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ABSTRACT

Daily precipitation and groundwater level data, registered at 7 rain gauge stations and 11 monitoring wells in the Salento coastal karst aquifer
(Southern Italy) were subject to short time series analyses to evaluate the hydrodynamic response of the aquifer. Results show that the Sale-
nto karst system has in general great storage capacity, which suggests a poor degree of aquifer karstification, and dominance in the
permeability structure of not well-developed hierarchical karst networks. Baseflow generally dominates on quick flow, which only occasion-
ally occurs. The dominant hydraulic behaviour is unimodal baseflow with a bimodal baseflow and quick flow one from time to time. Some
local specific features, which emerge depending on the rainfall frequency and depth, and the geological and structural characteristics, point
out that some components of the permeability structure, as the epikarst and major faults, only activate depending on the characteristics of
the input. The study is novel because the analyses concerned specific sets of hydrological years from 2007 to 2011; also, because the analy-
sis was conducted for a coastal karst aquifer of significant size, characterized by a regional groundwater flow system with an unsteady lower
boundary, without inland freshwater springs, and significant exploitation by wells.
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HIGHLIGHTS

® Short time series analyses between precipitation and groundwater level were applied to evaluate the hydrodynamic response of a coastal
karst aquifer with a regional flow system.

® Results reveal a great storage capacity suggesting a not well-developed hierarchical karst networks.

® Rainfall intensity and frequency influence this hydrological system triggering hydrodynamic mechanisms at the epikarst and unsaturated
zones.
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redistribution for non-commercial purposes with no derivatives, provided the original work is properly cited (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Water scarcity together with its ever going deterioration is a crucial issue experienced across the world, and its solution is a
top priority for an increasing number of countries. Especially in the Mediterranean area, groundwater in coastal karst aquifers
is essential to supply fresh water for drinking and irrigation purposes. Such resources, being vulnerable and highly exploited
for many decades, are subject to pollution and saltwater intrusion to a variable space and time extent (Leduc et al. 2016).
Because of the complex nature of coastal aquifers, their management and projection of mitigation measures should be
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based on a clear understanding of their hydrodynamic behaviour. A coastal aquifer is complex in itself from the hydrogeolo-
gical point of view, and this complexity can only increase if it is of karst type. The organized heterogeneity (Kiraly 1998),
which is the distinctive characteristic of a karst aquifer, refers to the spatial distribution of intrinsic permeability (and, there-
fore, of hydraulic conductivity) and reflects the degree of evolution of karst processes within the carbonate masses.

In general, the intrinsic permeability of a karst aquifer is described following a ‘triple porosity’ model, where the overall
permeability is composed of various essentially independent proportions, of matrix, fractures, and conduits. However,
there are karst aquifers in which an element can be dominant. The hydraulic fields connected to each of these elements
of intrinsic permeability dominate at different scales (Jeannin 1998).

The first element refers to the rock matrix is characterized by low specific discharge and hydraulic conductivity. The second
element is the system of small and medium fractures in the rock matrix. The third relates to the major conduits and fractures.

In general, while the transmissivity develops in the network of conduits, the role of storage capacity is played by the associ-
ated system of fractures and the less permeable rock surrounding the network itself. The conduit component is the most
essential feature of a karst system and is the principal source of uncertainty in its study.

Ultimately, a karst aquifer is among the types of aquifers where the water flow shapes the aquifer voids; this induces specific
characteristics to the aquifer itself, which condition, according to a feedback loop, water circulation. Moreover, during high-
intensity precipitation, the hydraulic head in the conduits is larger than in the rock matrix and fractures (Mangiarotti et al.
2019): the flow is either driven from the conduits to the matrix or directly discharges from springs. During low or no precipi-
tation periods, the matrix slowly releases water into conduits producing long recessions in spring hydrographs. Technical
literature reports several approaches and methods to study the water exchanges between conduits and surrounding matrix
(Martin & Dean 2001; Peterson & Wicks 2005; Bailly-Comte ef al. 2009; Li ef al. 2020); the hydraulic relationships between
the conduit networks and set of fissures and fractures are a factor of complexity (Jenkins & Watts 1968) influenced by the
geometry of conduits, fractures, and rock matrix, and by water pressure (Li et al. 2020). The above leads to the conclusion
that the karst systems do not allow for a simple description. As a result, it is necessary to decipher the intrinsic characteristics
of the aquifer indirectly, studying the effects of permeability structure on the hydraulic response of the system, rather than
directly assessing its values and spatial and temporal distribution.

Because of aquifer anisotropy and heterogeneity, such schemes consider karst as a filter that transforms the input signal
represented by the precipitation into an output signal (Larocque ef al. 1998), as the spring discharge (Benavente & Pulido-
Bosch 1985; Angelini 1997; Larocque et al. 1998; Amraoui ef al. 2003; Fiorillo & Doglioni 2010; An ef al. 2019), the ground-
water level (Imagawa et al. 2013; Delbart et al. 2014; Cai & Ofterdinger 2016; Chiaudani et al. 2017), the river flow rate
(Bailly-Comte et al. 2008; Chiaudani ef al. 2017) or other physical or chemical parameters characterizing the aquifer
(Bailly-Comte et al. 2011).

The uncertainties about the karst structure become even higher when considering extensive coastal karst aquifers, because
of the spatial variability of permeability and fluid density variation.

The Salento aquifer is a coastal karst aquifer in Puglia Southern Italy: saltwater represents the lower hydraulic limit of the
regional groundwater flow system and groundwater outflow only occurs to the sea through diffuse flow and focused brackish
karst coastal springs (Fidelibus & Pulido-Bosch 2019). The Salento karst terrain does not favour surface water accumulation.
As there is also a lack of freshwater springs and extra-regional water resources, Salento relies on groundwater as the only
source of supply for drinking, irrigation, and industrial purposes. Groundwater over-exploitation started in the 1960s, conse-
quent to the demographical and economic development, thus causing a relentless groundwater quantity reduction and quality
deterioration (Cotecchia et al. 2005; Polemio 2005; De Filippis et al. 2019; Alfio et al. 2020; Di Nunno & Granata 2020).
Because of the current exploitation regime and the projected climate change induced impacts, knowledge of the hydrodyn-
amic response of the aquifer to precipitation is a crucial aspect for present and future water management. Water balance of
the Salento aquifer is difficult to estimate, especially because of the uncertainties in the evaluation of the outflows, comprised
of the discharge into the sea (diffuse flow and focused springs), and the exploitation, considering that thousands of not
licensed wells abstract large volumes of water. Considering the hydrogeological complexity as a whole, we selected the
time series analysis, which is an indirect method, as an effective approach to qualify the intrinsic permeability structure
that drives the recharge-discharge processes of the Salento coastal karst aquifer.

This study presents the results of a short time series analysis based on four-, three-, and two-year time series of precipitation
and groundwater level (GWL), the latter obtained by pressure transducers with hourly monitoring frequency in 11 monitoring
wells. Section 2 describes the study area and the Salento aquifer; Section 3 presents the considered dataset, and the methods;
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Section 4 summarizes the results, discussing the key aspects of the short time series analysis; Section 5 shares thoughts on the
adopted methods and discusses the corresponding hydrogeological implications. Finally, Section 6 outlines the major con-
clusions of the study.

2. GEOLOGICAL AND HYDROGEOLOGICAL FRAMEWORK OF THE STUDY AREA

The study area is located in the south-eastern part of Puglia (Salento Peninsula, Southern Italy), which extends from the
Ionian to the Adriatic Sea (Figure 1). Its borders roughly coincide with those of the Lecce province, covering 2,760 km?.
The Salento Peninsula is part of the Apulia carbonate platform, composed of a well-bedded succession of Jurassic-Cretaceous
carbonate rocks, the thickness of which varies from about 3 to 5 km. Besides Salento, this platform includes other three
hydrogeological and structural units, namely Gargano, Tavoliere, and Murgia (Polemio & Limoni 2006), which determine
a hydrogeological domain hydraulically connected by a deep circulation (Maggiore & Pagliarulo 2004).

The geological basement of the Salento Peninsula, which crops out in extensive areas, comprises layers and banks of frac-
tured and karstified limestone and dolomitic limestone of Cretaceous age; sand, silty or sandy clay, and calcarenite of
Miocene to Pleistocene age cover the basement (Ciaranfi ef al. 1988). The system is multi-layered comprising seven litho-stra-
tigraphic units (De Filippis ef al. 2019), which are spatially distributed in different thicknesses and order. Tectonics involved a
combination of gentle folds, E-W dextral and sinistral strike-slip faults, and NW-SE sub-vertical normal faults that dislocated
the basement forming Horst and Graben structures. Poor incised ephemeral streams, which are normally dry but discharge
significant flow rates and flash floods generated by heavy or intensive rainfalls, cross the karst surface. The networks of the
ephemeral streams drain the outflow of exoreic basins along the coasts and converge inland in hundreds of endorheic basins,
which cover over 40% of the total area of Salento (Forte & Pennetta 2007). The endorheic area includes several dolines with
more or less hydraulically active shallow holes at their bottom. Horizontal and vertical discontinuities strongly controlled in
the geological time the development of dolines and other subsurface karst forms such as conduits and horizontal caves in the
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Figure 1 | Location of Salento Peninsula and schematic geological map.
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carbonate rock mass. At the regional scale, the features of the discontinuity network vary from zone to zone. The rainfall
depth is low (600-700 mm/year) and precipitation mainly occurs in the autumn-winter period (October-March). Alfio
et al. (2020) analysed the Standardized Precipitation Index (SPI) for the Salento aquifer from 1949 to 2011 on the basis of
monthly precipitation. They verified the presence of several drought periods during this time, including a variable severity
one, from mild to severe that occurred between 2006 and 2008.

The carbonate basement makes up the main coastal aquifer (identified as the ‘deep’ aquifer). The element that marks the
hydrogeological and morpho-structural boundary between the Murgia and Salento aquifers is classically represented by the
Soglia Messapica, a paleostructure reactivated by tectonics and today buried by sediments of the Plio-Pleistocene cycle
(Cotecchia 2014). The transition from Murgia to Salento aquifer occurs through an intermediate buffer zone, located at a
lower altitude and exhibiting lower hydraulic heads than both the southern part of the Salento Peninsula and the southern
Murgia aquifer. The current NW border of the Salento aquifer is set SE of the (buffer) zone. The highest hydraulic heads in the
Salento aquifer (around 3 m a.m.s.l.) occur at its southernmost part and suggest the existence of a regional flow system.
Groundwater is mainly in phreatic conditions and flows towards the coastline and the buffer zone, reaching water levels
of less than 1 m a.m.s.]. with a mean hydraulic gradient of the order of a few tenths per thousand.

Permeability is locally variable also because of different lithological characteristics of the carbonate rocks making up the
basement. The complex structural setting also suggests that lateral groundwater exchanges between the shallow aquifers and
the deep aquifer may occur.

Groundwater of the deep aquifer represents the primary water resource for the Salento territory and its recharge depends
on direct infiltration of precipitation. The intense groundwater withdrawals have compromised the freshwater-saltwater equi-
libria, causing groundwater shortage and salinization.

The hydrogeological balance of the Salento aquifer is difficult to define because of the uncertainties in evaluating the
coastal discharge and the amount of groundwater abstractions, especially from the unauthorized wells, whose ratio to the
legal ones is estimated to 10/1 (Parisi ef al. 2018).

3. DATA AND METHODS
3.1. Dataset

The study is based on statistical analyses of precipitation time series originating from 18 rain gauge stations and GWL regis-
trations from 11 monitoring wells in the Salento Peninsula, with the principal purpose to investigate the effects of
precipitation on groundwater levels.

Input series comprised daily precipitation records of the 18 rain gauge stations for the period 1 October 2007 to 30 Sep-
tember 2011, provided by the Civil Protection of the Puglia Government (https://protezionecivile.puglia.it/centro-
funzionale-decentrato/rete-di-monitoraggio/). Figure 2 illustrates that the spatial distribution of the rain gauges and the cor-
responding Thiessen polygons, while Table 1 their salient features. Univariate analyses were applied to the 7, out of the 18,
rain gauges for which the corresponding Thiessen polygons contained the monitoring wells considered, i.e. Collepasso,
Copertino, Galatina, Lecce, Maglie, Nardo, and Ruffano stations (Table 2).

Comparing the precipitation records of the seven selected rain gauges for the defined hydrological period, it was found that
the precipitation behaviour is generally homogeneous except for 2007-2008, the driest hydrological year with annual precipi-
tation varying from about 393 to 715 mm. Notably, the hydrological year 2007-2008 shows an average annual value of
549 mm/year, which is significantly lower than that reported by Portoghese et al. (2013) equal to 638 mm/year, for the
period 1951-2002. Hydrological year 2008-2009 was the wettest with annual precipitation varying from 857 to 1,144 mm.

The output data are the daily GWLs (average of hourly registrations) registered at 11 monitoring wells in the Salento Penin-
sula (Figure 1). Data are provided by the Geographical Information System of the Puglia Region (http://www.sit.puglia.it/
portal/portale_cis/Corpi Idrici Sotterranei/Dati del Monitoraggio). The selected monitoring wells, which are in a static con-
dition, were equipped with pressure sensors from July 2007 to December 2011 during the development of the ‘Tiziano’
groundwater monitoring project conducted by the regional government to assess the quality and quantity status of the Salento
groundwater. The continuous monitoring of GWL concerned 28 wells: administrative inconveniences and changes in tech-
nical equipment and personnel caused time gaps in the water level registrations, leading to the selection of 11 out of 28 wells
presenting continuous recordings. The depth to groundwater measured with hand-held water level meters at each well every 4
months allowed validating and controlling the accuracy of automatic registrations by comparing measures in the same period.
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Figure 2 | Geomorphology and surface hydrology (left) and Thiessen polygons (right) of Salento peninsula.

Table 1 | Rain gauge stations

ID Station Name Latitude® Longitude® Elevation (m a.m.s.l.)
1 S. Pietro Vernotico 40.46750 18.00083 49
2 Novoli 40.36694 18.05056 51
3 Lecce 40.35028 18.16667 51
4 Masseria Monteruga 40.33389 17.81722 92
5 Copertino 40.26667 18.05000 34
6 Nardo 40.16694 18.03333 54
7 Corigliano 40.15056, 18.30028 85
8 Otranto 40.15028 18.48417 27
9 Galatina 40.13417 18.16778 73
10 Maglie 40.10083 18.28389 102
11 Minervino di Lecce 40.08361 18.41667 103
12 Collepasso 40.06667 18.16778 120
13 Gallipoli 40.05444 17.99444 31
14 Vignacastrisi 40.00056 18.40000 99
15 Taviano 39.96750 18.08361 65
16 Ruffano 39.96750 18.26667 134
17 Presicce 39.88389 18.26667 105
18 S. Maria di Leuca 39.78417 18.35000 26

acoordinates in decimal degrees WGS84.

A relative and acceptable difference between measurements confirmed the quality of the continuous recordings. Table 3 pro-
vides the location of the 11 wells and their main technical characteristics obtained from historical sources, where available.
Table 3 also reports the average groundwater level detected during the observation period. Three wells find groundwater in
phreatic condition (LE_12/I11S, LE_LS21LE, and LE_1/LR); the wells LE_NC4, LE_PS24LE, and LE_PS17LE intercept
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Table 2 | Precipitation statistics at considered hydrological years

Year statistic Collepasso Copertino Galatina Lecce Maglie Nardé Ruffano
2007-08 Annual rainfall 681.4 393.2 554.2 468.4 715.2 450.2 567.4
Max annual Intensity 54.0 35.0 46.0 35.6 47.0 50.8 39.2
N° rainy days 127 102 110 138 115 103 112
2008-09 Annual rainfall 1025.0 857.0 925.8 927.4 958.4 943.0 1,144.8
Max annual Intensity 73.6 62.2 80.8 73.2 71.8 75.8 74.4
N° rainy days 152 138 153 173 154 143 138
2009-10 Annual rainfall 943.8 827.2 785.4 837.0 886.8 791.0 906.8
Max annual Intensity 90.6 71.2 53.2 72.8 63.2 63.4 56.8
N° rainy days 144 138 132 149 125 137 134
2010-11 Annual rainfall 820.2 806.4 662.8 667.6 790.6 777.6 761.0
Max annual Intensity 73.2 179.6 52.4 72.8 91.8 178.8 62.8
N° rainy days 135 124 125 147 136 131 124

groundwater in confined condition because of low permeability layers above the carbonate basement. Groundwater at the
LE_2/BS, LE_19/1IS, and LE_4/IIS wells results confined at variable elevations below sea level because of basement dislo-
cation under it. Table 3 reports the ranges of elevation of well-casing and screens as well. Any technical information is
available for wells LE_SG3 and LE_P1TAU.

Based on data availability, we divided the 11 wells into three groups according to the number of considered hydrological
years. The study period is from 1 October 2007 to 30 September 2011 for Group 1, from 1 October 2008 to 30 September
2011 for Group 2, and from 1 October 2009 to 30 September 2011 for Group 3.

For the study aims, we used daily means of hourly water levels. Figure 3 shows the hydrograph of the 11 wells over the
studied hydrological years. The evolution of groundwater levels clearly indicates a smooth seasonal change between recharge
and recession periods (Cai & Ofterdinger 2016). During the summer dry season, water levels occasionally exhibit a consider-
able decline in response to excessive abstractions to satisfy drinking and irrigation demand.

3.2. Methods

Methods based on time series are useful to represent the internal structure of a karst system, the karstification degree, the
prevailing karst permeability structure and its functioning.

Time series studies involve both univariate and bivariate analysis in the time and frequency domains (Pulido-Bosch 2021).
Mangin (1984) and Box et al. (2013) were the first to implement time series analysis on karst studies.

The autocorrelation and cross-correlation functions have been implemented in a code, which has been written by the
authors of this paper through the software R-Studio (R Core Team 2019) according to the formulations detailed below
and subdivided into two subsections relating respectively to the time and frequency domain analysis.

3.2.1. Time domain analysis

The Autocorrelation Function (ACF) analyses the existence of a linear tendency of successive values of a single series, giving a
measure about the memory effect that the previous values of a time series exert on subsequent data (Chiaudani et al. 2017). In
general terms, ACF estimates the time necessary to forget the initial conditions of each time series (Larocque ef al. 1998; Box
et al. 2013; Chiaudani et al. 2017):

rk) = % 1)
1 n-k
Clr) = > (e = %) (X — %) @)

where k is the time lag from (k = 0 to m), m is the cutting point, 7 is the length of the time series x;, and X represents its mean,
C(0) is the covariance at value 0, and C(k) is the covariance at value k. Mangin (1984) indicates an m value less than n/3, not
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Table 3 | Monitoring wells

Distance
from the Top of
Well-head Wwell closest Average GWL in carbonate
elevation depth coast the observation Well Screen Gronundwater basement Considered monitoring
Well Name Latitude® Longitude® (ma.m.s.l.) (mb.g.) line (km) period (ma.m.s.l) type casing (ma.ms.l) (mamsl) condition (m a.m.s.l) period
LE_12/1IIS 40.3 18.1 42.711 62.5 142 1.86 Drilled [42.7-2.7] [2.7 to —19.7]  Phreatic 42 1/10/2007-30/09/2011
LE_LS21LE 40.0 18.2 155.124 230 16.8 3.53 Drilled [155 to —3] [-3 to —75] Phreatic 155 1/10/2007-30/09/2011
LE 1/LR 40.2 18.2 51.92 210 18.8 2.21 Drilled [51.9-4.4] [4.4 to —158] Phreatic 47.9 1/10/2009-30/09/2011
LE_NC4 40.2 18.0 49.171 170 52 0.81 Drilled [49-4.4] [4.4 to —71.5] Locally confined 27.5 1/10/2007-30/09/2011
LE_PS24LE 40.0 18.3 106.634 250 8.4 1.84 Drilled [106.6-3.6] [3.6 to —143.4] Locally confined 46.6 1/10/2007-30/09/2011
LE PS17LE 40.1 18.2 77.251 250 19.2 2.24 Drilled [77-4.3] [4.3 to —173] Locally confined 9.3 1/10/2008-30/09/2011
LE_2/BS 40.1 18.3 87.447 113 149 2.43 Drilled [87.4to —7.6] Open hole Locally confined -—7.6 1/10/2009-30/09/2011
LE_19/11S 40.3 18.3 35.162 227 7.5 2.73 Drilled [35 to —40] Open hole Locally confined —180 1/10/2007-30/09/2011
LE 4/11 S 40.4 18.2 23.491 100 5.8 1.05 Drilled [23.5to —20.5] Open hole Locally confined —65 1/10/2009-30/09/2011
LE_SG3 40.1 18.1 90.88 124 4.3 1.27 Drilled - - - - 1/10/2008-30/09/2011
LE_PITAU 40.0 18.2 149.79 240 14.2 2.67 Drilled - - - - 1/10/2008-30/09/2011

aCoordinates in decimal degrees WGS84.
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Figure 3 | Hydrograph of monitoring wells over each studied period.

based on theoretical concepts but on his empirical research carried out to define the best possible estimate for truncation of
m. He verified that correlograms were skewed for a truncation point between n/3 and n/2.

The shape of the correlogram provides useful information on a karst system; a gentle slope shows the resilience of the aqui-
fer in terms of infiltration time and/or major groundwater storage. In contrast, a steep slope highlights a more rapid flow
through the aquifer or a poor storage capacity (Padilla & Pulido-Bosch 1995; Panagopoulos & Lambrakis 2006; Duvert
et al. 2015; Chiaudani et al. 2017).

The time required before the autocorrelation reaches a value of 0.2 is known as memory effect (Mangin 1984). For a random
variable, the ACF decreases quickly and reaches zero for very short time lags (Delbart et al. 2016); instead a slow decrease
shows an idle nature of the karst, characterized by large storage (Sagir et al. 2020).

Mangin (1984) suggests Cross-Correlation Function (CCF) as useful to analyse the rainfall and discharge relationship to
understand the impulse response of the karst system to the recharge process because of rainfall events normally known as
a random process.
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Defining the two discretized chronological series of length #, x;, and y; so that the first causes the second, the CCF with a
truncation point m (=0, 1, 2, ... m) is not symmetrical.
For k > 0,

Cy(R)
VGOCH0)

where C,y(R) is the covariance between input and output, and C,(0) and C;(0) are, respectively, their standard deviations;
while for k£ < 0 formulas are omitted for the sake of brevity.

A significant correlation between input and output time-series at 95% confidence interval is reached when the CCF exhibits
a correlation coefficient greater than the standard error 2/n%° (Diggle 1993; Lee ef al. 2006; Cai & Ofterdinger 2016).

The CCF indicates a random process with an impulse response: when the CCF shows a maximum for k>0 it indicates an
impact of the input signal on the output signal; on the contrary (for k& < 0), the output influences the input (Larocque et al.
1998). The delay calculated from a time lag equal to 0, to a time lag corresponding to the maximum value of CCF represents
the transfer velocity of the aquifer, which is known as response time (Cai & Ofterdinger 2016).

1y (k) = 3)

3.2.2. Frequency domain analysis

Spectral analysis allows to break down the total variance of a variable based on the frequency of the events that compose it
and therefore to highlight its structure. The spectral approach compared to the correlation approach is twofold; it expresses in
the frequency domain what the correlogram reflects in the time domain. Mangin (1984) pointed out that the analysis of a
phenomenon in the frequency domain can often facilitate its interpretation. The spectral analysis allows detecting the ran-
domness of a time series since the absence of peaks of the spectral density function characterizes a purely random
phenomenon for characteristic frequencies. In the frequency domain, we could obtain different functions to characterize
aquifer behaviour, particularly with complex systems where the quick flow superimposes on the baseflow. A short sign of
the primary expressions used for conducting the univariate and bivariate analyses in the frequency domain is presented in
the following, based on a few studies (Padilla & Pulido-Bosch 1995; Larocque ef al. 1998; Panagopoulos & Lambrakis 2006).

We implemented the spectral analyses in R-Studio Software using the function spectrum of the package stats (R Core Team
2019). Since the long-term trend of each time series must be eliminated to satisfy the assumption of stationarity, the spectrum
package applies by default a linear detrending (Molénat ef al. 1999). The spectral density function is the ACF in the frequency
domain through a Fourier transformation:

m
S(f) = zi 142 ACFcos2mfk 4)
™ k=1

The above expression is known as raw spectral estimate (Chow 1969) because it is not a consistent evaluation of the spec-
tral density (Molénat et al. 1999). Thus, a smoothing procedure is performed in order to determine the smoothed spectral
estimate (Chow 1969). This procedure permits to give more importance to the periodogram ordinates in correspondence
to the interested frequencies, and progressively less weight to the periodogram ordinates at increased frequencies (Chatfield
& Xing 2013). In this study, the Daniell or ‘rectangular’ window (Priestley 1981; Molénat ef al. 1999) was applied as smooth-
ing procedure.

The spectral density allows defining the duration of the impulse response of the system (Larocque et al. 1998) in terms of
regulation time, which is a measure of the inertia of the system; it gives a sign of the length of the impulse response of the
system (Lee & Lee 2000). Differently from the memory effect, it is less sensitive both to the sampling interval of the time
series and the correlation between distant precipitation events (Zhang et al. 2013).

It is expressed as the period corresponding to the half of the maximum spectral intensity as frequency goes to zero (Meng
et al. 2021):

Tr =5 (5)
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The Cross-Spectral Density Function S,,(f) coincides with the Fourier transformation of the CCF and, due to its asymme-
try, it is necessary to express it using the complex expression:

Sxyf = |axyf | exp [—i ‘;bxyf] (6)

where ayy(f) represents the Cross-Amplitude Function (CAF) and ¢,,f represents the Phase Function (PHF).

The CAF indicates the duration of the impulse response function and the filtering of the periodic components of input data,
permitting the characterization of the modulating effect of the aquifer in the short, medium, and long term.

The PHF represents the mean delay, for different frequencies, between the input and output signal according to the
expression of Padilla & Pulido-Bosch (1995).

From the spectral density functions of the input and output signals and the CAF, two other useful expressions could be
obtained, the Coherency (COF) and the Gain (GAF) Functions that are formulated as follows:

_ (an())’
COF = 5,05, 7
GAF = %20 8)
Sx(f)

COF indicates whether certain variations in the output signal can be attributed to the input one. A loss of coherency at
lower frequencies indicates a scarcely karstified aquifer where baseflow dominates; whereas, on the contrary, a high COF
also to greater frequencies denotes a highly karstified system. GAF identifies the type of flow and expresses the amplifica-
tion/attenuation of the input signal: the frequency associated to (i) GAF=1 represents the duration of baseflow, (ii)
GAF = 0.4 indicates the duration of quick flow, and (iii) 0.4 < GAF < 1 characterizes an intermediate flow.

4. RESULTS

The short-term spectral analysis aimed at investigating the role of precipitation, in terms of intensity and frequency for a few
hydrological years, on GWLs measured in the Salento karst coastal aquifer. The analysis used daily precipitation as input and
GWL as output considering 11 monitoring wells for a minimum of two up to four hydrological years depending on the well.

In the following, we will show the results of ACF and CCF (time-domain), CAF, PHF, COF, and GAF (frequency) domain
analyses. Coherently with Mangin (1984), we fixed a step of 1 day and a truncation point at 125 days for each series.

The ACF of daily precipitation for every considered rain gauge station shows a very fast decrease in 2 days. It lies into a
specific confidence interval from (+0.05 to —0.05) for every station and does not show oscillation, because of the variability
of the time in which minimum and maximum rainfall occur, even if precipitation shows a seasonal pattern (Angelini 1997).
This behaviour confirms that precipitation events are uncorrelated random processes, which can be considered as a pure alea-
tory function (Panagopoulos & Lambrakis 2006). As an example, Figure 4(a) shows the ACF of precipitation for the Ruffano
rain gauge station.

In contrast, the ACFs of GWLs decrease gradually. For some wells, the ACF analysis suggests a very different response if
referred to a less rainy hydrological year or a much wetter one (e.g. 2008/09, which is wetter than the average year). Table 4
summarizes the memory effect for every considered hydrological year and well, where the evaluation of the time lag corre-
sponds to the ACF value of 0.2 (Mangin 1984). Calculated time lags are sometimes varying considerably from each other,
even for the same well in different hydrological years (e.g. LE_19/11 S, LE_PS24LE, and LE_SG 3).

Correlograms show a gentle slope (Figure 5). Figure 5 also provides information about the dependency of correlograms on
the intensity and rainfall frequency. The decrease of ACF is even more rapid as the periodicity of the time series becomes
shorter or as the frequency increases.

The ACFs of most wells in different hydrological years show negative values (Figure 5): for the Salento aquifer, these values
indicate an annual cycle that varies from 30 to 125 days (Larocque ef al. 1998).

Considering the frequency domain, the Spectral Density Function highlights aspects of the output signal that ACF cannot
clearly distinguish. A comparison of the spectral density of precipitation of the Ruffano rain gauge station (Figure 4(b)) to the
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Figure 4 | (a) Autocorrelation and (b) spectral density functions of Ruffano precipitation time series for each considered hydrological year.

spectral density of the GWL of LE_P1TAU allows us verifying that oscillations of the input signal are absent at the GWL
spectrum (Figure 6).

Table 4 shows the regulation times evaluated for each well and hydrological year. They range from 50 to 100 days, high-
lighting the noticeable regulation capacity of the system.

Figure 7 shows the CCF between precipitation and GWL for each well and hydrological year; we can observe that the
shape of CCF is dissimilar on a case-by-case basis, with variable amplification. Table 4 shows the cross-correlation coefficients
and the response times for every hydrological year and considered well; the evaluation of the time lag corresponds to the
maximum values of CCFs (Cai & Ofterdinger 2016).

Furthermore, the CCFs for the Salento wells indicate a bimodal hydrodynamic behaviour (Panagopoulos & Lambrakis
2006), where some of them show a series of peaks after the first peak. Padilla & Bosch (1995) noted a similar aspect,
which was attributed to additional flow components arriving in the aquifer after the first peak. All the cross-correlograms
show small CCF values (never over 0.24) and a variable response time for the same well in the different hydrological years.

Some wells LE_P1TAU, LE_4/11S, and LE_1/LR show a negative response time, indicating that precipitation does not have
a direct influence on GWL (Cai & Ofterdinger 2016).

During the driest year (2007-08) wells of Group 1 show a fast response time ranging from 1 to 14 days, except for LE_NC4
(56 days). During the wettest hydrological year (2008-09), the wells of Groups 1 and 2 present different behaviour in terms of
response time. LE_LS21LE and LE_P1TAU wells exhibit a very fast response time, equal to 3 and 28 days, respectively;
during the same year, LE_19/IIS, LE_12/IIIS, and LE_SG3 show a time lag of about 56-57 days, while LE_NC4,
LE_PS24LE, and LE_PS17LE have a response time lag of 71 days. For 2009-10 and 2010-11, more similar to the average
hydrological year described by Portoghese ef al. (2013), the response time varies depending on the well and hydrological
year considered.

Wells of Group 3 exhibit different behaviour: LE_4/IIS and LE_1/LR show a response time of 28 days for 2009-10, the
wettest of the two considered hydrological years, and 103 and 113 days, respectively, for the second year. On the contrary,
LE_2/BS shows an opposite response, i.e. 69 days for 2009-10 and 8 days for 2010-11. This faster response time during a
drier year could be associated with a concentrated period of rainfall occurred from October to November 2010, i.e. at the
beginning of 2010-11 hydrological year. Figure 3 shows the hyetograph of the large central endoreic area, Maglie gauge
station compared to the LE_2/BS GWL hydrograph: precipitation generates a piston flow that causes water to quickly
drain towards the deep aquifer.

The CAF, for each well and hydrological year, shows different results. In general, for the hydrological year 2007-08, which
is the driest among the considered, the CAF reaches a maximum value of 1, in contrast to the rest of the studied years that
exhibit highly variable amplitudes greater than 1. However, for 2008-09, 2009-10, and 2010-11 hydrological years, the CAF
reaches the value of 1 at frequencies between 0.05 and 0.1; subsequently, the CAF tends to zero demonstrating a common
slow hydraulic behaviour of the Salento aquifer. Therefore, the CAF shows a series of peaks that progressively decrease
for high frequencies, reflecting the same shape of the precipitation spectral density, and recognizing and conserving the
main frequencies associated with the rainfall events. Figure 8 shows a comparison between the CAFs of LE_P1TAU well
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Table 4 | Calculated hydrological parameters for Salento aquifer

Hydrological Year ~ Memory Effect (days)  Regulation Time (days)  CCF Coefficient ()  Response Time (days)  Mean Delay (days)

Group 1
LE_19/11 S 2007/08 19 50 0.146 6 ND
2008/09 26 89 0.113 57 5.7
2009/10 72 150 0.127 29 1.3
2010/11 54 143 0.156 122 ND
LE_12/11IS 2007/08 56 65 0.178 3 0.8
2008/09 32 118 0.165 57 0.9
2009/10 24 76 0.117 81 ND
2010/11 27 72 0.218 5 22
LE_NC4 2007/08 64 79 0.173 56 ND
2008/09 56 69 0.08 71 0.4
2009/10 62 133 0.120 40 24
2010/11 58 87 0.179 67 ND
LE_LS21 LE  2007/08 27 78 0.115 14 6.8
2008709 54 143 0.192 3 0.8
2009/10 60 148 0.082 88 1.8
2010/11 42 111 0.199 2 1.3
LE_PS24LE 2007/08 104 42 0.202 1 1.3
2008709 28 123 0.147 71 ND
2009/10 51 138 0.140 32 ND
2010/11 70 60 0.239 1 ND
Group 2
LE_SG 3 2008/09 29 111 0.120 56 0.6
2009/10 68 150 0.087 103 1.5
2010/11 80 85 0.187 35 ND
LE_PS17LE 2008/09 46 133 0.199 71 0.6
2009/10 74 151 0.129 28 1.9
2010/11 82 147 0.168 50 ND
LE_P1TAU 2008/09 34 132 0.171 28 ND
2009/10 63 145 0.149 69 8.4
2010/11 75 113 -0.173 17 ND
Group 3
LE 4/11 S 2009/10 72 136 0.140 28 1.8
2010/11 35 120 0.152 103 ND
LE_1/LR 2009/10 49 133 0.101 28 ND
2010/11 31 79 0.097 113 29
LE_2/BS 2009/10 60 144 0.140 69 0.3
2010/11 89 55 0.214 8 ND

for the wettest (Figure 8(a)) and driest (Figure 8(b)) hydrological year and the corresponding spectral density of precipitation
of the Ruffano rain gauge station. Both during the 2008-09 and 2010-11 hydrological cycles, the CAF tends to zero long
before the frequency of 0.1.

Regarding the PHF, not in all cases there is a linear trend at low frequencies that allows us to calculate the average time lag
(Figure 9(a)-9(c)). Results (Table 4) show that this aspect depends on the hydrological year and not on the monitoring well
(e.g. for LE_NC4 and LE_P1TAU, the average lag cannot be calculated for all hydrological years).

The COF is a measure of the input-output linearity. The average COF for each well and hydrological year shows a fluctu-
ating behaviour indicating poor linearity between precipitation and groundwater levels; this poor linearity is more
accentuated in the drier hydrological years. In general, for the wells of Group 1, the coherency is more variable and insuffi-
cient for the 2007-08 hydrological year, while better values are obtained for the rest of the considered cycles, with values
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Figure 5 | Autocorrelation functions of the short-term analyses conducted for each well.
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Figure 6 | Spectral density functions of the short-term analyses conducted for each well.
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Figure 9 | Phase function for LE_NC4 well, (a) 2007-08 and (b) 2008-09 and LE_P1TAU well, (c) 2009-10 and (d) 2010-11 hydrological years.

ranging from about 0.2 to 0.7 at frequencies not greater than 0.15. The same results are obtained for the wells of Group 2 in
relation to the hydrological year 2008-09; scarce and in some cases undistinguishable coherency values are found for the
2009-10 and 2010-11 hydrological years.

Figure 10(a) illustrates as an example the COF for the LE_NC4 well, corresponding to 2007-08 and 2009-10 hydrological
years; Figure 10(b) shows the result for the LE_P1TAU regarding 2008-09 and 2009-10 periods, demonstrating the fall of the
coherency according to the precipitation in the selected time window. As for the previous cases, Group 3 shows the same
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Figure 11 | Gain functions of, respectively, (a) LE_NC4 and (b) LE_P1TAU for every hydrological year.

trend of COF with values oscillating between 0.2 and 0.7 for 2009-10 and 2010-11, respectively and for a frequency of
0.2 and 0.1.

The GAFs for each well and hydrological year yield values that are never higher than 0.1, thus indicating the attenuation of
the input signal at low frequencies (Zhang et al. 2013) independently from the precipitation trend of every hydrological year.
Figure 11 illustrates the GAF only for the wells LE_NC4 and LE_P1TAU, based on the available data over the considered
hydrological years.

Lastly, we verified whether by using longer time-series there was a more evident link between precipitation and aquifer
response. To this end, we carried out the long-term ACF analyses for each well considering the entire time series with a cut-
ting point of 125 days. It was revealed that, in most cases, the response of GWLs in terms of memory effect is close to, or
longer than 100 days (Figure 12(a)). Only wells LE_1/LR and LE_P1TAU exhibit shorter lags, from 57 up to 82 days.

The CCFs of the long-term analyses show a statistically poor correlation between precipitation and GLW for all wells: they
manifest a similar general behaviour and correlation coefficients not greater than 0.1 (Figure 12(b)). Although, in some cases,
the correlation peak corresponds to a small response time of less than 25 days (e.g. LE_LS21LE, LE _4/IIS, and LE_12/II1S),
all CCFs slowly goes to zero with numerous supplementary peaks, confirming the long-time lags with which the aquifer
responds to precipitation events. Contrary to the previous ones, wells LE_19/11S, LE_NC4, LE_PS24LE, LE_PS17LE, and
LE_P1TAU show a response time of about 75 days.

5. DISCUSSION

We first consider the results of the short term series analysis in the time domain. The results of ACF allow asserting that base-
flow is the major water transfer process that plays the key role because of a modest connection between fissures and fractures
of the rock matrix. However, when the precipitation increases above the average of 638 mm/year (Portoghese et al. 2013), the
ACEF firstly shows a steep slope representing the quick flow through karst conduits and large fractures; the baseflow process
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Figure 12 | (a) Autocorrelation and (b) cross-correlation functions of the long-term analyses conducted for each well on the entire available
time series.

emerges only much later thanks to minor fractures and discontinuities that drain the unsaturated zone (Panagopoulos &
Lambrakis 2006). A few wells (LE_NC4 and LE_2/BS), more clearly show that the baseflow is the unique water transfer pro-
cess, independently from rainfall intensity and frequency; this indicates that some parts of the aquifer are much more inert.

We may assume in general that sub-horizontal flow is the prevalent component of hydrodynamic evolution at Salento aqui-
fer. Based on the memory effect and the ACF values calculated for all wells, the hydrodynamic functioning of the Salento
aquifer resembles more that of a porous aquifer rather than a karst aquifer, as proposed by Angelini (1997) for two karst
springs of Central Italy.

Evidence of those aspects highlighted by the ACF is provided by the Spectral Density Function. The spectral density of
GWLs strengthens the conceptual model of functioning of the Salento aquifer: it weakens the high frequencies of the precipi-
tation input acting as a low-pass filter (Molénat et al. 1999; Imagawa et al. 2013). The large storage capacity of the Salento
aquifer is further supported by the regulation times (Table 4). They range from 50 to 100 days, highlighting the noticeable
regulation capacity of the system.

Overall, the CCFs decrease very slowly, demonstrating the inertial behaviour of the Salento aquifer. A comparison with the
results obtained by Delbart et al. (2016), indicates that, concerning the water transfer, the Salento aquifer is a slow response
aquifer, where the rock matrix with fractures and fissures appear to play the controlling role.

However, at the local scale, even within the framework of this general behaviour, each well shows some differences, as
expected because of the complex features of the coastal karst aquifer.

The different response times of the considered wells are, as already highlighted, a function of the amount of precipitation
but also of the presence or absence of surface karst forms, which control the link between surface and groundwater. The wells
showing the fastest response (LE_12/IIIS, LE_2/BS, LE_LS21LE, LE_PS24LE, and LE_P1TAU) are in the Salento recharge
area, the large central endorheic area, characterized by numerous dolines, a more incised drainage network and overall a
system of major faults behave as conduits for flow parallel to the fault planes. In fact, the above-mentioned wells are located
nearby dolines showing the direct link between superficial drainage and groundwater recharge (Mastronuzzi & Simone
2015). Thus, the presence of these karst forms has an influence on the rapid aquifer response time. To further validate
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these results, investigations related to the hydraulic role of the major faults are required. The CAF analyses indicate a small
influence of the quick flow on the Salento aquifer for each of the 11 analyzed wells, highlighting the importance of baseflow.
Nevertheless, during the wettest hydrological year, although with very low cross amplitude ordinates, the CAF systematically
reproduces the peaks of the associated precipitation spectral density, which suggests quick flow may be contributing signifi-
cantly to Salento’s hydrodynamic evolution under such hydrological conditions. On the contrary, for the driest year, the CAF
tends to zero at frequencies much less than 0.1 and does not clearly show peaks as in the wettest hydrological year.

The PHF results indicate a strong influence of the hydrological year on them. The absence of a linear trend depends on the
time series considered and not on the analyzed well. Moreover, for the medium-high frequencies, the PHFs show that the
input signal is much attenuated, distorted, and inconsistent.

In general, COF results underline and confirm the role carried out by the rock matrix in damping the input signal: this
damping causes for the Salento karst aquifer poor correlation and coherency between precipitation and GWLs. These results
strengthen the idea that the water transfer at the regional scale occurs by redistributing water through sub-horizontal
pathways.

Results of GAF confirm the role of inertial filter of the Salento aquifer, where the matrix plays a major role in slowly releas-
ing the infiltrated water (Benavente & Pulido-Bosch 1985) and attenuating the input signal at low frequencies, independently
from the precipitation course of every hydrological cycle. GAFs for each well and hydrological year, indeed, show values
never higher than 0.1.

The results of the ACF long-term analyses reveal that in most cases the response of GWLs in terms of memory effect is
longer than 100 days, with few exceptions as shown in Figure 12(a).

The common behaviour of the long-term ACFs outlines the important role of the rock matrix: the slow release of the infil-
tration water provides a large buffering capacity that acts as a natural means to effectively preserve the aquifer system’s
reserves. In fact, the Salento aquifer exhibits great storage capacity in time. As to the long-term CCEF, the absence of statisti-
cally significant correlation between precipitation and groundwater levels related to LE_SG3 and LE_1/LR, and the low
cross-correlation detected for the remaining wells, suggest that the Salento aquifer, contrary to most karst aquifers where
exploitation occurs by the uptake of springs, may be influenced by additional factors, as the heavy exploitation of groundwater
by wells.

There are no data describing the degree of karstification of the Salento aquifer, which is why the time series analysis was
chosen. However, the only data coming from the stratigraphy of the monitoring wells often reveal low permeable strata made
up of low permeability carbonate levels as shown in Table 3. This generally confirms the result obtained and provides a new
key to understanding the hydrodynamic behaviour of this peculiar karst aquifer.

The coastal state of the aquifer poses other questions. In continental aquifers, the correlation between precipitation and
GWL is often significant (Zhang ef al. 2013; Delbart ef al. 2014; Mayaud et al. 2014; Pavli¢ & Parlov 2019). In the Salento
coastal karst aquifer, the flow system does not have a permanent lower limit (as a geological impermeable limit) but, for its
entire extent, an unsteady hydraulic boundary between freshwater and saltwater; this, in principle, implies that the response
of GWL to precipitation is much more complex. In a recharge area of this coastal aquifer, when infiltration waters reach the
saturated zone, the water level increase disturbs the freshwater-saltwater equilibrium and the buoyancy effects locally change
the transition zone elevation, while groundwater spatially redistributes over time on the regional scale. The overall buoyancy
effects may control the extent of GWL and its oscillations, being likely able for the same reason to hide the effects of over-
exploitation. Another concern in coastal aquifers is the effects of GWL fluctuations on water quality. Decreases in levels
(seasonal or related to exploitation) cause worsening of the density distribution along the vertical of the aquifer (upwards
propagation), which, due to the high frequency of fluctuations, is not easily restored during level rise phases (Fidelibus &
Pulido-Bosch 2019). Thus, even when over exploitation conditions imposed on the aquifer ceases and water balance is
restored, it is not certain that the quality of the resource has not been, and remains, compromised.

Even under these limitations, the results emphasize and confirm the complexity of the permeability structure of the Salento
aquifer and its high anisotropy. Also, they indicate a poor degree of karstification, and a not well-developed hierarchical karst
network characterized by weak water drainage capacity. Such features establish dominance of horizontal flow conditions and
guarantee large storage capacity, as also suggested by Panagopoulos & Lambrakis (2006).

In conclusion, the recognized hydrodynamic behaviour based on the analyzed monitoring wells of the Salento aquifer is
unimodal with a dominant water transfer process due to baseflow. Only occasionally this behaviour is bimodal with the con-
current presence of quick flow and baseflow. The recognition of the quick flow may be the proof of the existence of an
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epikarst. According to the conceptual model, during precipitation water infiltrates through the karst surface reaching the epi-
karst; there, because of its high storage capacity, infiltrating water can be temporarily retained during its migration to the
saturated zone (Mangin 1975; Bailly-Comte et al. 2008). Water stored in the epikarst during periods of low recharge as in
the summer period is released under the pressure of autumn-winter precipitation: epikarst starts behaving as a perched aqui-
fer with a horizontal flow towards conduits, sinkholes and master joints. Its existence and role was proven in the
neighbouring Murgia karst coastal aquifer studying the water transfer processes through natural tracers in its principal
recharge area, also characterized by major discontinuities and endorheic basins (Fidelibus et al. 2017).

Thus, in an area where the census lists 280 swallow-holes, 1,172 dolines with a variable density ranging from 0 to 7 km?,
223 caves, numerous major discontinuities and hundreds of endorheic basins, quick flow also points out the existence of epi-
karst, the role of which in the transfer process of the infiltration water only becomes apparent during the time series analysis
when the system is subjected to high precipitation stress. The role of major faults in the water transfer process could be con-
nected to the evidence of the quick flow, because they normally enhance permeability, resulting in increased recharge (Wendt
et al. 2020). However, considering their role in groundwater flow, faults may behave as barrier to flow when filled with clay
materials and/or red soil deposits, or by secondary cementation, or as effective conduit when dissolution along the fault or
fracture planes is dominant. Recent studies (Fidelibus & Pulido-Bosch 2019) allowed hypothesizing that, in the Salento aqui-
fer, many of the faults crossing the overburden and corresponding to the buried karst behave simultaneously as a barrier for
horizontal flow transversely to the faults themselves, and as conduits for flow parallel to the fault planes. Other major discon-
tinuities prove, instead, to have very low conductive capability.

6. CONCLUSION

The research provided an interpretation of the hydrodynamic behaviour of Salento aquifer, as deduced by the identified
relationships through the application of short time series analyses, between precipitation from 7 gauging stations and
GWL originating from 11 monitoring wells spread in the Salento coastal karst aquifer. This study was carried out considering
different hydrological years in addressing the influence of precipitation frequency on the aquifer response.

The results evidence the capability of these methods to describe the hydrodynamic characteristics even of a coastal karst
aquifer, far from typical karst aquifers considered in previous studies. Even though the analyses considered the variable
response time of each individual well subject to the local conditions, as a whole the significant inertia of the Salento karst
system in terms of transmissivity and significant storage capacity was deduced.

The analyses show the role of the rainfall intensity and frequency on the hydrological system: differences in the precipi-
tation pattern trigger hydrodynamic mechanisms at the epikarst and unsaturated zones.

The considered period does not allow extending the analysis on the effects of a single precipitation event and its influence
on the aquifer recharge process. The response of Salento aquifer to single rainfall events and their size is however worthy of
further study in the light of the occasionally observed quick flow and the potential associated groundwater vulnerability (Fide-
libus et al. 2017; Delle Rose & Martano 2018).

Local conditions (because of geology, surface morphology, permeability structure of the unsaturated zone, and precipi-
tation pattern) are key factors in shaping the GWL evolution. However, when recharge water reaches the saturated zone,
its move is controlled by the prevalent saturated permeability structure and is likely to migrate over large areas by (often pre-
ferential) horizontal flow. We could parallel the aquifer behaviour to that of a water distribution network supplied by several
reservoirs connected to different nodes. These reservoirs supply the system with water heads that depend on space and time
with a consequent time-dependent redistribution of water pressure. In this context, the water table of the Salento aquifer
would be continuously subject to reshaping due to variable increase or decrease of hydraulic heads, which depend on the
spatial distribution of precipitation and features of recharge areas.

Even with these limits, we rely on results that reveal a slow response to recharge of the Salento aquifer, a high storage
capacity, and an annual cycle achieved anyway within a year in each considered case.

The results of this study describe the Salento aquifer as a slow system in terms of response to meteoric events but, at the
same time, characterized by a relevant memory effect. The slow release of infiltration water indicates a large storage capacity
for the Salento aquifer, which guarantees, despite ongoing climate change, the water reserve for drinking and irrigation uses
for this peninsula characterized by the total absence of surface water resources. This aspect is interesting and favourable from
the point of view of the water balance but does not exclude concerns about the groundwater vulnerability to seawater
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intrusion that is strictly linked to GWLs variations. Evidently, coastal aquifers, as complex systems, comprise many strongly
interdependent variables, that can result in a non-linear behaviour and exhibit feedback loops: because they are dynamic sys-
tems, they change over time, and present-day states depend on previous states. This last characteristic suggests attention
should be focused on the ‘evolution’ of the system, which, in turn, may only be studied through analysis of time series
from carefully cited monitoring points that record data at appropriate frequencies to capture the coastal aquifers’ responses.
To this end, continuous recording of precipitation and GWLs is of great value.
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