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Abstract: Groundwater vulnerability has increased in recent decades due to several factors, but mainly
due to climate change. In this study, we applied a complex approach to determine groundwater
vulnerability at a regional scale in the Piedmont region including high-resolution climate models.
Aquifers, terrain model, climate data, land cover, and groundwater monitoring stations data of nitrate
(NO3) concentration were the main layers used for the vulnerability and risk mapping. Validation of
the groundwater vulnerability map consisted of pixel pair comparison (PPC) using the quality status
of a monitored groundwater station, dating from 2005 to 2012. The groundwater vulnerability maps
that related to the 1990s and 2020s periods indicated very high and high vulnerability of groundwater
in the central and eastern parts of the region, especially in the porous aquifers of Po Plain. The areas
with very low and low vulnerability extend into the north and west, mainly in the non-aquiferous
media and fissured aquifers. The future scenarios of groundwater vulnerability indicate a consistent
increase of the very high vulnerability class, from the 1990s to the 2050s periods, in all scenarios, and
mainly in the Po Plain.

Keywords: GIS; aquifers; pollution load index; climate models; water availability; infiltration map;
Piedmont region

1. Introduction

Water resources investigations represent high interest for scientists and environmental authorities
of each region. Nowadays, in many regions around the globe, surface waters and groundwater are
facing high pressure from climate change, anthropogenic factors, land cover, and related practices [1].
Therefore, groundwater vulnerability mapping has become an indispensable tool for the delineation
of protection zones, reduction of industrial activities, and intense agriculture [2]. In the last decade,
several methods have been developed with respect to groundwater vulnerability assessment, both at a
spatial scale and in situ locations.

The negative impacts of climate change on river flow discharge, sea-water intrusion, glacier
melting, water table depletion, and poor groundwater quality have been reported in several studies [3,4].
The negative pressure of climate warming is reflected in water resources, and also in natural ecosystems,
agriculture, and landslide risk areas [5–8]. The main impact of climate change on groundwater resources
has been divided into the following two types: (i) direct impact with respect to the aquifer recharge and
(ii) indirect impact which implies the groundwater demand [9]. At the same time, the contribution of
land use and human impact on groundwater quality and quantity is mentioned [9]. However, there are
many theoretical aspects and several direct and indirect effects of climate change on groundwater that
have not already been explored, and they have not happened before [10,11].
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Water availability is expected to decrease on the European continent in the near future and
by mid-century [12]. Studies regarding these kinds of climate surveys have been based on climate
data projections that were performed using different models and sources [13–15]. A few examples,
based on the high-resolution precipitation data [16], have analyzed the rainfall erosivity for Europe.
In the South Eastern Europe region, the climate impact on groundwater resources has been evaluated
considering the high-resolution climate models of precipitations and temperature [17]. Throughout
Europe, many regions have experienced an increase in evapotranspiration due to climate change and
land cover practices [18].

In the Mediterranean areas, due to the negative influence of climate on groundwater resources,
springs have been investigated using continuous monitoring of flow discharge, temperature,
and electrical conductivity. On the basis of recorded data of temperature, discharge, and electrical
conductivity, the VESPA index for groundwater vulnerability in springs was set up by [19].
They developed and tested the vulnerability of four fractured springs from the Piedmont region
considering climate change and pollutants. Spatial analyses using various software are often used for
the investigations of karstic and porous aquifers. For instance, a study by [1] analyzed groundwater
vulnerability and pollution risk in the north of Greece using DRASTIC, EPIK, AVI, and DRASTIC-FM
methods developed in GIS. Their study indicated the possibility of groundwater quality degradation
under sea water intrusion into the karst aquifer and also due to the inadequate delineation of protection
zones and agriculture planning. In a study by [20], the effect of climate including the water availability
on the karst aquifers over the world was assessed. In contrast to the porous aquifers, where the changes
have been more related to the water table, in the karst regions the effect of climate has been related to
the discharge of springs [20].

An important aspect of groundwater vulnerability is related to intrinsic vulnerability, which refers
to the sensitivity of groundwater quality to a certain contaminant and it accounts for the geological,
hydrological, and hydrogeological characteristics of the respective area, and also the recharge rate,
aquifer properties, and unsaturated zone [21,22]. The intrinsic characteristics of the aquifers control
groundwater vulnerability to pollution load and contamination [21]. For an intrinsic vulnerability
assessment of aquifers, hydrogeological properties are required. In order to support future plans
and strategies regarding water resources, spatial evaluation of groundwater vulnerability could be
performed using specific software. Thus, groundwater vulnerability mapping becomes a significant
task for planning and decision making [23]. A study by [24] determined the intrinsic vulnerability
of the quaternary aquifer in Baghdad using DRASTIC and GIS tools. As an example of intrinsic
groundwater vulnerability mapping, [25] used the DRASTIC method in Datong City from China,
emphasizing the advantage of the approach in regions with limited data. The DRASTIC method was
also used to determine the aquifer vulnerability in western and southern Taiwan [26,27].

In the Piedmont region, climate change effects are more intense during dry periods. Because of
this aspect, the porous aquifers located at low altitude are facing significant pressure due to water
deficit and agriculture practices. A study on long-term analysis including future climate models and
land cover scenarios is missing for this region. In addition, [28] found that DRASTIC, GOD, and TOT
methods, applied for the groundwater vulnerability mapping, were not able to identify the most
vulnerable areas. The nitrate concentration was used to validate these intrinsic methods, and a good
correlation was only partially verified [28].

Past studies have indicated that the SINTACS and the DRASTIC methods were the two major
approaches used for groundwater vulnerability assessment in some subzones of this region. Studies
by [29,30] used the SINTACS method for groundwater vulnerability mapping. Using a combination of
traditional Italian approaches, such as the GNDCI-CNR Basic method and PCSM SINTACS, the authors
of [30,31] proposed a GIS method for groundwater vulnerability. In the Alessandria district from the
east part of Piedmont region, a study by [31] carried out vulnerability mapping of groundwater using
eight parameters at a spatial scale, for example, aquifers, land cover, slope, hydraulic conductivity, etc.
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These methods are very useful for groundwater vulnerability mapping, while these approaches are
based on multilayers analysis through GIS applications. However, climate data for future groundwater
vulnerability prediction were rarely included in the previous methods at a regional scale.

The scope of this study is to determine the vulnerability of groundwater resources at a spatial scale
for the Piedmont region, considering climate change factors. This region was chosen as a suitable study
area because of its geographical position in the Mediterranean area and its various aquifer types (karst,
fractured and fissured rocks aquifers, and porous). In addition, the region presents high variability of
climate between the high Alps Mountains and the Po Plain, and also presents biodiversity from a land
cover point of view.

2. Study Area

The Piedmont region extends from 44◦3′ to 46◦27′ N and from 6◦38′ to 9◦13′ E (Figure 1).
Geographically, its position fits into the south of Europe, in the north-western part of Italy. The northern,
western, and southern parts of the Piedmont region are mountainous areas of the Western Alps, while the
central and eastern parts are represented by lowlands of the Po Plain. In December 2017, [32] reported
a value of 235 L/person /day for domestic water demand, in the Piedmont region, registered for 2015.
This value is higher than 180 L/person /day depicted in Northern Europe and proper management of
water resources is needed for the near-future period.
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Regarding the orography of the Piedmont region, the relief is distributed similar to an amphitheater,
with high elevations in the north, west, and south, whereas the central and east parts are more occupied
by plains. Because of these characteristics, the surface water flow converges over the east, where the
main river collector is the Po. Groundwater flow and storage, and also groundwater vulnerability are
related to the aquifers and climate. The aquifers characteristics are based on geological composition.
In the mountain areas, there are predominantly the karstified limestones, marlstones, calystones,
and also conglomerates. In the lowlands, the porous aquifers are composed of mainly gravels and
sands. In a few locations, aquifers with volcanic and schists can be identified. Supplementary Material
Figure S1 depicts the geological formations of the Piedmont region. The productivity of each aquifer
type has been classified into the following six categories: highly productive fissured aquifers, highly
productive porous aquifers, low and moderately productive fissured aquifers, low and moderately
productive porous aquifers, locally aquiferous rocks (porous or fissured), practically non-aquiferous
(porous or fissured) (Figure 1).

The climate of the region is warm temperate with a Mediterranean influence. According to the
Köppen–Geiger climate classification, Cfa and Cfb (warm temperate with hot and warm summers)
have been identified in the central, east, west, and north parts of the Piedmont region [33]. In the
south, there is mainly warm temperate with dry summer (Csa), and within the high elevated lands,
the Dfb climate (snow fully humid) is depicted [33]. The mean annual temperature indicated values
between –10 ◦C and 13.1 ◦C during the 1990s period (Figure 2a). Future climate models show increases
in the mean annual temperature from −7.9 ◦C to 14.9 ◦C during the 2020s period (Figure 2b) and from
−7.1 ◦C to 15.8 ◦C in the 2050s period (Figure 2c). In the Piedmont region, values of precipitation have
been identified which varied from 617 mm to 2315 mm /year during the 1990s period (Figure 2d),
while in the future, the precipitation values vary from 564 mm to 2190 mm /year (2020s) and from
558 mm to 2137 mm /year (Figure 2e,f). The annual potential evapotranspiration (ET0) registers values
between 0 mm and 576 mm during the 1990s period (Figure 2g). Significant increases are expected
in the following future periods: from 0 mm to 718 mm during the 2020s period and from 220 mm to
760 mm during the 2050s period (Figure 2h,i).
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Figure 2. Spatial distribution of temperature, precipitation, and potential evapotranspiration (ET0) in
the Piedmont region. (a) The average of the mean annual air temperature between 1960 and 1990 (1990s);
(b) The average of the mean annual air temperature between 2011 and 2040 (2020s); (c) The average of
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the mean annual air temperature between 2041 and 2070 (2050s); (d) The average of the mean annual
precipitation between 1960 and 1990 (1990s); (e) The average of the mean annual precipitation between
2011 and 2040 (2020s); (f) The average of the mean annual precipitation between 2041 and 2070 (2050s);
(g) The average of the annual ET0 between 1960 and 1990 (1990s); (h) The average of the annual ET0
between 2011 and 2040 (2020s); (i) The average of annual ET0 between 2041 and 2070 (2050s). Source
Nistor et al. (2019).

The vegetation pattern is much diversified in the Piedmont region. In the mountain areas, forest
types can be found. Agricultural lands and artificial areas mainly cover the plains. The villages and
cities extend mainly in the hills and plains. The bigger urban agglomeration is Turin, located in the
west-central side of the Piedmont region. For groundwater vulnerability determination, the importance
of land cover study has two main directions which we followed. Firstly, the evapotranspiration and
water availability in each type of land cover have a quantitative impact. Secondly, the phosphorous
transfer in soils and the load pollution of each type of ecosystem influence direct the quality of the
groundwater through an infiltration process.

3. Materials and Methods

3.1. Overview of the Methodology

For the determination of groundwater vulnerability, in the Piedmont region, we focused on two
main approaches that included a ”quantity approach” and a ”quality approach”, and both consist of
GIS analyses at a spatial scale. In this way, we combined the main factors that influence groundwater
vulnerability from a quantity point of view (e.g., climate data, terrain data, and lithology data) and from
a quality point of view (e.g., aquifers data, land cover data, and NO3 data). The way in which the layers
were combined, and the groundwater vulnerability was determined, followed the NISTOR-GWV
methodology [34].

3.2. Quantity Approach

3.2.1. Climate Data and Water Availability

In the present study, the high spatial resolution (1 km2) climate models of the monthly air
temperature and annual precipitation were used to determine water availability in the Piedmont region.
Baseline (1961–1990), present (2011–2040), and future (2041–2070) periods, thereafter, called here 1990s,
2020s, and 2050s periods, are the main temporal 30-year time spans for which we have complete analysis.
The data grid of climate models was courtesy of Andreas Hamann, who runs models for all of Europe
using the same procedures as for North America [14]. The parameter regression of independent slopes
model (PRISM) was used for monthly precipitation models and the ANUSplin interpolation method
was used to obtain the monthly temperature models. The representative concentration pathway (RCP)
4.5 emission for moderate climate change projection of globally prediction +1.4 ◦C (±0.5) was chosen
for this study. The precipitation and temperature data are bias corrected and calibrated based on the
anomaly method. Moreover, the climate projections are in agreement with the 15 AOGCMs of the
CMIP5 multimodel dataset and are in line with the IPCC Fifth Assessment Report [35]. ClimateEU
v4.63 software, which is available on the website (http://tinyurl.com/ClimateEU), was used for the
model construction. For the low-resolution AOGCM grid cells located in the adjacent areas, a bilinear
interpolation was used to correct the artefacts. Studies by [36,37] have proposed the procedure for
the climate models projection. According to these models, water availability was carried out at a
spatial scale of Europe [12], and data were available for public access (Zenodo. Available online:
https://doi.org/10.5281/zenodo.1044306).

http://tinyurl.com/ClimateEU
https://doi.org/10.5281/zenodo.1044306
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3.2.2. Potential Evapotranspiration (ET0)

Climate models of temperature and precipitation which were divided into three datasets of
30 years, were processed to carry out the annual ET0, ETc, actual evapotranspiration (AETc), and water
availability, in the study area. The mathematical operations were executed in ArcGIS environment
using raster grids data. At the European level, the authors of [12] calculated the evapotranspiration
and water availability based on the Thornthwaite method [38] and their results are available on the
website (Zenodo. Available online: https://doi.org/10.5281/zenodo.1044306). Since the Thornthwaite
method (Equation (1)) is practical for agricultural and hydrological studies [39–41], we agreed with
this method for our study because we were focused on regional territory and for long-term periods
(1961–1990, 2011–2040, and 2041–2070).

ET0 = 16(
10Ti

I
)
α

(1)

where:

ET0 monthly potential evapotranspiration (mm);
Ti average monthly temperature [◦C], ET0 = 0 if mean temperature < 0;
I heat index (Equation (2));
α complex function of heat index (Equation (3)).

I =
∑

12
i=1

(Ti
5

)1.514
(2)

where:

Ti monthly air temperature.

α = 6.75× 10−7I3
− 7.71× 10−5I2 + 1.7912× 10−2I + 0.49239 (3)

where:

I annual heat index.

3.2.3. Crop Evapotranspiration (ETc) and Water Availability (WA)

A study by [42] brought forward the standard crop coefficient (Kc) values for various crops
and vegetation types throughout the world. In the United State, the authors of [43] calculated Kc
values related to urban areas. A study by [44] set the spatial approach for the seasonal and annual ETc
mapping. For uses of direct annual ETc, the annual Kc values have been calculated by [18] and applied
successfully for the hydrogeological purposes. The ETc determination is based on the product between
ET0 and Kc (Equation (4)). In order to incorporate the land cover evapotranspiration, we proceeded
with the ETc calculation. Thus, in this paper, we used the standard annual Kc values [45] to calculate
the annual ETc for the 1990s, 2020s, and 2050s periods. In addition, using the Budyko approach
(Equation (5)) [46], we determined the AETc calculation and further, the water availability.

Annual ETc = annual ET0× annual Kc (4)

where:

ETc land cover evapotranspiration (mm);
ET0 potential evapotranspiration (mm);
Kc crop coefficient (dimensionless).

https://doi.org/10.5281/zenodo.1044306
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The water availability was calculated subtracting the AETc from precipitation (Equation (5)).
The climate data and land cover calculation were processed using the “raster calculator” function,
in ArcGIS environment.

AETc
PP

= [

(
ϕtan

1
ϕ

)
(1− exp−ϕ)]

0.5

(5)

where:

AETc actual land cover evapotranspiration (mm);
PP total annual precipitation (mm);
ϕ aridity index (Equation (6)).

ϕ =
ETc
PP

(6)

Annual WA = PP−AETc (7)

where:

WA water availability (mm);
PP total annual precipitation (mm);
AETc actual land cover evapotranspiration (mm).

3.2.4. Terrain Data and Infiltration Map

The morphology of the terrain and the lithological composition primarily influenced the infiltration
process. For this study, we used the digital elevation model and the potential infiltration coefficient
(PIC) of aquifers to elaborate the infiltration map of the Piedmont region. On the basis of gravity,
we assumed the higher infiltration rate values where the PIC was higher, and the slope angle was lower,
and vice versa. A study by [47] agreed with the ratio between the PIC and slope angle, and obtained
the infiltration map for their study about groundwater vulnerability in the mountain area of Western
Carpathians. Adopting this method, we normalized (0 to 1) the GIS layers of the PIC and slope angle
to carry out the infiltration map of the Piedmont region (Supplementary Material Figure S3).

3.3. Quality Approach

3.3.1. Aquifers Data

The International Hydrogeological Map of Europe (IHME), which was produced by [48] at a
scale of 1:1,500,000, was used to determine the vulnerability factor (Figure 3) for each aquifer and
the potential infiltration coefficient (PIC) at a spatial scale. According to the lithology of the aquifers,
six types of productivity were established [48]. Table 1 reports the typologies of productivity and the
vulnerability factors of the aquifers from the Piedmont region. The Western Alps and Po River Plain
are two different units, which reflect the various geology of the Piedmont region. Thus, marlstones,
limestones, gneisses, and volcanic rock in the western and northern parts mainly compose the geology
of the mountain area. In the central and eastern sides, especially in the plains, clays, sands, gravels and
silts can be identified. On the basis of the lithology of the aquifers, the specific PIC (Supplementary
Material Figure S4) was assigned to each aquifer type, according to the hydrogeology literature [48].
These coefficients control the intrinsic vulnerability of the aquifers. Considering the steady-state
analysis, the average values of the PIC were used in this paper. Moreover, through this coefficient,
the groundwater quality sensitivity of each type of aquifer was ranked [47].
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Table 1. Aquifers productivity in the Piedmont region.

Aquifers Type Vulnerability Factor

Highly productive fissured aquifers (including karstified rocks) 0.8
Low and moderately productive fissured aquifers (including karstified rocks) 0.4

Highly productive porous aquifers 0.7
Low and moderately productive porous aquifers 0.3

Locally aquiferous rocks, porous or fissured 0.1
Practically non-aquiferous rocks, porous or fissured 0.05

Snow field/ice field 0

Source: IHME (2013), Čenčur Curk et al. (2014).

3.3.2. Land Cover Data

In order to estimate the evapotranspiration incorporating the vegetation pattern, and also to
account for the pollution load index (PLI) induced by each ecosystem, we used two land cover
databases and four projections. For the 2000 and 2012 calculations of crop evapotranspiration (ETc) and
PLI, the CORINE Land Cover databases, available on the Copernicus Land Monitoring Services [49]
(http://land.copernicus.eu/) were set at 1 km spatial resolution (Supplementary Material Figure S4).
Future scenarios of Hercules land cover models (HERCULES Project. Available online: http://www.
hercules-landscapes.eu/), related to 2040 (Supplementary Material Figure S5), were processed to
determine the crop evapotranspiration (ETc) using the crop coefficient (Kc) and the PLI at a spatial
scale. Four scenarios of land cover projections indicated the land trend changes based on fourteen
trajectories. These projections were performed in the “Sustainable futures for Europe’s HERitage in
CULtural landscapES” project, taking into consideration the macroeconomic models [49]. Scenario
A1 focuses on a globalized world with an increase in economy, and high growth of food and feed
demand [50,51]. This scenario has weak regulation on land use change and declining tropical forest
areas [50,51]. Scenario A2 indicates modest economic growth with high population growth and high
growth of food, but also with weak regulation on land use change [50,51]. Scenario B1 shows modest
economic growth with slow growth of food and feed demand [50,51]. At the same time, this scenario
has strong regulation on land use change and tropical forest protection [50,51]. Scenario B2 indicates
a fragmented world with modest economic and food growth [50,51]. This scenario includes some
regulations on land use change [50,51]. Tables 2 and 3 report the values of the PLI assigned for each

http://land.copernicus.eu/
http://www.hercules-landscapes.eu/
http://www.hercules-landscapes.eu/
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land cover type. Spatial distribution of PLI for CLC 2000 and 2012, and for Scenarios A1, A2, B1,
and B2 are illustrated in the (Supplementary Material Figure S6).

Table 2. Corine land cover classes and relative pollution load index applied for CLC 2000 and 2012,
in the Piedmont region.

Corine Land Cover

CLC Code 2012 CLC Description Pollution Load Index Normalized Vulnerability Coefficient
111 Continuous urban fabric 6 0.40
112 Discontinuous urban fabric 5.5 0.36
121 Industrial or commercial units 5 0.33

122 Road and rail networks and
associated land 7.5 0.50

123 Port areas 7 0.46
124 Airports 7 0.46
131 Mineral extraction sites 9 0.60
132 Dump sites 14 0.93
133 Construction sites 7 0.46
141 Green urban areas 3.5 0.23
142 Sport and leisure facilities 4 0.26
211 Non-irrigated arable land 12 0.80
212 Permanently irrigated land 15 1.00
213 Rice fields 13.5 0.90
221 Vineyards 6 0.40
222 Fruit trees and berry plantations 5 0.33
223 Olive groves 4.5 0.30
231 Pastures 3.5 0.23

241 Annual crops associated with
permanent crops 9 0.60

242 Complex cultivation patterns 8.3 0.55

243
Land principally occupied by

agriculture, with significant areas
of natural vegetation

5.5 0.36

244 Agro-forestry areas 3 0.19
311 Broad-leaved forest 3.6 0.23
312 Coniferous forest 2.5 0.16
313 Mixed forest 2.8 0.18
321 Natural grasslands 2.5 0.16
322 Moors and heathland 2.7 0.17
323 Sclerophyllous vegetation 2.5 0.16
324 Transitional woodland-shrub 2.6 0.17
331 Beaches, dunes, sands 2.5 0.16
332 Bare rocks 1.5 0.09
333 Sparsely vegetated areas 2 0.13
334 Burnt area 5 0.33
335 Glaciers and perpetual snow 0.1 0.007
411 Inland marshes 2.3 0.15
412 Peat bogs 2.3 0.15
421 Salt marshes 2.3 0.15
422 Salines 2.3 0.15
423 Intertidal flats 3 0.19
511 Water courses 3 0.19
512 Water bodies 3 0.19
521 Coastal lagoons 3 0.19
522 Estuaries 3 0.19
523 Sea and ocean 3 0.19

Source: Wochna (2011), Čenčur Curk et al. (2014), and Nistor et al. (2015).

Table 3. Corine land cover classes and relative pollution load index applied to future scenarios, in the
Piedmont region.

Corine Land Cover Kc

CLC Code
2012

CLC Projection
Code CLC Description Pollution Load

Index
Normalized

Vulnerability Coefficient

133 0 Built-up area 7 0.46
211 1 Arable land (non-irrigated) 12 0.80
231 2 Pasture 3.5 0.23

324 3

Natural and semi-natural vegetation
(including Natural grasslands,

scrublands, regenerating forest below
2 m, and small forest patches within

agricultural landscapes)

2.6 0.17

411 4 Inland wetlands 2.3 0.15
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Table 3. Cont.

Corine Land Cover Kc

CLC Code
2012

CLC Projection
Code CLC Description Pollution Load

Index
Normalized

Vulnerability Coefficient

335 5 Glaciers and snow 0.1 0.00
212 6 Irrigated arable land 15 1.00

321 7

Recently abandoned arable land
(i.e., “long fallow”; includes very

extensive farmland not reported in
agricultural statistics, herbaceous

vegetation, grasses and shrubs below
30 cm)

2.5 0.16

241 8 Permanent crops 9 0.60
313 10 Forest 2.8 0.18
333 11 Sparsely vegetated areas 2 0.13
331 12 Beaches, dunes and sands 2.5 0.16
422 13 Salines 2.3 0.15
521 14 Water and coastal flats 3 0.19
322 15 Heathland and moorlands 2.7 0.17

324 16
Recently abandoned pasture land

(includes very extensive pasture land
not reported in agricultural statistics,

grasses and shrubs below 30 cm)
2.6 0.17

Source: Wochna (2011), Čenčur Curk et al. (2014), and Nistor et al. (2015).

3.3.3. NO3 Data

During 2005–2012, NO3 and other chemical elements were monitored at 39 surface and
groundwater stations in the Piedmont region. The values and locations of this data are available on the
European Environment Agency website. Following the ”Guidelines for Drinking Water Quality” [52],
a limit of 50 mg/L of NO3 for very high concentrations in the drinking water was admitted. In the
Piedmont region, the NO3 values ranged from 0 to 218 mg/L (Figure 4). A study by [28] used NO3 data
to verify the methods of groundwater vulnerability mapping in various areas from Piedmont region.
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Using the normalized values (0 to 1), the maximum values of NO3 were extracted and used for
the spatial analysis of the groundwater vulnerability (see Section 3.4).

3.4. Groundwater Vulnerability Mapping and Validation

Groundwater vulnerability assessment in the Piedmont region was done using multilayers
analysis to combine the sensitive factors which influence the vulnerability from a climate and land
cover perspective. We performed the dataset processing using the GIS functions from Spatial Analyst
Tools. The procedure for annual AETc was in conformity with a study by [45], in which they focused
on the regional ETc and AETc (Tables 4 and 5).

Table 4. Corine land cover classes and appropriate annual crop coefficient (Kc) presently, in the
Piedmont region.

Corine Land Cover Kc Annual

CLC code 2012 CLC Description Kc Ks Ku Kw Kclc

111 Continuous urban fabric - - 0.3 - 0.29
112 Discontinuous urban fabric - - 0.2 - 0.21
121 Industrial or commercial units - - 0.3 - 0.3
122 Road and rail networks and associated land - - 0.3 - 0.25
123 Port areas - - 0.4 - 0.39
124 Airports - - 0.3 - 0.3
131 Mineral extraction sites - - 0.3 - 0.26
132 Dump sites - - 0.3 - 0.26
133 Construction sites - - 0.3 - 0.26
141 Green urban areas - - 0.2 - 0.21
142 Sport and leisure facilities - - 0.2 - 0.21
211 Non-irrigated arable land 1.14 - - - 1.14
212 Permanently irrigated land 1.25 - - - 1.25
213 Rice fields 0.94 - - - 0.94
221 Vineyards 0.5 - - - 0.5
222 Fruit trees and berry plantations 0.68 - - - 0.68
223 Olive groves 0.66 - - - 0.66
231 Pastures 0.7 - - - 0.7
241 Annual crops associated with permanent crops 0.67 - - - 0.67
242 Complex cultivation patterns 1.16 - - - 1.16

243 Land principally occupied by agriculture, with significant areas
of natural vegetation 0.92 - - - 0.92

244 Agro-forestry areas 0.92 - - - 0.92
311 Broad-leaved forest 1.42 - - - 1.42
312 Coniferous forest 1 - - - 1
313 Mixed forest 1.33 - - - 1.33
321 Natural grasslands 0.97 - - - 0.97
322 Moors and heathland 0.92 - - - 0.92
323 Sclerophyllous vegetation 0.62 - - - 0.62
324 Transitional woodland-shrub 0.83 - - - 0.83
331 Beaches, dunes, sands - 0.23 - - 0.23
332 Bare rocks - 0.15 - - 0.15
333 Sparsely vegetated areas 0.48 - - - 0.48
334 Burnt area - 0.1 - - 0.1
335 Glaciers and perpetual snow - - - 0.51 0.51
411 Inland marshes - - - 0.45 0.45
412 Peat bogs - - - 0.37 0.37
421 Salt marshes - - - 0.32 0.32
422 Salines - 0.1 - - 0.1
423 Intertidal flats - - - 0.64 0.64
511 Water courses - - - 0.63 0.63
512 Water bodies - - - 0.64 0.64
521 Coastal lagoons - - - 0.68 0.68
522 Estuaries - - - 0.62 0.62
523 Sea and ocean - - - 0.74 0.74

Kc, crop coefficient for plants; Ks, evaporation coefficient for bare soils; Ku, crop coefficient for urban areas; Kw,
evaporation coefficient for open water; and Kclc, crop coefficient for land cover. Source: From Allen et al. (1998) and
Nistor and Mîndrescu (2019).
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Table 5. Corine land cover classes and calculated annual Kc for future scenarios, in the Piedmont region.

Corine Land Cover Kc

CLC code
2012

CLC projection
code CLC Description Kc Ks Ku Kw Kclc

133 0 Built-up area - - 0.26 - 0.26
211 1 Arable land (non-irrigated) 1.14 - - - 1.14
231 2 Pasture 0.7 - - - 0.7

321 and 324 3
Natural and semi-natural vegetation (including

natural grasslands, scrublands, regenerating
forest below 2 m, and small forest patches within

agricultural landscapes)
0.9 - - - 0.9

411 4 Inland wetlands - - - 0.45 0.45
335 5 Glaciers and snow - - - 0.51 0.51
212 6 Irrigated arable land 1.25 - - - 1.25

321 7
Recently abandoned arable land (i.e. “long

fallow”; includes very extensive farmland not
reported in agricultural statistics, herbaceous
vegetation, grasses, and shrubs below 30 cm)

0.97 - - - 0.97

241 8 Permanent crops 0.67 - - - 0.67
313 10 Forest 1.33 - - - 1.33
333 11 Sparsely vegetated areas 0.48 - - - 0.48
331 12 Beaches, dunes and sands - 0.23 - - 0.23
422 13 Salines - 0.1 - - 0.1

423 and 521 14 Water and coastal flats - - - 0.66 0.66
322 15 Heathland and moorlands 0.92 - - - 0.92

231 and 324 16
Recently abandoned pasture land (includes very
extensive pasture land not reported in agricultural

statistics, grasses, and shrubs below 30 cm)
0.76 - - - 0.76

Kc, crop coefficient for plants; Ks, evaporation coefficient for bare soils; Ku, crop coefficient for urban areas; Kw,
evaporation coefficient for open water; and Kclc, crop coefficient for land cover. Source: From Allen et al. (1998) and
Nistor and Mîndrescu (2019).

In this work, the aquifer vulnerability factor, PLI, infiltration map, and water availability were
normalized (0 and 1) and weighted to generate the groundwater vulnerability map of the Piedmont
region. The spatial analysis by weights steps followed the procedure presented by [53,54]. According
to the standard procedure, the weights sum must be 100%, therefore, the appropriate weights for each
factor map were set based on the literature [55–57]. Thus, the water availability and PLI layers were
weighted by 50%, while the potential infiltration map and vulnerability factor were ranked as 40% and
50%, respectively (Equation (8)). The weights represent the relative importance of the parameter in
the group. The balancing factor assigned to water availability and PLI means the relative importance
related to the maximal deviations of the respective layer and the limitation of that layer to substitute
another parameter, considering that the groundwater vulnerability should be calculated under these
two main factors. Two groundwater vulnerability maps, one for the past and one for the present,
and four maps for the future were generated as the main product of the work. The vulnerability was
divided into equal classes between 0 and 1 as follows: 0–0.2 for very low, 0.21–0.4 for low, 0.41–0.6
for medium, 0.61–0.8 for high, and 0.81–1 for very high. The arsenic data were also used in the
analysis, but only the NO3 data were used for validation. Spatial variation of NO3 and arsenic (As)
was performed using ordinary kriging interpolation in ArcGIS environment.

GW V =

[
(PLI × 0.5 + AV × 0.5) × 0.4

((1−WA) × 0.6 + PIM× 0.4 ) × 0.6

] 1
max(NO3, As)

(8)

where:

GW V = Groundwater vulnerability;
WA = Water availability;
AV = Vulnerability factor of aquifer;
PIM = Potential infiltration map;
PLI = Pollution load index;
NO3 = Nitrate;
As = Arsenic.
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All values were normalized between 0 and 1. The validation of the groundwater vulnerability was
done for the 2020s period, using pixel pair comparison (PPC) with NO3 data [58]. For the validation,
the difference of the vulnerability classes (five classes) between the groundwater vulnerability map
and the NO3 reference layer was used as follows: When the difference indicates a null value, perfect
confidence is verified and, when the difference indicates “−4”, the validation is null. Once calibrated and
admitted as the groundwater vulnerability model for the 2020s period, determinations of groundwater
vulnerability for the 1990s, and 2050s periods, were completed.

4. Results

4.1. Variation of Water Availability (WA)

Groundwater vulnerability under climate change and land cover in the Piedmont region was
evaluated using spatial analysis in ArcGIS. The impact of climate change on groundwater quantity
was estimated through water availability. According to the annual AETc and precipitation distribution
at a spatial scale, we performed the annual water availability for the 1990s, 2020s, and 2050s periods.
During the past period (1990s), the water availability varied in the Piedmont region from 173 mm
to 2175 mm. In the present period (2020s), the water availability ranges from 98 m to 2053 mm,
while in the future period (2050s), the water availability indicates values between 95 mm and 1962 mm.
The higher values (over 1600 mm) are located in the northern parts of the Piedmont region, especially
in the Val d’Ossoia Valley. The lower values (below 400 mm) of water availability extend in the central,
southern, western, and eastern sides of the Region. The dryer area is shown in the Po Plain and it is
expected that the low values of water availability will occupy a larger territory in the 2050s period.
From a quantity point of view, climate change has a negative impact on a major part of the Piedmont
land. The areas with lower water availability influence the groundwater recharge and, consequently,
the vulnerability due to climate change. Figure 5 depicts the water availability in the Piedmont region
for the past, present, and future scenarios.Atmosphere 2020, 11, x FOR PEER REVIEW 15 of 22 
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4.2. Variation of Pollution Load Index (PLI)

For the quality assessment of groundwater over a long term, we evaluated the spatial distribution
of the vulnerability factor and PLI, using the aquifers respective land cover data. The most sensitive
aquifers from the Piedmont region are the porous aquifers which are located in the lowlands and along
the valleys. In these types of media, the vulnerability factor has high values (Figure 3). The mountains
media indicate ”non-aquiferous” rock for a major part of Western Alps, therefore, the permeability is
very low, and the vulnerability factor is low.

The PLI indicates high values in the Po Plain, where the agricultural lands extend and where the
human impact is significant. These areas could be characterized as “low ecosystem services quality”
for groundwater renewal and quality. In contrast, the mountains areas, covered by forest and pastures,
supply both the surface water runoff and groundwater recharge and the quality of aquifers. Thus,
the lower PLI was depicted in the north, west, and south of the Piedmont region, where the higher PLI
could be find in the central and east parts of the region (Supplementary Material Figure S6).

4.3. Groundwater Vulnerability Map

The PPC includes an analogy between the groundwater vulnerability class in a certain location
with the NO3 value converted into vulnerability class. This approach is highlighted in Figure 4. The PPC
between the groundwater vulnerability map related to the 2020s period and the NO3 F layer indicates
an 87% level of confidence, i.e., 48% with perfect confidence and 39% with only one class difference.
A two class difference was found for two locations and a three class difference was found for one
location, which represent about 9% respective 4% of the entire maps of the Piedmont region (Table 6).

Table 6. Pixel pair comparison of groundwater vulnerability model in the Piedmont region (2020s).

Class Difference No. of Pixels Percentage Statistics (%)

0, 1 20 87
2 2 9
3 1 4
4 0 0

The spatial analysis by weights was generated using water availability, vulnerability factor, PLI,
and infiltration map layers. These parameters represent the main factors that influence the groundwater
vulnerability due to climate conditions, land cover aspects, terrain morphology, and geology of the area.
Figure 6 shows the map of groundwater vulnerability in the Piedmont region for the past and present
periods (1990s and 2020s). The Po Plain and eastern sides of the region represent the territory where
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there is a very high and high vulnerability of groundwater under climate and land cover. A medium
vulnerability class extends, for both periods, in the central, south-west, and north-central parts of
the Piedmont region. A low and very low vulnerability extend mainly in the peripheral parts of the
region and in some locations from the central part. Interestingly, between the 1990s and 2020s periods,
a very high vulnerability class occupies a larger territory in the second period, while the very low class
is reduced.
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Future scenarios of groundwater vulnerability in the Piedmont region indicate a high and very
high vulnerability class in the south-west and east parts, in all scenarios. A very low class was
depicted in the north of the Piedmont region, whereas a low class extends mainly in the south and
west. There were a few locations of low vulnerability class identified in the north and central parts.
A medium class of groundwater vulnerability could be found in the south-west, north-central, central,
and east parts of the study area. The spatial distribution of the groundwater vulnerability pattern is
very similar in all four scenarios. We note that very high class of vulnerability increased in the area,
and high and medium classes of vulnerability decreased in the area. A very low class of vulnerability
also increased, during the 2050s period, in the south of the Piedmont region as a consequence of the
forest presence in that area by mid-century. Future scenarios of groundwater vulnerability for the
Piedmont region are depicted in Figure 7.
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5. Discussion

The main goal of this work was to determine groundwater vulnerability and risk mapping in
one of most important regions of Italy, in the Piedmont region. The applied methodology is based on
GIS technology, which is able to combine spatial datasets and generate a groundwater vulnerability
map. The input data has significant influences on the results. Climate influences are coming both
from the temperature and annual ET0 values, and also from the annual precipitation, which register
high variations at a spatial scale in the Piedmont region. These oscillations of ET0 and precipitation,
together with the land cover, are reflected in the AETc and water availability amount. Thus, the Po
Plain appears to be a very dry land, with high values of AETc and low values of water availability for
all the analyzed periods, for a larger area, and due to this, groundwater recharge is expected to reduce,
especially during the future period. In the mountain areas, the high quality of the ecosystems (low PLI)
and the high values of water availability contribute to low and very low vulnerability of groundwater.
According to [28], land use does not always control the transport of NO3, but the groundwater flow.
In this sense, our method that includes PIC influences the intrinsic groundwater vulnerability a great
deal at the same location as the aquifer. As a limitation of ArcGIS and spatial analysis, in this study,
the applied approach does not quantify the groundwater flow and transfer of NO3 downstream to the
measured points. However, the method performs well for the classes of groundwater vulnerability
and, additionally, future projections are the strengths of our analysis.

The best of our application, the groundwater vulnerability mapping carried out in this study,
also included the effects of climate change and land cover variation. These findings are in line with
specific literatures that have indicated high vulnerability of groundwater resources in various regions
from Southern and South Eastern Europe. In the south of Europe, the seasonality of dry period induces
major changes in the water renewals, especially from May to September. The mean annual precipitation
amount is expected to decrease in the Mediterranean area and also in Italy [39,40], and the Italian
peninsula [45] as a consequence of climate change. In South Eastern Europe, groundwater vulnerability
is also increasing [40] and the ecosystems are also negatively affected [7]. A study by [53] determined
groundwater vulnerability under climate change in the Beliş district of the Western Carpathians.



Atmosphere 2020, 11, 779 17 of 20

Our study is not without limitations. The applied methodology focused on annual averages of
30 years climate data. This aspect represents a disadvantage because the water stress during drought
periods is not considered. The present work considers long-term periods rather than seasonal analysis.
At the same time, pollution risks during the short periods are not taken into account.

A comparison of this study with previous investigations of groundwater vulnerability in the
Piedmont region shows that our findings are appropriate with the maps generated by [30,31]. In their
groundwater vulnerability map, generated for the Alessandria district, a high class of vulnerability
is predominant for that territory. This detail is in line with the vulnerability map generated in this
work. Interestingly, studies by [30,31] also found extremely elevated vulnerability in the northern
side of the Alessandria district and in some locations from west and south. The differences between
our method and the approach by [30,31] are related to the input data. They included the hydraulic
conductivity, weight strings, and depth to water data in their analysis. Because of the large area of the
Piedmont region, we chose to use the PIC layer and PLI instead of hydraulic conductivity and depth to
water data, therefore, the findings are slightly different. However, our method generated an accurate
groundwater vulnerability map for the entire Piedmont region considering long-term period climate
models and land cover projections. The method could be used for other regional studies without issues
in performance.

6. Conclusions

This aim of this paper was to determine the groundwater vulnerability mapping over the Piedmont
region, in Northern Italy, using spatial analysis in ArcGIS. The approach included high-resolution
climate models, aquifers, terrain data, and the dynamic land cover for the past (1990s), present (2020s),
and future (2050s) periods. Climate change and land cover have a negative impact on the groundwater
resources in the Piedmont region. The groundwater vulnerability map indicates the northern, western,
and southern sides of the Piedmont region have low and very low groundwater vulnerability. At the
same time, in the Po Plain, high and very high vulnerability occur during the 1990s and 2020s periods.
Moreover, during the 2050s period, the areas with high vulnerability are expected to increase in area.

The central and eastern parts of the region are facing climate change problems related to a decrease
in water availability, intense agriculture, and highly sensitive aquifers of porous media in the Po
Plain. In addition, the areas with high groundwater vulnerability also represent the cultivation lands,
which influence water resources quality.

The risk mapping consists of integrating groundwater vulnerability mapping and types of
aquifers. Thus, high and very high vulnerability corresponds to porous and karst aquifers because of
the high hydraulic conductivity, and also because NO3 and as registered high values in the study area.
Medium vulnerability could be identified in the porous aquifers with coarse sediments, but also in the
fissured aquifers. Low and very low vulnerability was found in the non-aquiferous media, where the
permeability was very low and the capacity of the water storage was reduced.

This application represents a reliable methodology with respect to groundwater vulnerability
mapping at a regional scale. The accuracy of mapping carried out here can be improved with in situ
measurements for the locations where these are missing. In addition, the groundwater vulnerability
maps which were generated in this study, represent important instruments for water management
plans in the Piedmont region.
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2040s; Figure S6: Pollution load index calculated in base of land cover in the Piedmont region; Figure S7: Spatial
distribution of annual actual crop evapotranspiration (AETc) in the Piedmont region.
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