

  water-10-00260




water-10-00260







Water 2018, 10(3), 260; doi:10.3390/w10030260




Article



Infiltration and Short-Time Recharge in Deep Karst Aquifer of the Salento Peninsula (Southern Italy): An Observational Study



Marco Delle Rose[image: Orcid] and Paolo Martano *





CNR—Istituto di Scienze dell’Atmosfera e del Clima, U.O.S. Lecce, Via Monteroni, 73100 Lecce, Italy









*



Correspondence: p.martano@isac.cnr.it; Tel.: +39-832-298718







Received: 21 December 2017 / Accepted: 22 February 2018 / Published: 2 March 2018



Abstract

:

Time series of micrometeorological data from the CNR ISAC-Lecce base have been used to estimate the seasonal/yearly surface infiltration in the period 2003–2016 in the Salento peninsula (Southern Italy). The estimated values of infiltration were compared with piezometric levels measured in the regional karst aquifer during the overlapping period 2009–2011. The results, besides the complex groundwater circulation, suggest the possibility of a quite short-time component in the deep aquifer response to the recharge input. This quick response, together with the growing hydroclimatic intensity, outlined in literature studies and observed in the last decade, could increasingly affect the seasonal aquifer dynamics in the near future. Some possible consequences on the water management in karst regions under Mediterranean climate are discussed.
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1. Introduction


The modern management of water resources requires constant update to surface–subsurface hydrological interactions. Due to the uncertain effects of the climate change, it is essential to scrutinize the relation between precipitation, evapotranspiration, infiltration and runoff. Such an issue is pressing, especially in semi-arid and arid regions [1,2,3]. Concerning the renewable groundwater resources, the calculation of the net infiltration is crucial [4,5].



Among the various types of groundwater reservoirs, the karst aquifers receive special attention because they may be affected by enhanced qualitative and quantitative decline in short terms [6,7]. Reduction in precipitation coupled with increasing evapotranspiration could produce dramatic deficit in the water balance of karst areas [8,9]. Consequently, not surprisingly, artificial systems of aquifer recharge have been implemented in several karst basins [10,11,12,13].



Different methods to estimate evapotranspiration are used in the surface hydrologic balance computations. Among these, the Penman–Monteith model is considered one of the most well founded and reliable, because of its simple analytical formulation derived from basic physical principles [14]. It is often at the core of several used formulas, also recommended by the FAO, generally in the form of corrections to the “reference (potential) evapotranspiration”, that is more easily computed [15,16,17]. However, questions have been raised about this procedure, and indeed in dry or semiarid environments, exposed to strong changes in humidity conditions such as the Mediterranean regions, its direct use appears to be somehow questionable [18,19,20]. Consequently, studies concerning long term measurements of evapotranspiration to be applied in the surface water balance assessment are of direct interest in the semi-arid environments of the Mediterranean area.



This paper attempts to experimentally test the relation between precipitation, evapotranspiration, infiltration and aquifer recharge in a semi-arid karst region, namely the central Mediterranean Salento peninsula, Italy. The aim is to obtain observational estimations of the surface and net infiltration and of the aquifer recharge response, and explore the complexity of the processes involved in the karst hydrology, in the perspective to refine the conceptual model.




2. Study Area Description


The Salento peninsula is located at the end point of Apulia region, at the southeastern edge of Italy (Figure 1). It is a warm temperate region with dry-hot summer (Csa climate type [21]), mild-wet winters and about 650 mm of average annual rainfall in the last decades [22,23]. Similar to the whole Mediterranean area, it is highly responsive to climate variability, thus severe possible incoming effects on water resources, ecosystems and human health have been recently pointed out [24,25].



The peninsula is mainly exposed to northwesterly winds generally turning to southwesterly with approaching Atlantic lows. These latter, together with northeastern cold outbreaks, are responsible for most precipitating events. In addition, Mediterranean and local cyclogenesis, such as tropical-like-cyclones (TLCs or Medicanes) and supercell thunderstorm are not uncommon and likely to become increasingly stronger in the future [26,27]. The vegetation cover is characterized by Mediterranean scrub-land with several coastal pine forests and few residual oak woods, and agricultural areas with large extensions of olive groves and vineyards, and smaller irrigated patches of crops and orchards.



The Salento peninsula belongs to the Apulia Carbonate Platform, a crustal domain with a horst-and-graben tectonic arrangement. Lithologically, it is made up of limestones, calcarenites and clayey-marls (Figure 1). The horst (raised blocks) are constituted by Cretaceous limestone, while Tertiary and Quaternary stratigraphic units cover the graben (lowered blocks). Due to the prevalence of carbonate rocks, landscape and substratum are characterized by karst forms. The geological setting strongly controls both the geomorphological and the hydrological features of the peninsula that shows, overall, a plateau, gently dipping from southeast (mean altitude 100 m a.s.l.) to northwest (mean altitude 35 m a.s.l.). The highest relief is almost at 200 m a.s.l. About three quarter of the territory has topographic gradients less than 1% and only one tenth has gradients around 3%. It does not show well defined watersheds. Drainage pattern is formed by several small systems of ephemeral rills and gullies that allow identifying both endorheic and exorheic basins [28]. Inside the former basins, karst landforms, such as dolines, sinkholes and crevices, act as swallow holes (terminology according to USEPA [29]). Previous studies estimated a typical runoff around 4% of the total water budget on a yearly base [17], possibly suggesting the effect of quick conduit-dominated infiltration [8,11]. In terms of pedology the Salento peninsula, together with central Apulia, form the “soil region” named “hills of Murge and Salento” that is dominated by well-drained humus-enriched soils (luvisol type), whereas both weak-developed mineral soils (regosol) and weak-differentiated soils (cambisol) are subordinated [30]. In term of water balance, the physical behavior of these terrains can be considered homogeneous at the kilometric scale.



Salento water reserves are stored in different aquifers. The main underground reservoir is a deep (regionally-extended) karst aquifer while the other groundwater bodies are local shallow aquifers. The first forms a complex aquifer system consisting in an unconfined predominant part laterally bounded by semi-confined parts according to the aforementioned horst-and-graben tectonic structure. It is mainly made up of Cretaceous limestones and contain a large lens of freshwater floating on salt water of continental intrusion [31] with a thick transition zone of variable saline content (see section A–A′ in Figure 1). Due to the wide range of variations of the main control factors, such as lithology changes, tectonic fractures development and karstification degree, the definition of the average hydraulic features is a hard issue for the deep aquifer. However, mathematical models may provide useful tools for the boundary conditions and the resource management [32]. The deep aquifer represents the only available drinking water resource in the region and currently provides about 75% of the demand. Where significant runoff is discharged in swallow karst holes, the hazard of a decrease of the groundwater quality due to an increase of intense rains has recently been emphasized [28].



Rainfall rapidly infiltrates from the Cretaceous outcrops into the deep aquifer due to the high permeability of the vadose zone, while it may take tens of years for the meteoric water to reach the shallow aquifers through the Tertiary and Quaternary rocks due to low permeability values [33]. However, the faults dissecting the tectonic blocks constitute hydraulic connections among the aquifers, thus allowing fast vertical drainage and complicating the conceptual hydrogeological model [34]. Nevertheless, the connection between the confined part of the deep aquifer and its unconfined parts is not yet well defined but seems to be largely influenced by layers with significant hydraulic conductivity in the horizontal direction [35]. The shallow aquifers may temporarily intercept most part of the effective infiltration and are mainly exploited in agriculture [36]. Groundwater flows in the shallow aquifers through both pores and dissolution-enlarged discontinuities. Inside the deep aquifer and the vadose zone, groundwater flows in tectonic fractures and sedimentary planes affected by karst dissolution throughout geological time. The geometry of the network is random and the width of the discontinuities ranges from a few millimeters up to several meters [37].



The current model of the deep aquifer inflows-outflows dynamics was conceptualized in a pioneer study of the 1950s and later confirmed [17,38]. The deep aquifer should recharge during the wet season (October–March), mainly by water percolated through Cretaceous limestone and Quaternary carbonate rocks (Figure 1), while no effective input is expected during the dry season.




3. Materials and Methods


This work analyzes and compares two datasets overlapping in a period of about three years (2009–2011). The first dataset was collected by the CNR ISAC micrometeorological base located at 40°20′11.7″ N, 18°7′16.6″ E (Figure 1), which has been active for several years (2003–2017) in monitoring the surface water and energy balance in the area of Salento University Campus near Lecce, Italy (www.basesperimentale.le.isac.cnr.it). The CNR ISAC micrometeorological station consists of an eddy covariance system [39] on a 15-meter mast measuring turbulent vertical sensible heat flux H and water vapor (evapotranspiration) flux E, wind speed, air temperature and humidity. It is completed by an ancillary automatic meteorological station collecting long and short wave radiation (net radiation Rn), precipitation P, and soil data at two depths (temperature at 2 and 5 cm, soil heat flux G at 2 and 5 cm, and soil moisture at 2 and 35 cm underground). The data are stored as 30-min averages in the web database. More details about the base instruments, calibrations and the database can be found elsewhere [20,23,40].



Figure 2 shows the typical yearly distribution of the footprints of the scalar turbulent fluxes measured from the mast, calculated by the analytic model of Hsieh et al. [41]. They represent the distance from the mast that contributes to 90% of the measured evapotranspiration and heat fluxes (at 15 m height), which changes according to the local atmospheric conditions, and is a useful tool to assess the areal representativeness of the evapotranspiration measurements [39]. The histogram shows the yearly (2010) frequency distribution of the distances from the mast corresponding to the measured evapotranspiration flux (30-min averages) that has a 90% probability to be generated by the surface within the distance from the mast shown in the horizontal axis.



It appears that the measured evapotranspiration flux is representative of an area within about 2 km of the mast about 55% of the time, and between 2 km and 10 km for a residual 40%. Indeed, an area of a few square kilometers is also considered to be significant for surface rain gauge measurements cumulated in time, as well as in the worst case of localized convective precipitations, as space correlation generally tends to increase with the averaging time due to the translation of precipitating fronts over the measurement region and the averaging of local effects [42]. However, even over small regions such as the Salento peninsula precipitation can show some spatial patterns due to geographic and topographic reasons, spatially varying from about 550 to 800 mm per year over multi-decadal time scales [43,44]. The characteristic of the measurement area within 2 km from the ISAC base, covered by Mediterranean shrubs between olive groves and evergreen trees (mainly pines), are typical of Salento. In addition, the lack of strongly evaporative surface hydrological basins inland, with only small patches of irrigated crops and few basins along the coast, should prevent the presence of large surface non-homogeneities in the evapotranspiration in Salento. Thus, the long-term precipitation/evapotranspiration data from the measurement area are assumed relatively representative of the region, considering the above limitations.



The second datasets comes from the “progetto Tiziano”, a five-year governmental campaign of aquifer monitoring aimed to assess both the quantity and quality of groundwater. The institutional program allowed to optimize a well monitoring network that has improved the hydrogeological and hydro-geochemical knowledge. Raw data of the “progetto Tiziano” are available online (http://www.sit.puglia.it/portal/portale_cis). Piezometric levels are available for several wells at 1 cm resolution as daily averages. They were recorded by automatic instruments (half hour interval reading) on tens of wells located throughout the territory of the Apulia region. The data of the well closest to the ISAC base (12IIIS) has been considered in this study for comparison with the data acquired by the micrometeorological base. Moreover, a further analysis has been performed with the aid of four more wells (4IIS, 19IIS, PS17, and PS24, see Figure 1) whose time-series show best continuity characteristics in the overlapping period 2009–2011 (Supplementary Materials). The available piezometer series are raw data (affected by instrumental errors), and an inspection has been made to eliminate clearly wrong (out of reasonable scale) data. All selected piezometers measured the levels of the deep aquifer even if perforated from Tertiary or Quaternary rocks (see as an example 19IIS in A-A′ section of Figure 1).



In the present work, the data from the ISAC base are mainly used to attempt an experimental evaluation of the net infiltration when the soil storage contribution can be a significant part of the total groundwater storage, for a comparison with the piezometric levels. The net infiltration, also named effective infiltration, is the rate at which surface infiltration recharges the aquifers. It is also defined as the fraction of surface infiltration that reaches depths below where it cannot be removed by evapotranspiration processes. For this purpose, the following mass conservation equation has been used:


S(t + dt) = S(t) + P − E − I − R



(1)




where S(t) is the soil water content per square meter, and P, E, I and R are the total precipitation, actual evapotranspiration, net infiltration and runoff in the time interval dt, respectively. As discussed above, due to the climatic and geological characteristics of the region, the runoff term R has been neglected. In fact, the ISAC base is placed on a large sub-horizontal ground without any appreciable slope, thus no hydrographic pattern can be identified. Ponding waters are not observed in the base area, while small ponds last at most few days in the region. Then, the net infiltration I in the time interval dt has been estimated as:


I = P − E − S(t + dt) + S(t)



(2)







In Equation (2), P and E are directly derived from the measurements, while S(t) has been calculated approximating a total soil moisture content per square meter as:


S(t) = h[s1(t) + s2(t)]/2



(3)




where s1 and s2 are the available soil moisture density measurements (in m3/m3 at 2 cm and 35 cm underground, respectively) and h represents an effective soil thickness, which has been determined as the value that minimizes the total possible negative output for I (varying h between 5 and 100 cm by a 5 cm step). The value of h = 40 cm found in this way has been then used in the final evaluations of I. The range of soil moisture content per square meter (0–160 mm) obtained with this value of h in Equation (3) is consistent with the range of variability observed in Salento maps of soil moisture content [17]. Equation (2) has been used at monthly and daily resolution in the following paragraphs.



To compare the variation in the measured piezometric levels with the net infiltration I between t and t+dt (Equation (2)), the difference of the piezometric levels, W, between t+dt and t has been calculated, for both single wells and averaged over different wells as mentioned in the following paragraphs. Finally, this has been used to calculate a cross-correlation function C(nt) for a time resolution t and an integer n (time-lag: nt) between I and W, defined as:


   C  ( nt )  =  (  1 / N  )    ∑   i = 1  N   [  I  (   t i   )  − 〈 I 〉  ]   [  W  (   t i  + nt  )  − 〈 W 〉  ]    



(4)




where the sum ∑ over the index i is extended to all the available N couples of data I(ti) and W(ti+nt), and < > indicates the averaged value over the time series. C(nt) has then been normalized dividing by C(0).




4. Results


Some results from the 2003−2016 period of activity of the micrometeorological base concerning the surface water budget are shown in Table 1. They are the seasonal and yearly total values of measured precipitation (P), surface infiltration (T=P−E) and averaged values of surface soil moisture measured at 2 cm depth (soil moisture at 35 cm depth is not available before 2009). In these yearly/seasonal totals, the difference between precipitation and evapotranspiration may approximate the surface infiltration because of the negligible runoff.



The uncertainties represent the standard deviations of the seasonal values in the whole 2003–2016 period. Clearly, the year is split into two climatic seasons (warm-dry and mild-wet) according to the hydrological cycle. The seasonal variations of the average infiltration and soil moisture suggest the conventional approximation of considering a wet “recharge” season and a dry “deficit” season for the aquifers [38].



Figure 3 shows the seasonal T=P−E values for each year of measurements, whereby the two different seasonal hydrologic regimes are also quite clearly evident. (It also shows the calculated HY-INT index [45]—from the ISAC-Base data—for the dry season, mentioned in the Discussion). However, note the anomalous dry season infiltration in 2009–2010, which equals or even exceeds the wet season value.



Figure 4 shows the calculated net infiltration I as monthly totals in the study period 2009−2011 from Equation (2) and the surface infiltration T (T=P−E) for comparison. It appears that the soil storage acts as a “correction” from the surface to the net infiltration, which reduces the negative values for I, as expected, but without completely eliminating them. This is due to the inherent uncertainty in the soil moisture content evaluations from two points measurements, which are affected by a much smaller areal footprint with respect to evaporation/precipitation measurements (because of the very local soil non-homogeneities and variations in depth), and to the measurements error in E that appears to be, together with P, a main contribution in the evaluation of I. The soil storage contribution is expected to become less relevant as far as longer periods are concerned (year, season).



An estimate of the uncertainties in the measurements of E comes from Figure 5, which shows the measured total vertical turbulent energy flux (sum of sensible plus latent heat fluxes: H+λE, where λ is the evaporation latent heat) versus the measured surface available energy (net radiation minus surface soil heat fluxes: Rn-G), averaged daily. Due to energy conservation, they should perfectly match in measurements over an ideal surface [14], in the ideal case of only vertical transfer fluxes [39].



Figure 5 shows a good correlation with an unexplained variance around the x = y line of 19 W/m2. Attributing half of the variance to the measured E flux, this translates into an uncertainty of about 0.02 mm per day (taking three standard deviations as maximum uncertainty). In the worst case of all errors summing up, it means about 0.6 mm per month. Considering a minimum of 0.2 mm error in the resolution of the rain gauge, we have a minimum uncertainty of the order of 1 mm per month in the infiltration estimation, apart from the soil storage correction. However, the uncertainty can be quite large due to the missing data in the considered period. An estimation of the total measurement uncertainty considering both instrumentation errors and missing data has been suggested in [23], where the missing data uncertainty was estimated as proportional to both the contribution of the single measurement error and the total number of missing data (the total number of missing data per year is always less than 10%). The seasonal/yearly average/total values for P,I, and soil moisture at 2 cm in the short study period 2009–2011 are shown in Table 2, where the error interval now represents the total estimated measurement uncertainty from [23] (not the “climatic” standard deviation of the whole 2003–2016 period as in the long term averages of Table 1).



The short study period shows indeed some peculiarities with respect to the longer averages of Table 1. The difference between dry and wet season are less stringent and this is due to the evidence of significant precipitation events during the warm season 2009 and 2010 that can cause uncommonly relevant infiltration conditions (compare the dry season infiltration of Table 1 and Table 2). Uncommon dry season infiltration in 2009–2010 is also evident from both in Figure 3 and Figure 4.



Figure 6 shows plots of the measured 2009–2011 monthly piezometric differences W in the well 12IIIS (see Figure 1 for the location) versus the total monthly infiltration I from the ISAC base, respectively, with a time lag of 0–3 months between them.



The complexity of the aquifer inflows-outflows dynamics is evident from the figures, where, in addition to the majority of points being below the x = y line, which can be expected in wells affected by irrigation drainages and local discharge due to the aquifer dynamics, there are also a few points above the middle line that may correspond to water inputs besides the (local) net infiltration. However, even if some preliminary inspection to the time series allowed to exclude few clearly erroneous points (reasonably out of scale), measurement errors in the raw data of the well levels cannot be completely excluded.



The continuous lines in Figure 6 correspond to a linear regression. It shows that the correlation between the piezometric level increases and the local infiltration decreases with increasing time lag, suggesting a maximum correlation within the average period of one month.



To achieve a better validation of these results, the same comparison has been made using the averaged increases of the five wells shown in Figure 1 instead of just the single closest well. The results, shown in Figure 7, are qualitatively similar to Figure 6, with an expected reduced spread of the data, showing again a decrease of the correlation together with an increase of the number of points above the x = y line as the time lag increases.



These results suggested a further analysis of the correlation between the infiltration I and the piezometric level variations W in the wells. Thus, the cross-covariance function C(nt) between I and W has been constructed using the whole available data series at 1-day time resolution (Equation (4)).



Figure 8 and Figure 9 show the normalized C(nt) for the well 12IIIS and the averaged five wells of the “progetto Tiziano”, respectively, both considering just the calculated I from Equation (2), and the corrected I obtained substituting with zero the remaining negative values, for comparison. This function always evidences a short-term peak with maximum at about two days lag (n = 2, t = 1 day) and width of a few days for the closest well, with expected strong oscillations for longer time lags, but just around the zero value.



For the five wells averaged W in Figure 9, C(nt) is very similar to that reported in Figure 8, with an even clearer maximum in the same position, evidenced by a less noisy residual oscillation around zero.




5. Discussion


5.1. Estimations of the Seasonal/Yearly Net Infiltration


The analysis of both the micrometeorogical data from the ISAC-Lecce database and some data series from selected wells from “progetto Tiziano” in the period 2009–2011 allowed assessing an evaluation of the infiltration and a comparison with the variations in the piezometric levels. The infiltration estimates were obtained from directly measured precipitation, evapotranspiration and soil moisture data that can be representative of a small but characteristic area of the Salento peninsula. This analysis suggests a small contribution of the soil storage over the total infiltration over medium to long periods (months, seasons, and years). The analysis of the results for the years 2009–2010, compared with the 2003–2016 average, also suggests that relevant precipitation events may provide net infiltration even during the dry season.




5.2. Infiltration, Precipitation Distribution and Aquifer Recharge


The comparison of the two datasets outlined the complexity of the processes governing the local changes in the aquifer level that made possible only a reliability assessment of the infiltration estimation and its correlation with the observed piezometric levels at different time lags. However, the cross-covariance analysis seems to confirm the presence of a short-time component (days) in the aquifer recharge from the local net infiltration, as suggested by previous studies [33,34].



Due to the restricted spatial variability of the precipitation over Salento Peninsula [43,44], Figure 7 and Figure 9 might provide a clue on the recharge time delay at regional scale. The monthly precipitations over the Salento peninsula during the 2009–2011 are shown in Figure 10. The graph is elaborated according to pluviometry data of the rain gauges, belonging to the network of the Civil Protection Agency, located close to the “progetto Tiziano” wells [46,47,48].



In detail, the records of the rain gauges of Lecce, Novoli and Copertino, located at 5, 6.5 and 8.5 km from the CNR-ISAC micrometeorological base, respectively, are similar to the record of the base itself with few differences during October–November 2010. The records of rain gauges of Corigliano and Collepasso, located 23 and 30 km south of the base, respectively (Figure 1), reproduce the fluctuations of the reference record magnifying some rainfall peaks. This pattern of precipitation on the Salento peninsula is also apparent at the daily scale. For example, Figure 11 shows the daily precipitations measured during the wet December 2009 at the five rain gauges here considered together with those measured at the CNR-ISAC base.



A further example is in Figure 12 for the dry month June 2010, elaborated by data of the six rain gauges already considered.



It is to be noticed that the presence of a short-time recharge in the deep aquifer makes it directly sensitive to strong short-time hydrometeorological phenomena. An increasing of short but significant precipitation events separated by long totally dry spells has been shown as an almost ubiquitous signature of the global climate of the last decades by Giorgi et al. [45], who proposed an “ad hoc” hydroclimatic intensity index (HY-INT) to quantify it. This index is proportional to both the amount of precipitation in wet days (days with P > 1 mm) and the average length of the dry spells (number of consecutive days with P < 1 mm) in the considered period of time, thus increasing with both the increasing “concentration” of precipitation events and the increasing of the length of the dry periods. Focusing over the Apulia region, some local climate projections by statistical downscaling found a possible increasing of local precipitation events in the warm season for the next decades [49]. In addition to the infiltration effects of the 2009–2010 dry seasons hydrological extremes, Figure 3 also shows the HY-INT index calculated for the dry seasons of the period 2003–2016 from the data of the ISAC-Lecce database, normalized by the averaged value of the same period. This evidences an increasing trend (at 90% confidence in the Mann–Kendall test), implying increasing significant short precipitation events among long very dry spells in the last decade. It should be remarked that the combination of the evidenced short-time recharge component and significant high hydroclimatic intensity phenomena, which are expected to keep increasing in the next decades, can directly affect and modify the average seasonal recharge dynamics of the deep aquifer, and should be considered in studies concerning the aquifer modelling and management. Consequently, the conceptual model of exclusive aquifer recharge in the wet season only should be revised.




5.3 Water Management Concerns


In an incoming Mediterranean climate scenario with increase of extreme rain events coupled with the decrease of annual rainfall [50], the water quality of karst aquifers may also be affected. In fact, short-time recharge events will predictably grow the sensitivity of these reservoirs also to short-lived contaminants because the fast travel times in the karst conduit of the vadose zone will further minimize adsorption, degradation, and filtration processes [7]. This should mainly affect karst catchments with significant percentage of both runoff and concentrated infiltration, as documented in the literature for several Apulia basins [51,52]. Severe consequences could also affect basins where runoff mixed with treated wastewater is drained toward karst swallow holes by systems of channels for managed aquifer recharge [10,12] such as the Asso Torrent basin of the Salento peninsula [28]. Here, the recharge is concentrated in a limited portion of the vadose zones, thus the dilution of the contaminants is also completely inhibited. Therefore, water authorities and managers will possibly face challenges on improving the quality of infiltration waters.
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The following are available online at http://www.mdpi.com/2073-4441/10/3/260/s1, Figure S1: Measured local precipitation and piezometric levels.
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Figure 1. Location and geological map of Salento. Legend: 1, coarse calcarenites and clayey-marls (Quaternary); 2, fine calcarenites (Tertiary); 3, limestone (Cretaceous); 4, faults; 5, fresh water/brackish water interface; 6, brackish water/saltwater interface; 7, CNR ISAC-Lecce micrometeorological base; 8, selected wells of “progetto Tiziano”; and 9, rain gauge stations of the Civil Protection Agency. Vertical scale magnified ten times in A–A′ section. 
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Figure 2. Frequencies N of the calculated 90% footprints in one year (2010), expressed as distances in km from the measurement mast, from 30-minute averaged data of the ISAC-Lecce database. 
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Figure 3. Surface infiltration (T=P−E) in the dry (April–September, red triangles) and wet (October–March, blue circles) season. Values in meters. Dashed lines are linear regressions. Seasonal HY-INT index (+) for the dry season (non-dimensional). The continuous line is a linear regression with a 90% confidence of increasing trend by the Mann–Kendall test. 
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Figure 4. Surface infiltration T=P−E (+) and net infiltration I from Equation (2) (o) for the overlapping period of analysis (2009–2011). Values in meters. The continuous lines have been added for visual clarity only. 
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Figure 5. Sum of the sensible and latent heat fluxes (H+λE, daily averages, vertical axis) versus the available energy flux (net radiation minus soil heat flux: Rn-G, horizontal axis) for the 2009–2011 period. Data from the ISAC-Lecce database. All values in watts per square meter. Dashed line: x = y. 
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Figure 6. The 2009–2011 monthly variations in the piezometric level of well 12IIIS W versus total monthly infiltration I calculated by Equation (2) in: (a) the same month; (b) one month before; (c) two months before; and (d) three months before. All values in meters. The continuous lines are linear regressions, the dashed lines represent x = y. 
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Figure 7. The 2009–2011 monthly variations in the averaged piezometric levels of all five wells W versus total monthly infiltration I calculated by Equation (2) in: (a) the same month; (b) one month before; (c) two months before; and (d) three months before. All values in meters. The continuous lines are linear regressions, the dashed lines represent x = y. 
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Figure 8. Cross-covariance functions C(nt) between the daily increments in the piezometric level for the closest well 12IIIS and daily net infiltration as calculated by Equation (2) (+), and corrected by vanishing negative values (o). Continuous lines added for visual clarity. 
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Figure 9. Same of Figure 8, but for the averaged piezometric increments of all the wells. 
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Figure 10. The 2009–2011 monthly precipitations (mm) measured at CNR-ISAC base and five selected rain gauges of the regional Civil Protection network. 
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Figure 11. December 2009 daily precipitations (mm) measured at CNR-ISAC base and five selected rain gauges of the regional Civil Protection network. 
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Figure 12. June 2010 daily precipitations (mm) measured at CNR-ISAC base and five selected rain gauges of the regional Civil Protection network. 
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Table 1. Total precipitation P, total surface infiltration (T=P−E, where E is evapotranspiration) and average surface soil moisture (measured at 2 cm depth), all averaged over the dry season, the wet season and the whole year in the period 2003–2016. The uncertainties represent the standard deviations in the 2003–2016 period. Data from the ISAC-Lecce database.
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	(2003–2016 Period)
	Precipitation (m)
	Surface Infiltration (m)
	Soil Moisture (m/m)





	Dry season (April–September)
	0.25 ± 0.13
	0.06 ± 0.13
	0.11 ± 0.05



	Wet season (October−March)
	0.45 ± 0.13
	0.33 ± 0.13
	0.25 ± 0.05



	Year
	0.70 ± 0.13
	0.39 ± 0.13
	0.18 ± 0.05
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Table 2. Total precipitation P, total net infiltration (I from Equation (2)) and average surface soil moisture (measured at 2 cm depth), all averaged over the dry season, the wet season and the whole year in the overlapping period 2009–2011. The uncertainties take into account the measurement errors and the missing data. Data from the ISAC-Lecce database.






Table 2. Total precipitation P, total net infiltration (I from Equation (2)) and average surface soil moisture (measured at 2 cm depth), all averaged over the dry season, the wet season and the whole year in the overlapping period 2009–2011. The uncertainties take into account the measurement errors and the missing data. Data from the ISAC-Lecce database.





	(2009–2011 Period)
	Precipitation (m)
	Net Infiltration (m)
	Soil Moisture (m/m)





	Dry season (April–September)
	0.36 ± 0.04
	0.12 ± 0.04
	0.14 ± 0.04



	Wet season (October–March)
	0.36 ± 0.02
	0.28 ± 0.02
	0.23 ± 0.04



	Year
	0.72 ± 0.06
	0.40 ± 0.06
	0.19 ± 0.04











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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