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Abstract

It has become increasingly necessary to optimise mountain groundwater resource management and comprehend resource-
recharging systems from a hydrogeological perspective to formulate adequate resource protection strategies. Analysing
mountain spring behaviour and aquifer characteristics can be time-consuming, so new automated techniques and software
tools are needed to estimate hydrogeological parameters and understand the exhaustion dynamics of groundwater resources.
This paper introduces SOURCE, a new semi-automatic tool that automates the hydrogeological characterisation of water
springs and provides proper estimations of the vulnerability index, as well as autocorrelation and cross-correlation statistical
coefficients. SOURCE rapidly processed input data from the Mascognaz 1 spring (Aosta Valley) water probes and mete-
orological station to provide graphical outputs and values for the main hydrodynamic parameters. Having a single software
package that contains all the main methods of water spring analysis could potentially reduce analysis times from a few days

to a few hours.

Keywords Mountain springs - Hydrogeology - Hydrology - Python App - Spring vulnerability

Introduction

Mountain aquifers represent one of the largest and most
valuable sources of water in northern Italy and are neces-
sary to meet the water needs of the population. In recent
decades, different hydrological issues, such as the gradual
drying up of many springs, low discharge rates during dry
months, and formerly perennial springs becoming seasonal,
have been reported in studies from throughout the Italian
Alps and Apennines (Gattinoni and Francani 2010; Fores-
tieri et al. 2018; Padulano et al. 2019;). In addition, because
mountain springs are fed by shallow groundwater resources,
they are often highly vulnerable to contamination (Christie
et al. 2013; Amanzio et al. 2015a, b).
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Optimising the current and future management of moun-
tain groundwater resources and understanding their recharg-
ing systems from a hydrogeological perspective is necessary
for developing adequate resource management strategies. In
addition, groundwater resources must be correctly quanti-
fied to provide information for the assessment of the effects
of climate change on water resources (Leone et al. 2020).
In this context, new automated techniques and tools need
to be applied to the estimation of aquifer hydrogeological
parameters to fully understand the dynamics of exhausting
available groundwater resources.

Over decades, a large number of methodologies have
been developed to derive hydrogeological information about
mountain spring-recharging systems. Known methods for
analysing hydrograph recession periods are based on the
Boussinesq and Maillet equations (Boussinesq 1904; Mail-
let 1905). The Boussinesq equation is used to determine
hydrogeological parameters, while the Maillet exponential
formula generates good fits for hydrograph recession curves
and accurately describes recession phenomena over long
periods (Kovécs et al. 2005); any deviation from the expo-
nential trend may indicate the presence of hydraulic aniso-
tropies (Amit et al. 2002; Fiorillo 2014). However, in some
cases, the exponential method was found to overestimate
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the period of the influenced regime and underestimate the
dynamic volume of the aquifer (Dewandel et al. 2003).

Various recent studies have expanded autocorrelation
and cross-correlation methods and applied them to moun-
tain spring-monitoring datasets. In particular, the univari-
ate (autocorrelation) method has been used to analyse the
characteristics and structure of individual time series; the
bivariate (cross-correlation) method has been used to inves-
tigate the connection between input and output time series
(Amanzio et al. 2015a, b; Lo Russo et al. 2015). Several
applications of auto- and cross-correlation methods examin-
ing the relation between rainfall and daily spring discharge
are available in the literature on karst spring environments
(Angelini 1997; Larocque et al. 1998; Panagopoulos and
Lambrakis 2006).

Fiorillo and Doglioni (2010), Lo Russo et al. (2015) and
Banzato et al. (2017) have recently demonstrated how aqui-
fer drainage models and mountain spring vulnerability can
be evaluated by analysing continuous measurements of dis-
charge (Q), precipitation (P), temperature (T) and electrical
conductivity (EC). Different methods have been proposed to
assess the vulnerability level of an aquifer (Gogu and Das-
sargues 2000). As springs are usually located in mountain-
ous zones, the use of parametric methods such as SINTACS
(Civita and De Maio 1997), DRASTIC (Aller et al. 1987)
or GOD (Foster 1987) is often impossible; these methods
are primarily based on hydrostratigraphic information usu-
ally unavailable in mountainous areas since core drillings
are somewhat rare in such locations. However, spring-
monitoring datasets continuously recorded by multipara-
metric probes are usually available; these data can be used
to properly analyse groundwater vulnerability in mountain
areas. Utilising monitored parameters, Galleani et al. (2011)
proposed a new analytical approach called the Vulnerabil-
ity Estimator for Spring Protection Areas (VESPA) index,
which is a useful methodological tool to assess the behav-
iour of mountain spring drainage systems through analysing
spring responses to different recharge impulses.

Since the analytical examination of individual recession
periods can generate inconsistencies related to the complex-
ity of groundwater circulation, analysing the recorded val-
ues for mountain springs by comparing different recession
periods and applying different methodologies is essential for
properly characterising recharge systems (Gizzi et al. 2020;
Cerino Abdin et al. 2021). To do this, data processing times
must be shortened; researchers and applied hydrogeologists
must develop new automated techniques and tools to apply
in mountain aquifer analysis.

Different types of automated calculation codes have been
developed to properly analyse spring hydrographs. The RC
software developed by the Hydro Office of the Department
of Hydrogeology of Comenius University in Bratislava (in
collaboration with the Department of Hydrogeology and
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Geothermal Energy of the Geological Survey of Slovak
Republic) and the USGS GW Toolbox (Barlow et al. 2017)
are two well-known examples. However, RC software and
USGS GW Toolbox do not allow the estimation of the vul-
nerability index using methods such as VESPA, and they do
not apply autocorrelation and cross-correlation functions to
analyse recorded signals.

This paper introduces SOURCE (a semi-automatic tool
for Spring mOnitoring data analysis and aqUifeR CharactEr-
ization), a simplified tool that allows automating the hydro-
geological characterisation of spring aquifers. Input data
(flow rate, temperature, hydraulic conductivity and rainfall)
for particular time intervals can be selected and uploaded in
a formatted Excel file. The data can be processed, provid-
ing graphical outputs and values for the main hydrodynamic
parameters of the analysed aquifer.

The main functionalities of this tool are presented through
a case study of the Mascognaz mountain springs (Aosta Val-
ley, north-western Italy). The beta version of this software
has been developed within the framework of the INTERREG
ITALY-SWITZERLAND RESERVAQUA project, which
aims to quantify and identify water reserves to protect cross-
border mountain water springs like the Mascognaz springs.

In the proposed paper, after an introduction of the geolog-
ical and hydrogeological features of the selected case study
(the Mascognaz springs) and the methodologies available
for the spring analysis, a description of the SOURCE Code,
the application procedure and the potential resulting from
its use are proposed.

Methods
Case study: the Mascognaz springs

The Mascognaz springs are one of the most important test
sites in the Aosta Valley mountain sector. Over the last
decade, several projects by researchers from Politecnico
di Torino have installed sophisticated instruments, such as
multiparametric water probes, different types of sensors and
a meteorological station, to continuously monitor the two
Mascognaz springs and collect information on their recharg-
ing systems. This equipment and the data it has continuously
gathered are readily available to researchers, allowing them
to accurately study how climate change influences aquifer
recharge in a mountain basin not fed by a glacier. In addi-
tion, trend data for the Mascognaz springs can be compared
to meteorological trend data for the valley.

Both Mascognaz springs (Mascognaz 1 and Mascognaz
2) are located inside the Mascognaz Valley (Ayas Munici-
pality, Aosta Valley), at an elevation of 1870 m above sea
level (Fig. 1). The Mascognaz Valley has a typical alpine
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Fig.1 Mascognaz springs
location
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climate, with cold winters and cool summers. Autumn has
the highest monthly rainfall, with approximately 110 mm
per month. Summer has the lowest monthly rainfall, with a
mean of about 30 mm per month.

The Mascognaz springs are located within the Combin
geological complex, which belongs to the Piedmont Zone
geological sequence and consists of metabasalts and subor-
dinate Mesozoic metasediments representative of the local
impermeable bedrock (Dal Piaz 1992). Overlaying Quater-
nary cover sheets consist mostly of glacial and landslide
deposits of variable thickness. A highly permeable shallow
aquifer supplies the Mascognaz springs. The Quaternary

Fig.2 Overview of the instru-
ments installed in the Mas-
cognaz 1 spring

deposits over the Mascognaz springs catchment area (10
km?) have a maximum estimated depth of 20 m.

Due to the suitable monitoring datasets provided by the
multiparameter probes and meteorological station, the Mas-
cognaz springs were selected as an ideal case study for this
study (Fig. 2). Extensive information on the local hydrogeo-
logical setting and the catchment area, which indicated that
the groundwater divide and watershed boundaries coincide,
is useful for properly understanding and characterising the
results obtained from the water spring analysis.

O Water Level

Temperature

Electrical
conductivity
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Spring recession curve analysis

Analysing spring discharge hydrographs is one of the most
useful tools when studying mountain springs and defining
aquifer characteristics, such as the type and quantity of its
groundwater reserves.

There have been several studies on recession curve
modelling, each establishing different mathematical rela-
tionships between the water spring discharge parameter
(Q) and recording time (#). Boussinesq (1904) and Mail-
let (1905) proposed two different analytical formulas that
describe the dependence of the flow rate at a specified time
(Q,) on the flow rate at the beginning of the recession (Q,).
These formulas allow for the calculation of the available
water volume at different moments in time. Boussinesq
developed an exact analytical solution of the diffusion
equation that describes flow through a porous medium
by assuming a porous, free, homogeneous and isotropic
aquifer limited by an impermeable horizontal layer at the
level of the outlet:

Oy
O=—7
(1 +a(t—t0)2 M

where Q, (m%/s) is the flow rate value at t#1,, Q, is the flow
rate at =t and a is the recession coefficient, a constant that
depends only on the aquifer hydraulic systems, as shown as
follows:

Vor

Maillet showed that the recession of a spring can be
represented by an exponential formula, implying a linear
relationship between the hydraulic head and flow rate:

@

0, = Qpe™ ™", 3

where the recession coefficient a can be determined using
the following equation:

logQ, — logQ,
Q= —

e(=1)

“

In both methods, the recession coefficient equations
are used to determine important hydrogeological param-
eters: W, the groundwater volume stored above spring
level at the end of the recharging season (beginning of the
recession; Eqs. 5 and 7), and W, the groundwater volume
stored at the end recession period (Egs. 6 and 8):

Boussinesq (1904)

L X 86400, ®)

Wo = 3
a(l + at)
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o

Autocorrelation and cross-correlation functions

The autocorrelation function (ACF) can evaluate the linear
dependency of successive values of a single parameter for a
defined time series. The method is univariate and quantifies
the memory effect that corresponds to the temporal recipro-
cal influence on subsequent data of a single dataset.

Statistically, the autocorrelation of a random process
describes the correlation between values of the process at
different points in time as a function of the two times or
the time difference. The autocorrelation for a distance ¢
corresponds to the covariance of all measurements x, and
measurements with a time distance x_, ,, according to the
following equation:

Z XeXi—r — XtXl—-r’ (9)

t=1+7

COvVT =

n—rt

where x is a time series, n is the number of measurements
in the time series, 7 is the time distance between two meas-
urements, and X is the average value of the sample. The
autocorrelation coefficient (ACC) ranges from —1 to 1. An
ACC of 1 means that the compared time series are identical.

When using the ACF on hydrological data, a slow decline
indicates an aquifer characterised by low draining properties,
low permeability or major groundwater storage. Conversely,
a fast decline indicates a more rapid flow of water through
the aquifer and/or limited storage capacity (Imagawa et al.
2013; Reberski et al. 2013).

Traditionally, the ACC accounts for Q data, and the main
hydrogeological assessment is obtained through such an
analysis. However, the ACC values can also be applied to
T and EC, and these analyses can be used to validate the
hydrogeological view of the spring memory effect, which is
based on Q data. The time-level stabilities of T, EC and Q
can be good markers of a high residence time in an aquifer
(Lo Russo et al. 2015).

To identify any instances of pronounced similarity or
linear correlation between individual data, two different
time series can be compared using the cross-correlation
function (CCF; e.g. rainfall versus discharge parameters).
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Cross-correlation analysis is based on an equation similar to
the ACF. If two-time series are marked as variables X and Y,
and n is the number of pairs that are compared in one step (k)
of the CCEF, the cross-correlation coefficient can be obtained
by the following (Box and Jenkins 1974):

R,(K) = nYXY-YXYY '

\/[nZXZ - (Zx)z] x [nz Y2 - (Y Y)2]
(10)

Values of R, (K) can range between — 1 (perfect nega-
tive correlation) and + 1 (perfect positive correlation); a
value of 0 indicates no correlation.

As with the ACC, the CCF is an established technique
that is usually applied on Q and P datasets. However, the
CCF can also assess T and EC datasets, and such analyses
could be used to validate hydrogeological considerations
of the time-lag response and maximum R (K) values.

Furthermore, the pollution vulnerabiliiy index of dif-
ferent springs can be estimated using the lag time derived
from cross-correlation analysis. This statistical method can
be applied to explore the relationship between discharge
and rainfall, as well as the relation between electrical con-
ductivity and rainfall.

VESPA index

Properly identifying the vulnerability level of a mountain
aquifer and its associated springs is necessary to protect
aquifers from potential pollution sources and preserve
water quality over time.

Aquifers are fed by rainfall, snowmelt and surface run-
off, collectively known as neo-infiltration water. Water
from these sources infiltrates the ground and becomes
part of the underground flow. Since neo-infiltration water
can transport pollutants into groundwater systems, the rate
at which neo-infiltration water enters groundwater sys-
tems and its velocity towards a spring must be accurately
evaluated.

Galleani et al. (2011) combined monitored hydrogeo-
logical parameters and proposed a new analytical approach
called the Vulnerability Estimator for Spring Protection
Areas (VESPA) index, which assesses the behaviour
of spring drainage systems through an analysis of their
responses to different recharge impulses.

The VESPA index V is defined using the following rela-
tionship (Banzato et al. 2017):

V =c(p)By, (11)

where c(p) is the correlation factor. This factor is defined by
the following equation:

c(p) = [u(=p) + au(p)lipl. (12)

The p value represents the correlation coefficient
between Q and EC, calculated using over 1 year of con-
tinuous hourly data (Eq. 13):

Q= 0,) (0 =5, ()t
p= t - r -
\//(;)(Q - Qm) (t)dl\//(;) (6 - O'm) (Hdt

where o and o(m) are the EC value at the time ¢ and EC aver-
age calculated over the year, respectively.
The function p(p) is the Heaviside step function (Eq. 14):

’ 13)

u(p) = {1p > 0;0p < 0}, (14)

where a is the scaling coefficient, which can range from 0
and 1 but is generally assumed to be 0.5. The variables $ and
y are the temperature and discharge factors, respectively, and
are defined by the following equations:

Tax = Tonin ?
=4 —— 7, 15
p { e (15)
Qmax — Qmin
yr=——F——1: 16
Qmed ( )
where T, and T,;, are the maximum and minimum temper-

atures, and Q... Opmin and O, .4 are the maximum, minimum
and average discharge values for the monitoring period.

According to Eq. (11), spring vulnerability is strictly
related to a change in one of the parameters (Q, T or EC).

The p correlation coefficient defines the aquifer behav-
ioural category and identifies the type of response to the
infiltrative input. From the value of the correlation coeffi-
cient p, drainage systems can be classified into one of three
categories: highly effective (replacement effects prevail
and— 1 <p<—-0.2); moderately effective (piston flow pre-
vails and 0.2 <p <1); and weakly effective (the homogenisa-
tion phenomenon prevails and —0.2<p <0.2).

Based on the computed values of the VESPA index, a
spring’s vulnerability level can be defined according to the
classification in Table 1 (Galleani et al. 2011).

Table 1 VESPA index values
and their vulnerability levels
(Galleani et al. 2011)

VESPA index values and their
vulnerability levels

V=10 Very high
1<V<10 High
0.1<V<1 Medium
0<V<0.1 Low

@ Springer
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Code

The dynamics of mountain groundwater resource depletion
are heavily influenced by climate conditions. Annual vari-
ations in snow and rain precipitation impact the hydrody-
namic characteristics and exhaustion modalities of springs.
As such, it is necessary to develop new automated techniques
that will allow researchers to estimate the main parameters
of mountain aquifers quickly and accurately. To propose a
new, advanced, semi-automatic tool for spring characteri-
sation that uses available parameter datasets, the above-
described methodologies were implemented in Python code.

Python is a high-level programming language with an
object-oriented approach created by Guido van Rossum
in 1991. The first version of this study’s Python code was
developed in 2014 at Politecnico di Torino within the frame-
work of the Interreg Project between Italy and Switzerland.
Over time, the tool was updated with the latest libraries of
Python. To improve software performance, the number of
libraries used has been limited, with preference given to
common libraries over more experimental ones. In addition
to the standard Python libraries, code for the proposed tool
utilised the following:

e Numpy (https://numpy.org/), the fundamental package
for scientific computing;

e Matplotlib (https://matplotlib.org/), a comprehensive
library for creating static, animated and interactive visu-
alisations; and

e Scipy (https://www.scipy.org/), a Python-based ecosys-
tem of open-source software for mathematics, science
and engineering.

The script of the final version of the code was connected
to a Postgres Database, where all input information is stored.

Fig.3 GUI of the proposed
python tool

ITALIA SVIZZERA - ITALIE SUISSE - ITALIEN SCHWEIZ

The final program can accept tabulated data in an Excel
spreadsheet and is usable in virtual environments on Linux,
Mac and Windows OS.

To be correctly input into SOURCE, Excel files must have
a first sheet named “Spring_data” that contains the water
spring data and a second sheet named “Meteo_data” that
contains the meteorological data. With this format, it is pos-
sible to run the script and set parameters using the proposed
GUI interface (Fig. 3). The following information is also
required (Fig. 4):

e Filename: the file path of the Excel document, type
string;

e Date start: the start date for the data, type string;

¢ Date stop: the stop date for the data, type string;

e Water spring name: name of the spring to be analysed,
type string;

e Select type of analysis: a choice of ‘All’, ‘Recession
curves’, ‘VESPA vulnerability index’, ‘Plot data’ or
‘Auto & Cross-correlation’; and

o Select method for recession curves: a choice of ‘All’,
‘Maillet’, ‘Boussinesq’ or ‘none’.

Results

Input data were recorded by the multiparametric probes
installed in the Mascognaz 1 spring. Specific time inter-
vals were selected, and the data for this period were pro-
cessed using the final version of the described Python code.
Graphical outputs and hydrodynamic parameter values for
the analysed aquifer were obtained. The monitoring data-
sets for the years 2012-2013, 2014-2015, 2015-2016 and

' )
fAY

e < aaire di Torino

» ”
%, e gt

(1] ® n
MmILlerr S Yy _fw L+ gwg Politecnico

Tool developed by Politecnico di Torino 2020 thanks to the project INTERREG RESERVAQUA.

Water spring name
Filename

Date Start

Date Stop

Select type of Analysis

Select method for Recession curves:

For further informations contact:
Enrico Suozzi enrico.suozzi@polito.it

Martina Gizzi martina.gizzi@polito.it
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| Z
Plot data v
I Maillet Boussinesq
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| None ‘ All ‘
Vespa Index
|
Cross
correlation
|

OUTPUT

2016-2017 were selected for analysis, and the outputs below
were obtained and presented:

Spring hydrographs

Recession curves

VESPA index

Autocorrelation and cross-correlation coefficients

Spring hydrograph

The first graphical output that can be obtained is hydro-
graphs for the spring under analysis. As reported in Fig. 5,
the Mascognaz 1 spring hydrographs were obtained by ana-
lysing data from the selected time range and show variation
in quick flow at the end of the winter period. Pronounced
discharge fluctuations in the fast-flow regime of the Mas-
cognaz spring were due to contributions from snowmelt and
the rapid infiltration of precipitation during the autumn sea-
son. Abundant rainfall occurred during the autumn period of
the selected hydrographic years, causing the formation of a
new peak and a decrease in the recorded values of T and EC.
Since the depletion curve was in approximately ideal condi-
tions for each year analysed and was only weakly influenced
by infiltration events, the recession coefficients calculated
using the Boussinesq (1904) and Maillet (1905) methods
can be considered reliable.

Recession curve
The second possible graphical output is recession curves

(Fig. 6). The aquifer parameters, calculated using the Bouss-
inesq (1904) and Maillet (1905) methods, are reported in

Table 3. The flow rate estimates from the Boussinesq
method closely matched the actual values reported for the
years 20122013, 2015-2016 and 2017-2018, but not for
the year 2014-2015 (Fig. 6).

The duration of the exhaustion period, the time between
snowmelt peaks and the annual minimum point before the
new recharge influence the a value. The minimum estimated
value for a@ was 0.0094 (2011-2012, Boussinesq) and the
maximum value was 0.0206 (2014-2015, Boussinesq). The
fluctuation depended mainly on the amount of snowfall in
winter (Table 2).

The VESPA index

The third type of information that can be obtained from
SOURCE is the value of the VESPA index. The vulnerabil-
ity index of the spring had a medium value for all the years
analysed (Table 3). The obtained p correlation coefficients
for each year in the selected timeframe identify the spring as
a weakly effective drainage system where the homogenisa-
tion phenomenon prevails.

Autocorrelation and cross-correlation coefficient

The correlogram is a commonly used tool for checking
the randomness of a dataset. If they are random, autocor-
relations should be near zero for any time-lag separations
considered. The correlation analysis was first performed on
flow rate (Q) data. The distribution trend of the correlation
coefficient reported in Fig. 7 can be identified as a Gaussian
curve; the correlation coefficient values are concentrated in a

@ Springer
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Fig.5 Mascognaz 1 spring hydrographs (NW Start 2011-04-06, 25) for rainfall (violet lines), flow rate (blue lines), electrical conduc-
Stop 2012-02-12; NE Start 2014-03-05 Stop 2015-02-24; SW Start tivity (green lines) temperature (red lines)
2015-02-25 Stop 2016-03—-11; SE Start 2016-03—12 Stop 2017-01—

narrow range of values, and so the maximum autocorrelation ~ lag varied within a narrow band across years, implying the
is obtained with a very short lag time (Fig. 8). series is not significantly correlated with the delayed series;

As reported in Table 4, the correlation values tended to  the variations from one instant or period to another are
change over time. The Mascognaz spring autocorrelation
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Fig.6 Mascognaz | recession curves based on the Boussinesq (1904) and Maillet (1905) methods
Table 2 Aquifer parameters calculated using the Boussinesq (1904) and Maillet (1905) methods
Parameter 2011-2012 2014-2015 2015-2016 20162017 Measure unit
Maillet Boussinesq Maillet Boussinesq Maillet Boussinesq Maillet Boussinesq
Flow rate at the beginning of the ~ 0.0895  0.0895 0.1198 0.1198 0.0719  0.0719 0.0608  0.0608 mc/s
recession (Q)
Flow rate at the end of the reces- 0.0081 0.0081 0.0027 0.0027 0.0015 0.0015 0.0026  0.0026 mc/s
sion (Q,)
Time#1, 246 246 274 274 297 297 219 219 Day
Recession coefficient 0.0098  0.0094 0.0138 0.0206 0.013 0.0200 0.0144 0.0174 -
Groundwater volume at the 792,441 819,580 749,074 502,850 476,595 311,160 366,018 301,313 mc
beginning of the recession (W)
Groundwater volume at the end 720,543 572,710 732,074 427,098 466,666 266,247 350,266 238,805 mc
of the recession (W)
Renewal rate 0.90927 0.69878 0.97731 0.84935 0.97917 0.85566 0.95696 0.79255 %
Renewal time rate (7,;,) 1.1 1.431 1.023 1.177 1.021 1.169 1.045 1.262 Years
Delay time 102.58 114.87 72.46 7.62 76.8 6.41 69.68  29.2 Days
Depletion capacity 720,504 739,027.29 732,059.82 501,060.2 466,657 310,330.68 350,254 294,708.07 mc
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Table 3 VESPA index values obtained for the Mascognaz 1 spring

2011 2014 2015 2016
P 0.06 0.110 0.070 0.08
p 0.94 0.690 0.610 0.49
4 3.08 5.040 3.970 3.91
VESPA index 0.176 0.370 0.162 0.153
Vulnerability Medium Medium Medium Medium

Uniform distribution, 246 points

Probability density function (pdf)
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Fig.8 Estimated correlation coefficients, considering different time
lags (2011 dataset)

Table 4 Correlation coefficient values obtained for the Mascognaz
spring 1, considering different analysed datasets

2011 2014 2015 2016

Correlation coefficient 0.107 0.2 0.15 0.11

@ Springer

random phenomena (i.e. there is an accidental component,
or the stochastic part prevails; Fig. 9).

Understanding the correlation period between precipita-
tion and spring response requires eliminating the influence
of the winter recharge period until the peak due to melting.
Springs do not respond to winter and spring precipitation;
the water that arrives at springs depends on the melting
process, which is correlated with temperature fluctuations
rather than precipitation.

Precipitation values were recorded by the Mascognaz
meteorological station. The type of precipitation (solid or
liquid) was determined using the Parsivel 2 of the OTT,
a modern laser disdrometer. The beginning of the period
selected for cross-correlation analysis was considered coin-
cident with the beginning of the exhaustion period; this was
also true for the recession analysis using the Maillet and
Boussinesq methods.

Comparing data from different years within the selected
period revealed that the lag time between rainfall and dis-
charge tended to be short. As shown in Fig. 10, the con-
sidered lag time was 3 days; analysing all years within the
considered period resulted in a maximum value of 4 days
and a minimum value of 1 (Table 5).

To verify the validity of the tool proposed and presented
in this work, all the results derived from the application
were checked with manual calculations carried out using
Excel spreadsheets. By comparing the values obtained for
the hydrodynamic parameters of the aquifer (a, W, and W)
and the estimated indexes of vulnerability (V index) for all
studied seasons, the proposed tool was found to be com-
pletely reliable.

Conclusions

New automated tools can potentially be applied to estimate
aquifer hydrogeological parameters and monitor water
spring behaviour. The effects of climate change on mountain
springs can be intense, and tools are needed to guarantee a
correct understanding of the dynamics of available resource
exhaustion.

In this paper, SOURCE is an advanced semi-automatic
Python tool that automates the hydrogeological characteri-
sation of spring aquifers. This tool was tested through an
analysis of the Mascognaz 1 mountain springs. Graphical
outputs, as well as hydrodynamic parameter values (e.g.
VESPA index and auto- and cross-correlation coefficients)
for an aquifer, can be obtained from SOURCE. These graphs
and values are crucial for understanding the hydrogeological
processes that characterise spring aquifers and for develop-
ing a proper groundwater resource management strategy.
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Table 5 Cross-correlation coefficient values obtained for the Mas-
cognaz 1 spring

Year 2011 2014 2015 2016

Cross-correlation (lag time) 3 1 1 2

Unlike the software currently available through various
university (e.g. RC software and the USGS GW Toolbox),
the proposed tool provides an accurate estimation of the vul-
nerability index and also provides a recorded signal analysis

using autocorrelation and cross-correlation statistical func-
tions. A single software package that contains all the main
methods of water spring analysis has the potential to signifi-
cantly reduce analysis times.

The SOURCE intuitive interface allowed not only
researchers and hydrogeologists, but also non-expert users
to test the software and correctly use its functionalities for
mountain spring analysis.

SOURCE is an open-source software tool, and the code
is available for free download at https://www.diati.polito.
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it/ricerca/aree/geologia_applicata_geografia_fisica_e_
geomorfologia.

The authors are open to all comments and advice from
users that could help to further implement the code and
improve the performances.

Funding Open access funding provided by Politecnico di Torino within
the CRUI-CARE Agreement. Not applicable.

Availability of data and material The hourly recorded data used to sup-
port the findings of this study have not been made directly available
because they are under the ownership of Politecnico di Torino. How-
ever, they are reported as graphs.

Code availability The code is available for free download at https://
www.diati.polito.it/ricerca/aree/geologia_applicata_geografia_fisica_
e_geomorfologia.

Declarations

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aller L, Bennet T, Lehr JH, Petty RJ, Hackett G (1987) DRASTIC: a
standardized system for evaluating ground water pollution poten-
tial using hydrogeologic settings. US Environmental Protection
Agency, Washington DC, p 622

Amanzio G, De Maio M, Suozzi E, Bertolo D, Lodi LP, Pitet L (2015a)
Global warming in the alps: vulnerability and climatic dependency
of alpine springs in Italy. Regione Valle d’Aosta and Switzerland,
Canton Valais. In: Lollino G et al (eds) Engineering geology for
society and territory — volume 5. Springer International Publish-
ing, Switzerland. https://doi.org/10.1007/978-3-319-09048-1_263

Amanzio G, De Maio M, Suozzi E (2015b) Vulnerability of moun-
tain springs affect by climatic change: a new method in a porous
media aquifer in Regione Automa Valle d’Aosta. In: Lollino G
et al (eds) Engineering geology for society and territory, volume
5. Springer International Publishing, Switzerland. https://doi.org/
10.1007/978-3-319-09048-1_259

Amit H, Lyakhovsky V, Katz A, Starinsky A, Burg A (2002) Interpre-
tation of spring recession curves. Ground Water 40(5):543-551

@ Springer

Angelini P (1997) Correlation and spectral analysis of two hydrogeo-
logical systems in Central Italy. Hydrol Sci J 42:425-438. https://
doi.org/10.1080/02626669709492038

Banzato C, Butera I, Revelli R, Vigna B (2017) Reliability of the
VESPA index in identifying spring vulnerability level. J] Hydrol
Eng 22:1-11. https://doi.org/10.1061/(ASCE)HE.1943-5584.
0001498

Barlow PM, Cunningham WL, Zhai T and Gray M (2017) U.S. geo-
logical survey groundwater toolbox version 1.3.1, a graphical and
mapping interface for analysis of hydrologic data: U.S. Geological
Survey Software Release, 26 May 2017. https://doi.org/10.5066/
F7R78C9G

Boussinesq J (1904) Recherches théoriques sur 1I’écoulement des nap-
pes d’eau infiltrées dans le sol et sur le débit des sources. ] Math
Pure Appl 10:5-78

Cerino Abdin E, Taddia G, Gizzi M, Lo Russo S (2021) Reliability
of spring recession curve analysis as a function of the temporal
resolution of the monitoring dataset. Environ Earth Sci 80:1-12.
https://doi.org/10.1007/s12665-021-09529-2

Christe P, Amanzio G, Suozzi E, Mignot E, Ornstein P (2013) Global
warming in the Alps: vulnerability and climatic dependency of
alpine springs in Italy, Regione Valle d’Aosta (Italy) and Canton
Valais (Switzerland). Eur Geol—j Eur Fed Geol 35:64—69

Civita M, De Maio M (1997) SINTACS: Un sistema parametrico per
la valutazione e la cartografia delle vulnerabilita degli acquiferi
all’inquinamento. Metodologia e automatizzazione. Pitagora Edi-
trice, Bologna

Dal Piaz GV (1992) Alpi dal Monte Bianco al Lago Maggiore. Guide
geologiche regionali. Soc. Geol. It. BE-MA Editrice, vol 3(2),
Milano

Dewandel B, Lachassagne P, Bakalowicz M, Weng P, Al-Malki A
(2003) Evaluation of aquifer thickness by analysing recession
hydrographs. Application to the Oman ophiolite hard-rock aquifer.
J Hydrol 274:248-269. https://doi.org/10.1016/S0022-1694(02)
00418-3

Fiorillo F (2014) The recession of spring hydrographs, focused on karst
aquifers. Water Resour Manag 28:1781-1805. https://doi.org/10.
1007/511269-014-0597-z

Fiorillo F, Doglioni A (2010) The relation between karst spring dis-
charge and rainfall by cross-correlation analysis (Campania,
Southern Italy). Hydrogeol J 18:1881-1895. https://doi.org/10.
1007/310040-010-0666-1

Forestieri A, Arnone E, Blenkinsop S, Candela A, Fowler H, Noto LV
(2018) The impact of climate change on extreme precipitation in
Sicily, Italy. Hydrol Process 32:332-348. https://doi.org/10.1002/
hyp.11421

Foster S (1987) Fundamental concepts in aquifer vulnerability, pollu-
tion risk and protection strategy: international conference, 1987,
Noordwijk Aan Zee, the Netherlands vulnerability of soil and
groundwater to pollutants. Netherlands Organization for Applied
Scientific Research, The Hague, pp 6986

Galleani L, Vigna B, Banzato C, Lo Russo S (2011) Validation of a
vulnerability estimator for spring protection areas: the VESPA
index. J Hydrol 396:233-245. https://doi.org/10.1016/j.jhydrol.
2010.11.012

Gattinoni P, Francani V (2010) Depletion risk assessment of the Nos-
sana spring (Bergamo, Italy) based on the stochastic modeling
of recharge. Hydrogeol J 18:325-337. https://doi.org/10.1007/
$10040-009-0530-3

Gizzi M, Lo Russo S, Forno MG, Cerino Abdin E, Taddia G (2020)
Geological and hydrogeological characterization of springs in a
DSGSD context (Rodoretto Valley — NW Italian Alps). Appl Geol.
https://doi.org/10.1007/978-3-030-43953-8_1

Gogu R, Dassargues A (2000) Current trends and future challenges
in groundwater vulnerability assessment using overlay and index


https://www.diati.polito.it/ricerca/aree/geologia_applicata_geografia_fisica_e_geomorfologia
https://www.diati.polito.it/ricerca/aree/geologia_applicata_geografia_fisica_e_geomorfologia
https://www.diati.polito.it/ricerca/aree/geologia_applicata_geografia_fisica_e_geomorfologia
https://www.diati.polito.it/ricerca/aree/geologia_applicata_geografia_fisica_e_geomorfologia
https://www.diati.polito.it/ricerca/aree/geologia_applicata_geografia_fisica_e_geomorfologia
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-3-319-09048-1_263
https://doi.org/10.1007/978-3-319-09048-1_259
https://doi.org/10.1007/978-3-319-09048-1_259
https://doi.org/10.1080/02626669709492038
https://doi.org/10.1080/02626669709492038
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001498
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001498
https://doi.org/10.5066/F7R78C9G
https://doi.org/10.5066/F7R78C9G
https://doi.org/10.1007/s12665-021-09529-2
https://doi.org/10.1016/S0022-1694(02)00418-3
https://doi.org/10.1016/S0022-1694(02)00418-3
https://doi.org/10.1007/s11269-014-0597-z
https://doi.org/10.1007/s11269-014-0597-z
https://doi.org/10.1007/s10040-010-0666-1
https://doi.org/10.1007/s10040-010-0666-1
https://doi.org/10.1002/hyp.11421
https://doi.org/10.1002/hyp.11421
https://doi.org/10.1016/j.jhydrol.2010.11.012
https://doi.org/10.1016/j.jhydrol.2010.11.012
https://doi.org/10.1007/s10040-009-0530-3
https://doi.org/10.1007/s10040-009-0530-3
https://doi.org/10.1007/978-3-030-43953-8_1

Environmental Earth Sciences (2021) 80:710

Page130f13 710

methods. Environ Geol 39:549-559. https://doi.org/10.1007/
5002540050466

Imagawa C, Takeuchi J, Kawachi T, Chono S, Ishida K (2013) Statisti-
cal analyses and modeling approaches tohydrodynamic character-
istics in alluvial aquifer. Hydrol Process 27:4017—4027

Kovéacs A, Perrochet P, Kiradly L, Jeannin PY (2005) A quantitative
method for the characterization of karst aquifers based on spring
hydrograph analysis. J Hydrol 303:152—164

Larocque M, Mangin A, Razack M, Banton O (1998) Contribution of
correlation and spectral analyses to the regional study of a large
karst aquifer (Charente, France). J Hydrol 205:217-231. https://
doi.org/10.1016/S0022-1694(97)00155-8

Leone G, Pagnozzi M, Catani V, Ventafridda G, Esposito L, Fiorillo
F (2020) A hundred years of Caposele spring discharge meas-
urements: trends and statistics for understanding water resource
availability under climate change. Stoch Environ Res Risk Assess.
https://doi.org/10.1007/s00477-020-01908-8

Lo Russo S, Amanzio G, Ghione R, De Maio M (2015) Recession
hydrographs and time series analysis of springs monitoring data:
application on porous and shallow aquifers in mountain areas
(Aosta Valley). Environ Earth Sci 73:7415-7434. https://doi.org/
10.1007/s12665-014-3916-z

Maillet E (1905) Essais d’hydraulique souterraine et fluviale, vol 1.
Herman et Cie, Paris, p 218

Padulano R, Reder A, Rianna G (2019) An ensemble approach for the
analysis of extreme rainfall under climate change in Naples (Italy).
Hydrol Process 33:2020-2036. https://doi.org/10.1002/hyp.13449

Panagopoulos G, Lambrakis N (2006) The contribution of time series
analysis to the study of the hydrodynamic characteristics of the
karst systems: application on two typical karst aquifers of Greece
(Trifilia, Almyros Crete). J Hydrol 329:368-376. https://doi.org/
10.1016/j.jhydrol.2006.02.023

Reberski Luka¢ J, Markovi¢ T, Naki¢ Z (2013) Definition of the River
Gacka springs subcatchment areas on the basis of hydrogeologi-
cal parameters. Geologia Croatica 66(1):39-53. https://doi.org/
10.4154/gc.2013.04

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s002540050466
https://doi.org/10.1007/s002540050466
https://doi.org/10.1016/S0022-1694(97)00155-8
https://doi.org/10.1016/S0022-1694(97)00155-8
https://doi.org/10.1007/s00477-020-01908-8
https://doi.org/10.1007/s12665-014-3916-z
https://doi.org/10.1007/s12665-014-3916-z
https://doi.org/10.1002/hyp.13449
https://doi.org/10.1016/j.jhydrol.2006.02.023
https://doi.org/10.1016/j.jhydrol.2006.02.023
https://doi.org/10.4154/gc.2013.04
https://doi.org/10.4154/gc.2013.04

	SOURCE: a semi-automatic tool for spring-monitoring data analysis and aquifer characterisation
	Abstract
	Introduction
	Methods
	Case study: the Mascognaz springs
	Spring recession curve analysis
	Autocorrelation and cross-correlation functions
	VESPA index

	Code
	Results
	Spring hydrograph
	Recession curve
	The VESPA index
	Autocorrelation and cross-correlation coefficient

	Conclusions
	References




