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Abstract. The spatial and temporal variability of air tempera-
ture, precipitation, actual evapotranspiration (AET) and their
related water balance components, as well as their responses
to anthropogenic climate change, provide fundamental infor-
mation for an effective management of water resources and
for a proactive involvement of users and stakeholders, in or-
der to develop and apply adaptation and mitigation strategies
at the local level.

In this study, using an interdisciplinary research approach
tailored to water management needs, we evaluate the past,
present and future quantity of water potentially available
for drinking supply in the water catchments feeding the
about 2.3 million inhabitants of the Turin metropolitan area
(the former Province of Turin, north-western Italy), consid-
ering climatologies at the quarterly and yearly timescales.
Observed daily maximum surface air temperature and pre-
cipitation data from 1959 to 2017 were analysed to assess
historical trends, their significance and the possible cross-
correlations between the water balance components. Re-
gional climate model (RCM) simulations from a small en-
semble were analysed to provide mid-century projections of
the difference between precipitation and AET for the area
of interest in the future CMIP5 scenarios RCP4.5 (stabiliza-
tion) and RCP8.5 (business as usual). Temporal and spatial
variations in recharge were approximated with variations of
drainage. The impact of irrigation, and of snowpack variabil-

ity, on the latter was also assessed. The other terms of water
balance were disregarded because they are affected by higher
uncertainty.

The analysis over the historical period indicated that the
driest area of the study region displayed significant negative
annual (and spring) trends of both precipitation and drainage.
Results from field experiments were used to model irrigation,
and we found that relatively wetter watersheds in the north-
ern and in the southern parts behave differently, with a signif-
icant increase of AET due to irrigation. The analysis of future
projections suggested almost stationary conditions for annual
data. Regarding quarterly data, a slight decrease in summer
drainage was found in three out of five models in both emis-
sion scenarios. The RCM ensemble exhibits a large spread in
the representation of the future drainage trends. The large in-
terannual variability of precipitation was also quantified and
identified as a relevant risk factor for water management, ex-
pected to play a major role also in future decades.

1 Introduction

Water is a crucial resource, intrinsically linked to society
and culture development, food and energy security, well-
being, environmental sustainability and poverty reduction.
However, several factors, including urbanization, population
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growth, land use and soil consumption, and industrial and
agricultural development, endanger water resource sustain-
ability in terms of availability, quality, management and de-
mand (IPCC, 2014; WWAP, 2015). Groundwater resources
represent about 97 % of liquid freshwater resources on Earth
(WHO, 2006; Healy, 2010) and play a key role in water sup-
ply and proper preservation of ecosystems (WWAP, 2015).
Groundwater resources help to maintain river discharges and,
together with surface freshwaters, are accounted for in wa-
ter budget considerations at the river basin scale (Rumsey
et al., 2015). The hydrological connection between ground-
water and surface water is primarily controlled by (1) the
driving force generated by the hydraulic gradient between
groundwater and surface water and (2) the permeability de-
gree of the aquifer in comparison to a streambed (i.e. dif-
ferent hydraulic conductivity) due to the geological context
(Lasagna et al., 2016; Epting et al., 2018). Groundwater and
surface water interaction is influenced by both local and re-
gional regimes (Epting et al., 2018). Local interaction could
be very complex, and different methods were developed to
quantify this interaction in different locations (Bertrand et al.,
2014; Kalbus et al., 2006). Groundwater resources are of ut-
most importance for their mitigation effects during dry peri-
ods, and their reduction can impact the whole hydrological
cycle. Groundwater is a fundamental natural resource that
acts as a reservoir from which good-quality water can be col-
lected for drinking purposes, requiring few purifying treat-
ments compared to surface water. Climate change influences
several components of the water cycle, including groundwa-
ter resources, causing a lowering of piezometric levels due
to discharge modifications as a result of snow retention re-
duction, changes in precipitation regimes and potential evap-
otranspiration that increases with increasing temperatures. In
Alpine regions, shorter and thinner snowpack will decrease
late spring flows, while the air temperature rise will increase
stream flows in autumn and winter due to trading of snow-
fall for rainfall (Confortola et al., 2013), leading to a shift of
groundwater recharge from summer to winter, as evaluated
by CH2018-Project-Team (2018) and Epting et al. (2021) in
Switzerland.

Surface water and pollutants infiltration, together with
over-exploitation of wells, can further deplete groundwa-
ter resources, triggering the competition between irrigation
and potable uses. While the degradation of water quality
mostly depends on land use and saltwater intrusions into
coastal groundwater (Jiménez Cisneros et al., 2014), climate
change also may affect, either directly or indirectly, the qual-
ity of groundwater resources. Temperature impacts biolog-
ical, chemical and physical properties of groundwater re-
sources (Epting et al., 2021), even if the increase of air tem-
perature is not necessary directly correlated with ground-
water temperature increase. In fact, this correlation depends
on the intrinsic properties of aquifers, on local and regional
spatio-temporal scales and on different anthropic inputs (Ept-
ing et al., 2021; Bastiancich et al., 2021). Moreover, the inter-

action between surface water and groundwater flow systems
influences the water chemistry (Lasagna et al., 2016), since
in areas where rainfall intensity is expected to increase, pol-
lutants will be increasingly washed from soils to water bodies
(IPCC, 2007). Finally, water-level changes are a key indica-
tor that flow patterns are changing and that low-quality water
may be mobilized (Moench et al., 2003).

Climate change also exacerbates the risks associated with
changes in the distribution and availability of water resources
(Jiménez Cisneros et al., 2014), with consequences for water-
demand management and infrastructural system planning
(van der Gun, 2012). In this framework, assessing climate
change impacts on Integrated Urban Water Management
(IUWM), considering a worsening of pre-existing conditions
and/or an occurrence of new hazards or risk factors and plan-
ning climate change adaptation strategies are fundamental
challenges that IUWM is expected to face in the near fu-
ture, using an integrated approach based on prevention, pre-
paredness and risk assessment. To this end, an appropriate
proactive engagement of stakeholders is needed, in order to
develop and apply adaptation and mitigation strategies quan-
tified and driven by state-of-the art climate information and
projections.

The Alps and the Mediterranean area are recognized as
two climate hotspot regions (IPCC, 2014), showing amplified
climate change signals and associated environmental, social
and economical impacts. Future projections for the Italian
territory, in particular, show an increase of high precipitation
intensity, typically distributed in more intermittent events, to-
gether with an increase of the duration of dry periods (Desi-
ato et al., 2015). However, in north-western Italy, these trends
are not clear, and they are very site-dependent (Baiamonte
et al., 2019). In a recent paper analysing European floods, in
Piedmont almost no precipitation trend emerged, with the ex-
ception of the Dora Riparia valley, where precipitation is de-
clining (Blöschl et al., 2019). Another recent work shows the
differences in freshwater trends between central and south-
ern Europe (Gudmundsson et al., 2017). In fact, Italy is a cli-
matic bridge between the Mediterranean and the inland Eu-
ropean climate (Libertino et al., 2019), and in Piedmont there
are mountains 4000 m high at just 160 km distance from the
Mediterranean Sea.

Northern Italy is also a bridge between areas where actual
evapotranspiration is mainly soil-moisture-limited (Mediter-
ranean) and areas where it is energy-limited (central Europe).

For precipitation, the transient development of the im-
pingement of cold fronts on the Alps induces a wide range
of mesoscale phenomena. On the one hand, when the Alpine
chain is subject to a southerly flow of moist and relatively
warm air from the Mediterranean Sea, very intense precip-
itation episodes can take place, such as the Piedmont flood
in November 1994. The Piedmont lowlands act as a natural
trap for moist airflows from the south-east, particularly in au-
tumn. On the other hand, northerly flows lead to dry weather,
particularly in winter (Pradier et al., 2002). Most relevant
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rainfall and snowfall episodes, including extreme events, are
thus due to southerly flow.

For water management, the IUWM in Italy is geographi-
cally organized into local districts (called “ATO” – Ambiti
Territoriali Ottimali, which translates into “Optimal Terri-
torial Divisions”), whose domains were defined based on
various criteria, either administrative boundaries or physi-
cal ones, including river basin boundaries (Legislative De-
cree No 152/2006, as further amended). The boundaries of
these districts mostly coincide with administrative borders;
in the Piedmont region, the Turin metropolitan area repre-
sents local district ATO3, where the IUWM is provided by
Società Metropolitana Acque Torino (SMAT). This is a wide
and geographically complex area, and SMAT exploits many
and diverse supply sources, with groundwater resources rep-
resenting about 80 % of the whole water supply in terms of
volume available to SMAT.

It is therefore important to evaluate the balance between
precipitation and actual evapotranspiration (AET) and their
related spatial and temporal variabilities. Several studies can
be found in the literature which evaluate the impacts of cli-
mate change on groundwater resources, e.g. Jiménez Cis-
neros et al. (2014) and Taylor et al. (2013).

Recharge varies in space and time, and it is difficult to
measure directly; therefore a comprehensive understanding
is lacking. In this paper, we define recharge as the differ-
ence between precipitation and actual evapotranspiration.
This simplification follows a recent review paper, where
mesoscale is defined as the ideal scale for simulating the ef-
fect of climate change on recharge, and precipitation is men-
tioned as the largest source of recharge variability (Smer-
don, 2017). Moreover, in a recent study, considering several
wells located in nine regions of the central and north-eastern
United States, the recharge (evaluated as drainage from the
lowest model soil layer) was shown to be compatible with ob-
served monthly groundwater storage anomalies and month-
to-month changes in groundwater storage (Li et al., 2015).
In the selected study area, a recent study commissioned by
the Water Department of the Piedmont Region shows that
the recharge areas of the deep aquifers occur in the high
plain sectors, close to the Alps (Regione Piemonte, 2018b;
De Luca et al., 2020), justifying our choice to avoid river-
fed recharge. A new global dataset encompassing more than
5000 locations has shown that precipitation amounts and sea-
sonality of temperature and precipitation are the most impor-
tant variables (Moeck et al., 2020; Condon et al., 2020). Ept-
ing et al. (2021), in a recent paper on Swiss alluvial aquifers,
underline the importance of both spatial and temporal vari-
ability in recharge related studies carried out in a region close
to our study area. Regarding spatial variability, Pangle et al.
(2014) identified drainage as a proxy for recharge in a con-
trolled mesocosm. Their results highlighted the potential for
local interactions between temperature, vegetation and soils
to moderate the hydrological response to climate warming.
The importance of soil and vegetation was also underlined

by Condon et al. (2020). The outputs of the Pangle et al.
(2014) study show that AET decreased in summer because
of soil moisture shortage. This result is due to the fact that
precipitation is out of phase with the growing season cycle,
and irrigation is operated only for reproducing natural rain-
fall events. At the yearly timescale, they did not find a reduc-
tion of AET in their evaluation of trends.

Regarding temporal variability, interannual variability also
plays a major role in groundwater recharge, and it is critical
for water managers. Masbruch et al. (2016) have shown how
quasi-decadal large groundwater recharge events can be im-
portant for replenishing the aquifers. These events are char-
acterized by large precipitation (both rainfall and snow water
equivalent) and by below-average seasonal temperatures.

Also, the effects of climate change are not all in the
same direction. In a study using 16 global climate models
(GCMs), a considerable uncertainty in both the magnitude
and direction of recharge changes was shown for 2050 year
projections in different parts of the High Plains (Crosbie
et al., 2013). A more recent study has revealed variability
in both direction and magnitude of hydrological changes for
the Great Lake basin of North America, with a combination
of different regional climate models (RCMs; Persaud et al.,
2020).

Konapala et al. (2020) reported at the global scale an in-
crease in annual mean evaporation over the land surface, at-
tributed to the increase in temperature. They deal with wa-
ter availability as the difference between precipitation and
actual evapotranspiration. In this paper we call this quantity
drainage, as a proxy for recharge, computed by the soil model
in each pixel, without modelling both runoff and the underly-
ing aquifer flow. The other terms of water balance have more
uncertainty and probably lower impact: soil water storage is
small, river runoff has scattered measurements and complex
process modelling and subsurface flow always shows large
uncertainties associated with its estimation (Healy, 2010).

In this paper we develop a stakeholder-driven inter-
disciplinary research study, where scientists in atmo-
spheric/climate research and hydrologists work together with
agricultural and soil scientists and experts from a water util-
ity to quantify the role of groundwater, focusing on an area
providing water to about 2.3 million people. This area is char-
acterized by a very large spatial precipitation and air temper-
ature variability, owing to the proximity of high mountains
and of the sea.

The main research questions, relevant also for other re-
gions worldwide, are as follows: (a) can the water balance
show a significant trend only because of a significant trend in
AET? Is also a significant trend in precipitation necessary?
(b) How different are water balance trends in three different
parts of the area, namely a drier west–east-oriented mountain
area, a wetter mountain area and a mostly irrigated agricul-
tural area? In fact, in about 7000 km2 there are quite different
situations, the former two with an impact of snow versus rain
and anticipated snowmelt trends and the latter with a AET
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temperature increase compensation with irrigation. (c) To
what extent are the spatial variability and trends observed
in the past 60 years expected to undergo changes during the
next 30 years?

We evaluate the temporal variability and the trends of the
water balance terms, estimating the quantity of groundwa-
ter resource available for drinking water supply in the wa-
ter catchments of the area managed by SMAT. The analyses
are performed at both the quarterly and the hydrological year
timescale, for both past and future conditions, analysing a
historical climate dataset for the period 1959–2017 and fu-
ture projections from regional climate model RCA4 RCM
simulations up to 2050, in order to be compliant with rela-
tively short-term water management objectives.

The expected results will form a knowledge basis for op-
erational indications and will be useful to characterize fu-
ture groundwater resources availability in other border areas
between Mediterranean and continental climate, especially
where the water resource is subject to multiple anthropogenic
pressures. This paper represents a scientific contribution to
the management and the governance of water resources and
water supply that could be applied worldwide, through, for
example, the implementation of scientifically driven guide-
lines and strategic agendas on water supply and water poli-
cies.

2 Study area and methodology

2.1 Study area

Many foothill zones in the Alps and Apennines contain
aquifer systems of strategic interest for water supply, espe-
cially for drinking purposes (Doveri et al., 2016). In this
framework, the aquifer system extending in the foothill plain
located between the western Alps and the Turin hills rep-
resents one of the most significant and studied groundwater
bodies in the Piedmont region (Raco et al., 2021).

This study area, within the administrative borders of the
Turin metropolitan area (encompassing the entire territory of
the former Province of Turin), has a complex orography and
is surrounded on the western and northern sides by the Alps
(with elevation peaks higher than 4000 m above sea level at
the border with the Valle d’Aosta region) and on the eastern
and southern sides by hills and plains. Precipitation in the
study area is characterized by relatively high spatial and tem-
poral variability (yearly total ranging from about 500 mm in
the plain to 2000 mm for high-elevation gauges). The study
area, in fact, is prone to topographically induced precipita-
tion and is exposed to the inflow of moisture-rich air from
the Mediterranean Sea (Ciccarelli et al., 2008). It is also an
area characterized by the occurrence of relatively long dry
periods, up to 6.4 d on average during winter (Agnese et al.,
2012; Baiamonte et al., 2019).

Owing to its hydrogeological features (see also the rivers
system shown in Fig. 1), the foothill aquifer systems gener-
ally sustain the infiltration of both local rainfall and stream
water originating from mountain catchments. These systems
are highly sensitive to variations in meteoclimatic variables,
first of all in precipitation regimes.

2.2 Water balance terms

In this paper we refer to water balance as the balance between
water inputs and outputs at the catchment scale, as schemat-
ically shown in Fig. 1.

Given the timescales of interest and the uncertainties in-
herent in some terms of the water balance equation, in this
study the standard formulation of this equation has been
simplified, including precipitation, actual evapotranspiration
(AET) and drainage (obtained by subtracting AET from the
sum of rainfall and snowmelt), which is used as a proxy for
the groundwater recharge. This approach is common to other
studies, and many of them (Healy, 2010) do not make a dis-
tinction between drainage and groundwater recharge. This
choice has also been discussed in the Introduction. Also, in
the study area, measured river flow data cover a temporal
interval shorter than 2 decades (2000–2017), not allowing
robust regressive models to be built to be able to estimate
deep percolation outside the time interval of data availabil-
ity. Regarding the time step of calculation, the daily scale is
recommended because of precipitation intermittency, in or-
der to avoid the underestimation of drainage and recharge
(e.g. Healy, 2010). Therefore in this work the computation
is done at the daily scale in the soil column, and results are
then aggregated at the yearly and quarterly timescale and,
spatially, at the catchment scale.

The daily soil model will be described later in the text. The
yearly catchment water balance can be simplified as follows
(Healy, 2010):

Pq = AET + Qout, (1)

where Pq represents the sum of liquid precipitation (rainfall)
and snowmelt, AET the actual evapotranspiration and Qout
the drainage. Surface and subsurface catchments are assumed
to be coincident as they are bounded by the border mountain
divide (De Luca et al., 2020). Storage variations in time are
disregarded because the control volume is composed of va-
dose zone soil columns, with an aggregation of results at the
quarterly and yearly timescale. The soil model presented in
the following is used to calculate AET and Qout in each pixel
at the daily timescale.

To account for the different ground characteristics and
variations, together with the physical description of the hy-
drological processes, all the water balance variables (except
for output discharge) must be first evaluated at a fine spatial
resolution and then aggregated (i.e. upscaled) at watershed
level. To this end, a horizontal spatial resolution of 250 m was
considered to be a good compromise between the necessity
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Figure 1. The study area including river catchments and sub-catchments. Illustration of the water balance terms at the catchment scale
is shown in the inset. Topographic shading is based on DEM data from the “Progetto Risknat – Base topografica transfrontaliera,
ARPA Piemonte” (http://webgis.arpa.piemonte.it/ags101free/rest/services/topografia_dati_di_base/Sfumo_Europa_WM/MapServer, last ac-
cess: 14 August 2020).

of high resolution and the computational resources required:
the study area was discretized into a grid of 652⇥521 pixels.

The model takes into account the effects of irrigation on
the value of AET. However, input and output irrigation terms
in surface and groundwater balance are assumed to balance
out at the catchment level. Also, industrial water withdrawals
do not change the water balance at the watershed scale be-
cause they give back the captured water at short distance,
performed mostly for hydroelectric energy production.

The contribution of glacier and permanent snow melt-
ing can be disregarded because it is very small in compar-
ison with the catchment areas. However the evaluation of
snowmelt from the snowpack is quite important as it repre-
sents the amount of daily snow equivalent contributing to the

water balance. In fact, as outlined in the review by Taylor
et al. (2013), at high altitudes, increasing temperatures lead
to less snow accumulation and earlier snowmelt and to more
winter precipitation in form of rain.

To this end, as a first step, air temperature was used to
distinguish between snowfall (Ps) and rainfall (Pr) (DeWalle
and Rango, 2008): for temperatures lower than or equal to
�2 �C, all the precipitation amount can be considered to be
snowfall, while for temperatures higher than or equal to 5 �C,
all the precipitation amount can be considered to be rainfall.
For temperatures between �2 and 5 �C, rainfall and snowfall
amounts were linearly interpolated, in order to break down
the different percentages of precipitation type. The resulting
snowfall Ps was used as an input to a simple bucket model in

https://doi.org/10.5194/hess-26-407-2022 Hydrol. Earth Syst. Sci., 26, 407–427, 2022
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each pixel, used to integrate the storage of snow on ground,
S. The daily snowmelt, Nf, was subtracted from the same
bucket, and it was evaluated using the method by Zeinivand
and Smedt (2009), where the melted snow is a function of
the difference between the daily mean temperature Tmean and
melting temperature T0 (0 �C) and of the rainfall amount (Pr
evaluated in mm d�1), as follows:

Nf = min{S/(1 day),max[0, (ksnow + krain · Pr) · (Tmean � T0)]},
(2)

where krain (rainfall melt-rate factor) and ksnow (melt-rate
factor) are fixed parameters. The same values as in Zeini-
vand and Smedt (2009) were used: krain = 0.0757 �C�1 and
ksnow = 3 mm d�1 �C�1.

A correct evaluation of the water balance allows for a reli-
able estimation of water availability. To this end, the follow-
ing chain was applied in the study area:

1. identification and retrieval of the daily meteoclimatic
(i.e. temperature and precipitation) data;

2. regridding of the meteoclimatic and hydrological data
at the spatial resolution required by the hydrological
model, namely a square 250 m grid;

3. setting up of a mathematical model that accounts for
soil–vegetation–atmosphere interactions and provides
actual evapotranspiration estimates (see Sect. 2.3).

Observational and reanalysis datasets have been used to ob-
tain meteoclimatic data for the period 1959–2017, as de-
scribed in Sect. 3, while for the assessment of future wa-
ter balance scenarios, climate projections of temperature and
precipitation were used (see Sect. 4).

In order to be compliant with management objectives for
strategic long-term planning, the input datasets, available at
daily resolution (see Sect. 3), were aggregated to quarterly
and yearly timescales using the definition of hydrological
year (the first quarter includes January, February and March
(JFM), the second April, May and June (AMJ), the third
July, August and September (JAS) and the fourth October,
November and December (OND)). The hydrological year, N ,
starts on 1 October of year N � 1 and ends on 30 September
of year N . During the hydrological year, a complete snowfall
melting occurs, making the breakdown of precipitation be-
tween rainfall and melted snow negligible. At high altitudes,
this melting is not complete, and the annual variability entails
the fluctuation of snow on the ground from one (hydrologi-
cal) year to the following one. This phenomenon is limited to
the highest peaks and is relevant only for limited areas. For
this reason, for evaluations at the yearly timescale, Pq was
assumed to be equal to the total average yearly precipitation.

2.3 Soil water model

A simple bucket soil water model was developed in or-
der to estimate AET values at the daily scale for each

250 m ⇥ 250 m pixel of the study area. The soil is schema-
tized with seven different layers of increasing thickness with
depth, similar to the FAO56 model (Allen et al., 1998). The
water inputs for the model are precipitation (sum of rainfall
and melted snow) and irrigation, if any. The outputs are AET
and drainage (sum of runoff and deep percolation). The dis-
tinction between runoff and deep percolation is not included
in the model, as well as the modelling of capillary rise.

For each layer, the bucket equation is as follows:

Pq + I ⇤ � Qout � AET � 1S = 0, (3)

where Pq is rainfall plus snowmelt, I ⇤ is irrigation, Qout is
drainage, AET is actual evapotranspiration and 1S is the
variation of water storage in the soil per day. In a bucket
model (as discussed by Baudena et al., 2012, in their paper
focused on the same area in north-western Italy) water can
be lost via evapotranspiration or evaporation and flow down-
wards between layers via deep percolation, as a function of
soil water content of each layer: if it exceeds field capacity,
the water surplus percolates into the layer immediately be-
low.

2.4 Actual evapotranspiration computation

As reported by the Fifth Assessment Report of the IPCC
(IPCC, 2014), a rise in greenhouse gas concentrations is as-
sociated with reduced soil moisture in Northern Hemisphere
mid-latitude summers. This is the result of higher winter and
spring evaporation, caused by higher temperatures and re-
duced snow cover, and of lower rainfall inputs during sum-
mer. Regarding the effects on recharge of managed agrosys-
tems, Taylor et al. (2013) state that changes in surface energy
budgets are associated with enhanced soil moisture from ir-
rigation. The widespread use of irrigation in most parts of
the Po Valley plain cancels out the dampening role of AET
soil moisture limitation. At the same time, roughly half of the
surface of the study area is covered by mountain grasslands
and non-irrigated areas, where moisture limitation can play
an important role.

The actual evapotranspiration, AET, was calculated start-
ing from potential evapotranspiration, PET, then reduced by
considering the actual soil water content, obtained from the
bucket soil model for each layer, with AET of each day be-
ing the sum of the depletions from the single layers. PET
was calculated with the model of Hargreaves and Samani as
in Allen et al. (1998), using daily maximum and minimum
air temperature data from the regional dataset described in
Sect. 3.1 and extraterrestrial radiation modelled as in Aguilar
et al. (2010). Also, the reduction of evapotranspiration (from
PET to AET) due to actual soil water content was modelled
using the coefficients Kc and Ks related to crop and soil re-
spectively according to Allen et al. (1998), comparing the
modelling results with real-world measurements at different
sites (Raffelli et al., 2017).
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The soil water model reproduces the data in the case of
no irrigation very well. However, a relevant contribution of
irrigation, especially for highly water-demanding crops such
as maize, can increase the AET term of the water balance.
These water-demanding crops are quite widespread in the
study area (about 750 km2), and therefore a novel proce-
dure reproducing agricultural irrigation techniques was im-
plemented in the soil water model. This module is based on
previous research in three farms (Canone et al., 2015, 2016),
reproducing the farmers’ decision rules and tuned in order to
obtain irrigation events similar to the observed ones.

3 Observed data

3.1 Temperature and precipitation

The past and present precipitation and temperature data nec-
essary to force the hydrological model employed in this study
were derived from the Regional Environmental Protection
Agency of Piedmont (ARPA Piemonte) databases. In par-
ticular they have been extracted from the OI (optimal inter-
polation) dataset (in italian, ARPA Piemonte, 2010a). This
dataset provides cumulative daily precipitation and maxi-
mum and minimum daily temperature at a spatial resolu-
tion of 0.125� longitude–latitude (corresponding to ⇠ 12 km)
over the entire Piedmont region, for a time period extending
from 1959 to 2017. The OI dataset was obtained by interpola-
tion of in situ observations collected by the Hydrographic Of-
fice network and by the network of the ARPA telemetry sta-
tions through the technique of optimal interpolation, which
allows data to be obtained on a regular grid, homogeniz-
ing observational data from different measurement networks
and sources (ARPA Piemonte, 2010b). A preliminary quality
check of the OI data revealed the existence of days (all refer-
ring to years before 1990) for which the minimum tempera-
ture showed a higher value than the maximum temperature,
probably owing to issues in the data acquisition. These data
were excluded from the analysis and replaced by new val-
ues obtained through linear interpolation in time, rather than
in space, in order not to smooth the orographic information
inherent in the original OI dataset.

The OI dataset provides a set of meteorological vari-
ables at a coarser spatial resolution than that required to de-
scribe the small-scale hydrological processes and to accu-
rately estimate the water balance terms, calling for the ap-
plication of interpolation and downscaling techniques. Af-
ter re-projecting the OI temperature and precipitation data
into a WGS84/UTM zone 32 N coordinate system useful for
the subsequent analyses, they were further interpolated at the
finer resolution of 250 m over the domain of interest (xmin =
304250 m, xmax = 434500 m, ymin = 4951750 m, ymax =
5094750 m). The conversion was preceded by a preliminary
bilinear interpolation of the OI dataset, in order to produce
an intermediate higher resolution dataset at a resolution of

0.001� latitude–longitude and to avoid artefacts when re-
projecting into UTM coordinates. Post-processing was per-
formed using GDAL (Geospatial Data Abstraction Library;
v. 2.1) and CDO (Climate Data Operators; v. 1.7.0) software.

A further adjustment to account for orographic effects was
applied to maximum and minimum temperature data, using
the environmental lapse-rate correction coefficients derived
for the Alpine region by Rolland (2003), shown in Table 1.
Figure 2 shows an example of orographic correction (panel
b) applied to a maximum temperature field (panel a) for a se-
lected day (1 January 2009). The orography of the study area
is shown in the right panel, based on a 90 m resolution digi-
tal elevation model (DEM) derived from the SRTM (Shuttle
Radar Topography Mission) project (Jarvis et al., 2008), in-
terpolated at 250 m.

3.2 Input data of the soil water model

The soil hydraulic properties have been estimated via pedo-
transfer functions (PTF) following Schaap et al. (2001) from
the sand, clay and silt percentages taken from the soil map of
the Piemonte Region (scale 1 : 250000, IPLA, 2007). Com-
puting the wilting point (WP) and field capacity (FC) via
PTF, the total available water (TAW) is calculated for each
layer as follows:

TAW = (FC � WP) · (1 � r) · Ld, (4)

where r is the fraction of volume occupied by stones, and
Ld is the layer depth, which is obtained by dividing the
root zone depth z by the number of layers (seven; see
Sect. 2.3). The root zone depth has been obtained using
the land cover classes from the BDTRE database (Regione
Piemonte, 2018a), listed in Table 2, converted into root zone
depth using different root zone depths for each class, as listed
in Table 3. The resulting root zone depth was compared with
the soil depth provided by the soil map of the Piemonte Re-
gion (IPLA, 2007), choosing the minimum between the two
depths. For trees, the water from the whole soil depth can
be depleted, and so soil depth has been used. Because of
the high spatial resolution of BDTRE, the raster has been
produced with a 5 m ⇥ 5 m grid then resampled at 250 m by
the mode criterion. Homogenizing data as a function of the
evapotranspiration behaviour of each class, the different land
cover classes have been aggregated (Table 2).

Finally, considering that irrigation (here considered as wa-
ter input) significantly modifies actual evapotranspiration, for
quantifying the actually irrigated fields, we used the regional
irrigation information system (Regione Piemonte, 2016), the
agricultural crop survey and the historical maps within the
actually utilized agricultural areas survey database (Regione
Piemonte, 2006), for the years 2013, 2014 and 2015. The ac-
tual quantity of irrigation water and the number of irrigations
have been evaluated using the measured data collected in ex-
periments performed in real-world farms, both for surface
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Table 1. Average climatological monthly adiabatic lapse rate from Rolland (2003) for the Alpine region (expressed in K km�1).

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

4.5 5.0 5.8 6.2 6.5 6.5 6.5 6.5 6.0 5.5 5.0 4.5

Figure 2. Maximum temperature field at (a) 0.125� longitude–latitude spatial resolution from the original OI dataset and at (b) 250 m
resolution after interpolation with orographic correction, for 1 January 2009. Panel (c) shows the orography of the study area from a digital
elevation model derived from the SRTM project, interpolated at 250 m of spatial resolution.

Table 2. Land cover classes.

Class ID code

Winter crops 1
Summer crops – irrigated 2
Plain meadows (< 1000 m a.s.l.) 3
Orchards 4
Horticultural crops 5
Plain broadleaves (< 800 m a.s.l.) 6
Mountain broadleaves (> 800 m a.s.l.) 7
Coniferous 8
Vineyards 9
Mountain grassland (> 1000 m a.s.l.) 10
Bare soil 11
Bare rocks 12
Impervious surfaces 13
Water 14
Others 15
Glaciers and permanent snow 16

irrigation (Canone et al., 2015) and for sprinklers (Canone
et al., 2016).

Even if runoff was not considered in this study, following
Kumar et al. (2016) it could be useful to quantify its variabil-
ity with climate change. As suggested by Epting et al. (2021),
this should be taken into account where river-fed aquifers are
considered.

4 Future projections of precipitation and temperature

Reliable estimates of the hydrological response and of water
availability in the coming decades generally require the im-
plementation of a modelling chain consisting of global cli-
mate models (GCMs), which provide climate scenarios for
the entire planet, regional climate models (RCMs) nested
into global models providing lateral and boundary conditions
for the regional simulation and, depending on the resolu-
tion which needs to be achieved, further downscaling pro-
cedures. At the end of the modelling chain, a hydrological
model is thus forced with a high-resolution climatic input
to simulate the hydrological response at the scale of inter-
est. In this study, we used a small multi-member ensemble
of the RCA4 RCM, (Strandberg et al., 2014) forced by five
GCM simulations, able to provide the climatic variables of
interest – surface air temperature and precipitation – at a spa-
tial resolution of ⇠ 12.5 km. More detailed analyses of the
interplay between several GCMs and RCMs (Sorland et al.,
2018) are outside of the operational water management scope
of this paper. In this work we proceeded similarly to another
recharge study (Allen et al., 2010) which used four GCMs
and one RCM. They concluded that a range of GCMs should
be considered for water management planning. The simula-
tion outputs of this RCM from 1970 to 2050 have been anal-
ysed, considering two different emission scenarios for future
projections among those defined by the IPCC (Intergovern-
mental Panel on Climate Change, IPCC, 2013; Moss et al.,
2010), as described in Sect. 4.1. The model data were subse-
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Table 3. Soil bucket depth as a function of land cover class. For trees (codes 4, 6, 7, 8 and 9) the full soil depth from the soil map of the
Piemonte Region is used.

ID code Soil use Soil bucket depth [mm]

1 2 Irrigated crops 1000
3 5 Plain grassland and horticulture 500
10 Mountain grassland 250
11 Bare soil 150
12 13 14 16 Impermeable surfaces, water, glaciers 0

quently interpolated applying the same procedure employed
for the OI observational dataset (see Sect. 3) and adjusted
to correct the systematic bias which the model displays with
respect to the OI reference climatology in a common time pe-
riod (1986–2015; see Sect. 4.3 for a description of the post-
processing procedure).

4.1 RCA4 regional climate model

In the following, we used model simulations of the RCA4
RCM (Strandberg et al., 2014) driven by five different
GCMs, namely EC–Earth, CNRM–CM5, IPSL–CM5A–
MR, HadGEM2–ES and MPI–ESM–LR, which provide lat-
eral and boundary conditions for the regional simulation.
Using one single RCM allowed us to obtain an ensem-
ble of reasonably homogeneous simulations at the regional
level but representing at the same time model uncertainties
in future projections captured by the different large-scale
GCMs. RCA4 is a state-of-the-art RCM which participated
in CORDEX, the Coordinated Regional Climate Downscal-
ing Experiment (http://wcrp-cordex.ipsl.jussieu.fr/, last ac-
cess: 14 August 2020; Giorgi et al., 2009), sponsored by
WCRP (World Climate Research Program), aimed at pro-
viding a global coordination of regional climate downscaling
activities useful to support climate change adaptation poli-
cies. The simulations used in this study, in particular, are part
of the EURO-CORDEX initiative (http://www.euro-cordex.
net/, last access: 14 August 2020), which provides regional
climate projections for Europe at two different spatial res-
olutions, ⇠ 50 km (EUR-44, 0.44� resolution) and ⇠ 12 km
(EUR-11, 0.11� resolution). EURO-CORDEX includes a to-
tal of seven RCMs nested into several GCMs, whose simula-
tions belong to the most recent Climate Model Intercompar-
ison Project phase 5 (CMIP5 Taylor et al., 2012). The RCA4
model was chosen because, at the time of downloading the
data from the CORDEX archive, it was the only RCM pro-
viding data at the finest available spatial resolution (⇠ 12 km)
and with sub-daily (3 h) temporal resolution (WCRP, 2009).
For a detailed description of the RCA4 model and its valida-
tion, please refer to the technical report by Strandberg et al.
(2014).

4.2 Emission scenarios

Future projections provided by climate models are based on
a set of assumptions about the future evolution of the soci-
ety in terms of energetic and technological choices, popula-
tion growth, land use changes and others, which correspond
to possible greenhouse gas emission and concentration path-
ways in the atmosphere. The fifth IPCC Assessment Report
(IPCC, 2013) uses four different Representative Concentra-
tion Pathway (RCP) scenarios (Moss et al., 2010; van Vuuren
et al., 2011) to evaluate how climate is likely to change by the
end of the 21st century. For this study, two of these scenarios
were considered, referred to as RCP4.5 and RCP8.5, as they
were the only ones available for the model under consider-
ation. RCP4.5 is a stabilization scenario in which emissions
will be stabilized by 2070 and carbon dioxide concentrations
in the atmosphere are expected to stabilize at about twice
the pre-industrial level by the end of the century. RCP8.5 is
an extreme business-as-usual scenario in which greenhouse
gas emissions are not expected to stabilize and carbon diox-
ide concentrations will be more than tripled at the end of the
century compared to pre-industrial levels.

4.3 RCM data post-processing

RCA4 simulation outputs were linearly interpolated on the
UTM grid at 1 km resolution in the study area using the same
method applied to the OI data and illustrated in Sect. 3. To
avoid distortions and artefacts, the data were first mapped
with the CDO tool (Climate Data Operators; v. 1.7) on a
longitude–latitude grid at 0.001� resolution and then pro-
jected with GDALwarp (Geospatial Data Abstraction Li-
brary; v. 2.1) on the final UTM grid (WGS 84/UTM zone
32 N) at 1 km resolution. The intrinsic imperfections of cli-
mate model parameterizations and the errors in the model
initialization are often reflected in an imperfect representa-
tion of the observed climate, which can give rise to biases.
Model biases must be taken into account when the climate
model outputs are used in impact studies, as impacts and
feedbacks can be sensitive to the absolute values and the
statistical properties of the climatic input. Bias correction
methods are usually applied to correct the differences be-
tween climate model output and observed climatologies and
are different depending on the variable and specific applica-
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tion which is considered (Hempel et al., 2013; Maraun, 2013;
Maraun et al., 2010). In this study we used an additive correc-
tion factor for adjusting the temperature and a multiplicative
correction factor for precipitation (a standard procedure for
positive-defined fields) applied pixel by pixel and constant
in time, in order to correct the differences in the long-term
climatology calculated over a common time period between
the simulated and observed fields. To this end, we calculated
the long-term mean of the historical Euro-CORDEX simula-
tions and of the OI dataset, already interpolated on the UTM
grid, in the 30-year-long period from 1986 to 2015. In order
to maintain the physical consistency between the minimum
temperature and the maximum temperature, and thus avoid
possible inversions, the same correction factor was used for
daily minimum and maximum temperature data, calculated
from the average between the daily minimum temperature
and the maximum temperatures. The correction factor cal-
culated to correct the model bias in the historical reference
period was then applied to the future simulations. In addi-
tion to the bias adjustment, temperatures have been further
corrected for the lapse rate, as already done for the OI data,
based on Rolland (2003).

5 Results and discussion

5.1 Trends in observed data

Historical data from 1959 to 2017 were analysed in each
river catchment and sub-catchment, aggregating all data pre-
viously evaluated at the spatial resolution of 250 m, to find
out significant trends both of the water balance terms and of
the meteorological variables, for both the hydrological year
and the quarterly analysis.

A linear regression was performed to calculate the tempo-
ral trends. The goodness-of-fit line was estimated with the
coefficient of determination R2, and its statistical signifi-
cance was evaluated considering the p value at a 5 % level
(i.e. 95 % significance) (Wilks, 2011).

5.1.1 Hydrological year analysis

During the hydrological year, an almost complete snow melt-
ing usually occurs in the considered area. Thus, in Eq. (1) Pq
refers to the whole precipitation amount and Pq � AET to
drainage. Figure 3 shows the time series from 1959 to 2017
of the daily maximum temperature (in Kelvin, panel a), Pq
(mm yr�1, panel b), AET (mm yr�1, panel c), and drainage
(mm yr�1, panel d), for the Dora Riparia station in Turin as
an example. It represents the driest watershed in this study,
located in the middle of the study area with a west–east ori-
entation (Fig. 1). In the Alps, this kind of valley is often char-
acterized by foehn wind, corresponding to dry weather. Other
examples in the Alps are Valais, Valle d’Aosta, Valtellina and
Val Venosta.

Figure 3 reveals that, for this catchment, the daily maxi-
mum temperature has increased during the study period, with
a statistically significant trend, as in all other catchments.
The total precipitation, Pq, has decreased (p = 0.059), while
AET has increased (p = 0.054), and drainage has signif-
icantly decreased (p = 0.032). The catchment considered
here is in the driest part of the study region, which is also the
part where most of the significant trends of precipitation and
AET were detected in the data analysis. The same approach
is adopted for all the catchments in the study area. The results
are summarized in Table S1 of the Supplement. For all catch-
ments, hydrological year trends in maximum temperature are
positive and statistically significant, ranging between 0.032
and 0.078 K yr�1. AET trends are also positive for all catch-
ments and statistically significant in 14 out of 23 cases. In
13 cases out of 14, they were either in the western mountain
Dora Riparia area or in the southern irrigated area. The find-
ing of an increase in AET is not obvious. Pangle et al. (2014)
found a decreasing trend of AET looking at data from a
mesocosm experiment. Their results highlight that the hydro-
logical response to climate warming can be attenuated where
precipitation is out of phase with the vegetation growing sea-
son. Our results refer instead to an area where precipitation
and growing season are not markedly out of phase. This can
be due to the presence of the irrigated fields in the southern
plains, where AET is mostly water-limited and to the forested
areas in the western mountain part of the region, where AET
is mostly energy-limited. Blyth et al. (2018) also found an
increase in evapotranspiration under similar conditions, us-
ing a land surface model in Great Britain from 1961 to 2015.
In a more theoretical work, Fatichi and Ivanov (2014) found
AET to be quite unaffected by the imposed climate fluctua-
tions, using the input data from four very different sites. This
confirms the large role of spatial variability in the response
of water balance to climate change.

The map in Fig. 4 represents the spatial distribution of an-
nual actual evapotranspiration. It clearly shows the higher
values of AET in the southern part of the region, where the ir-
rigated fields play a major role, highlighting the importance
of correctly modelling irrigation, as in the irrigation mod-
ule implemented in our soil water model. The surface energy
budget is heavily influenced by agricultural water manage-
ment, and, together with air temperature increase, this leads
to higher evapotranspiration average fluxes in comparison to
non-irrigated crops.

Most catchments exhibit negative precipitation (Pq)
trends, but only five cases display statistically significant
trends. Precipitation at all catchments exhibits a high inter-
annual variability (a quantification of interannual variability
can be provided by the standard deviation, evaluated con-
sidering the detrended time series, shown in Table S1 of the
Supplement), in accordance with the results of previous stud-
ies in the same area (Pavan et al., 2019; Baiamonte et al.,
2019; Ciccarelli et al., 2008). A recent study has shown a
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Figure 3. Hydrological year time series of Tmax (a), Pq (b), AET (c) and drainage (d) along with their trends, R2, p values and standard
deviations, for the time period from 1959 to 2017, at the Turin cross-section 66 (the location is shown in Fig. 1) of Dora Riparia river
basin (average at the catchment level). The standard deviation, evaluated considering the detrended time series, provides a quantification of
interannual variability.

low-frequency variability in the same historical years of this
study for the Alpine region (Haslinger et al., 2021).

Drainage shows negative but mostly non-significant trends
in all catchments. The seven catchments with significant de-
creasing trends all belong to the western and driest part of the
region (Dora Riparia catchment). Four of them have signifi-
cant trends both in Pq and AET, two of them have significant
trends only in AET and one has significant trends only in Pq.

This area is characterized by much lower yearly total pre-
cipitation values than the northern one. Long-term climato-
logical values of cumulative yearly precipitation in the west-
ern Dora Riparia area are Oulx, 552 mm; Susa, 710 mm;
Beaulard, 680 mm; Bardonecchia, 724 mm; and Pragelato,
818 mm; while in the northern and wetter part they are
Pont Canavese, 1228 mm; Viu, 1338 mm; and Germagnano,
1342 mm. The southern part is instead characterized by
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Figure 4. Spatial distribution of annual actual evapotranspiration.

the following values: Cumiana, 924 mm, and Moncalieri,
882 mm.

To summarize, a slight negative trend is observed for pre-
cipitation and drainage over the last 60 years, showing a high
spatial and interannual variability, as highlighted by the ex-
isting literature (Blöschl et al., 2019; Gudmundsson et al.,
2017; Libertino et al., 2019). In Fig. 3, the values for the
whole Dora Riparia catchment down to Turin are shown.
This western part of the study area can be identified as the
driest one, as already observed in a recent work by Blöschl
et al. (2019), where decreasing precipitation trends combine
with increasing evapotranspiration trends. This can be at-
tributed to non-water-limited mountain vegetation in combi-
nation with increasing temperatures. Finally, the increasing
evapotranspiration trends that characterize the southern part
of the study area (due to irrigation by farmers) are not associ-
ated with significant decreasing precipitation trends, leading
to a non-significant drainage variation over time, even if AET
has relatively high values in the southern area (Fig. 4). Thus,
in regions such as the one considered in this paper, when fo-
cusing on trend analysis, precipitation plays a major role in
affecting drainage tendencies.

5.1.2 Analysis at the quarterly scale

The meteorological and hydrological variables at the quar-
terly timescale provide information on intra-annual varia-
tions. Figure 5 shows the trend results (colour code) for all
catchments (identified by their ID number in the y axis of
each panel) and for Tmax (panel a), rainfall plus snowmelt
(panel b), AET (panel c) and drainage (panel d) from 1959
to 2017. The numerical value of the trend is displayed in a
cell when it is statistically significant (p < 0.05). When quar-
ters are considered for the analysis, total precipitation (water
input) is defined as the sum of liquid precipitation Pr and
snowmelt Nf (see Sect. 2.3).

Tmax shows positive and statistically significant trends in
all catchments and quarters in the period 1959–2017, with
values between 0.022 and 0.086 K yr�1. The increase in the
daily maximum temperature is more evident in winter (first
quarter) and autumn (fourth quarter). The time series of ac-
tual evapotranspiration show positive and significant trends
in the majority of catchments and quarters, indicating an
overall increase of AET in the entire study area. AET has a
greater increase in the summer quarter (JAS). Positive trends
in the first quarter are consistent with those observed for
Tmax, both suggesting a possible anticipation of the growing
season.

While historical yearly precipitation trends are overall
negative, the quarterly analysis shows a significant decrease
of precipitation in the first and second quarters, confirming
that precipitation trends in north-western Italy depend on the
considered temporal aggregation (Brunetti et al., 2006). The
drainage trend analysis shows an overall reduction in the first
and second quarters, with larger decreases in AMJ, but sig-
nificant only for six watersheds, again in the western driest
part of the region. The third and fourth quarters show slight
positive non-significant trends.

A visual comparison between yearly and quarterly anal-
ysis is shown in Fig. 6, where precipitation (panel a) and
drainage (panel b) trends are displayed over the whole study
area. This figure clearly shows again the spatial pattern of
hydrological changes, with negative trends in both precipi-
tation plus snowmelt and discharge in spring. The dry west-
ern area is mainly represented by the Dora Riparia valley.
Beside the spatial issue, the quarterly results show the im-
portance of the time variability of precipitation. It confirms
the importance of the computation at the daily scale (Healy,
2010). Masbruch et al. (2016) have also shown the sensitiv-
ity of drainage to rainfall time variability, and Fatichi and
Ivanov (2014) stressed the importance of short periods (or-
der of hours or days) with high AET.

5.2 Mid-century projections of drainage

This section reports the results for the future projections of
drainage. As already mentioned, this variable allows us to
quantify the groundwater resource availability using only
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Figure 5. Trend slope of all quarters and catchments considered. (a) Tmax, (b) precipitation, (c) AET and (d) drainage. Trend slope is
specified if significant at a 5 % level. When quarters are considered, the precipitation is represented by the sum of liquid precipitation Pr and
melted snow Nf.

meteorological variables provided by the climate models.
The simulations have been performed up to 2050 using the
ensemble of simulations obtained with the RCM described
in Sect. 4.1, at both hydrological year and quarterly scales.

5.2.1 Hydrological year analysis

Table S2 of the Supplement shows the drainage trend slopes
from 2018 up to 2050 for each catchment in the study area
using climate projections under the RCP4.5 and the RCP8.5
scenarios. Drainage trends in the RCP4.5 scenario are of-
ten negative but not statistically significant. These negative
trends become stronger and occasionally statistically signifi-
cant in the more extreme RCP8.5 scenario.

As a general statement, also taking into account the vari-
ability within the projection ensemble, the rather small val-
ues of drainage trends and their limited significance do not

suggest a strong variation from a steady-state yearly drainage
condition until 2050, with total precipitation that shows a
slight decrease. We find a slight drainage increase with
higher precipitation amounts, decreasing trends with higher
daily maximum temperature and, above all, a strong interan-
nual variability (see, as an example, the standard deviation
evaluated for the detrended time series shown in Fig. 7).

The projections of Pq � AET (drainage) for two differ-
ent cross-sections of the study area, the Dora Riparia station
in Turin (catchment ID 66) and the Orco station in S. Be-
nigno (catchment ID 109), are shown in Fig. 7. These two
cases were shown because the two catchments are among the
largest ones (as shown in Table S1 of the Supplement, 1243
and 829 km2, respectively), and they represent, respectively,
the drier (western) and the wetter (northern) parts of the re-
gion.
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Figure 6. Trend slope at the catchment level for all studied catchments. (a) Total precipitation and (b) drainage. Hydrological year (full
dots) and quarterly trend values (four-segments circles) are jointly represented, and trend significance is also indicated. When quarters are
considered, the precipitation is the sum of liquid precipitation Pr and melted snow Nf. Topographic shading is based on DEM data from the
Risknat project – “Base topografica transfrontaliera, ARPA Piemonte” (http://webgis.arpa.piemonte.it/ags101free/rest/services/topografia_
dati_di_base/Sfumo_Europa_WM/MapServer, last access: 14 August 2020).

The overall results at yearly timescale can be summarized
as follows:

– Tmax shows positive trends that are almost always sig-
nificant for all model realizations and both scenarios.

– Pq has either positive or negative trends (according to
the different GCMs and scenarios), rarely significant. In
particular, RCA4 driven by the CNRM-CM5 and MPI–
ESM–LR models shows positive trends for all catch-
ments and scenarios. RCA4 driven by EC-Earth shows
negative trends in all catchments when the RCP4.5 sce-
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Figure 7. Yearly drainage projections (RCP4.5 scenario in green and RCP8.5 scenario in red) for two different cross-sections (Dora Riparia
in Torino, cross-section 66, and Orco in San Benigno, cross-section 109) of the studied area. Each row corresponds to the results obtained
with one GCM driving the RCA4 RCM. The slope of the regression line, the coefficient of determination R2, the p value and the standard
deviation evaluated for the detrended time series are also indicated.

nario is considered and positive trends for the RCP8.5
scenario. Finally, RCA4 driven by IPSL–CM5A–MR
and HadGEM2–ES shows negative trends in the whole
study area for both the RCP4.5 and RCP8.5 scenarios.

– AET has either positive and negative trends, rarely sig-
nificant. In detail, considering the RCP4.5 scenario,
RCA4 driven by the HadGEM2–ES and MPI–ESM–
LR models shows positive trends in the whole study
area; when driven by EC-Earth and IPSL–CM5A–MR
it shows negative trends in almost all catchments, and

when driven by CNRM-CM5, it shows spatial hetero-
geneity (only Malone, Sangone, Chisola and Orco pri-
mary catchments have positive trends). Considering the
RCP8.5 scenario, RCA4 driven by CNRM-CM5, EC-
Earth and MPI–ESM–LR shows positive trends in the
whole study area that are almost always significant for
the case of the CNRM-CM5 model. RCA4 driven by
IPSL–CM5A–MR has negative trends for all catch-
ments, while RCA4 driven by HadGEM2–ES shows
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negative trends only in Banna, Chisola, Malone and
Sangone primary catchments.

– There are slight positive drainage trends with higher
precipitation amounts, negative trends with higher Tmax
and high interannual variability.

To summarize, we observe a large variability between the
different projections, as also found in Crosbie et al. (2013)
and in Persaud et al. (2020), with a much less clear pattern in
spatial variability if compared with the historical data trend
evaluations.

5.2.2 Quarterly analysis

Projections of drainage evaluated at the seasonal timescale
show again a large variability within the ensemble of pro-
jections. However, a general tendency to drainage increase
in the first quarter and to drainage decrease in the third and
fourth quarters, JAS and OND, emerges. Tables S3–S6 of the
Supplement show the drainage trend (expressed in mm per
quarter per year) in the four quarters.

In the first quarter (JFM), the models mostly agree in their
indication of a drainage increase up to 2050 over the whole
study area, with a wider agreement for RCP4.5 (four out of
five models concur in all catchments). In the second quar-
ter (AMJ), in all river basins, at least three out of five mod-
els estimate a drainage decrease for the RCP8.5 scenario,
not for RCP4.5. In the third (three out of five models) and
fourth (four out of five models) quarters, an overall tendency
of drainage decrease in the whole study area for RCP4.5 is
evident.

For the other meteoclimatic and water balance variables,
at quarterly timescale we can report the following:

– Tmax shows positive trends in all quarters, almost always
significant for all models and scenarios.

– In all quarters, both rainfall plus snowmelt Pq and rain-
fall (Pr) have both positive and negative trends, rarely
significant. Rainfall has almost everywhere a weak posi-
tive trend in the first quarter, rarely significant. Snowfall
shows broad negative trends, almost always significant.

– AET shows broad positive trends in the first and second
quarters, despite some differences between the models.
In the third quarter, an overall decreasing tendency can
be observed, while in the fourth quarter, trend slopes
have values close to zero.

Stoll et al. (2011) also found a major role of the time vari-
ability of precipitation in recharge projections for a catch-
ment in northern Switzerland. Konapala et al. (2020) indicate
changes in long-term drainage, but they recall the limitations
in the ability of current generation coupled climate models to
capture the key drivers of persistent weather extremes.

6 Conclusions

Assessing the impacts of climate change on groundwater re-
sources represents a priority in water management, besides
being an important scientific challenge. In this framework,
a proactive engagement of stakeholders is still lacking to a
large part, and stakeholders are mainly considered to be final
users who download pre-computed decision-relevant scien-
tific information in order to develop and apply adaptation or
mitigation strategies. In this study a stakeholder-driven re-
search study was carried out to quantify the role of ground-
water in an area providing water to about 2.3 million people.
This area is characterized by a very large spatial variability
of precipitation, due to the proximity of high mountains and
of the sea.

This work quantifies the trends of precipitation, temper-
ature and actual evapotranspiration in order to estimate the
trend of drainage as a proxy for the water available for drink-
ing purposes. The analyses have been performed both at the
hydrological year and at the quarterly timescales. We anal-
ysed past and future conditions, using a historical climate
dataset providing minimum and maximum daily air tempera-
ture and precipitation data for the period 1959–2017 and fu-
ture projections from a multi-member ensemble of a regional
climate model up to 2050, in order to be compliant with the
time frame of water management objectives.

As suggested by Taylor et al. (2013), the role of irrigated
agriculture is considered. In such a context, irrigation, that
significantly contributes to the increase of actual evapotran-
spiration as a consequence of the air temperature increase,
was simulated in a novel way. More specifically, the results of
field studies with both surface and sprinkler irrigation meth-
ods were used, combining them with crop and irrigation re-
gional databases. AET has its greatest increase in summer,
while in the first 3 months of the year, there is a consistent
increase of both Tmax and AET, suggesting a possible antici-
pation of the growing season. Regarding drainage, our anal-
ysis revealed a very strong interannual variability in the his-
torical period, as well as remarkable spatial differences, i.e.
across the different catchments. It was found that the driest
part of the region (the Dora Riparia valley) shows signifi-
cant negative precipitation and drainage trends, both yearly
and from January to June, confirming the seasonal varia-
tions found by Epting et al. (2021) and giving interesting
hints for other dry climate valleys in the Alps. The increas-
ing trend of yearly actual evapotranspiration is positive for all
catchments and statistically significant in 14 out of 23 cases,
namely both in the Dora Riparia valley and in the southern
irrigated area. This quantity, together with the relevant inter-
annual variability of precipitation, has to be monitored in the
future for its potential effects on drainage. Interestingly, only
the Dora Riparia valley and the most western part of Pel-
lice catchment (cross-section 39) show significant negative
trends for drainage, combining a significant decrease of pre-
cipitation and increase of AET due to mountain non-water-
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limited vegetation. The significant increasing trend of AET
due to irrigation of the southern irrigated plain area led to a
non-significant drainage because it was not combined with a
significant decreasing of precipitation.

As for the future projections, there is a large inter-model
variability, as in Crosbie et al. (2013) and in Persaud et al.
(2020), of all hydrological variables, which is evident for all
catchments, and almost no significant trends are present. This
last result is in line with Gudmundsson et al. (2017) for this
part of Europe. Also interestingly, the future scenarios do not
reproduce the spatial variability of the historical analyses, al-
though the soil and irrigation model used was the same.

This study constitutes a knowledge basis which aids a bet-
ter informed management, infrastructural and supply deci-
sions in the considered study area, with a methodology that
could also be applied in other areas in the world. In the Dora
Riparia area, a new drinking water aqueduct (70 km long,
800 L s�1 discharge and EUR 130 million cost) has been
built to provide water from an existing hydroelectric reser-
voir at 1600 m a.s.l., close to the border with France, down
to Turin (Società Metropolitana Acque Torino, 2019). It will
allow continued pumping from the Dora Riparia aquifer to
be avoided, which has a negative trend of drainage and has
so far provided drinking water to 27 municipalities. A com-
plementary hydraulic research study has been performed by
the Polytechnic of Turin (Fellini et al., 2018). The character-
istics of spatial and temporal variability of aquifer recharge
found in this paper will be of interest for other European ar-
eas, particularly in the Mediterranean area and in the Alps,
where multiple anthropogenic pressures act on groundwater
resources and where climate change will exacerbate competi-
tion between different users. Finally, climate-change-related
spatial variability of precipitation has been similarly shown
in a recent work about European floods for the period 1960–
2010 (Blöschl et al., 2019). Even if that is a larger scale study,
it is possible to see a decreasing trend for Dora Riparia, to be
compared to a slightly increasing trend for the rest of north-
ern Italy, a behaviour similar to the one found in this work.
The outcomes of this paper reinforce the findings of two dif-
ferent precipitation regimes over Europe, the Mediterranean
and the continental one. Both can be found in our study area,
and the Dora Riparia valley seems to be the bridge between
them.

In this research, climate scientists, hydrologists, agricul-
tural and soil scientists worked together with the experts from
the local water utility to assess the water potential of the
study area and better understand the role of groundwater in
the future provision of water to the community. The approach
followed is tailored to stakeholder needs, and the outcomes
of the study are intended to drive or support local policies, in
a general context which stimulated and supported participa-
tory planning, driven by state-of-the art climate information
and projections. Our results will be integrated in the defini-
tion and refinement of the study-area long-term guidelines
and strategic development for groundwater resources protec-

tion and infrastructural provision and planning. It will be a
part of a wider effort to strengthen good water resource man-
agement and governance.
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