in the area, several
urgent actions should be pursued, as summarized in the following recommendations:

- a wider, more detailed collection and public availability of data about the wells;
- a more efficient control of the territory to prevent the high number of illegal, unautho-

rized wells in the area, which certainly constitutes a strong drawback when trying to
develop any hydrogeological model in such a setting;

- improving the monitoring, with specific reference to deepening the understanding of
the relationships between piezometric levels and rainfall events, including the negative
effects of climate changes in both the amount and distribution of precipitation;

- dissemination among the local community, and in particular the farmers, about the
consequences of groundwater resource overexploitation.

A more realistic appreciation of the whole number of wells at work is also mandatory
to possibly provide end users with simple indices to evaluate the negative impacts deriving
from excessive pumping from nearby wells, thus stimulating the creation of a network
within the local community toward a more sustainable use of the water resources.

In conclusion, efforts should be made to couple the results from scientific approaches
and from groundwater monitoring with actions by decision-makers and administrators
aimed at raising public awareness about the problem and at looking for more appropriate
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solutions on the basis of further implementations of physically based models to assess the
quality and quantity of groundwater bodies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16223253/s1, Table S1: Piezometric level data derived by the
Tiziano Project and SIT Puglia website.
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