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Abstract: As our planet faces the complex challenges of global climate change, understanding and
effectively communicating critical environmental indicators have become critical. This study explores
the importance of reporting groundwater temperature data as a key component in understanding
the broader implications of climate change with the use of new graphical tools. More specifically,
the use of the groundwater temperature (GWT) stripes and bi-plots of GWT anomalies vs. time was
proposed. For an in-depth examination of this subject, monitoring wells situated in the Piedmont Po
plain (NW Italy) were selected, with available daily groundwater temperature data dating back to
2010. All data refer to the groundwater of the shallow unconfined aquifer within alluvial deposits.
From the analyses of both GWT stripes and the bi-plot of GWT anomalies vs. time, it was possible
to identify a general increase in the positive anomaly, corresponding to an increase in GWT in time
in almost all of the monitoring points of the Piedmont plain. Furthermore, the utilisation of GWT
stripes demonstrated the capability to effectively portray the trend of the GWT data relative to a
specific point in a readily understandable manner, facilitating easy interpretation, especially when
communicating to a non-scientific audience. The findings underline the urgent need to improve GWT
data search and communication strategies to disseminate valuable information to policy makers,
researchers, and society. By illustrating the intricate interplay between groundwater temperature and
climate change, this research aims to facilitate informed decision-making and promote a proactive
approach towards climate resilience.

Keywords: groundwater temperature; groundwater temperature stripes; climate change; hydrogeology;
Italy

1. Introduction

The discussion around climate change (CC) has gained popularity over the last
50 years; particularly in the last 10 years, the effects of CC have become increasingly
evident (e.g., higher air temperature (AT), changing precipitation patterns, melting glaciers,
and loss of biodiversity) [1]. In this context, the impacts of CC on water are becoming
increasingly evident and have, at times, been catastrophic (e.g., floods and droughts).

However, there are consequences of CC that are not visible, but affect our lives in
various aspects. Groundwater (GW), for example, is affected by CC, both qualitatively
and quantitatively.

In the past, the impacts of CC on GW were analysed from a quantitative point of
view, particularly by carrying out statistical analyses of trends in piezometric levels [2-12];
however, in recent years, there has been a growing focus on qualitative aspects, especially
those related to GW temperature (GWT) variations [9,13-31].

In detail, GWT variations due to CC are of global interest and can be analysed from
different perspectives, not only from a hydrogeological point of view, but also from the
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perspective of groundwater-dependent ecosystems [15,32—41] and potential industrial
applications [18,42—44].

However, it is clear that the main vector for addressing this issue is the hydrogeological
scientific community. Moreover, the hydrogeological community has the task of finding
methods to communicate and disseminate scientific results to the civil population and
stakeholders with decision-making power in the management of GW resources [45].

This mission is consistent with the motto chosen by the UN Water for World Water
Day 2022, dedicated to GW, “Making the invisible visible” [46]. The aim of this initiative
was to alert the scientific community and society to the issue of GW.

A similar procedure was used to evaluate the increase in AT due to CC. The most
effective and communicative methods are the “warming stripes” (also known as “climate
stripes”) by Ed Hawkins [47,48]. Warming stripes are an evolution of climate spirals from
the same author [49]. The stripes are a graphic depiction of the AT fluctuations recorded
in a country, a region, or a city over the course of the past century. More specifically, each
stripe represents the average annual temperature anomaly at a specific location. Generally,
climate stripe graphs start around the year 1900 and extend through 2022, although in
numerous cases, they trace back to the 19th century or, occasionally, even the 18th century,
depending on the availability of robust historical data. In most instances, the data are
sourced from the Berkeley Earth temperature dataset [50], updated through the conclusion
of 2022. However, for countries such as the USA, the UK, Switzerland, and Germany,
data are obtained from their respective national meteorological agencies [51]. The colour
scheme for each country’s stripes is established based on the average temperature during
the period of 1971-2000, serving as the demarcation between the blue (cold) and red (hot)
colours, with the white in between (0 value, no anomaly). Shades of blue indicate cooler-
than-average temperature years, while red indicates years in which temperatures were
hotter than the average. The colour scale of each representation encompasses a range of
plus/minus 2.6 standard deviations relative to the annual average temperatures spanning
1901-2000 [51]. Regarding the global average, the UK Met Office HadCRUT5.0 dataset was
utilised [52].

The use of warming stripes has become increasingly common to determine the impact
of CC on AT. The simplicity of representation and interpretation, even for nonexperts,
offered by warming stripes has made this method of communication a successful tool.
For this reason, other disciplines have begun to use this methodology to highlight the
impacts of CC on a given environmental matrix. In 2022, “Biodiversity Stripes” [53] were
developed at the University of Derby based on the Living Planet Index (LPI) database [54];
these plants exhibited a decline in biodiversity between 1970 and 2018. In 2023, “Ocean
Acidification Stripes” [55] were created at the ETH Zurich as a visual representation of
the shift in ocean acidification in the past 40 years (1982-2022) based on the data product
OceanSODA-ETHZ [56]. Both of these warming stripe-inspired methods are effective
methods for graphically visualizing the impact of CC.

The purpose of this paper is to suggest new methods for identifying and communicat-
ing GWT variations due to CC. Specifically, the main aim is to graph this parameter in an
easily and quickly interpretable way.

The first step was the proposal of a method borrowed from warming stripes called
“groundwater temperature (GWT) stripes”. These stripes are intended to make visible
one of the most important, but invisible, resources of our planet: GW. The advantages and
weaknesses of this method were analysed and described. Moreover, a small study area, the
Piedmont Po Plain, was chosen for testing the GWT stripes. As GWT data are not common,
the choice was dictated by the availability of daily GWT measurements in this area since
2010 [57].

Study Area

The Piedmont region is situated in the northwestern part of Italy and covers an area of
nearly 25,000 km?. Within the Piedmont region, the Po Plain accounts for approximately
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27% of the entire region’s territory [58]. This plain is surrounded by the Alps to the north
and east and the Apennines to the south.

From a hydrogeological perspective, the Piedmont Po Plain consists of three hydro-
geological units (Figure 1). Starting from the top, Quaternary alluvial deposits (lower
Pleistocene-Holocene) hosting a shallow, unconfined aquifer are present. Below, Vil-
lafranchiano transitional deposits (late Pliocene-early Pleistocene) host a multilayered
aquifer. Finally, Pliocene marine deposits (Pliocene) host a confined aquifer [58-60]. Due to
its geological features and considerable size, the Piedmont Po Plain is recognized as the
most significant groundwater reservoir in the Piedmont region [58].

Po River  Turin

Hill
- /\ \
l Z § B\
] el
Quaternary alluvial deposits — Flow direction

Villafranchiano transitional deposits ‘ City of Turin

Pliocenic marine deposits

Figure 1. Sketch of a cross-section of the hydrogeological units of the Po Plain. The red line highlights
the localization of the cross-section.

In this study, we specifically focused on the shallow, unconfined aquifer located in the
Piedmont Po Plain within Quaternary alluvial deposits. This aquifer has a thickness ranging
from 20 to 50 m and is characterized by high hydraulic conductivity (K =5 x 1073-5 x
10~* m/s); it primarily consists of coarse gravel and sand of fluvial or fluvioglacial origin,
occasionally intermixed with silty clay layers [58]. The fluvial deposits are connected to the
main rivers, particularly Po and Tanaro. At the base of the shallow aquifer, locally thick
and continuous layers of silt or clay-rich deposits can be found, acting as the boundary
between the shallow and the deeper aquifers [58].

Regarding the climatic characteristics of the Piedmont mountains, the average annual
AT decreases in a regular manner with altitude, with the exception of certain local condi-
tions, such as urban areas where the temperature is slightly greater than that at the same
altitude. In lowland plain areas, the average annual AT is between 10 and 12.5 °C [61,62]. By
analysing long time series of AT data [23,63,64], starting in 1958, it is possible to highlight
an increase in the average annual maximum AT of approximately 2.4 °C with a stronger
positive trend in the last 30 years (Figure 2).

In addition, the Global Warming Stripes database [65], consulted for the city of Turin
as the capital of the Piedmont Region, permitted the analysis of how the AT anomalies
have varied since 1850 (Figure 3). Warming stripes highlight a clear increase in the anomaly
value since 1990, confirming an increase in AT due to CC.
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Figure 2. Time series of annual average air temperature data for the city of Turin for the period of
1958-2023. Dashed coloured lines represent the linear fit for different time periods: green 1958-2023;
pink: 1990-2023.

Temperature change in Turin since 1850

Figure 3. Warming stripes for the city of Turin for the period of 1850-2022 downloaded from [65].
The air temperature anomaly was calculated over the period 1971-2000.

2. Materials and Methods
2.1. GWT Data

The data used for GWT stripe elaboration were daily GWTs. These data were mea-
sured by probes located in correspondence to the 139 monitoring wells of the Piedmont
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Po Plain automatic network managed by ARPA Piemonte, the regional Environmental
Protection Agency. The main purpose of this network is to provide data, particularly on
the quantitative status of the shallow aquifer. To do so, each monitoring well is equipped
with an OTT Orpheus Mini, an integrated pressure sensor and datalogger for groundwater
level measurements. However, the probe was also designed for the monitoring and storage
of GWT data. Therefore, while the primary objective of this tool is to measure water
levels, it is a valuable asset in searching for GWT data. GWT data, in fact, were typically
not documented, particularly in the past, as they have only recently attracted scientific
interest. The temperature sensor has a resolution of 0.1 °C and an accuracy of +0.5 °C. OTT
Orpheus Mini probes are generally positioned between 7 and 20 m from the topographic
surface. Temperature data in the Piedmont Po Plain automatic network are available from
January 2010 to December 2022 and are downloadable from the Regione Piemonte GREASE
webpage [57]. Consequently, the analysed period covers an interval of 13 years.

The first step of the GWT data examination was screening analysis, in which historical
series with less than 13 years of temperature data were deleted. The completeness index
(CI) [66] was subsequently calculated according to the following equation (Equation (1)):

number of available GWT data y
maximum number of data in the considered interval

Cl= 100 (1)

Monitoring wells with GWT measurement completeness greater than 90% over the pe-
riod January 2010-December 2022 were chosen, for a total of 15 monitoring wells (Figure 4).
The GWT data from these monitoring wells were then aggregated as monthly average
values to observe the seasonality of the data over the chosen observation period.

The main features of the chosen monitoring wells (i.e., depth of the monitoring well,
depth of the measuring instrument inside the monitoring well, distance between the
topographical surface and the water table, and filtered intervals) are reported in Table 1.
Indeed, previous studies show that the position of the instruments inside the monitoring
well is crucial for the interpretation of temperature data [23]; more specifically, the closer
the instrument is to the surface, the greater the sensitivity of the GWT data in relation to AT.

Table 1. Main features of monitoring wells.

X v Distance
Monitoring Location Coordinate Coordinate Altitude [lz/t[?(l:[tlliltgfi;he Depth of the To fegv;eircl ;hiface Filtered
Well (WGS 84, (WGS 84, (m a.s.l) g Instrument (m) pograp u Interval (m)
Well (m) and the Water
UTM 32) UTM 32)
Table (m)
PII51 Suno 463753 5053032 251 15 10 4.87 6-15
PII31 Caltignaga 467448 5040801 179 15 15 3.73 6-15
PII32 Cameri 472183 5039246 164 15 15 4.92 6-15
PII19 Landiona 455465 5038163 180 15 15 1.67 3-15
P43 Albiano 417580 5031184 229 24 11.4 4.08 12-24
d’Ivrea
PII11 Vercelli 453187 5018583 131 35 10 3.56 3-15
PII06 Ronsecco 442911 5011693 145 25 10 4.06 9-15
PI145 Trino 437139 5011305 156 15 15 32 3-15
P21 Rivarolo 400961 5016462 266 20 15 347 11-20
Canavese
SI5 Verolengo 423853 5004449 177 18 15 9.84 5-20
P8 Barge 368435 4954232 335 39 20 10.18 18-39
P14/1 Moretta 383530 4957900 252 30 10 2.14 12-30
P23 Fossano 392537 4926862 412 30 20 10.16 15-30
T2 Morozzo 397367 4919953 430 30 10 3.76 5-11
DST Masio 453833 4968900 101 8 8 4.81 0-8
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Figure 4. Map with localization of the 15 chosen monitoring wells.

2.2. GWT Stripes Elaboration

To represent GWT data using GWT stripes, the monthly temperature anomaly (MTA)
was calculated for each month of all analysed years.

In general, the anomaly (AN) was determined by calculating the difference between
the annual (or monthly) values of a hydrological variable (X) and the mean values of the
reference period (i X) for the hydrological variable considered [67]. This calculation is
expressed as (Equation (2)):

AN =X — VXref 2)
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While AT annual data were used for the warming stripes, GWT monthly data were
chosen for the GWT stripes. Indeed, the availability of GWT data is limited by a relatively
short period of measurement; therefore, with annual data (in this case, 13 years), an accurate
analysis could not be performed. Furthermore, the use of monthly data also allows the
seasonality of the data to be observed in the final graphical output.

To represent GWT data using GWT stripes, MTA was calculated for each month of all
analysed years, as follows (Equation (3)):

MTA for a specific year
= (mean MTA for the specific year) ©)]
—(monthly mean of all the same months in the period analysed)

For example, for January 2010, the MTA was calculated as follows (Equation (4)):

January 2010 anomaly
= (January 2010 monthly mean) 4)
— (monthly mean of all January in the period 2010-2022)

Once all the anomaly values for all months were calculated in the analysed period
(13 years), a total of 156 values were available to create GWT stripes for each monitor-
ing well.

While warming stripe data are represented by blue, white, and red [68], GWT stripe
data are represented by light blue to orange. The chosen colour scale indicates the lowest
negative value of the anomaly in deep blue and the highest positive value of the anomaly
in deep orange; white indicates stationarity in the parameter (no anomaly). As was the case
for the warming stripes, the scale colour of the GWT stripes represents a GWT increase
when warm colours are used, and the GWT decreases when cold colours are used.

Because of the modality of GWT stripe elaboration (Equation (3)), the scale colour
is typical of each location and each historical series, and a colour will not necessarily
correspond to the same temperature anomaly in other locations. The data were used to
construct a schematic representation of the Piedmont region: cold and hot colours represent
negative and positive annual anomalies, respectively. This approach does not allow for a
comparison of the GWT stripes.

To compare the anomalies in the monitoring wells of the study area, data were also
organized in column graphs, in which the abscissa shows the time and the ordinate the
anomaly value.

Finally, in order to provide an overview of the GWT increase on a regional scale, a
representation of the annual GWT anomalies was proposed for the entire Piedmont Po
Valley. The anomaly data of the 15 regionally distributed points was averaged into a single
value. The GWT anomaly for each year analysed was calculated as the average of each
monthly anomaly for each year. This provides a unique value for each year, which allows
for the creation of an easy-to-use graphic representation for dissemination purposes.

3. Results

Once all GWT data had been processed for all 15 monitoring wells, two graphical
representations were produced that could be used alone or in pairs to provide a clearer
picture of GWT variations over the observed time period:

e A map of Piedmont with the GWT stripes for each monitoring well, allowing an
immediate evaluation of the GWT trend in the specific piezometer (Figure 5);

e A map of Piedmont with column graphs, using the same scale, for all 15 monitor-
ing wells, allowing a graphical comparison of GWT data between all the analysed
piezometers (Figure 6).
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Figure 5. Regional map with GWT stripes allowing an immediate evaluation of the GWT trend in the
analysed monitoring wells. GWT data refer to the period of 2010-2022.

In both figures, it can be observed that, in 14 of the 15 analysed monitoring wells
(PII11, PII19, P1I31, PII32, T2, PII51, P43, P21, SI5, P8, P14 /1, DST, P23, and PII06), there was
an increase in the positive anomaly, corresponding to an increase in the GWT. In Figure 3,
the increase in the positive anomaly is represented by the predominance of orange bands in
recent years. However, GWT stripes do not indicate the magnitude of the anomaly (positive
or negative).

To assess the magnitude of the anomalies, Figure 6 uses the same vertical scale on the
ordinate axis (axis of anomaly); with this type of analysis, it can be highlighted that, despite
the general upwards temperature trend highlighted in Figure 5 represented by the positive
anomaly, in monitoring wells PII11, PII19, P1I31, PII32, and T2, there was a particularly
noticeable increase in positive anomalies (even more than 1 °C).
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Figure 6. Regional map with the biplot of monthly GWT anomaly in the period of 2010-2022, allowing
a comparison of the magnitude of GWT variation for the 15 analysed monitoring wells.

In the other monitoring wells (PII51, P43, P21, SI5, P8, P14/1, DST, P23, and PI106), a
generally positive anomaly in recent years could be highlighted; however, these wells had
values less than 1 °C.
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Furthermore, this representation allowed us to report the year that marks the passage
from a negative to a positive anomaly, generally in the interval of 2015-2016. Only one
piezometer, P1145, located in Trino (Vercelli Province), showed a decrease in anomalies in
recent years, which could be observed both in Figures 5 and 6 and was linked to a decrease
in GWT over the observed time period. The magnitude of the anomaly (Figure 6) was very
small, generally less than 0.3 °C.

Finally, Figure 7 provides an overview of the annual GWT anomaly on a regional scale.
While this constitutes a representation of a value averaged across the 15 analysed points
and subsequently averaged to a single annual figure, it is apparent that there was a rise in
GWT at the regional level over the 13 years analysed, notably commencing in 2016.

Annual anomalies for the Piedmont Po plain

A
easd
)/

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

L

Negative anomaly T Positive anomaly

No anomaly

Figure 7. Graphic representation of the annual groundwater temperature (GWT) anomalies for the
entire Piedmont Po Plain. The anomaly data of the 15 regionally distributed points was averaged
into a single value.

4. Discussion and Conclusions

The aim of this paper was to identify an easy-to-interpret graphical method for visual-
izing GWT variations in a CC context.

To determine which was the best method to achieve this goal, real GWT data that
could be statistically processed were searched. Specifically, GWT data from monitoring
wells on the Piedmont Po Plain (NW Italy) were obtained. GWT data were analysed with
GWT stripes and a biplot of the monthly GWT anomaly in the period of 2010-2022. In
particular, the GWT stripe method for the representation of GWT anomalies was borrowed
from the warming stripe method and was used for other parameters, such as AT, loss of
biodiversity, and ocean acidification. The warming stripes strategy has been proven to be
effective for communication not only directed toward the scientific community, but also,
and above all, toward the general public.

From the analyses of both GWT stripes and biplots of GWT anomalies vs. time, it
was possible to identify a general increase in the positive anomaly, corresponding to an
increase in GWT over time at almost all of the monitoring points on the Piedmont Plain.
This outcome is justified by the increase in AT observed in Piedmont [23,63]. However, as
also observed in previous work [23], the increasing trend for AT was more pronounced
than that for GWT, consequently, it is possible to state that GWTs are more resilient to
change than ATs.

Only one piezometer, P1I45, showed a decrease in anomalies in recent years, linked to
a decrease in GWT over the observed time period. This piezometer was located within an
industrial area where there was a thermoelectric power plant. For this reason, interpreting
these results was difficult since they could be connected to the impact of anthropogenic
activities carried out on the surface rather than to the impact of CC. For this reason, the
data from these monitoring points will be further analysed in future studies to better
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understand their different behaviours compared with those of the other monitoring wells
in the Piedmont Plain.

The use of GWT stripes demonstrated the ability to effectively portray the trend of
the GWT data relative to a specific point in a readily understandable manner, facilitating
easy interpretation. Nonetheless, a drawback associated with GWT stripes is that, despite
employing a consistent colour scale within a given region, each stripe’s representation is
contingent upon the values of the analysed point. Moreover, GWT stripes did not indicate
the magnitude of the anomaly, positive or negative; consequently, they did not facilitate
the correlation of data between two distinct points.

Owing to this consideration, biplots of GWT anomalies vs. time were also generated
using a uniform scale across the entire study area. This approach was adopted to facilitate
the comparative analysis of all the monitored wells with greater ease. The main result
of this study was an absolute increase in the GWT in the analysed period, with anomaly
values in some cases also being higher than +2 °C.

Furthermore, the use of monthly anomalies in the GWT, both for GWT stripes and
biplots, was proven to be effective for visualizing the seasonality of the data. Consequently,
it was possible to observe that, in most cases, an increase in the GWT anomaly occurred
during both the summer and winter seasons. This outcome was not possible using only the
annual average anomaly (as for the warming stripes).

Finally, the utilization of monthly anomalies served as an advantageous strategy for
highlighting trends in short historical series. Indeed, in the Piedmont Plain case study, the
annual average anomaly for the period 2010-2022 in each monitoring well yielded only
13 stripes. However, employing monthly anomalies allowed for the creation of 156 bands,
providing a more comprehensive mean for assessing the variation in anomalies.

The approach of using both GWT stripes and biplots of anomalies vs. time permitted
us to highlight that stripes are the best way to communicate the issue of GWT changes due
to CC to society. This approach is straightforward and expeditious for disseminating the
issue of groundwater warming.

The analysis of data for scientists and stakeholders, however, should also be paired with
other representations, such as biplots, to better analyse the magnitude of the GWT change.

It is evident that the lack of data on GWT was the main problem for its representation.
Indeed, the longest time series are usually used for statistical analysis, i.e., for air tempera-
ture studies; however, data regarding the groundwater temperature are generally limited
because they have historically garnered little interest among scientists. Only recently has
there been a start in collecting and analysing them.

In the future, it is imperative to establish databases focused on groundwater tem-
peratures that facilitate regional, national, and even global research endeavours. Having
comparable data across various scales will undoubtedly be the most effective approach to
enhancing public awareness of the issue, aiming for improved resource management.
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Abbreviations

AN anomaly

AT air temperatre

CcC climate change

GW  groundwater

GWT groundwater temperature
MTA  monthly temperature anomaly
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