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Abstract 7 

This paper investigates the impacts of climate change on groundwater droughts making use of 8 

regional projections and standardized indices: the Standardized Precipitation Index (SPI), the 9 

Standardized Precipitation Evapotranspiration Index (SPEI) and the Standardized Groundwater 10 

Index (SGI). The method adopted, using historical precipitation and temperature data and water 11 

levels collected in monitoring wells, first investigates the possible correlations between 12 

meteorological and groundwater indices at each well. Then, if there is a correlation, a linear 13 

regression analysis is used to model the relationships between SGIs and SPIs, and SGIs and SPEIs. 14 

The same relationships are used to infer future SGIs from SPI and SPEI projections obtained by 15 

means of an ensemble of Regional Climate Models (RCMs), under different climate scenarios (RCP 16 

4.5 and RCP 8.5). This methodology has been applied to data collected in northern Tuscany (Italy) 17 

in an area served by a water company, where historical series of daily climate variables (since 1934) 18 

and daily records for 16 wells, covering the period 2005-2020, are available. The impacts on 19 

groundwater have been computed in the short- (2006-2035), medium- (2036-2065) and long-term 20 

(2066-2095). The analysis indicates that, in the historical period and for most of the monitoring wells, 21 

there is a good correlation between SGIs and SPIs or SPEIs. The results point out that making use of 22 

the SGI-SPI relationships, slight variations in the availability of groundwater are expected in the 23 
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future. However, in a global warming scenario, the influence of temperature on evapotranspiration 24 

phenomena cannot be overlooked and, for this reason, the SGI-SPEI relationships seem more 25 

suitable to forecast groundwater droughts. According to these relationships, negative effects on 26 

groundwater levels in almost all wells are estimated for the future. For the RCP 4.5 scenario, the 27 

largest decline in groundwater level is expected in the medium-term, while for the RCP 8.5 scenario 28 

future SGIs will significantly decrease over the long-term. Due to the type of data required and its 29 

simplicity, this methodology can be applied to different areas of interest for a quick estimate of 30 

groundwater availability under climate change scenarios. 31 

1 Introduction  32 

Climate change is one of the most addressed issues of the twenty-first century as its negative impacts 33 

on the environment are increasingly evident (e.g. Jiménez Cisneros et al., 2015). Therefore, 34 

environmental protection is a key concern for this century and, certainly, aquifers cannot be left 35 

behind for their significant contribution to water supply, irrigation and industrial needs.  36 

In the fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC, 2014), the 37 

assessment of future climate is linked to different projections of anthropogenic greenhouse gases 38 

(GHG) emissions, which are the key drivers of increasing global warming. In particular, the IPCC 39 

bases its findings on four different 21st century pathways of GHG emissions and atmospheric 40 

concentrations, air pollutant emissions and land use: the Representative Concentration Pathways 41 

(RCPs) or scenarios, namely RCP 2.6, RCP 4.5, RCP 6 and RCP 8.5 (IPCC, 2013; Moss et al., 2010). To 42 

simulate the future climate variables, as a function of the four scenarios, Global Climate Models 43 

(GCMs) have been developed by several research centers within the World Climate Research 44 

Programme in the Coupled Model Inter-comparison Project, Phase 5 framework (CMIP5 – Taylor et 45 

al., 2012).  46 
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However, the GCM resolution (100÷500 km) may not be accurate enough to infer reliable projections 47 

at regional scale; for this reason, dynamic downscaling techniques have been developed to obtain 48 

Regional Climate Models (RCMs), which increase the GCM resolution up to 10÷50 km. In Europe, 49 

MED-CORDEX (Ruti et al., 2016) and EURO-CORDEX (Jacob et al., 2014) represent two of the most 50 

important initiatives for the simulation of regional climate data. Despite that, to be used on medium-51 

small scale basins for climate change impact studies, the raw RCM outputs need a bias correction 52 

process (Teutschbein and Seibert, 2012). In addition, to assess the uncertainty of the results, it is 53 

suggested to use an ensemble of climate models (i.e. different GCM-RCM combinations, D’Oria et 54 

al., 2018b).   55 

Investigating the impacts of climate change on groundwater resources is not an easy task. Typically, 56 

a complex numerical model is required that involves the subsoil description, the conceptualization 57 

of the aquifer system, boundary conditions, and recharge and withdrawal rates. Even if a calibrated 58 

model is available, simulating future conditions is challenging and the computational burden can 59 

be remarkably high, forcing users to limit the number of periods and scenarios to be analyzed. To 60 

overcome these problems, surrogate models have been proposed (Razavi et al., 2012; Asher et al., 61 

2015;  Rajaee et al., 2019) as a computationally efficient alternative to numerical models, mainly with 62 

the aim at helping in the management and decision processes concerning groundwater resources.   63 

In recent years, many authors have investigated the possible relationships between the groundwater 64 

levels, observed in monitoring wells, and the main climate variables, such as antecedent 65 

precipitation and temperature. A common approach to explore these links is to use standardized 66 

indices (see e.g. Khan et al., 2008; Bloomfield and Marchant, 2013; Kumar et al., 2016; Leelaruban et 67 

al., 2017; Soleimani Motlagh et al., 2017; Van Loon et al., 2017; Uddameri et al., 2019; Guo et al., 2021). 68 

The main indices widely adopted to monitor and quantify droughts worldwide are the standardized 69 

precipitation (SPI) and precipitation-evapotranspiration (SPEI) indices for the meteorological 70 
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variables, and the standardized groundwater index (SGI) for the aquifers. SPI (McKee et al., 1993) is 71 

obtained by processing cumulative precipitation at different time windows of consecutive months; 72 

SPEI (Vicente-Serrano et al., 2010) is computed on the so-called “useful precipitation”, i.e. the 73 

difference between precipitation and evapotranspiration; and SGI (Bloomfield and Marchant, 2013) 74 

concerns the groundwater level in monitoring-wells. International portals, containing the maps of 75 

these indices updated in real time (EDO, 2021; ISPRA, 2021; CNR IBE, 2021) are accessible to 76 

different users such as government, public and private agencies and irrigation authorities or 77 

agricultural associations to help in decision making. 78 

Khan et al. (2008) investigated the degree of correlation between the SPI and the fluctuations in 79 

shallow groundwater levels in the Murra-Darling Basin in Australia. The overall results showed that 80 

the SPI correlates well with fluctuations in groundwater table, however, the correlation coefficients 81 

resulted lower for areas where irrigation practices are remarkable and the groundwater recharge 82 

has complex characteristics. The precipitation accumulation periods that present the best correlation 83 

with groundwater levels are different in each analyzed subregion. The authors claimed that the 84 

correlation between SPI and groundwater levels can be adopted as a method of relating climatic 85 

impacts on water tables.  86 

Bloomfield and Marchant (2013) analyzed the correlation between SPIs and SGIs at 14 sites across 87 

the UK. In particular, it was shown that the computation of SGI presents new challenges on the 88 

definition of a suitable statistical distribution of the monthly groundwater levels, presenting a 89 

dependence on local peculiarities. A strong and evident relationship between SPIs and SGIs was 90 

identified, even if the authors highlighted that hydrological processes vary in space and depend on 91 

multiple driving forces, not only on meteorological conditions.  92 

Kumar et al. (2016) analyzed groundwater levels and precipitation records at several sites in 93 

Germany and the Netherlands; the dependence of SGI on SPI was investigated. The authors found 94 



5 

 

that a variable precipitation accumulation period over 3-24 months is needed to temporally align 95 

SPI and SGI at both local and regional scale. This reflects the smoothed response of groundwater to 96 

precipitation signals. The correlation between the considered indices decreases using a uniform 97 

accumulation period for computing SPI over the entire domain; therefore, an a priori selection of the 98 

SPI accumulation period leads to inadequate characterization of groundwater droughts. Overall for 99 

the analyzed areas, the authors claimed the limited applicability of the SPI as a proxy for 100 

groundwater droughts; SPEI that accounts for temperature is better suited for drought studies under 101 

global warming conditions.  102 

Leelaruban et al. (2017) analyzed groundwater level data from wells located in Central US. In 103 

particular, the monthly median depth of the water level from the land surface has been correlated 104 

with different meteorological indices, including SPI with accumulation periods varying from 6 to 24 105 

months. The authors found that SPI24 correlates best with the groundwater levels and showed how 106 

this index can be used for a quick assessment of groundwater droughts. The relationships between 107 

drought and aquifer levels are region-specific and therefore ad-hoc studies are required. 108 

Soleimani Motlagh et al. (2017) investigated groundwater drought in the Aleshtar Plain (Iran) using 109 

hierarchy and K-means clustering. They calculated the correlation between SPI and SGI for different 110 

clusters, finding that the maximum correlation is achieved using different precipitation 111 

accumulation periods for each cluster. The magnitude of the correlation coefficient can be variable 112 

among the clusters.  113 

Van Loon et al. (2017) reconstructed the groundwater drought occurred in central and eastern 114 

Europe in 2015, analyzing the relationship between SGI and SPEI in a reference period (1958-2013). 115 

At first, the link between SGI and SPEI was used to establish the spatially varying optimal 116 

accumulation period, highlighting a wide accumulation range (1 to 48 months) over the region. 117 
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Then, the SGI-SPEI relationships were used to calculate the SGIs for the year 2015. The authors 118 

underlined the importance of using a spatially variable accumulation period over large areas. 119 

Uddameri et al. (2019) discussed the possible use of SPI as a surrogate index of the groundwater 120 

drought. They analyzed the link between SPI and SGI for the Edwards Aquifer, Texas. Although the 121 

two indices were statistically correlated, the frequency at which both were concurrently in the 122 

drought state was lower than 50%. According to the authors, this indicates that SPI could be used 123 

only for a qualitative prediction of the groundwater drought. However, using SPI to impose drought 124 

restrictions is consistent with the precautionary principle.  125 

Guo et al. (2021) investigated the groundwater droughts using the SGI obtained from the data of 126 

four monitoring wells located in Georgia, Massachusetts, Oklahoma and Washington. The authors 127 

highlighted that the groundwater droughts vary for different areas due to agricultural and human 128 

activities; moreover, duration and severity of droughts in the same area also vary at different time 129 

scales. The cross-correlation between SGI and SPI was analyzed to find the time delay between 130 

meteorological and groundwater droughts.  131 

Climate models give the opportunity to evaluate SPIs and SPEIs also for future scenarios and to 132 

detect the occurrence of drought events, their frequency, intensity and duration (Stagge et al., 2015a), 133 

comparing them with the historical data. Stagge et al. (2015a) analyzed historical and future SPIs 134 

computed from observed precipitation and RCM data. The results obtained for the future period 135 

show significant increases in frequency and severity of meteorological droughts in the 136 

Mediterranean region, thereby exacerbating their impacts. On the contrary, the evaluations for 137 

northern Europe point out a less frequency and severity of droughts since an increase in 138 

precipitation is generally detected. Osuch et al. (2016) investigated possible future climate change 139 

effects on dryness conditions in Poland using SPIs based on RCM data. Great attention was given to 140 

the bias correction of the RCMs, in order to obtain a good reproduction of the historical precipitation. 141 
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Furthermore, using the modified Mann-Kendall test, an analysis of the SPI trends was performed 142 

employing the Sen’s method to calculate the trend slope. In general, this study confirmed the results 143 

of Stagge et al. (2015a), highlighting a difference between the climatic projections obtained from the 144 

various RCMs.  145 

In this study, we address the use of historical relationships between meteorological and 146 

groundwater indices in combination with regional climate model data to infer the impacts of climate 147 

change on groundwater. The method adopted, on the basis of the available historical data 148 

(precipitation, temperature and groundwater levels), first investigates the correlation between SGIs 149 

and SPIs and SGIs and SPEIs at each monitoring well, using different accumulation periods for the 150 

climate variables. Then, for those monitoring wells with a satisfactory correlation, a linear regression 151 

analysis is used to model the relationships between meteorological and groundwater indices. 152 

Assuming that the hydrological processes will not change over time, the same regression 153 

relationships are applied to future SPI and SPEI projections to infer the impact of climate change on 154 

groundwater levels. Future SPIs and SPEIs are obtained by means of an ensemble of RCMs, under 155 

different climate scenarios (RCP 4.5 and RCP 8.5). 156 

The novelty of this study lies in the coupling of drought indices and future projections of climate 157 

data to obtain a quick estimate of groundwater availability. In fact, even if many studies focus on 158 

the relationships between meteorological and groundwater indices, their use in future analysis is 159 

still very little investigated. Employing two different meteorological indices (SPI and SPEI) in 160 

combination with SGI, allows to highlight the differences in considering only precipitation rather 161 

than precipitation-temperature data to analyze the impact of climate change on groundwater 162 

resources. In fact, the use of other climate variables other than precipitation in characterizing 163 

droughts is an important aspect emphasized by many others (e.g. Vincente-Serrano et al., 2010; 164 

Teuling et al., 2013; Kumar et al., 2016;).    165 
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The procedure has been applied to a regional area located in northern Italy served by a water 166 

company where historical daily data of precipitation, temperature and groundwater levels in wells 167 

are available. 168 

This paper is organized as follows: in Section 2, the study area and the available data are presented, 169 

then the methodologies adopted to compute SPIs, SPEIs and SGIs and the processing of the climate 170 

projections are reported. Section 3 shows the main results, which are discussed in Section 4. 171 

Conclusions are drawn in Section 5. 172 

2 Materials and methods 173 

2.1 Study area and available data 174 

The study area, shown in Fig. 1, is located in the northern part of Tuscany (Italy) and covers about 175 

3000 km2. It is the territory served by an Italian water company, interested in evaluating the effect of 176 

climate change on water resources. The anthropic occupation of this area has undergone radical 177 

changes. Although agriculture has been the main activity in the last century, it is presently in decline 178 

and tourism represents the main source of income (Pranzini et al., 2019). In the last twenty years, the 179 

percentage of land used for agricultural is around 14-16% of the total area, resulting in a quite 180 

modest water demand. Natural forests occupy between 55 and 70% of the total area (PTA, 2005).  181 

The area has been already investigated in previous studies (D’Oria et al., 2017; D’Oria et al., 2019) 182 

and, in agreement, it has been split according to the water divides of four watersheds (Fig. 1): Magra, 183 

Serchio, Coastal Basins and Arno Portion (a portion of the Arno River basin). It was necessary to 184 

distinguish the area in basins since they have different characteristics. Table 1 summarizes the 185 

annual precipitation and annual mean temperature over the four basins as evaluated in the period 186 

1934-2020. 187 

[Insert Figure 1 here] 188 

 189 
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Table 1 - Annual mean temperature and annual precipitation over the basins: average, maximum and minimum values in the period 190 
1934-2020. 191 

Annual mean temperature 

(°C) 
MAGRA COASTAL BASINS SERCHIO ARNO PORTION 

Average 13.2 13.2 12.9 14.8 

Max 14.8 14.8 14.3 16.0 

Min 11.3 11.8 11.4 13.3 

Annual precipitation (mm) MAGRA COASTAL BASINS SERCHIO ARNO PORTION 

Average 1539 1578 1536 1205 

Max 2608 2579 2650 2039 

Min 810 803 825 444 

The basin of the Magra River (938 km2) is divided in three different areas: coastal, hilly and mountain 192 

portion; the coastal part of the basin is not included in the study area. High spatial variability of the 193 

temperature, due to the coastal climate influence, characterizes the hilly area. The inner mountain 194 

area presents average winter temperatures close to zero and moderate snow accumulations; high 195 

precipitation occurs in the internal areas.  196 

The Coastal basins (383 km2) are located in the area between the Apuan Alps and the Tyrrhenian 197 

Sea. The basins are characterized by high precipitation values due to the proximity of the Apuan 198 

Alps (maximum altitude 1946 m a.s.l.) to the sea. The most intense rains occur during late spring 199 

and late summer, the most persistent one in the autumn; only sporadic and short duration snow 200 

occurs due to the high temperature in the winter season.  201 

The Serchio River (1545 km2) has its source in the Apennine area (north of the Province of Lucca) 202 

and flows into the Tyrrhenian Sea. The particular position of the basin, longitudinally oriented with 203 

the sea, makes the area one of the wettest in Italy, with annual total precipitation exceeding 2500 204 

mm per year on the Apuan hills.  205 

Until the 16th century, the Arno portion area (186 km2) was occupied by swamps and by a lake with 206 

an irregular regime draining to Serchio River or Arno River according to the seasonal variations. 207 

Then, the zone was reclaimed by means of an artificial channel and the water was addressed to the 208 

Arno River. Precipitation is distributed over the year in two periods: between the months of January 209 
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and May, precipitation is abundant and regular; from October to December, precipitation can be 210 

significant and intense but irregularly distributed over time.  211 

In this work, precipitation and temperature data recorded among 18 gauging stations and the 212 

piezometric level measurements collected in 16 wells are considered; the climate data extend to the 213 

neighboring regions (Liguria and Emilia Romagna regions). The data are published by the 214 

Environmental Agency of the three regions (SIR, 2021; ARPAE, 2021; OMIRL, 2021). 215 

The historical daily precipitation and temperature database (years 1934-2012) used in D’Oria et al. 216 

(2017) was integrated until 2020. Eighteen precipitation gauges and 14 temperature stations, whose 217 

location is plotted in Fig. 1, have been selected to represent the historical climate due to their long 218 

period of records; Table 2 shows the type of data recorded and the elevation of each station.  219 

Table 2 – Type of data and elevation of the precipitation and temperature gauges. 220 

ID Name Rain gauge Temp. gauge Elevation [m a.s.l.] 

G1 Arlia x x 460 

G2 Bagnone x x 195 

G3 Bedonia x x 500 

G4 Borgo a Mozzano x  100 

G5 Calice al Cornoviglio x x 402 

G6 Carrara x x 55 

G7 Casania x  845 

G8 Cembrano x x 410 

G9 Lucca x x 16 

G10 Massa x x 150 

G11 Palagnana x  861 

G12 Pescia x x 78 

G13 Pontremoli x x 340 

G14 S. Marcello Pistoiese x x 618 

G15 Sarzana x x 26 

G16 Viareggio x x 0 

G17 Villacollemandina x  502 

G18 Villafranca Lunigiana x x 156 

Daily data from 16 wells are used in this study (Fig. 1 and Table 3); the available data are 221 

groundwater levels in m a.s.l. and cover the period 2005-2020. Almost all wells present consistent 222 

data time series, except for the S. Pietro a Vico well, which is characterized by few records of the 223 

piezometric levels (Table 3) and it was not used for the following analysis.  224 

All the wells considered have been recognized as belonging to underground water bodies that have 225 

been classified in terms of the European Directive 2008/105/CE (EU Directive, 2008) and its following 226 
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national laws D. Lgs. 152/06 (GU, 2006) and D. Lgs. 30/09 (GU, 2009).  In the Magra basin, only one 227 

monitoring well is available (Bandita 7); it is located in the city of Aulla in the bed aquifer of the 228 

Magra River. The Magra groundwater body (21MA010) reaches a depth of a few tens of meters 229 

resting on the impermeable sediments of the Rusciniano-Villafranchiano substratum. This aquifer 230 

presents a certain lateral continuity along the course of the Magra River and of the main tributaries, 231 

with variable thicknesses from the centre to the edges of the plain (D.R. 100, 2010; Regione Toscana, 232 

2021).  233 

Seven monitoring wells are available in the Coastal basin (Table 3); they are dug in the Versilia and 234 

Apuan Riviera groundwater body (33TN010; D.R. 100, 2010; Regione Toscana, 2021). It is a 235 

multilayer system that presents silt or clayed-silt lenses with good continuity only to a limited extent. 236 

Then a direct contact among the aquifer horizons exists on the main part of this water body. The 237 

main supply to the groundwater flow comes from the upstream basins and, in particular, from the 238 

alluvial fans of the streams (Pranzini et al., 2019).  239 

In the Serchio basin there are six monitoring wells (Table 3). The Decimo well is located in the upper-240 

medium valley of the Serchio River groundwater body (12SE020; Regione Toscana, 2021), which has 241 

a depth of 20-30 meters resting on the impermeable sediments of the Pliocene substratum. This 242 

phreatic aquifer presents a certain lateral continuity along the course of the Serchio River and of the 243 

main tributaries, with variable thickness from the center to the edges of the plain (Regione Toscana, 244 

2021). The other wells are located in the Lucca plain groundwater body – phreatic and Serchio zone 245 

(12SE011; Regione Toscana, 2021). The hydrogeological conditions are of a phreatic aquifer.  246 

Two wells are located in the Arno portion basin; they belong to the Lucca plain – Bientina area 247 

groundwater body (11AR028; Regione Toscana, 2021). The aquifer is mainly phreatic; only in the 248 

southern area a shallow confining layer can be recognized. 249 
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Table 3 – ID, name, reference groundwater body, percentage of available data and ground elevation of the monitoring wells. 250 

 251 

2.1.1 Data compilation: gap filling and interpolation procedures  252 

During data collection, gaps were present within the time series. To fill these blanks and to have a 253 

continuous set of observations we used the FAO method (Allen et al., 1998). According to this 254 

method, the gaps are filled according to a linear relationship between the data at the considered 255 

location and a twin location in which the missing data are available; the data available in the two 256 

locations must have a satisfactory correlation. This method was used to fill gaps in groundwater 257 

level, precipitation and temperature datasets; as suggested in Allen et al. (1998) a threshold value of 258 

0.7 has been adopted for the correlation coefficient to select twin stations. It is noteworthy that the 259 

Bandita7 well, after the FAO filling process, still presents missing data due to the unsatisfactory 260 

correlation with the other wells.  261 

Among the 18 climate gauging stations, four have no temperature data. Since this work needs 262 

precipitation and potential evapotranspiration data, it is necessary to have contemporary records of 263 

temperature and precipitation at the same location. Therefore, once the gaps in the time series were 264 

filled, the temperature data were interpolated to the precipitation station locations. For this purpose, 265 

in agreement with Moisello (1998), we considered that there is a temperature reduction with 266 

increasing ground elevation. Hence, in the recorded period and on a monthly scale, the coefficients 267 

ID Name Groundwater body % data Elevation m a.s.l. 

W1 Bandita 7 21MA010 73.4 68.00 

W2 Corte Spagni 11AR028 83.8 9.07 

W3 Cugnia 33TN010 91.7 4.00 

W4 Diecimo 12SE020 60.9 65.00 

W5 Flor Export 12SE011 64.6 1.67 

W6 Nozzano 12SE011 78.6 16.43 

W7 Paganico 11AR028 72.4 13.00 

W8 Percorso vita 33TN010 78.1 1.56 

W9 Ronco 12SE020 79.7 11.67 

W10 Salicchi 12SE011 83.3 27.12 

W11 S.Alessio 12SE011 71.9 18.87 

W12 S.Pietro a Vico 12SE011 12.0 30.69 

W13 Sat 1 33TN010 75.5 1.50 

W14 Unim 33TN010 91.7 19.91 

W15 Via Barsanti 33TN010 91.7 20.00 

W16 Via Romboni 33TN010 88.0 37.92 
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𝑞 and 𝑚 of the following linear equation (1) have been determined by means of the ordinary least 268 

square (OLS) method applied to the 𝑁 locations with known temperature 𝑇𝑗
𝑜 and elevation 𝐸𝑗:  269 

𝑇𝑗
𝑜 =  𝑞 −  𝑚 ∙ 𝐸𝑗    (𝑗 = 1, … , 𝑁). (1) 

Once estimated the coefficients 𝑞 and 𝑚, if (1) is applied to the sites where the temperature record 270 

exists, deviations (residuals) can be recognized due to local peculiarities not described by the linear 271 

regression. Then, in the estimation of the final temperature 𝑇𝑖 in any point of elevation 𝐸𝑖, the 272 

residuals, weighted with an inverse square distance method, were added to the result of equation 273 

(1) giving the following relationship: 274 

𝑇𝑖 =  𝑞 −  𝑚 ∙ 𝐸𝑖 + ∑ 𝜆𝑖,𝑗 ∙ 𝜀𝑗

𝑁

𝑗=1

 (2) 

where 𝜆𝑖,𝑗 is the weight of the 𝜀𝑗 residual of the temperature values in the 𝑗 location with known 275 

temperature. 276 

2.1.2 Future climate projections 277 

Estimates of the future climate in terms of daily precipitation and daily mean temperature have been 278 

acquired from an ensemble of 13 RCM models, which are part of the EURO-CORDEX initiative 279 

(Jacob et al., 2014). The combinations of GCMs and RCMs adopted in this study are reported in Table 280 

4. The RCM data consist of a historical control period (1950/1970-2005) and a projection period of 281 

the climate variables from 2006 until 2100, under different Representative Concentration Pathways 282 

(RCPs). In this work, the RCP 4.5 and RCP 8.5 scenarios have been considered. The climate model 283 

data have been downscaled at the 18 climate stations and bias corrected with reference to the 284 

historical period 1976-2005. In particular, the climate model data (daily precipitation and 285 

temperature) have been corrected with the Distribution Mapping method (Teutschbein and Seibert, 286 

2012) so that their cumulative distribution functions, at monthly scale, agree with the ones of the 287 

observed data in the chosen historical period. The same correction estimated for the historical period 288 
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is then applied for the future. For more information and details on the climate models data, the 289 

downscaling and the bias correction method for the study area see D’Oria et al. (2017). 290 

Table 4 – Combination of GCMs and RCMs from the EURO-CORDEX project used in this study. 291 

  GCM     

  CNRM-CM5 EC-EARTH HadGEM2-ES MPI-ESM-LR IPSL-CM5A-

MR 

RCM CCLM4-8-17 x x x x  

 HIRHAM5  x    

 WRF331F     x 

 RACMO22E  x x   

 RCA4 x x x x x 

2.2 Calculation of drought indices 292 

In this section, we first describe the methodologies used to compute the meteorological indices, SPI 293 

and SPEI, and the groundwater index, SGI, in the historical period. Then, the methodology to 294 

evaluate the relationships between meteorological and groundwater indices in the historical period 295 

is presented. Finally, we show how to evaluate the future SGIs on the basis of the SPI and SPEI 296 

projections and the previously estimated relationship. 297 

2.2.1 Standardized Precipitation Index (SPI) 298 

The Standardized Precipitation Index (SPI) was developed by McKee et al. (1993) and represents a 299 

statistical index useful in detecting the severity of meteorological droughts. The computation of SPI 300 

requires a long series of monthly precipitation (30 years or more is suggested by the World 301 

Meteorological Organization (1987)), accumulated over different time windows of interest (e.g. 1, 3, 302 

6, 9, 12, 24 months). The precipitation values related to a certain month and time window are first 303 

fitted to an appropriate probability distribution, which is then transformed into a standard normal 304 

distribution. SPI values close to zero indicate precipitation close to the average, positive or negative 305 

values indicate abundant or scarce rains; negative values less than -1 denote the occurrence of a 306 

meteorological drought. 307 
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In the present study, the SPI has been evaluated at station scale on the basis of the long-term 308 

precipitation records of the years 1934-1993, assumed as reference period. The probability 309 

distribution function (PDF) that usually fits the cumulative precipitation data is the gamma 310 

distribution (McKee et al., 1993, Soľáková et al., 2014, Stagge et al., 2015b) and this has been used in 311 

this work.  312 

Care must be taken to the so-called “zero precipitation problem”. During a season with low 313 

precipitation, the accumulated precipitation over short periods (1 or 3 months, generally) can be 314 

zero, but the gamma distribution can only handle positive values. Hence, according to Stagge et al. 315 

(2015b), the cumulative gamma distribution function was transformed in a piecewise probability 316 

distribution as follows:  317 

𝑝(𝑥) =  {

𝑝0 + (1 − 𝑝0)𝐺(𝑥𝑝>0, 𝜸)  for 𝑥 > 0

𝑝0 =  
𝑛𝑝=0 + 1

2(𝑛 + 1)
   for 𝑥 = 0

 

(3) 

where 𝑝 is the probability distribution, 𝑝0 is the zero precipitation probability, 𝑛𝑝=0 is the number 318 

of zeros occurring in the total data set of n values, 𝐺(𝑥𝑝>0, 𝛾) denotes the Gamma distribution with 319 

parameters 𝜸 and x is one element in the series.  320 

In this study, the distribution function fitted over the reference period was used to calculate the SPIs 321 

in more recent years (2005-2020), when the groundwater level data were available. The choice of not 322 

extending the reference period until 2020 is related to the fact that, in the study area, the effects of 323 

climate change have been detected since the ’90s (D’Oria et al., 2017). 324 

Once the SPIs have been computed at each gauging station, we processed them in order to obtain 325 

an average value according to the Thiessen polygon method. In particular, we evaluated the average 326 

SPIs for each basin and for the total area. 327 

2.2.2 Standardized Precipitation-Evapotranspiration index (SPEI) 328 
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In hydrological processes, temperature can play a non-negligible role; for this reason, in addition to 329 

the SPI, the Standardized Precipitation-Evapotranspiration Index (SPEI) has been considered in this 330 

work. The procedure for calculating the SPEI (Vicente-Serrano et al., 2010) is quite similar to that 331 

used for the SPI; in this case the reference meteorological variable is the difference between the 332 

precipitation and the potential evapotranspiration (PET). In this work, the PET has been evaluated 333 

in agreement with the Thornthwaite method (Thornthwaite, 1948) since only mean temperature data 334 

were available for the study area.  335 

The gamma distribution used for the SPI no longer accommodates the useful precipitation data, 336 

because negative values may occur due to the contribution of the evapotranspiration. According to 337 

Stagge et al. (2015b), we used the log-logistic distribution. Once the distribution is fitted, the data 338 

are transformed using a standard normal distribution to obtain the SPEI values. The reference period 339 

adopted to fit the log-logistic distribution is 1934-1993. The computation of the SPEIs outside the 340 

historical reference period may require significant extrapolation of the fitted distribution leading to 341 

unreasonable values (Stagge et al. 2015b). In these cases, the SPEIs were limited to the range of the 342 

extreme values allowed by the historical distribution.   343 

Again, using the Thiessen polygons and the SPEIs at station scale, their areal averages have been 344 

computed for the analyzed basins and the total area. 345 

2.2.3 Standardized Groundwater Index (SGI) 346 

As previously mentioned, SGI represents a statistical indicator of the groundwater drought severity, 347 

conceptually identical to SPI and SPEI. However, there are significant differences: there is no 348 

meaning in the accumulation over a specified period and the distribution of the observed monthly 349 

groundwater levels does not conform to the already analyzed PDFs. Some authors used different 350 

distributions to analyze the groundwater data such as the plotting position method  (Osti et al., 2008) 351 

and the kernel non-parametric distribution (Vidal et al., 2010; Bloomfield and Marchant, 2013; 352 
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Soleimani Motlagh et al., 2017). The plotting position method is very sensitive to the sample size, 353 

especially when the number of data is small; for this reason, the kernel non-parametric method is 354 

preferred and used in this study. The PDF of the model is the following (Horová et al., 2012): 355 

𝑝(𝑥) =
1

𝑁ℎ
∑ 𝐾(

𝑥 − 𝑥𝑘

ℎ
)

𝑁

𝑘=1

 (4) 

where 𝑝(𝑥) is the probability density function of the variable 𝑥, ℎ > 0 is the bandwidth, 𝐾(𝑥) is the 356 

kernel function which may be defined in different forms (normal, box, triangle, Epanechnikov) and 357 

𝑥𝑘 is a random sample from an unknown distribution. In this study, a Gaussian Kernel is used. 358 

Once established the distribution, the normalization procedure for obtaining SGI is identical to the 359 

process described for the meteorological indices. 360 

2.2.4 Future SPIs and SPEIs 361 

Making use of the outputs of the climate models, SPIs and SPEIs can be evaluated for the historical 362 

period and selected future periods. For this aim, the indices have been computed according to the 363 

probability distributions used to fit the historical observations in the period 1934-1993. 364 

As highlighted by Stagge et al. (2015a) and Osuch et al. (2016), it can be argued whether the results 365 

provided by climate models, once downscaled and bias corrected, well describe the observed 366 

standardized indices, like SPIs and SPEIs, in a common historical period. A positive answer gives a 367 

certain assurance that the climate models provide reliable predictions of the meteorological indices 368 

in the future. In order to investigate this issue, we performed a check on the congruence of the 369 

probability distributions of the observed SPIs and SPEIs with the ones obtained from the climate 370 

models in the historical period 1976-2005. To this end, we applied the two sample Kolmogorov-371 

Smirnov test, which verifies whether two samples are drawn from the same distribution. The test 372 

was applied to the SPIs and SPEIs evaluated, for each station and a certain time window, using the 373 

observed and the RCM data. The climate models have been individually tested. 374 
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2.2.5 Future SGIs 375 

To obtain future projections of SGIs for the study area, first the relationships between SPIs or SPEIs 376 

(at different time windows) and SGIs in a historical period must be investigated. To this end, a 377 

preliminary correlation analysis was made, based on the Pearson coefficient, on the indices 378 

calculated in the period 2005-2020. Investigations were also conducted to verify if potential delays 379 

between meteorological and groundwater indices (i.e. shifting backward the SPI or SPEI) may 380 

increase their correlation. A threshold for the correlation coefficient equal to 0.6 was adopted to 381 

identify an acceptable link between the two indices (Evans, 1996).  382 

For those wells with acceptable correlation, we made use of a regression analysis to establish a 383 

simple linear relationship between meteorological indices (SPIs or SPEIs) and SGIs. Then, assuming 384 

that the regression equations determined for the historical period hold for the future, they were 385 

applied to determine the SGIs according to the future meteorological indices (SPIs or SPEIs). The 386 

future analysis were conducted at short- (2006-2035), medium- (2036-2065) and long-term (2066-387 

2095).  388 

3 Results 389 

In this section, the main results are summarized. After reporting the SPIs, SPEIs and SGIs computed 390 

in the historical period (2005-2020), the correlations between meteorological and groundwater 391 

indices are analyzed and their relationships identified. Finally, the future projections of the SGIs are 392 

presented.   393 

3.1 Historical SPIs, SPEIs and SGIs 394 

Even if SPIs and SPEIs were calculated at station scale, for the sake of brevity, Fig. 2 shows only 395 

those averaged over the basins of interest and for the period of availability of the groundwater levels 396 
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(2005-2020). The time windows of 6, 9, and 12 months are selected since the highest correlations 397 

between meteorological and groundwater indices are in these aggregation periods.  398 

About the variability of the SPIs among the basins, it seems not significant; with reference to the 12- 399 

month time window (Fig. 2a), all the basins show a drought period that starts in 2005 and ends in 400 

2009. Another remarkable drought is detected from 2012 to 2013; this one is less severe in the Magra 401 

basin. Again, limiting the analysis to the 12-month time window, the smallest values are obtained 402 

for the Arno portion basin, in 2008; the largest in the Serchio basin in 2012-2013.  403 

The SPEI values (Fig. 2b) indicate drought periods similar to those identified by the SPIs; on average, 404 

limiting the analysis to the 12-month time window, they result lower in the negative values and 405 

moderately higher in the positive ones. The smallest value is obtained for the Arno portion basin in 406 

2012; the largest value for the Serchio basin in 2014. 407 

[Insert Figure 2 here] 408 

The SGIs were calculated for the data collected in the monitoring wells in the period 2005-2020. The 409 

SGIs, shown in Fig. 3, detect drought periods similar to those of SPIs and SPEIs for almost all wells. 410 

For some wells, in particular Bandita7 (Magra basin), Unim (Coastal basin) and Corte Spagni (Arno 411 

basin), some positive or slightly negative values are detected during the drought period of the years 412 

2005-2009. This condition could be due to the influence of external forcing on groundwater. For 413 

example, the proximity of the Magra River to the Bandita7 well may influence the groundwater 414 

levels, while Unim and Corte Spagni are affected by withdrawals from nearby well fields.  415 

[Insert Figure 3 here] 416 

3.2 Relationships between meteorological and groundwater indices 417 

To recognize potential relationships between meteorological and groundwater indices, we started 418 

investigating the correlation between SPIs and SGIs. For each monitoring well, we computed the 419 

Pearson correlation coefficient between the SPIs weighted on the corresponding basin and the SGIs. 420 
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The correlations obtained using the basin weighted SPIs are generally higher than those evaluated 421 

with the SPIs weighted over the entire study area; this makes the results more reliable. This is 422 

consistent with other literature studies, which highlighted that both the climate and basin 423 

characteristics influence the propagation of the precipitation signal to groundwater (e.g. Kumar et 424 

al., 2016).  425 

For the correlation analysis, eight time windows (1, 3, 6, 9, 12, 18, 24 and 36 months) were considered 426 

and the results are shown in Fig. 4. With reference to the correlation coefficients higher than the 427 

chosen threshold (0.6), the SPIs with time windows of six, nine and twelve months are generally 428 

better correlated with the SGIs. This behavior was expected considering that the wells are located in 429 

shallow aquifers with moderate distance from the ground surface (Kumar et al., 2016). However, 430 

some wells present low correlation values for all the considered time windows; this is particularly 431 

evident for the Bandita7, Unim and Corte Spagni wells in agreement with the results reported in 432 

Section 3.1.  433 

[Insert Figure 4 here] 434 

For the following analysis, we will consider only the wells with a correlation coefficient higher than 435 

the selected threshold (0.6) and for the 6-, 9-, and 12-month time windows. Ten wells satisfy this 436 

condition; they are located in the Arno portion (1 well), Coastal (5 wells) and Serchio (4 wells) basins.  437 

As showed by Bloomfield and Marchant (2013), it can be interesting to investigate if a delay (lag) 438 

between meteorological and groundwater indices may modify the correlation coefficients, allowing 439 

a better alignment between the precipitation and the groundwater signals. The heat maps in Fig. 5 440 

summarize the computations and show that the highest correlation coefficient is observed for zero-441 

lag. This indicates that, for the study area, the meteorological droughts are aligned to those of the 442 

groundwater system.  443 

[Insert Figure 5 here] 444 
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For the study area and the 10 selected wells, the precipitation accumulation periods that lead to the 445 

highest correlations do not exhibit a significant spatial variability. For all these wells but one, the 446 

maximum correlations occur considering the six- and nine-month time windows and the correlation 447 

coefficients do not considerably vary within these accumulation periods. For this reason and for 448 

clarity, in the following analysis we decided to use the SPI with six-month time window (here on 449 

denoted as SPI6) for all the 10 wells. 450 

Once established the correlation between SPIs and SGIs, we analyzed the relationships between the 451 

two indices according to a linear regression analysis (Fig. 6). For all wells, the slope of the regression 452 

line is always lower than one; this denotes that, for the study area, in the propagation process from 453 

meteorological to groundwater droughts there is an attenuation mechanism that smooths out the 454 

negative anomalies (see e.g. Van Loon, 2015).  The spread around the regression line (Fig. 6) 455 

indicates, as expected, that other factors beside the precipitation (e.g. lateral inflow/outflow, human 456 

activities) are behind the drought propagation process (Wang et al., 2016); however, the correlation 457 

between SPIs and SGIs is high and this allows us to consider this simple relationship for the 458 

subsequent analyses. 459 

[Insert Figure 6 here] 460 

The same procedure presented above was used to investigate the correlations and relationships 461 

between SPEIs and SGIs. With reference to the wells with a correlation coefficient above the 462 

threshold (0.6), also in this case the correlations are higher considering the accumulation periods of 463 

6, 9 and 12 months (Fig. 7). The same 10 wells, identified using SPI, satisfy the threshold condition. 464 

In general, the correlations between SPEIs and SGIs result moderately lower than those obtained 465 

processing SPIs and SGIs. In the majority of cases, the 9-month time window provides the better 466 

results, with correlation coefficients similar to those of the two adjacent accumulation periods. For 467 

this reason and for clarity, the further analyses were carried out with reference to the SPEI with a 9-468 
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month time window (here referred to as SPEI9), weighted on the four basins. An investigation on 469 

the influence of time delays between SPEIs and SGIs showed that the maximum correlations are 470 

achieved again with zero-lag for all the 10 wells (the figure is not shown for brevity). For all wells, 471 

the slopes of the regression lines are lower than the corresponding ones evaluated using SPIs, 472 

therefore a greater attenuation in the drought propagation processes was found for the study area 473 

when considering also the evapotranspiration processes. Also in this case, the spread around the 474 

regression line (Fig. 8) highlights that other factors besides the useful precipitation influence the 475 

groundwater levels; however, the high correlation between SPEIs and SGIs allows using this simple 476 

relationship for the subsequent analyses.  477 

[Insert Figure 7 here] 478 

[Insert Figure 8 here] 479 

3.3 Climate projections and future meteorological indices 480 

We used an ensemble of GCM-RCM projections, downscaled and bias corrected at each station 481 

location, to represent the future climate over the study area. Even if local heterogeneities are 482 

expected in the future projections, for the sake of brevity and to have an overview of the forecasted 483 

changes in climate, we report in Fig. 9 the annual precipitation and the annual mean temperature 484 

weighted over the entire study area, for both the historical and the future periods. The data are 485 

presented in term of 10-year moving average to smooth out the natural variability and highlight the 486 

climate change components. According to both the RCP 4.5 and RCP 8.5 scenarios and the median 487 

values, the annual precipitation does not present appreciable modifications in the future for both 488 

scenarios (Fig. 9a). The variability between models is high, pointing out a large uncertainty in the 489 

future estimation of the precipitation. As for the temperature (Fig. 9b), an evident and increasing 490 

trend is detected for the future and for both scenarios. Both the historical and climate model data 491 

show that around the ’90s the temperature began to increase. A similar upward trend is expected 492 
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until around 2040 for both the RCPs; after this period, RCP 8.5 indicates a greater warming of the 493 

study area. Looking at Fig. 9, it can be expected that in the future, even if the precipitation does not 494 

exhibit remarkable trends, the recharge of the aquifers could be reduced due to increasing 495 

evapotranspiration phenomena triggered by the temperature rise. This endorses the importance of 496 

using meteorological indices that take into account both precipitation and temperature variables, 497 

such as SPEI, for assessing the impact of climate change on groundwater resources.   498 

[Insert Figure 9 here] 499 

The climate model data were then used to obtain the meteorological indices as reported in 500 

Subsection 2.2.4. Before using the meteorological indices calculated from the climate models for 501 

future analysis, it is important to evaluate the reliability of the RCMs in reproducing the historical 502 

SPIs and SPEIs. We made use of the two sample Kolmogorov-Smirnov test to compare the historical 503 

and RCM meteorological indices. Since the distribution mapping procedure has been applied as bias 504 

correction method (Teutschbein and Seibert, 2012), the congruence is guaranteed at the single month 505 

scale, but for longer time windows, this may not be assured. With reference to the SPIs and a 506 

significance level of 5%, almost all samples passed the test with very few exceptions (1%) that 507 

resulted in a p-value slightly below the threshold one. For the SPEIs the percentage increases (20%) 508 

but still remains low. The results of the Kolmogorov-Smirnov test confirm that SPIs and SPEIs 509 

evaluated by the climate model data can be considered reliable. 510 

3.4 Future SGIs 511 

The SPI6 and SPEI9 values obtained from the climate models at each station location were averaged 512 

over each basin, for each RCP scenario. Making use of these values, the relationship showed in Fig. 513 

6 and Fig. 8 were then applied to estimate the SGIs in the historical and future periods. In order to 514 

estimate the SGIs, the time series provided by the 13 RCMs were put together to constitute a single 515 

data set. In this way, the 13 realizations of the climate models have been considered equally reliable 516 
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assuming that they are statistical realizations of the same stochastic process. Subsequently, we will 517 

refer to this dataset as “whole RCM ensemble”. 518 

For all wells, considering the SGI-SPI6 relationships, the CDFs of the SGIs obtained by the whole 519 

RCM ensemble, denote slight modifications with respect to the historical dataset, for both the RCP 520 

4.5 and RCP 8.5 scenarios. Only at medium-term for the RCP 4.5 and at long-term for the RCP 8.5, a 521 

slight increase of the frequency of low SGI values has been detected. On the other hand, applying 522 

the SGI-SPEI9 relationships the CDFs of the SGIs for the future periods remarkably change with 523 

respect to the historical period: for both RCP scenarios the reduction of the median SGI values is 524 

especially pronounced at medium- and long-term. 525 

As an example, Fig. 10 shows the empirical cumulative distribution functions of the SGIs in the 526 

historical and future periods obtained for the Paganico well (Arno portion basin) under the RCP 8.5 527 

scenario. The envelope curves of the different CDFs obtained by considering each climate model 528 

separately show a marked uncertainty due to the differences in the individual models; this aspect is 529 

more evident in the long-term. The results for the Paganico well are summarized in Fig. 11 by means 530 

of box-whisker plots. Applying the SGI-SPI6 regression relationships, no remarkable modifications 531 

can be detected between the historical period and the future ones, the median value remains close 532 

to zero in all periods. It is noteworthy to point out that there are positive outliers due to the results 533 

of a specific model which, unlike the other RCMs, forecast abundant precipitation in the future 534 

periods. According to the SGI-SPEI9 regression relationships, a systematic reduction of the SGIs, 535 

especially at a medium- and long-term can be detected. Considering the temperature, the effects of 536 

the model with abundant precipitation are mitigated, and on the contrary there is an increase of the 537 

negative outliers. 538 

[Insert Figure 10 here] 539 

[Insert Figure 11 here] 540 
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To quantify the results for all wells, some characteristic values of the SGIs defined through the SGI-541 

SPI6 and the SGI-SPEI9 regression relationships are reported (Fig. 12). For the SGI-SPI6 relationships, 542 

looking at the 25th percentile and the median value, there is a slight decrease of the SGI in the 543 

medium-term for the RCP 4.5 and in the long-term for the RCP 8.5. Conversely, using the SGI-SPEI9 544 

relationships, the future SGIs remarkably decrease in almost all wells. For the RCP 4.5, the medium-545 

term period shows the greatest declines, while for the RCP 8.5 the most critical groundwater level 546 

conditions are expected in the long-term. The detected changes maintain very similar characteristics 547 

in all wells, especially within the same basin. 548 

[Insert Figure 12 here] 549 

4 Discussion 550 

A first aspect worthy of discussion concerns the relationships that represent the SGI-SPI and SGI-551 

SPEI dependence. For the majority of wells (10 out of 15) in the study area and specific accumulation 552 

periods (6, 9 and 12 months), our results showed that the correlation coefficients are high, indicating 553 

a clear influence of the antecedent precipitations, or of the useful antecedent precipitations, on the 554 

groundwater indices. On this aspect, there is accordance with other recent studies (see e.g. 555 

Bloomfield and Marchant, 2013; Li and Rodell, 2015, Kumar et al. 2016; Van Loon et al., 2017; 556 

Uddameri et al., 2019; Guo et al., 2021).  557 

As pointed out by Kumar et al. (2016), the propagation of a meteorological drought to the 558 

groundwater is influenced by many factors, which are related not only to the climatic characteristics 559 

but also to the basin peculiarities (such as soil properties, geology, etc.). This results in a dispersion 560 

of the observed points around the regression lines between meteorological and groundwater indices 561 

(see Fig. 6 and Fig. 8). An element to consider is that the monthly precipitation, used to evaluate SPIs 562 

and SPEIs, does not take into account in any way the intensity of the rainstorms. It is known that the 563 



26 

 

water that feeds the aquifers develops with dynamics that are related to the initial soil moisture 564 

conditions and to the way in which they change during a rain event (Chow et al., 1988). If the 565 

precipitation intensity is very high, a significant portion of the volume becomes runoff and little 566 

recharges the aquifer; in the case of precipitation of modest intensity, the presence and typology of 567 

vegetation plays a fundamental role in quantifying the aquifer recharge. Even the dryness of the soil 568 

can negatively affect the infiltration rate and therefore the recharge. In addition, anthropogenic 569 

factors, such as the withdrawals for drinking or irrigation purposes, have a great relevance; 570 

moreover, they can have characteristics of marked seasonality (e.g. due to tourist presences or 571 

irrigation) that can affect groundwater levels in different ways along the year. Another source of 572 

uncertainty could be related to the presence of lateral inflow or outflow to the considered aquifers, 573 

which may affect the groundwater levels.  Even with some approximations and uncertainties, all 574 

these effects can be quantified through a complete numerical modelling, which, as known, is not 575 

quick, easy and cheap to implement.  576 

Another important issue to be considered is the accumulation period selected to compute the 577 

meteorological indices. The time window that gives the highest correlation with the SGIs can be 578 

different in relation to the examined aquifer. Several authors (Bloomfield and Marchant, 2013; 579 

Kumar et al., 2016; Soleimani Motlagh et al., 2017; Van Loon et al.,2017; Todaro et al., 2018) believe 580 

that these variations are due to the different characteristics of the aquifers under considerations: for 581 

example, the type of natural recharge (precipitation or recharge from contiguous aquifer or from a 582 

lake or stream) and its conditions (i.e. distance between the ground level and the water table). Also 583 

in this study, the SPI and SPEI time windows that provide the optimal correlations with the SGIs are 584 

not always the same for all wells, but the variation of the correlation coefficients, for accumulation 585 

periods between three and 12 months, is small. This, on the one hand, makes the selection of the 586 

optimal accumulation window more difficult; on the other hand, it justifies the choice of a single 587 
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aggregation period for the entire study area. This behavior is mainly related to the characteristics of 588 

the analyzed groundwater systems; in all cases they are aquifers with phreatic surface at modest 589 

depth below to the ground surface. 590 

An element of originality of this work is the application of an easy and fast method to assess the 591 

possible effects of climate change on the quantitative status of groundwater, combining the historical 592 

relationships between meteorological and groundwater indices with future climate projections. To 593 

achieve this result, the regression relationships between SGIs and SPIs and SGIs and SPEIs need to 594 

be considered valid also for the future. There is some debate about the reliability of using these 595 

regression relationships for future predictions.  The evapotranspiration mechanisms may change as 596 

the concentration of CO2 in the atmosphere increases. According to Vicente-Serrano et al. (2020), the 597 

increase in atmospheric evaporative demand resulting from an increase in the radiative component 598 

and in the temperature may not necessarily lead to an intensification of the droughts. The effect can 599 

be different if the region has a humid or dry climate and can have different impacts on 600 

meteorological, hydrological and agricultural droughts. Finally, they agree that even if plants may 601 

reduce water consumption because they optimize functions due to a favorable effect of the higher 602 

concentration of carbon dioxide, the increase in temperature causes greater evaporation from water 603 

surfaces and soil. According to Bloomfield et al. (2019), evidence of this behavior can be found from 604 

some sites in the UK that present an unusually long series of observations. According to the authors, 605 

the more frequent occurrence of groundwater drought, not accompanied by a lack of precipitation 606 

and an increase in withdrawals, is due to an increase in temperature, which induces greater 607 

evaporation from the soil above the phreatic line and especially from the capillary fringe. These 608 

results lead Bloomfield et al. (2019) to state that a change in the occurring of groundwater droughts, 609 

generated by anthropogenic warming, is already detectable. Another indirect effect of the increasing 610 

temperature is the alteration of the root system. The adaptation of plants to a warming climate is 611 
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discussed by different authors (Lubczynski, 2009; David et al., 2016; Eliades et al., 2018), who 612 

highlight that trees in Mediterranean regions manage to survive droughts by extending and 613 

deepening the root systems; this behavior can lead to increasing withdrawals from the aquifer or the 614 

capillary fringe. Other authors (Teuling et al., 2013; Vicente-Serrano et al., 2014; Diffenbaugh et al., 615 

2015; Dierauer and Zhu, 2020) emphasize the need to consider the temperature in evaluating 616 

droughts indices as it leads to a significant increase in the drought severity. Therefore, the 617 

assessment of the effects of climate change that considers only the variations in precipitation is 618 

intrinsically unreliable. For this reason, it is necessary to take into account the thermal effects in 619 

detecting climate and hydrological future trends. Some authors  (Bloomfield et al., 2019; Vicente-620 

Serrano et al., 2020) highlight that in several regions no variations in the future precipitation are 621 

forecasted but modifications, essentially increments, of the temperature could be remarkable. This 622 

is particularly evident for our case study, as showed in Fig. 9. In this regard, although in our work 623 

the SPIs and SPEIs give similar results for the historical period, this behavior may not be valid for 624 

the future. As other authors pointed out (see e.g. Kumar et al., 2016), we believe that the relationships 625 

between SGIs and SPEIs are more suitable for drought studies involving global warming conditions 626 

than the SGI-SPI ones. 627 

Another element of discussion is that different climate models can provide very different results. 628 

For this reason, it is important to consider in the analysis an ensemble of models (Jackson et al., 2015; 629 

Mascaro et al., 2018; D’Oria et al., 2018a), which helps in visualizing the uncertainty of the results. 630 

In the present study, we applied a downscaling/bias correction technique aimed at adjusting the raw 631 

outputs of the climate models so that they better represent the statistical distribution of the observed 632 

precipitation and temperature data on a monthly scale. By doing so, the historical period is well 633 

reproduced, but the disparity between models remains for the future projections and represents a 634 

major contribution to the uncertainty of the results. Analyzing Fig. 10, it is evident that the envelope 635 
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of the cumulative distribution functions (CDF) of the SGIs obtained with the climate models in the 636 

future periods is widespread. In this study, one model particularly contributes to the uncertainty of 637 

the results, providing projections of abundant precipitation and, consequently, higher SGIs than the 638 

other models. However, the estimations provided by the whole RCM ensemble are in good 639 

agreement with the median and mean CDFs, justifying the choice made in the present study to 640 

consider the model projections all together as a set of realizations of the same stochastic process. 641 

Finally, it could be interesting to verify whether different formulas to calculate the potential 642 

evapotranspiration may affect the SPEI evaluation. Concerning this, the SGI-SPEI relationships 643 

could be different from the ones obtained in this study using the Thornthwaite equation. A possible 644 

alternative is to resort directly to the climate variables (i.e. temperature and precipitation) instead of 645 

the meteorological indices. To this end, possible future works may concern the application of 646 

machine-learning algorithms to better represent the mutual dependences among groundwater 647 

levels, precipitation and temperature. 648 

5 Conclusions 649 

In this paper, we investigated the impact of climate change on groundwater drought in northern 650 

Tuscany (Italy) making use of historical and climate model data and standardized indices. To 651 

summarize, a reduction in groundwater availability should be considered for the future in the study 652 

area. In particular, the results highlighted the importance of considering temperature to assess the 653 

impact of climate change on groundwater resources and for this reason, the regression models 654 

obtained by the SGI-SPEI relationships are more suitable for the estimation of future water levels.  655 

The procedure adopted in this study can be easily extended to different areas of interest, requiring 656 

simple observed data only in terms of groundwater levels, precipitation and temperature. We 657 

recognize the inherent degree of uncertainty that we introduce adopting the historical relationships 658 

between meteorological and groundwater indices for future analyses, but this approach can be 659 
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useful for a quick estimate of the quantitative status of the aquifers under climate change scenarios. 660 

This is crucial in the process of planning integrated mitigation and adaptation strategies. 661 
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Figure captions 866 

 Fig. 1 - Location of the study area with indication of the climate stations, monitoring wells 867 

and river basins. 868 

 Fig. 2 – SPIs (a) and SPEIs (b) for the four analyzed basins and time windows of 6, 9 and 12 869 

months. 870 

 Fig. 3 - SGI values for the 15 monitoring wells used in this study. The white color indicates 871 

missing data, the grey color indicates positive values, while the color scale classifies the 872 

negative SGIs. 873 

 Fig. 4 - SGI-SPI Pearson correlation coefficients. 874 

 Fig. 5 - Heat maps of the SGI-SPI correlation coefficients (R) for different time windows and 875 

lags. The black box represents the highest correlation coefficient. 876 

 Fig. 6 - SGIs versus SPI6; the points represent the data, the red line indicates the regression 877 

line and the black line denotes the identity line. For each well, the correlation coefficient (R) 878 

and the regression equation is reported. 879 

 Fig. 7 - SGI-SPEI Pearson correlation coefficients. 880 

 Fig. 8 - SGIs versus SPEI9; the points represent the data, the red line indicates the 881 

regression line and the black line denotes the identity line. For each well, the correlation 882 

coefficient (R) and the regression equation is reported. 883 

 Fig. 9 - Total annual precipitation (a) and annual average of the mean daily temperature (b) 884 

in terms of 10-year moving average observed and forecasted by the RCMs under the RCP 885 

4.5 and RCP 8.5 scenarios. Average values over the entire study area. 886 

 Fig. 10 - Cumulative probability distributions according to the whole RCM ensemble 887 

obtained for the Paganico monitoring well through the SGI-SPI6 (a) and the SGI-SPEI9 (b) 888 
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regression equations for the historical period and at short- (ST), medium- (MT) and long-889 

term (LT) under the RCP 8.5 scenario. Envelope curves obtained by the 13 RCM models. 890 

 Fig. 11 - Box-plots of the SGIs obtained for the Paganico monitoring well, according to the 891 

whole RCM, through the SGI-SPI6 and SGI-SPEI9 regression equations for the historical 892 

period and at short- (ST), medium- (MT) and long-term (LT) under the two RCP scenarios. 893 

The boxplot draws points as outliers if they are greater than the mean ±2.7σ, where σ is the 894 

standard deviation. 895 

 Fig. 12 - Differences of the median, 25th and 75th percentiles of the future SGIs with those 896 

evaluated in the historical period. The SGIs are defined through the SGI-SPI6 (left) and the 897 

SGI-SPEI9 (right) regression relationships for the historical period and at short- (ST), 898 

medium- (MT) and long-term (LT), under the RCP 4.5 and RCP 8.5. 899 


