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Abstract: Nowadays, changes in precipitation patterns together with the increasing water demand
impose a sustainable management where the budget between water availability and demand is
positively closed. A parsimonious hydrogeological modelling approach coupled with a soil water
balance is developed and applied in order to quantify the hydrological and hydrogeological dynamics
in a semi-arid region of the Mediterranean basin. In particular, the present work focuses on the
hydrogeological dynamics of the catchment areas of Siedi, Foggia di Rau, Pigonati, and the Palmarini
channels located in the Brindisi Plain, Southern Italy. In the last decades, in the Brindisi Plain the
anthropization processes as well as the industrial and agricultural development have generated an
intensive exploitation of both shallow and deep groundwater resources as well as their qualitative
deterioration. A dry hydrologic year (2019–2020) caused a recharge deficit, resulting in a lowering
of the groundwater level of the shallow aquifer compared to the expected seasonal value. The
results evidence a sensitive natural system, where the variability of the rainfall regime combined
with water withdrawal leads to a system that is very vulnerable to climate change impacts, such
as the presence of erratic rainfall patterns affecting aquifer recharge. This study represents the first
approach to couple a soil moisture balance model and groundwater flow model to assess the impact
of changes in rainfall patterns on groundwater recharge for the Brindisi Plain aquifer. The developed
integrated hydrogeological model can be applied to other sites with similar hydrogeological features
and represents an important tool in order to evaluate the effectiveness of cost-effective sustainable
actions for the management of the groundwater resources with respect to land-use practices and
socio-economic aspects.

Keywords: hydrogeological modelling; soil water balance; recharge

1. Introduction

Nowadays, changes in precipitation patterns are impacting people and ecosystems by
altering the availability of water throughout the year. Studies conducted at different scales
recognize that the impact of anthropogenic stresses and altered rainfall patterns on surface
water and groundwater varies according to geographic locations [1].

In southern Europe, the Mediterranean region has been identified as a “climate change
hot-spot” [2] in that it is projected to undergo a large decrease in mean precipitation and an
increase in precipitation variability during the dry (warm) season.

The climate of Mediterranean semi-arid regions is characterized by irregularly dis-
tributed rainfall in time and space and sometimes very high and intense anthropogenic
stresses. In these climate scenarios, worsened by an increase of extreme rainfall events
coupled with the decrease of annual rainfall [3], aquifer recharge may also be affected.
Groundwater is the most important natural resource [4] and it is a critical factor in the water
management of a catchment area for various requirements (agricultural, industrial, and
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domestic) in both rural and urban areas. Sustainable management of the groundwater re-
sources needs a detailed representation of groundwater flow dynamics in terms of recharge
and discharge as well as storage changes [5]. It is therefore necessary to understand ground-
water recharge characteristics, its space and time variations, and factors controlling the
interaction between surface water and groundwater [6,7].

The integrated hydrological modelling represents a key tool for decision support to
improve water resources’ management [8–12]. On the other hand, sustainable groundwater
management requires a numerical model which is able to represent the whole flow dynam-
ics with small computational costs [13]. For a catchment area, the Soil Moisture Balance
(SMB) model at daily scale is a valuable approach to determine the components of the
hydrologic cycle [14]. Then, net infiltration is estimated, representing the quantity of water
moving downwards from the soil zone as potential aquifer recharge [15–17].

Among the Mediterranean areas, a very vulnerable region is Apulia (south-eastern
Italy) which, in absence of surface water, relies on groundwater to meet all water require-
ments. A particularly sensitive area in Apulia is characterized by the Brindisi Plain: a large
portion of sub-flat territory between the offshoots of the limestone bank of the Murge to
the north-west and the weak undulations of northern Salento to the south.

In this area, characterized by a semi-arid climate, the shallow aquifer is exploited
mainly for domestic purposes and secondarily for agriculture by means of dug wells. Due to
natural gas pipe line installation, shallow groundwater level time series are collected in the
Terra Rossa district located in Tuturano within the Brindisi Plain. Actually, approximately
400 habitants live in the Terra Rossa district with precarious sanitary conditions due to
incompleteness of primary urbanization works such as water supply, sewers, and public
lighting. The shallow groundwater represents the only water resource exploited with
dug wells. During summer 2020, the groundwater level of the shallow aquifer decreased
considerably with respect to its normal condition, and the dug wells went dry.

This area has been the object of previous hydrogeological investigations in the past
but most of them regarded qualitative studies [18–20] and a data-driven approach to infer
groundwater system dynamics [21,22].

The previously carried out studies cannot be employed to improve local groundwater
governance, i.e., for groundwater management planning, to design interventions, or to
simulate scenarios on the aquifer. Physically based numerical models are essential for
simulating hydrogeological processes and guiding informed policy-making for sustainable
groundwater management.

Until now, no study has dealt with numerical groundwater quantity assessment by
means of a physically based numerical model in the Brindisi Plain. The present study
presents a physically based approach to investigate the hydrological and hydrogeological
dynamics of the shallow aquifer of the Brindisi Plain, by determining the relation between
precipitation, irrigation, evapotranspiration, infiltration, aquifer exploitation, as well as
aquifer recharge and discharge. In particular, the present work focuses on the catchment
area of Siedi, Foggia di Rau, Pigonati, and the Palmarini channels. The aim is to investigate
the relationship between changes in precipitation patterns and aquifer response to explore
the complexity of the hydrogeological processes which caused groundwater depletion, with
the perspective to evaluate climate resilience actions for the management of groundwater
resources.

A parsimonious methodology is used, based on a daily SMB model [15] linked to a
groundwater flow numerical model [23] to investigate the hydrogeological dynamics at
daily scale.

For the investigated period (2017–2021), the annual precipitation decreased leading to
a drastic reduction of the net infiltration from topsoil to the aquifer, representing the main
cause of aquifer depletion. A further consequence of the decrease of groundwater level
was the reduction of the discharge rate along the hydrographic network and then through
the wetland areas which represent an important natural reserve. On the other hand, due
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to the changes of the precipitation patterns, the decrease in annual precipitation does not
correspond to a decrease in runoff which remains almost constant over time.

The specific goals of this paper are:

1. Improving the understanding of the hydrogeological behavior of the Brindisi Plain
shallow aquifer.

2. Evaluating the main cause of aquifer depletion.
3. Testing and validating the developed hydrogeological tool for aquifer management.

Though it is applied to a specified area, the proposed analysis can be extended to other
sites with similar hydrogeological features.

2. Materials and Methods
2.1. Study Area

The Brindisi Plain has an extension of 407.78 km2 and a mean elevation of 21.89 m
above mean sea level (amsl), facing the Adriatic Sea in the Apulia region (southeastern
Italy) (Figure 1). The climate is semi-arid, with an annual long-term mean precipitation
of 571.74 mm/year (2011–2021). Natural vegetation and agricultural land cover approxi-
mately 3.38% and 82.44%, respectively.
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Figure 1. Location of the study area and schematic representation of the geological setting of the
Brindisi Plain.

2.2. Geological and Hydrogeological Setting

From the morphological point of view, the Brindisi Plain was conditioned by the
glacio-eustatic oscillations of the sea level that occurred in the late Pleistocene and Holocene
periods, giving rise to a series of marine transgression/regression cycles that had modelled
the landscape. These erosion phenomena are superimposed on the morphogenetic mecha-
nisms of the continental environment, giving rise to a hydrographic network consisting
of shallow and poorly hierarchical channels. The erosive incisions (furrows and canals)
originate largely in the hilly area, and they develop in the NE–SW direction.

The geology of the Brindisi Plain depicts the structural geological asset of the Apulian
foreland [24]. The calcareous-dolomitic succession of the Calcare di Altamura formation
(Cretaceous) represents the oldest geological formation. The succession presents a sub-
horizontal asset characterized by an irregular alternation of calcareous, calcareous-dolomitic
lithotypes variously fissured and karstified. The geologic structure of the succession is
characterized by a tectonic disjunctive style regulated by a double system of faults mainly
oriented in a NW–SE and E–W direction and secondarily directed NE–SW [25]. The
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carbonate bedrock degrades with a Horst and Graben structure, towards the Adriatic coast,
where it is detectable at a depth of approximately 40 m amsl.

The Calcarenite di Gravina formation (Lower Pleistocene) is found locally in transgres-
sion above the carbonate bedrock [26]. The formation is constituted by white-yellowish
biocalcarenites, with medium or medium-coarse grain size, with a medium–low cementa-
tion degree, usually tender and porous, arranged in thick layers and banks.

In continuity of sedimentation on the Calcareniti di Gravina formation, the Sub-Apennine
Clays formation (Lower Pleistocene) is detectable. These soils consist of sandy-clayey silts
and marly-silty clays of a gray-blue color. The clay content generally tends to increase
in the lower part of the formation, while towards the top the sandy-silty component is
prevalent. The top of the clays presents a generalized immersion to the NE, passing from
an altitude over 70 m amsl in the Mesagne area to −10 m amsl in the Brindisi area. The
thickness of the Sub-Apennine Clays can vary from 5 to 50 m. Generally, the thickness of
the clayey formation increases towards the southern part of the Brindisi Plain and near the
coast.

In transgression on the Sub-Apennine Clays, the terraced marine deposits (Middle-
Upper Pleistocene) outcrop extensively in the study area. This unit is constituted by two
main lithofacies with heterotopic contact. The first of the facies is the one that outcrops
diffusively in the Brindisi area. It consists of clayey sands and gray-bluish clays with
bioclastic arenaceous and calcarenitic interbedding. The second of the facies consists of
poorly cemented calcareous sands with limestone interbedding. The terraced marine
deposits present a sub-horizontal bedding with a thickness of 20–25 m at most [18]. The
top of the deposits is constituted by an abrasion surface constituted from eight different
(terraced) locations often covered by recent continental deposits.

The recent deposits (Holocene) of alluvial, colluvial, and marshy origin are found
mainly at the bottom of the main canals as well as in the morphological depressions that
host coastal ponds or lagoons.

The stratigraphic and structural features of the area allow the existence of two distinct
aquifers located within the permeable formations.

The deep aquifer lies within the Mesozoic basement (Calcare di Altamura). The water
supply of the deep aquifer is mainly guaranteed by the infiltrating rainwater, taking place
essentially in those areas where the limestone rocks outcrop or where these ones are covered
by permeable sediments of small thickness. In the study area, except for the area near
the coast where clayey deposits force water to circulate under confined conditions, water
circulates under phreatic conditions [27] with a groundwater level at most 2.5–3.0 m amsl.
The hydraulic gradient, oriented toward to the coast, presents a value of 0.05%. Even at
some distance to the coast [28] the freshwater floats on seawater of continental intrusion,
flowing towards the Adriatic Sea through the coastal springs.

The shallow aquifer circulates within the sandy-calcarenitic aquifer of the terraced
marine deposits, supported at the base by the almost impermeable clayey levels. The
shallow aquifer lies largely on the Brindisi Plain and has a variable saturated thickness
from 10 m up to 30 m in the Brindisi district [20]. It is usually found a few meters from the
ground level with the water circulating everywhere in phreatic conditions.

The shallow aquifer is fed by infiltrating rainfall. The groundwater level is charac-
terized by significant seasonal excursions characterized by a recharge phase during the
rainy season and a recession phase during the dry season. The piezometric surface is
influenced by aquifer permeability, surface morphology, and the shape of the top of the
clayey unit. Groundwater circulates from the hinterland towards the Adriatic coast. The
hydrographic network exerts a drainage action limiting the direct flow towards the Adriatic
Sea. Moreover, the hydrographic network is characterized by an intermittent regime where
significant flows occur only during intense and prolonged rainfall.
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2.3. Field Site Description and Characterization

The aim of this work is to investigate the hydrogeological dynamics of the shallow
aquifer in correspondence with the Terra Rossa district in order to evaluate the response of
the natural system to the variability of the climatic condition and the anthropic stresses. For
this purpose, catchment areas of the Siedi, Foggia di Rau, Pigonati, and Palmarini channels
were considered (Figure 2). The investigated area has an extension of 175.16 km2 with an
elevation range from −1.48–79.71 m amsl.
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Figure 2. Study area comprising the catchment areas of Siedi, Pigonati, Palmarini, and Foggia di Rau
channels with location of the meteo-climatic stations, piezometers, and field test sites F1 (40.552532◦,
17.951582◦), F2 (40.550647◦, 17.960473◦), and F3 (40.542697◦, 17.967018◦) for the monitoring and
characterization of the shallow aquifer.

Shallow piezometers (P1, P2, P3, P4 and P5) were installed within a cored borehole
with a diameter of 0.18 m. Piezometers present a depth of 8 m. Filter is located between
4 and 8 m deep. Water levels of the shallow aquifer were recorded monthly from August
2018–September 2021. Daily rainfall and temperature data were available from three
meteo-climatic stations located at Brindisi, Mesagne, and Cellino S. Marco. Other climatic
data, needed to determine the reference potential evapotranspiration by means of the
Penmann-monteith equation such as solar radiation, relative humidity, and wind, were
derived from Modern-Era Retrospective Analysis for the Research and Applications project
(MERRA—2) [29]. Moreover, three field test sites have been setup during the shallow
aquifer characterization. In each field site, geognostic surveys, slug tests, and single-ring
infiltrometer tests were carried out. Furthermore, the topsoil was classified from physical
and textural points of view.

2.3.1. Single-Ring Infiltrometer Tests

Single-ring infiltrometer tests with variable head were performed. The tests were
carried out at a predetermined height of −1.0 m from the ground level in order to exclude
the topsoil cover, making a horizontal work surface that was not disturbed much by the
excavation operations. The infiltrometer presented an internal diameter of 0.60 m and
a height of 0.40 m. The single-ring infiltrometer was driven vertically by beating for
0.05–0.10 m taking care to minimize the disturbance of the horizontal work surface. In the
presence of consolidated materials such as calcarenite levels the outer edge of the single
ring was sealed with waterproof cement mix. The tests were carried out starting from
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natural soil moisture conditions with an initial hydraulic level with respect to the horizontal
work surface Z0 = 0.3 m and measuring the value reached by the hydraulic level Z(t) with
geometric progression in time. A method proposed by Nimmo et al. (2009) [30] was used
for the interpretation of the single-ring infiltrometer tests.

2.3.2. Slug Tests

In order to estimate the hydraulic conductivity of the shallow aquifer, several slug tests
were carried out. The tests were performed in partially penetrated piezometers with an
inner diameter of 0.10 m by sharply increasing the groundwater level (by adding a volume
of water of 10 L) and monitoring the consequent decline of the groundwater level created
by the flow from the piezometer towards the aquifer by means of a pressure transducer.
Methods proposed by Bouwer (1989) [31] are used for the interpretation of the slug tests.

2.4. Groundwater Exploitation and Land Managment

In the last decades, in the Brindisi Plain catchment the anthropization processes as
well as industrial and agricultural development generated an intensive exploitation of both
shallow and deep groundwater resources as well as their qualitative deterioration.

A dense irrigation network is present that exploits both shallow and deep aquifers.
The shallow aquifer is exploited by dug wells with variable depth between 3 and 20 m
only for domestic and agricultural purposes. The deep aquifer is exploited through drilled
wells for industrial and agriculture purposes. The shallow aquifer, due to its modest water
potential, in the last decades has been exploited mainly for domestic use and secondarily
for agricultural purposes, leaving to the deep aquifer the task of covering a larger part of
the agricultural and industrial water demand. According to local agricultural practices, the
aquifer exploitation is active from May to October with a peak in July.

Agricultural land use covers 85.8% of the investigated area. Four classes of agronomic
uses of the topsoil can be detected (Figure 3). The arable land presents both intensive and
extensive agriculture. In intensive agriculture, the land is cultivated with vegetables such
as tomatoes, cauliflower, watermelons, and artichokes. In extensive agriculture, the arable
land can be cultivated with cereals, otherwise it remains uncultivated with the development
of herbaceous vegetation. In the whole Brindisi catchment area, the irrigated arable land
presents a high irrigation demand of 1796 m3/ha due to the presence of vegetables such
as tomatoes and artichokes. Olive groves, vineyards, and orchards present an irrigation
demand of 765 m3/ha, 1682 m3/ha, and 2773 m3/ha, respectively.
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2.5. Conceptual and Mathematical Models

The observations described in the previous section allowed the establishment of the
conceptual model of the shallow aquifer hydrodynamics. The estimation of the quantity
of water moving downward from the topsoil as potential recharge is crucial to predict the
shallow groundwater dynamics. The shallow aquifer is fed directly by the net infiltration
through the vadose zone reaching the groundwater level that is subject to significant
seasonal oscillations in response to the direct seasonal recharge events. The shallow
groundwater discharges mainly on the hydrographic network along its deeper incisions
located near the coastal area. The interaction between the Adriatic Sea and the shallow
aquifer occurs only where the bottom of the latter is below the mean sea level. The
hydrographic network is characterized by an intermittent regime. It is affected by significant
flows for a short time, under intense and prolonged rainfall only. Then, at the temporal
scale of the investigation, the recharge component from the hydrographic networks towards
the shallow aquifer can be neglected.

A modification of the soil water balance model (SWBM) at daily scale presented
by [15] was linked to MODFLOW—2005 [23], in order to analyze the hydrological cycle,
groundwater, unsaturated zone, and surface water dynamics. For convenience, a brief
introduction of the used computational models is described in the next sections.

2.5.1. Soil Water Balance Model

The soil water balance on a daily scale referred to the topsoil is determined as fol-
lows [32]:

Wt = Wt−1 + Pt + Ir,t − Dt − ETa,t − In,t, (1)

where t and t − 1 stand for current day and previous day, respectively, W (mm) is the soil
water content, P (mm) is the daily rainfall, Ir (mm) is the contribution of irrigation, D (mm)
is the runoff, ETa (mm) is the actual evapotranspiration, and In (mm) is the net infiltration.

The curve number method is used to determine the runoff rate D expressed as [33]:

D =
(P − 0.2S)2

P + 0.8S
P > 0.2S, (2)

where S is the potential maximum retention determined as:

S = 25.4
(

1000
CN

− 10
)

, (3)

The specific volume of soil saturation is defined by the curve number CN as a function
of land use and its infiltration capacity. CN varies in the range 0–100 and it can be associated
with three antecedent moisture classes denoted by I, II, and III, and is determined using
the 5-day antecedent rainfall depth. Then, the value for class II (CNII) can be estimated on
the basis of soil type and land use. For dry (class I) and wet (Class III) conditions, CNI and
CNIII, respectively, can be estimated as:

CNI =
4.2CNI I

10 − 0.058CNI I
, (4)

CNI I I =
23CNI I

10 + 0.13CNI I
, (5)

The crop potential evapotranspiration ETc (mm) can be determined as the product
between the reference potential evapotranspiration ET0 (mm) estimated by the Penman–
Monteith equation and the crop coefficient Kc which depends on the type of crop and the
growth stage of the crop [34].

The actual evapotranspiration ETa is less than its potential value (ETc) when the topsoil
is under stress. Then ETa is equal to the product between ETc and Ks. The stress factor Ks is
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the function of the total and readily available water which depends on the depth of root
and soil properties.

For a given topsoil with crop, the total available water TAW (mm) can be defined as:

TAW = (θFC − θWP)Zw, (6)

where θFC (m3/m3) and θWP (m3/m3) are the soil moisture content at Field Capacity (FC)
and Wilting Point (WP), respectively, and Zw (m) is the rooting depth of the crop. The
Readily Available Water (RAW) can be defined as:

RAW = p·TAW, (7)

where the factor p varies between 0.2 and 0.7.
The soil moisture deficit SMD (mm) represents the amount of water needed to bring

the soil moisture content back to field capacity. If SMD is less than RAW, Ks will be equal to
1. Otherwise, if SMD is greater than TAW, Ks will be equal to 0. In the other cases:

Ks =
TAW − SMD
TAW − RAW

, (8)

When SMD is great and there is a significant rainfall, the moisture is retained on the
ground surface. This happens especially when the soil has a consistent clay content. The
moisture retained on the ground surface NS (mm) can be determined as:

NSt =

{
fs(Pe,t − ETc,t) i f Pe,t > ETc,t

0 otherwise
, (9)

where fs is an empirical factor, Pe is the rainfall rate that actually infiltrated the soil and is
derived as:

Pe,t = Pt + Ir,t − Dt + NSt−1. (10)

The daily SMD balance can be written as:

SMDt = SMDt−1 − Pe,t + NSt + ETa,t. (11)

The surplus of water with respect to SMD = 0 is the potential recharge, In, that
percolated through the vadose zone reaching the water table. Then, when SMDt < 0,
In,t = −SMDt and SMDt = 0.

For each i-th meteo-climatic station and for each j-th land use, the components of the
daily soil moisture balance can be determined. Then, their variation in space and time is
determined by means of inverse distance weighting algorithm.

2.5.2. Groundwater Flow Model

MODFLOW—2005, a finite difference groundwater flow model, is used to simulate
the groundwater flow dynamics. A finite difference mesh was used to discretize the
investigated area. In order to have a reasonable computational cost, it is discretized by a
regularly spaced grid of 197 columns and 205 rows with cell size of 104 m2. Vertically, the
model consists of a single layer to represent the shallow aquifer which flows in the terraced
marine deposits. The layer top elevation is extracted from the DEM with a resolution of
8 m. The layer bottom elevation is derived by the interpretation of the geological surveys
in the whole Brindisi Plain catchment area.

The spatial and temporal evolution of the potential recharge determined by means of
the SMB model is passed to the UZF package [35] as infiltration. Then, the UZF is used to
simulate the infiltration process along the vadose zone.

According to the conceptual model, discharge dynamics along the hydrographic
network and wetland area are simulated as drain boundary conditions through the DRN
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package [23]. The specific discharge flow along the generic i-th reach qi (m3 d−1) is given
by:

qi = Ci
(

H − Zi,top
)

with H > Zi,top. (12)

where Ci (m/d) represents the conductance of the generic reach, Zi,top (m amsl) is the reach
elevation, and H (m amsl) is the groundwater level. The conductance term Ci is the function
of the reach geometry and its hydraulic properties and is given by:

Ci = Ki
wi
ti

, (13)

where Ki (m/d), ti (m), and wi (m) are the hydraulic conductivity, the thickness of the
alluvial deposits, and the channel width of the generic i-th reach, respectively.

In correspondence with the coast where the layer bottom is below the mean sea level a
constant head boundary condition is applied through the CHD package [23].

According to local knowledge, a random spatial distribution of dug wells within
agricultural land with a density of 0.1 Well/ha was used. The dug wells were active from
May to October with a peak in July. Then, constant flow boundary condition is used in
correspondence with each dug well through the WELL package [23].

3. Results
3.1. Shallow Aquifer Characterisation
3.1.1. Stratigraphy and Lithology

The geognostic surveys carried out in the study area highlight the lithological suc-
cession showed in Figure 4. At field test sites, terraced marine deposits outcrop almost
everywhere, with the exception of small strips of alluvial deposits that are detectable in
very limited territorial areas in correspondence with the channels.
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Figure 4. Stratigraphy and lithology detected at field sites. General and granulometric characteristics
of the lithological units at sample C1, C2 and C3 are reported in Table 1.

Table 1. General and granulometric characteristics of the lithological units that constituted the
shallow aquifer: γd (kN/m3) is the dry unit weight; w (%) is the natural water content; and n (%) is
the porosity.

Surveys Sample Depth (m) γd (kN/m3) w (%) n (%) Sand (%) Silt (%) Clay (%)

F1 C1 1.2–1.7 17.5 14.3 35.4 64.7 24 11.3
C2 7–7.5 15.9 25.3 39.5 30.3 59.8 9.9
C3 9–9.5 16.8 22.3 37.9 19.6 69.4 11

F2 C1 1.3–1.8 15.6 22.3 42.6 50.5 11.7 37.8
C2 6–6.5 18.2 20.2 32.5 72.5 22.3 5.2
C3 11–11.5 16.2 24.3 40.4 18.5 71.8 9.7

F3 C1 1–1.5 17.7 11.0 31.4 69.2 13.6 17.2
C2 4–4.5 16.4 26.5 37.8 68.4 12.8 18.8
C3 11–11.5 16.4 24.7 36.2 22.3 68.5 9.1
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The topsoil presents a sandy clay loam texture with an average sand content of 69.1%
and an average clay content of 24.8%. Table 1 summarizes the general and granulomet-
ric characteristics determined from sample characterization of the lithological units that
constituted the shallow aquifer.

3.1.2. Slug Tests

The interpretation of the slug tests gave an estimation of the saturated hydraulic
conductivity of the shallow aquifer at field test sites F1, F2, and F3 (Figure 2). Figure 5
shows the interpretation of the slug tests by means of the Bouwer and Rice equation [31]
conducted at the F2 location in a partially penetrated piezometer with a radius of the well
casing of 0.05 m, the radius of the gravel enveloped of 0.09 m, the length of screened open
section of 3.89 m, and height of saturated thickness of 4.89 m.
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Figure 5. Interpretation of slug test at F2 location (40.550647◦, 17.960473◦). Y represents the difference
between the groundwater level measured inside the piezometer and the static groundwater level.
Y0 is Y at time t = 0. The graph compares the observed data obtained during the tests (scattered
data) and the Bouwer and Rice equation [31] (dash-double-dotted line) with a value of hydraulic
conductivity equal to 6.05 m/d.

The estimated saturated hydraulic conductivity Kh ranges from 6.05–12.96 m/d.

3.1.3. Infiltrometer Tests

A different behavior was observed in the infiltrometer test depending on the outcrop
material. Figure 6 shows the interpretation of the infiltrometer test at locations F2 and F3
by means of the equation presented in Nimmo et al. (2009) [30].

Where alluvial deposits outcrop, the depth of water ponding in the ring decreases a
few centimeters and returns a value of vertical saturated hydraulic conductivity Kv (m/d)
of the unsaturated zone in the range 0.01–0.065 m/d. Conversely where marine terraced
deposits outcropped, the depth of water ponding in the ring decreases more quickly and
Kv was estimated in the range 0.19–0.6 m/d.
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which permits obtaining these parameters on the basis of the sand and clay content of the 
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Figure 6. Interpretation of single-ring infiltrometer test by means of Nimmo equation (Nimmo et al.,
2009 [30]): (a) F2 location (40.550647◦, 17.960473◦) and (b) F3 location (40.542697◦, 17.967018◦). Z
is the hydraulic level within the single-ring infiltrometer. The graph compares the observed data
(scattered data) with the analytical solution reported in [30] with a value of the vertical saturated
hydraulic conductivity equal to 0.22 m/d for F2 location where terraced marine deposits outcropped
and 0.02 m/d for F3 location where alluvial deposits outcropped.

3.2. Soil Water Balance

To determine θFC and θWP. the equation presented in Saxton et al. (1986) [36] is used
which permits obtaining these parameters on the basis of the sand and clay content of the
topsoil. θFC and θWP are, respectively, equal to 0.233 and 0.148. The factor p varies according
to the different crops according to Allen et al. (1996) [34]. The parameter fs was assumed
equal to 0.6. The rooting depth of the crop Zw variation in time was determined for the
different crops in the catchment areas on the basis of the data suggested by Lamaddalena
and Caliandro (2008) [37].

The Curve Number varies according to the nature of the topsoil and land use. For the
investigated catchment area, the average curve number for each antecedent soil moisture
classes CNI, CNII, and CNIII are equal to 61, 78, and 89, respectively.

In Figure 7 the results of the applied methodology to estimate the components of the
daily SMB in correspondence with arable crops and Mesagne meteo-climatic station time
series from September 2017 to September 2021 are shown.
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Figure 7. Components of daily soil moisture balance determined for arable land using Mesagne
meteo-climatic station time series from September 2017 to September 2021. (a) Precipitation and
runoff; (b) Net precipitation, reference evapotranspiration, and potential evapotranspiration; (c) Soil
Moisture Deficit (SMD), Total Available Water (TAW), and Readily Available Water (RAW); and
(d) Net infiltration.
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Then, the space-time evolution of the net infiltration at daily scale was obtained.
Figure 8 shows the maps of the cumulative net infiltration determined for each investigated
Hydrologic Year (HY). A drastic reduction of the cumulative net infiltration is evident
especially in the HY 2019–2020.
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Table 2 compares, for each catchment area, the component of the SMB as averaged
cumulative precipitation P (mm), runoff D (mm), and net infiltration In (mm) for each
investigated HY. P shows a negative trend reaching a minimum value at HY 2019–2020 for
all considered catchment areas. Globally, comparing the HY 2019–2020 with HY 2017–2018,
P reduces to 27.2%. Similarly, in comparison with what was observed for P, a more
marked negative trend of In can be noted. In particular, In decreases from a value of
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70 mm (2017–2018) to a value of 15 mm (2019–2020), resulting in a decrease of In of 78.55%.
Conversely, D is poorly correlated with P. In fact, D passes from 34 mm (2017–2018) to
33 mm (2019–2020). For the Palmarini catchment area D increases with the decreasing of P.

Table 2. Components of the water balance at hydrologic annual scale for each catchments area.

Catchment Palmarini Pigonati Foggia di Rau Siedi

Area (km2) 23 38 77 37

Hydrologic
Years

P
(mm)

D
(mm)

In
(mm)

P
(mm)

D
(mm)

In
(mm)

P
(mm)

D
(mm)

In
(mm)

P
(mm)

D
(mm)

In
(mm)

2017–2018 537 37 31 590 30 62 652 34 83 688 36 75
2018–2019 506 35 12 552 26 26 604 26 37 633 25 48
2019–2020 408 47 4 436 35 11 467 31 17 484 28 22
2020–2021 412 25 8 448 22 19 486 25 27 507 27 32

Similarly, in comparison with what was observed for rainfall, a negative trend of net
infiltration can be noted. In particular, the net cumulative infiltration decreases from a
value of 113.55 mm for the period September 2017–August 2018 to a value of 71.02 mm for
the period September 2018–August 2019, and then reaching a value of 46.94 mm for the
period September 2019–August 2020.

3.3. Shallow Groundwater Flow

The space-time daily variation of net infiltration passed to UZF flow package to
determine recharge to water table. UZF soil parameters were estimated from the results of
the infiltrometric tests and the granulometric characteristics of the vadose zone materials
by means of the Rosetta code [38] and parameter equivalence from Brooks-Corey and van
Genuchten soil characteristics [39]. The conductance of the hydrographic networks was
assigned according to the vertical hydraulic conductivity determined for alluvial deposits.
The saturated horizontal hydraulic conductivity Kh (m/d) was estimated from the slug tests.
Whereas the specific yield Sy (-) is determined indirectly comparing the simulated ground
level results with observed ones. Table 3 shows the flow parameters of the groundwater
model.

Table 3. Groundwater flow model parameters.

Parameter Value

Hydraulic conductivity of vadose zone, Kv 0.1 md−1

Saturated water content, θs 0.31 m3 m−3

Residual water content, θr 0.04 m3 m−3

Brooks-Corey coefficient, ε 7.06
Saturated hydraulic conductivity, Kh 10 md−1

Specific yield, Sy 0.03
Channel conductance, C 0.1–1 md−1

Figure 9 shows the distribution of the groundwater head (m amsl) during wet season
(February 2019). For the purpose of verifying and validating the reliability of the simu-
lations carried out, the simulated groundwater level was compared with the observed
groundwater level reported in the water protection plan of the Apulia region [40].

Assuming a density of dug well 0.1 well/ha, the amount of the Aquifer Exploitation
Rate (AER) from the shallow aquifer was estimated comparing the trend of observed and
simulated groundwater head in correspondence with the shallow piezometers P2, P3, P4,
and P5 and is equal to 152 m3 ha−1 yr−1. According to this aquifer exploitation scenario,
it is evident that the trend of the simulated groundwater heads is superimposable with
the observed trend with the exception of the piezometer P3 where the simulations do not
explain well the observed trend of the groundwater head (Figure 10). This circumstance is
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attributable to water outflow conditions characterized by preferential pathways or higher
storage properties.
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Puglia Region [40] obtained by means of prior interpolation of the groundwater head levels observed
at the monitoring points.
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Moreover, the model underestimates the groundwater level for piezometer P3 and
P4 in the period from November 2020 to November 2021. This can be attributable to the
fact that in the HY 2019–2020, several wells in the Brindisi Plain went dry. Then, in this
hydrogeological year, the aquifer exploitation rate could be lower than the assumed value.

Figure 11 shows the hydrogeological balance in terms of inflows, outflows, and cumula-
tive storage for the Foggia di Rau catchment area obtained by means of the ZONEBUDGET
program [41]. Zone BUDGET calculates sub-regional water budgets using the results of
transient MODFLOW simulations. Then, inflow and outflow rates are determined for each
boundary condition. A time lag of ~2–3 months can be observed between the net infiltration
and aquifer recharge hydrograph (Figure 11a). The discharge rate (Figure 11b) depends on
both the recharge rate and aquifer exploitation rate. During the wet season the discharge
rate increases due to the increase of the recharge rate. The latter increases the groundwater
level and then the drainage effect of the channels is more evident. Aquifer exploitation is
active mainly during the dry season (Figure 11c). Under usual conditions, like those of
the HY 2018–2019, the inflows (aquifer recharge) cover the outflows (aquifer exploitation
and discharge) and as a result the cumulative aquifer storage volumes determined as the
algebraic cumulative sum of the inflow and outflow rates at the beginning and the end of
this hydrologic year are almost the same (Figure 11d). The same result is obtained for the
HY 2020–2021. An exceptional result is outlined for the HY 2019–2020 in which a loss of
106 m3 is estimated for the catchment area of Foggia di Rau Channel.
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tive storage for the Foggia di Rau catchment area obtained by means of the ZONEBUDGET
program [41]. Zone BUDGET calculates sub-regional water budgets using the results of
transient MODFLOW simulations. Then, inflow and outflow rates are determined for each
boundary condition. A time lag of ~2–3 months can be observed between the net infiltration
and aquifer recharge hydrograph (Figure 11a). The discharge rate (Figure 11b) depends on
both the recharge rate and aquifer exploitation rate. During the wet season the discharge
rate increases due to the increase of the recharge rate. The latter increases the groundwater
level and then the drainage effect of the channels is more evident. Aquifer exploitation is
active mainly during the dry season (Figure 11c). Under usual conditions, like those of
the HY 2018–2019, the inflows (aquifer recharge) cover the outflows (aquifer exploitation
and discharge) and as a result the cumulative aquifer storage volumes determined as the
algebraic cumulative sum of the inflow and outflow rates at the beginning and the end of
this hydrologic year are almost the same (Figure 11d). The same result is obtained for the
HY 2020–2021. An exceptional result is outlined for the HY 2019–2020 in which a loss of
106 m3 is estimated for the catchment area of Foggia di Rau Channel.

Water 2023, 15, x FOR PEER REVIEW 16 of 22 
 

 

  
(c) (d) 

Figure 10. Comparison between observed head and simulated head in correspondence with shallow 
piezometers P2, P3, P4, and P5 (Figure 2) without well exploitation (AER = 0 m3 ha−1 yr−1) and with 
well exploitation (AER = 153 m3 ha−1 yr−1) (a) P2. (b) P3. (c) P4. (d) P5. 

Moreover, the model underestimates the groundwater level for piezometer P3 and 
P4 in the period from November 2020 to November 2021. This can be attributable to the 
fact that in the HY 2019–2020, several wells in the Brindisi Plain went dry. Then, in this 
hydrogeological year, the aquifer exploitation rate could be lower than the assumed value. 

Figure 11 shows the hydrogeological balance in terms of inflows, outflows, and 
cumulative storage for the Foggia di Rau catchment area obtained by means of the 
ZONEBUDGET program [41]. Zone BUDGET calculates sub-regional water budgets 
using the results of transient MODFLOW simulations. Then, inflow and outflow rates are 
determined for each boundary condition. A time lag of ~2–3 months can be observed 
between the net infiltration and aquifer recharge hydrograph (Figure 11a). The discharge 
rate (Figure 11b) depends on both the recharge rate and aquifer exploitation rate. During 
the wet season the discharge rate increases due to the increase of the recharge rate. The 
latter increases the groundwater level and then the drainage effect of the channels is more 
evident. Aquifer exploitation is active mainly during the dry season (Figure 11c). Under 
usual conditions, like those of the HY 2018–2019, the inflows (aquifer recharge) cover the 
outflows (aquifer exploitation and discharge) and as a result the cumulative aquifer 
storage volumes determined as the algebraic cumulative sum of the inflow and outflow 
rates at the beginning and the end of this hydrologic year are almost the same (Figure 
11d). The same result is obtained for the HY 2020–2021. An exceptional result is outlined 
for the HY 2019–2020 in which a loss of 106 m3 is estimated for the catchment area of Foggia 
di Rau Channel. 

  
(a) (b) 

Water 2023, 15, x FOR PEER REVIEW 17 of 22 
 

 

  
(c) (d) 

Figure 11. Flow budget of shallow aquifer estimated for the catchment area of the Foggia di Reau 
channel. (a) Comparison between net infiltration rate (m3 d−1) and recharge rate (m3 d−1). (b) 
Discharge rate (m3 d−1) at channels and wetland area. (c) Aquifer exploitation rate by wells (153 m3 
ha−1 yr−1). (d) Cumulative aquifer storage determined as the algebraic sum of inflow (recharge) and 
outflow (aquifer exploitation and discharge). 

4. Discussion 
The goal of this study is to assess the impact of changes in rainfall patterns on the 

hydrologic cycle and therefore on the groundwater resource in a semi-arid Mediterranean 
region. The study area is the shallow aquifer of the Brindisi Plain, but the proposed 
analysis can be extended to the other sites with similar hydrogeological features. The 
impact is assessed though the coupling of the soil moisture balance model and the 
groundwater flow model. 

In the investigated area, rainfall and groundwater level time series (2017–2021) 
discloses a singular HY 2019–2020 in which a decrease of annual cumulative precipitation 
of 22.13% with respect to the previous HY 2018–2019 corresponds to a consistent 
groundwater depletion. 

The modelling framework applied in the present work, unlike more complex surface-
groundwater integrated models [17], embodies independent soil moisture, and 
groundwater flow simulations. During an intense rainfall, surface water reaches the 
streams, is absorbed by the roots, infiltrates though the vadose zone, and finally reaches 
the saturated zone. Anyway, it is plausible to assume that in small catchments used as the 
study area the generated runoff does not take part in the aquifer recharge, because it is 
collected by the channel network with ephemeral nature reaching in a short time the 
coastal area discharging directly into the sea with a hydrograph that increases steeply 
during rainfall and declines slowly afterwards within 1–2 days. Alluvial deposits at the 
bed of channel network work as a low-pass filter and there is an observable delay in the 
data between peak rainfall and groundwater level rise that takes usually longer than one 
month [21]. Then, as outlined by [20], the channel network has a significant drainage effect 
even if cannot be estimated directly. Similar conceptualization of the shallow Brindisi 
aquifer can be found in [22]. On the other hand, the observation of the groundwater level 
at monthly scales may not be adequate to capture the quick response of the groundwater 
level due to the infiltration of the surface water generated by runoff [13,42]. Groundwater 
level time series at an hourly scale would be desirable. 

The implemented soil moisture balance model at a daily scale proved to be an 
important tool to estimate and analyze the hydrological components and water balance. 
The conducted analysis shows a substantial decline of the net infiltration. For instance, the 
annual cumulative net infiltration has declined by 74% from 2017 to 2021. It passes from 
70 mm (HY 2017–2018) to 24 mm (HY 2020–2021) reaching a minimum value in 
correspondence with the HY 2019–2020. This decline is basically larger than the decline of 
the annual cumulative precipitation that results in a decline of 25% from 2017 to 2021. 

Figure 11. Flow budget of shallow aquifer estimated for the catchment area of the Foggia di Reau
channel. (a) Comparison between net infiltration rate (m3 d−1) and recharge rate (m3 d−1). (b) Dis-
charge rate (m3 d−1) at channels and wetland area. (c) Aquifer exploitation rate by wells (153 m3

ha−1 yr−1). (d) Cumulative aquifer storage determined as the algebraic sum of inflow (recharge) and
outflow (aquifer exploitation and discharge).

Figure 11. Flow budget of shallow aquifer estimated for the catchment area of the Foggia di Reau chan-
nel. (a) Comparison between net infiltration rate (m3 d−1) and recharge rate (m3 d−1). (b) Discharge
rate (m3 d−1) at channels and wetland area. (c) Aquifer exploitation rate by wells (153 m3 ha−1 yr−1).
(d) Cumulative aquifer storage determined as the algebraic sum of inflow (recharge) and outflow
(aquifer exploitation and discharge).
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4. Discussion

The goal of this study is to assess the impact of changes in rainfall patterns on the
hydrologic cycle and therefore on the groundwater resource in a semi-arid Mediterranean
region. The study area is the shallow aquifer of the Brindisi Plain, but the proposed analysis
can be extended to the other sites with similar hydrogeological features. The impact is
assessed though the coupling of the soil moisture balance model and the groundwater flow
model.

In the investigated area, rainfall and groundwater level time series (2017–2021) dis-
closes a singular HY 2019–2020 in which a decrease of annual cumulative precipitation of
22.13% with respect to the previous HY 2018–2019 corresponds to a consistent groundwater
depletion.

The modelling framework applied in the present work, unlike more complex surface-
groundwater integrated models [17], embodies independent soil moisture, and ground-
water flow simulations. During an intense rainfall, surface water reaches the streams, is
absorbed by the roots, infiltrates though the vadose zone, and finally reaches the saturated
zone. Anyway, it is plausible to assume that in small catchments used as the study area
the generated runoff does not take part in the aquifer recharge, because it is collected
by the channel network with ephemeral nature reaching in a short time the coastal area
discharging directly into the sea with a hydrograph that increases steeply during rainfall
and declines slowly afterwards within 1–2 days. Alluvial deposits at the bed of channel
network work as a low-pass filter and there is an observable delay in the data between peak
rainfall and groundwater level rise that takes usually longer than one month [21]. Then, as
outlined by [20], the channel network has a significant drainage effect even if cannot be
estimated directly. Similar conceptualization of the shallow Brindisi aquifer can be found
in [22]. On the other hand, the observation of the groundwater level at monthly scales
may not be adequate to capture the quick response of the groundwater level due to the
infiltration of the surface water generated by runoff [13,42]. Groundwater level time series
at an hourly scale would be desirable.

The implemented soil moisture balance model at a daily scale proved to be an impor-
tant tool to estimate and analyze the hydrological components and water balance. The
conducted analysis shows a substantial decline of the net infiltration. For instance, the
annual cumulative net infiltration has declined by 74% from 2017 to 2021. It passes from
70 mm (HY 2017–2018) to 24 mm (HY 2020–2021) reaching a minimum value in correspon-
dence with the HY 2019–2020. This decline is basically larger than the decline of the annual
cumulative precipitation that results in a decline of 25% from 2017 to 2021. Conversely, the
annual cumulative runoff D tends to remain roughly constant. Moreover, at HY 2019–2020,
D increases passing from 27 mm (HY 2018–2019) to 33 mm (HY 2019–2020). This finding
is coherent with the results outlined in the previous study. In [3], it was disclosed that in
Mediterranean semi-arid areas such as the south of Italy, there is a paradoxical increase
of extreme daily rainfall in spite of a decrease in total values. A substantial change in the
rainfall distribution is evident in which the increase in variance overcomes the reduction
in mean [43]. As a consequence of more frequent extreme rainfall events, runoff tends to
increase in spite of the decrease in annual rainfall. According to climate change forecast,
the decrease of rainfall and the increase of air temperature will play an important role in
the reduction of the net infiltration rate [43–45].

The present work demonstrates that the proposed conceptualization of the shallow
aquifer of the Brindisi Plain gives a good representation of the groundwater dynamics,
consistent with those observed at the study site. The simulated groundwater head obtained
by the groundwater flow model is consistent with the prior interpolation of the groundwater
head levels observed at monitoring points [40]. The major differences can be detectable
at marginal areas of the domain, especially at the northwestern boundary where the
hydrologic watershed does not seem to match with hydrogeological ones. The groundwater
model reproduces adequately the observed groundwater level fluctuations characterized
by a seasonal behavior with a constant increase in the water level during the autumn and
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winter periods with a peak at the beginning of the spring and a recession period during
the spring/summer period. Usually, a net infiltration hydrograph estimated by the soil
moisture model corresponds to a groundwater level rise. The time lag between the peaks of
net infiltration hydrograph and the groundwater level fluctuation is ∼2–3 months, which
is in agreement with [21].

Through the comparison between simulated and observed groundwater levels, the
implemented numerical model permits to obtain the estimation of the specific yield Sy
which represents a crucial parameter to correlate water table fluctuation and groundwater
storage variations. The estimated value for Sy is 0.03. According to [46] this value can be
referred as the apparent specific yield. For shallow aquifers, a relationship between Sy and
water table depth can be detectable [13,47,48]. As water table depth decreases, Sy decreases
from its value equal to the difference between the porosity and the specific retention for
a phreatic aquifer. The specific yield is almost equal to zero once the water table is close
enough to the ground surface [49]. In the study area, the water table depth varies between
3–5 m. Due to the presence of fine texture soil such as clayey sandy silt and sandy silts
levels, the water table depth should overcome the value of 10 m in order to reach the usual
value of the specific yield.

According to the estimated value of AER equal to 152 m3 ha−1 yr−1, for the whole
investigated area ∼2.12 Mm3 yr−1 of groundwater was extracted from the shallow aquifer,
corresponding to 8.96% of water demands of the agricultural land in intensive use. This
suggests that actually the deep carbonate aquifer is more exploited than the shallow aquifer.
The latter is exploited mainly for non-intensive farming and domestic purposes.

The conducted analysis is permitted to obtain a quantitative estimation of the water
budget for the investigated area in terms of inflows (aquifer recharge) and outflows (aquifer
discharge and aquifer exploitation). During the exceptional HY 2019–2020, approximately
106 m3 was lost from the Foggia di Rau catchment area.

The results disclose an anthropological natural system sensitive to the variability of
the rainfall regime. Technologies that use artificial recharge options, such as aquifer storage
recovery methods [50], should be implemented in order to optimize available groundwater
resources and mitigate adverse effects of altered rainfall patterns and aquifer exploitation.

5. Conclusions

The sustainable management of groundwater resources is one the greatest challenges
faced by society today. The impact of changes in precipitation patterns on groundwater
resources of the shallow aquifer of the Brindisi Plain is assessed for the first time through
physically based numerical groundwater flow modelling, including an analysis of soil
moisture, vadose zone, and up-stream channel drainage effect.

The present study provides a physically based tool to investigate the behavior of the
shallow groundwater system in order to improve the water management in semi-arid areas
like the Brindisi Plain. The reliability of the implemented groundwater flow model can be
further improved by including additional hydrogeological features of the shallow aquifer.
Overall, the implementation of specific yield as function of the water depth should improve
the prediction of groundwater level fluctuations. Moreover, infiltration of surface water
generated by runoff may be implemented. For this purpose, groundwater level time series
at hourly or daily scales should be used.

In light of the significant susceptibility of the groundwater to year-to-year variability
of net infiltration, the Managed Aquifer Recharge (MAR) strategy should be used to buffer
seasonal water shortages/excess of surface and/or runoff water. Then, future activities
should be directed towards the investigation of the role of MAR at short- and long-term
time scales on the hydrologic and hydrogeologic water cycle of the catchment areas of
the Brindisi Plain. The outlined model could be improved with further experimental
investigations which will be able to plan and design MAR strategy in terms of geometrical
setup and operational conditions under the hydrogeological and environmental constraints.
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Together with MAR, Strategic Aquifer Storage and Recovery (SASR) wells can also
be applied, aimed at storing additional quantities of water in the ground and recovering
the stored water for drinking water supplies, irrigation, industrial needs, etc. The stored
water may be recovered from the same well used for injection, from nearby injection,
or recovery wells. SASR systems can potentially store billions of cubic meters of water
coming from desalination plants. The SASR systems need to be sited at strategic locations,
such as near water treatment facilities, adjacent to major pipelines conveying post-treated
desalinated water to municipal population centers, or near to pumping stations associated
with municipal high water use centers [51].

Therefore, a detailed representation and analysis of artificial aquifer recharge im-
pacts, combined with an environmental and economic life-cycle cost assessment would
be paramount to estimating the benefit to the community as well as involving all local
stakeholders.
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