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Abstract

Global warming has become a critical environmental, social, and economic

threat, with increasing frequency and intensity of extreme weather events. This

study aims to analyse temperature trends and climate indices in the Po Valley,

a significant economic and agricultural region in Italy, by examining data from

two historical stations: the urban Modena Observatory and the rural Mount

Cimone Observatory. The analysis extends previous studies to 2018, assessing

the magnitude of climate changes since the 1950s and isolating the Urban Heat

Island (UHI) effect in Modena. Significant warming trends were confirmed at

both sites, with in maximum (TX) and minimum (TN) temperatures trends

nearly doubling from 1981 to 2018 compared to 1951–2018. For example, TX

trends reached 0.84�C�decade−1 in Modena and 0.62�C�decade−1 at Mount

Cimone, while TN trends were 0.77 and 0.80�C�decade−1, respectively.

Extreme climate indices showed a substantial increase in warm days and

nights (TX90p and TN90p, respectively). Particularly we found TX90p of

27.5 days�decade−1 in Modena and 15 days�decade−1 at Mount Cimone while

TN90p of 29.5 days�decade−1 in Modena, 22 days�decade−1 at Mount Cimone.

The UHI effect significantly impacts Modena's temperature trends. Urbaniza-

tion contributes up to 65% of the rise in warm nights. Specifically, frost days

decreased by 1.88 days�decade−1 (37% of Urban Contribute, UC), tropical

nights increased by 5.16 days�decade−1 (57% UC), warm nights increased by

12.7 days�decade−1 (65% UC), and cool nights decreased by 3.19 days�decade−1
(39% UC). Overall, the study underscores the importance of considering both

global and local factors in regional climate trend analysis.
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1 | INTRODUCTION

Global warming has become increasingly apparent since
the last decades of the previous century, posing an envi-
ronmental, social, and economic threat to the planet due
to its widespread and intensifying effects.

Several studies in scientific literature have found that
global warming is increasing the frequency of extreme
weather events, including heatwaves, intense precipita-
tion, floods, and droughts (Planton et al., 2008;
Stott, 2016; Xie et al., 2015). Regarding Europe, heat
waves in recent decades, especially in 2003, have had
unprecedented impacts, causing significant social, eco-
nomic, and environmental damage (Della-Marta
et al., 2007a, 2007b; Klein Tank et al., 2005; Luterbacher
et al., 2004). In Italy, temperature trends analysed over
various regions show a consistent upward trend, with
notable increases in recent decades (Scorzini &
Leopardi, 2019; Toreti et al., 2010; Ventura et al., 2002).
Researchers have also used extreme indices like the Diur-
nal Temperature Range (DTR) to study climate patterns,
highlighting a reduction in temperature ranges due to
more significant increases in minimum temperatures
(Bartolini et al., 2008; Brunetti et al., 2000).

The Expert Team on Climate Change Detection and
Indices (ETCCDI) (Klein Tank et al., 2009) has identified
a set of 27 climate indices crucial for analysing tempera-
ture and precipitation, with a specific focus on extreme
characteristics (Chervenkov & Slavov, 2021; Kang
et al., 2014; Klein Tank et al., 2005; Meehl et al., 2000;
Sillmann et al., 2013a, 2013b).

The present study fits within this context, aiming to
analyse temperature trends and ETCCDI indices to esti-
mate local climate change. The area considered is the Po
Valley, which hosts a third of Italy's population. This ter-
ritory has been experiencing increased economic and
agricultural vulnerability due to the rise in annual tem-
peratures from the mid-20th century to the present with
significant impacts on crop production and in the indus-
trial/civil sector (i.e., increased cooling demands for sys-
tems) (Tomozeiu et al., 2006; Zullo et al., 2019).

Thus, the paper aims to assess both the magnitude of
the climate changes experienced by the territory since the
1950s and to isolate the signal of urbanization in the tem-
perature series to understand its contribution to global
warming, as done by Zhang et al. (2021).

For this purpose, we consider two historical stations
with a long-standing tradition of measuring and record-
ing meteorological parameters located in the same geo-
graphic region (Emilia Romagna region, northern Italy)
but with distinct characteristics. The first station is the
Geophysical Observatory of the University of Modena
and Reggio Emilia (hereafter Modena Observatory),

established in 1826 within the city centre of Modena in
the Po Valley, an area that has experienced considerable
urban development. The second station is the Mount
Cimone Observatory (hereafter Cimone Observatory), an
historical station of the Italian Air Force Meteorological
Service. This observatory, located at an elevated position
of 2165 m a.s.l. on Mount Cimone, has been collecting
data since 1947. It resides in the free troposphere, free from
urban influences (Carbone et al., 2014; Ramponi, 2023).

This study starts evaluating climate changes in the
two locations extending the analysis of Boccolari and
Malmusi (2013) to 2018 for Modena, and also includes an
assessment of climate changes at Mount Cimone. It also
incorporates insights from Cundari and Colombo (1992),
who correlated temperature data from the Cimone Obser-
vatory with a large area in the Po Valley, demonstrating
its utility for long-term temperature representation.
Despite extensive use of the Cimone Observatory for CO2

and pollution studies (Alemanno et al., 2014; Bonasoni
et al., 1995, 2002; Cristofanelli et al., 2018; Fratticioli
et al., 2023), there is a gap in the literature on its meteo-
rological data since Colombo's study.

Finally, we analysed the potential contribution of
urbanization to the temperature trends at the Modena
Observatory station. The expansion of built-up areas near
the station over time could have caused temperature
increases attributable not to global warming but to the
Urban Heat Island (UHI) effect (Barbieri et al., 2018;
Costanzini et al., 2022). To assess the impact of the UHI,
auxiliary data from the ERACLITO databases were
utilized (Antolini et al., 2016). This comprehensive
approach ensures that the observed temperature trends
can be accurately attributed, distinguishing between
global climate change and local urban influences.

2 | STUDY AREA AND DATASETS

This section outlines the data sources employed in the
study, focusing on the two distinct weather stations of
Modena Observatory and Cimone Observatory shown in
Figure 1. Both stations play crucial roles in assessing cli-
mate changes and offer unique insights due to their dis-
parate locations.

2.1 | Meteorological stations

2.1.1 | Modena Observatory

The Modena Observatory is housed in the East Tower of
the Ducal Palace in Modena's city centre (44�38052.5900N,
10�55047.2200E WGS84, at 34.6 m a.s.l.). The meteorological
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instruments are located on a historic balcony, positioned at
a barometric height of 64.2 m a.s.l. Established in 1826 by
Francesco IV, Duke of Modena, the observatory began col-
lecting meteorological data in 1827, encompassing parame-
ters such as temperature, humidity, precipitation, pressure,
wind speed and direction, and cloud cover. Past tempera-
ture records are comparable with present ones since 1861,
marking the construction of the first meteorological win-
dow, later replaced by the historical balcony. Recognized as
a Centennial Observing Station by the World Meteoro-
logical Organization (WMO), Modena Observatory attests
to its longstanding commitment to meteorological obser-
vations (Lombroso et al., 2020; World Meteorological
Organization, 2022).

The city of Modena resides in the Po Valley, marked
by extensive urban areas, agricultural fields, intense
breeding, and wide manufacturing districts. The region
exhibits a warm temperate subcontinental climate
(Köppen–Geiger classification Cfa) (Peel et al., 2007),
characterized by hot summers and frequent temperature
inversions, particularly in the cold period (Caserini
et al., 2017). Prevailing winds, generally weak, follow two
main directions: WNW and ESE, aligning with the longi-
tudinal axis of the Po Valley. Anthropogenic emissions,
combined with topographic and meteorological conditions,

contribute to poor air quality (Costanzini et al., 2018;
Johnstone & Dawson, 2010). The Northern Apennines act
as a climatological divide between continental Europe to
the north and the Mediterranean Basin to the south
(Cristofanelli et al., 2018).

Modena Observatory characterizes an urban context
due to its location in the city centre. Modena features a
hot summer climate with intense droughts in July and
August, occasionally interrupted by severe thunder-
storms, along with cold and wet winters. The transitional
seasons are typically rainy, with peaks in fall (October)
and spring (April and May).

2.1.2 | Mount Cimone Observatory

The Cimone Observatory, situated at 2165 m a.s.l. on the
highest peak in the Northern Apennines (44�110370N,
10�420000E, WGS84), serves as a strategic location for the
Italian Air Force Meteorological Service. Operational
since 1937, this observatory has played and currently
plays a crucial role in telecommunications, meteorological
forecasting, climatology, and air navigation assistance. Posi-
tioned above the Planetary Boundary Layer, in the lower
free troposphere, and isolated from anthropogenic activities,

FIGURE 1 Location of the Modena Observatory within the Po Valley, north of Italy, and the Monte Cimone Observatory in the

Apennines. [Colour figure can be viewed at wileyonlinelibrary.com]
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the Cimone Observatory holds significance for studying
atmospheric composition, especially in measuring back-
ground levels of greenhouse gases (Carbone et al., 2014). It
is an active participant in the Global Atmosphere Watch
program (Cristofanelli et al., 2019; Galli et al., 2019) of the
WMO and is part of the Italian Meteorological Network
managed by the Air Force Meteorological Service (SYNOP
16134-Metar LIVC).

The climate of Mt. Cimone is classified as alpine, with
minimum temperatures ranging from −22�C in winter
to 18�C in summer (Colombo et al., 2000; Tositti
et al., 2014). Prevailing wind directions include SW and
NE, with speeds reaching intensities of 216 km�h−1,
resulting in a perceived wind chill temperature as low as
−45�C (Ciattaglia et al., 2010). Mt. Cimone experiences
two rainfall peaks, with the maximum occurring in
November and a secondary peak in April.

2.1.3 | Synoptic patterns of the two stations

From a meteorological standpoint, the synoptic weather
patterns in Modena and Mt. Cimone exhibit significant
similarities, but with some notable exceptions. Instances
of heavy rainfall in both locations can occur when a low-
pressure system is situated above the Tyrrhenian Sea.
Winter cold air flows lead to snowy precipitation in both
locations. Strong winds, particularly from the southwest,
affect Mt. Cimone. Under these conditions, the Tyrrhe-
nian side of the Apennines experiences cloudiness due to
the Stau effect, while Modena may experience the Föhn
phenomenon. During intense southwest flows, heavy pre-
cipitation has been observed as a result of the spillover
effect even at distances 10–20 km downwind from the
ridge (Lombroso & Fazlagic, 2000).

In both locations, the influence of large high-
pressure fields fosters stable weather conditions.
Summer heat waves are driven by the presence of a
strong African anticyclone, which causes very high
temperatures in both locations, that is, in June, July,
and August 2003, August 2017, and June 2019. How-
ever, summer in Mt. Cimone is also characterized by
convective systems, in some cases with orographic
storms (Frontero & Lombroso, 1988).

Stable conditions lead to robust thermal inversions
during winter in Modena, resulting in lower tempera-
tures compared to Mt. Cimone. During winter, the phe-
nomenon of thermal inversion is frequently observed,
resulting in notable differences between the two stations.
This aspect will be further explored in this paper to
enhance our understanding of the temperature series and
trends calculations.

2.2 | Dataset

For this study, the primary datasets comprise daily histor-
ical temperature records, encompassing TX and TN
values from 1951 to 2018. The DTR series was also
derived to provide a comprehensive perspective.

The Modena Observatory has daily temperature data
available from 1861 to the present. To ensure data consis-
tency, the homogenization process was applied to daily
TX and TN, following a method by Boccolari and Mal-
musi (2013). This method underwent some revisions to
minimize undocumented corrections made to the origi-
nal series. In the original study covering 1861 to 2010,
homogenization was performed using statistical tests
(SNH, Pettitt, Buishand, and Von Neumann) on mDTR
(annual average of DTR) and vDTR (annual average of
absolute day-to-day differences of the DTR) series
(Wijngaard et al., 2003). These tests assess the statistical
significance of temperature series homogeneity and iden-
tify breakpoints (apart from the Von Neumann test). Cor-
rections, whether documented or not, aim to adjust the
series for homogeneity. Notably, more corrections were
needed after 1900 compared to the initial 40 years. Evalu-
ation of the first 40 years is challenging due to extensive
documented interventions on measuring instruments.
Although mathematically homogeneous, corrections in
this period may not convincingly show consistent trends.
Subsequent corrections for the 1901–2020 period, using
the same methodology, yielded a satisfactory outcome.
Only two corrections were needed over the 120-year
period, passing all four statistical tests at a 0.01 signifi-
cance level, specifically for the mDTR series. The rejec-
tion of vDTR is not surprising, given its relation to the
daily variability of temperature. The corrections made
symmetrically on TN and TX were as follows:

• Until July 31, 1967 [TX + 0.3�C] and [TN − 0.3�C]; a
documented correction corresponding to the calibra-
tion of the maxima and minima thermometer.

• Until December 31, 1953 [TX + 0.15�C] and
[TN − 0.15�C]; an undocumented correction.

Comparing such new TX and TN trends with those
obtained with the previous homogenization by Boccolari
and Malmusi (2013), differences of only a few hundredths
of a Celsius degree per decade were recorded. Therefore,
the results presented in that paper can still be considered
valid.

As for the Cimone Observatory, meteorological obser-
vations began in 1947 but became systematic only since
1951. The TX and TN series for this observatory were
extracted from the European Climate Assessment and

4 COSTANZINI ET AL.
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Dataset (ECA&D) platform (Klein Tank et al., 2002). This
dataset includes homogenized series derived from data col-
lected by climatological divisions of the National Meteoro-
logical and Hydrological Services, observatories, and
research centres across Europe and the Mediterranean.

The available TX and TN series include data from
January 1, 1951 to December 31, 2020. Notably, there are
missing data in the two series, accounting for 352 days
for TX and 333 for TN. To address this, a control proce-
dure was applied (Desiato et al., 2012; Dufek et al., 2008)
to discard years with more than 30% missing data
(i.e., 2019 and 2020 with 63% and 68%, respectively). Uni-
formly spread gaps over various years were filled through
linear interpolation with the other available data. Addi-
tionally, the homogeneity of these series was checked
using the same method mentioned above, and no correc-
tions were found to be necessary.

The datasets from Modena Observatory and Cimone
Observatory, including the computation of seasonal and
annual anomalies for TX, TN, and DTR, are presented in
section 4.2.

3 | METHODOLOGY

The methodology applied in this study starts from the
examination of TX and TN series recorded by both stations
spanning from 1951 to 2018. Initially, computations were
made for seasonal and annual temperature anomalies, uti-
lizing cross-correlation techniques to identify shared ten-
dencies between the two stations. An analysis about
thermal inversions frequency for Modena Observatory has
been also included in this section to help the assessment of
the differences achieved in winter between the two stations.

Subsequently, an iterative procedure that systemati-
cally computed trends and their statistical significance
across various periods was employed to partition the time
series into meaningful subperiods. Then trends over TX
and TN are evaluated, and extreme climate indices from
ETCCDI are calculated. The tendencies of these indices
and their significance were assessed to elucidate the
nuanced changes observed in both stations.

Finally, the UHI contribution has been evaluated
using the Urban Minus Rural method (Bian et al., 2014;
Manalo et al., 2022; Park et al., 2017; Wu et al., 2019;
Zhong et al., 2023), to assess the contribution of urbani-
zation on temperatures and ETCCDI indices trends.

3.1 | Occurrence of daytime temperature
inversions in Modena

The Po Valley, where the Modena Observatory is situated,
experiences limited ventilation due to its morphology.

During the winter, also a weak radiative forcing occurs,
contributing to the persistence of stagnant events character-
ized by the phenomenon of thermal inversions (Caserini
et al., 2017) in these situations, lower temperatures can be
recorded in Modena compared to Mt. Cimone.

To gain deeper insights into these conditions, an anal-
ysis of the seasonal frequency of thermal inversions in
Modena was conducted, utilizing data from both observato-
ries. For each day, the lapse rate in�C/100 m was calcu-
lated, representing the difference between the temperatures
at Mt. Cimone and Modena. This calculation included
minimum, maximum, and mean temperatures for every
day from 1951 to 2018.

We started examining periods where strong stagnant
events have been documented, as during January 1989
and 1990, February 1993, November 1994, January 2012,
December 2013, 2015 and 2016, etc. Although thermal
inversions typically cease at 1000–1500 m, during these
events minimal temperature differences between Modena
and Cimone have been recorded. In these periods, the
presence of thermal inversions has also been assessed
observing radiosonde data. Based on these findings, two
thresholds have been selected to identify the presence of
thermal inversion in Modena. Aggregating data from all
available days across all 12 months spanning from 1951
to 2018, the frequencies of different lapse rate were com-
puted, taking into account the seasonal distribution. Fre-
quency are reported grouped for meteorological seasons, as:

• Winter (DJF): months of December, January, and
February.

• Spring (MAM): months of March, April, and May.
• Summer (JJA): months of June, July, and August.
• Fall (SON): months of September, October, and

November.

Note that winter season includes the months of
December, January, and February. We consider the
month of December of 1 year and the January–February
of the following year, comprising one winter season.

The results of this analysis, useful for the assessment
of differences in temperature anomalies between the two
sites (and subsequent trends), are reported in section 4.1.

3.2 | TX and TN anomalies and DTR

Daily series of TX and TN temperatures from 1951 to
2018 for both stations were used to compute daily anoma-
lies. This was done by subtracting the climatological
mean for each specific date from the daily values of each
series. The climatological mean was based on the
Climatic Normal (CLINO) for the period from 1961 to
1990, as defined by the World Meteorological

COSTANZINI ET AL. 5
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Organization (WMO) as the standard reference period for
long-term climate change assessments. To smooth out
large variations due to insufficient samples, a 5-day mov-
ing window centred on each specific date was used to
average the values. The daily anomalies were subse-
quently grouped by meteorological seasons to better
understand temporal variations and differences between
the two stations.

A cross-correlation was computed between the series
of seasonal and annual TX and TN anomalies of Modena
Observatory and Cimone Observatory. Furthermore, the
DTR was computed as the difference between daily TX
and the TN at both the Modena Observatory and Cimone
Observatory. This calculation provides insights into the
variation between the highest and lowest temperatures
recorded in a single day, offering a more comprehensive
perspective on the temperature dynamics at the two
stations. The DTR is particularly valuable in discerning
differences in temperature increases between minimum
and maximum values. The results are presented in
section 4.2.

3.3 | Temperature trends

The analysis of trends in time series is essential in the
context of climate change as it provides insights into
the evolution of a phenomenon over a specific period.
Trends TX, TN, and DTR were evaluated within the time
series of both Modena and Mt. Cimone. This analysis
firstly covered the entire period from 1951 to 2018, and
then specific significant periods were selected based on
the subsequent analysis. The goal is to pinpoint statisti-
cally significant trends, typically at a confidence level of
99%, by dividing the entire observation period in time
intervals covering at least 10 years within this range. This
exploration was carried out through an automated proce-
dure that systematically computed trends and their statis-
tical significance across various sequentially periods.
These periods include, for example: 1951–2018, 1952–
2018, 1953–2018, …, 2009–2018, 1951–2017, 1952–2017,
…, 2008–2017, …, 1951–1961, 1952–1961, 1951–1960. The
procedure reports the results on a diagram called a “shift-
ing trend,” indicating the subperiods to consider for trend
calculations. To evaluate the presence and significance of
trends on temperatures on the periods identified above,
the modified Mann–Kendall test (Kendall, 1957;
Pohlert, 2023; Wilks, 2019) was applied, while the Theil–
Sen method (Sen, 1968) was used to estimate the slope
(section 4.3). These methods are widely used in literature
to pursue this aim (Alexander et al., 2006; Mallick
et al., 2022; Patra & Satpati, 2022).

Indices from the ETCCDI were selected and applied
to the temperature series of both stations. These indices
including fixed-value thresholds, absolute measures, per-
centiles, and duration parameters (Alexander et al., 2006;
Klein Tank et al., 2009) were employed to analyse the
shifts in extreme climate trends. Fixed threshold indices
indicate the number of days per year when a certain con-
dition occurred, whereas percentile indices tally the
annual days surpassing or falling below a specified per-
centile threshold.

To compute these indices MATLAB® scripts were
developed and applied. For the Modified Mann–Kendall
test MATLAB® pre-existing software was retrieved
(Aalok, 2023), developed, and applied. Table 1 lists the
selected indices. The extreme climate indices were calcu-
lated based on the TX and TN time series for both sta-
tions, spanning the entire observational period as well as
other significant periods identified by the shifting trend
analysis. The trends are expressed in days per decade,
and their statistical significance at the 99% and 95% confi-
dence levels was determined using the modified Mann–
Kendall test. Comprehensive results are presented in
section 4.4.

3.4 | UHI contribution

The UHI effect was assessed following the well-known
Urban Minus Rural method (Bian et al., 2014; Manalo
et al., 2022; Park et al., 2017; Wu et al., 2019; Zhong
et al., 2023), which evaluated the impact and contribution
of urbanization by comparing rural and urban stations.

A search was carried out to identify data availability
from other stations near Modena Observatory for the
period of interest from 1951 to 2018.

The Meteorological Service of the Air Force and the
National Hydrographic and Mareographic Service
(SIMN), have historically been associated with the collec-
tion of meteorological parameters in Emilia Romagna
and on the national territory. In 1994 the Regional
Agency for Prevention, Environment, and Energy of
Emilia-Romagna (ARPAE) was established and took over
the hydrographic service. Unfortunately, during this
period, several stations have been dismissed or changed
in their locations. Currently, most of the ARPAE stations
have only been operational since 2003 and have no conti-
nuity with historical stations. Due to this lack of uninter-
rupted series from meteorological stations, we considered
the ERACLITO dataset (Antolini et al., 2016) provided by
ARPAE.

ERACLITO is a daily climatic dataset of precipitation
and temperatures (minimum and maximum) covering

6 COSTANZINI ET AL.
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the entire Emilia Romagna region from 1961 to the pre-
sent. The data are obtained through spatial interpolation
on a regular grid based on values recorded by the net-
work of historical meteorological stations. To extract
rural temperature series based on the ERACLITO grid,
a Google Earth Engine procedure was implemented,
analysing land use maps provided by the CORINE
(Coordination of Information on the Environment) pro-
gram of the European Commission (Büttner et al., 2021)
during the period of interest 1961–2018.

We opted to examine the entire timeframe, starting
from 1961 due to the availability of ERACLITO data, to
assess the impact of the UHI on temperature trends.
We excluded the subperiod from 1981 to 2018. This
decision is rooted in the substantial urbanization
observed in the northern part of Italy, notably post-
World War II, fueled by the Marshall Plan. The trend
of urban development persisted until around the 1990s
and subsequently diminished significantly after 2000
(Romano et al., 2020).

Specifically, we compute zonal statistics to identify
rural pixels in the neighbourhood of Modena character-
ized by predominantly rural land use (Classes 2 and 3)
from the CLC datasets available on Google Earth Engine,
covering the period 1999–2018 (i.e., years 1990, 2000,
2006, 2012, and 2018) with a resolution of 100 m. Among
all the ERACLITO pixels with over 95% rural land cover,
four pixels were chosen, located near well-known
ARPAE monitoring stations (the grid should provide a
more robust estimate in this case).

Figure 2 shows the land use map based on the Corine
Land Cover dataset, overlaid with the ERACLITO grid.
Highlighted pixels represent those chosen as rural pixels.
Specifically:

• ER1 (Campogalliano): the percentage of rural land
(Agricultural areas + Forests) calculated in 1990, 2000,
2006, 2012, and 2018 remains consistently at 99%.

• ER2 (Soliera) the percentage of rural land calculated in
1990, 2000, 2006, 2012, and 2018 remains consistently
at 99%.

• ER3 (Nonantola): The land use percentage in the two
“rural” classes is 100% in 1990, 98% in 2000 and 96%
for the remaining years.

• ER4 (Castelfranco): the percentage of rural land is con-
sistently 100% in all years.

TN and TX series from selected ERACLITO pixels
were undergone to homogeneity checks. TN and TX
series of selected ERACLITO pixels were subjected to
homogeneity checks using mDTR and vDTR methodol-
ogy including the SNH, Pettitt, Buishand and Von Neu-
mann tests, as described above used for Modena and
Cimone Observatory series. Some significant breaking
points have been identified in the ERACLITO series. As
potential issues concerning minimum temperatures have
been mentioned in the literature (Antolini et al., 2016)
corrections have been applied to TN. Modena Observa-
tory, in this case, was retained as the reference urban
station.

Temperature and index trends have been also com-
puted for ERACLITO pixels and Modena Observatory for
the period 1961–2018 to retrieve the Urbanization Effect
(UE) and Urbanization Contribution (UC), defined as

UE=ΔTurban−rural,

UC=
ΔTurban−rural

Turban

�
�
�
�

�
�
�
�
�100,

TABLE 1 The chosen TX and TN indices defined by ETCCDI (Karl et al., 1999; Zhang et al., 2005).

Category Acronym Name Definition

TX
indices

Fixed
threshold

ID Ice days No. of days per year when TX < 0�C

SU Summer days No. of days per year when TX > 25�C

Percentiles TX90p Warm days No. of days when TX > 90th percentile referring the CLINO

TX10p Cold days No. of days when TX < 10th percentile referring the CLINO

Duration WSDI Warm spell No. of days per year with at least 6 consecutive days when TX > 90th
percentile

TN
indices

Fixed
threshold

FD Frost days No. of days per year when TN < 0�C

TR Tropical
nights

No. of days per year when TN > 20�C

Percentiles TN90p Warm nights No. of days when TN > 90th percentile referring the CLINO

TN10p Cold nights No. of days when TN < 10th percentile referring the CLINO

Duration CSDI Cold spell No. of days per year with at least 6 consecutive days when TN < 10th
percentile

COSTANZINI ET AL. 7
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where Turban is the linear trend of temperature indices in
the urban station of Modena Observatory, and Trural is
the averaged linear trend of temperature indices in rural
stations (ER1, ER2, ER3 and ER4). Results of UHI contri-
butions, together with temperature and indexes trends
are reported in section 4.5.

4 | RESULTS AND DISCUSSION

In this section, we present the key findings of our study,
delving into the observed patterns and trends to better
understand the changes between Modena and Mt. Cimone.

4.1 | Occurrence of daytime temperature
inversions in Modena

Through the analysis of documented strong stagnant events
that occurred in Modena, also supported by radiosonde
data, we identified the thresholds of −0.2�C/100 m and
−0.3�C/100 m useful to identify thermal inversions based on
the vertical thermal profile calculated between Mt. Cimone
and Modena. The thresholds have been defined relating the

height of the inversion top with the lapse rate between the
two stations. It was observed that the typical height of the
inversion top is between approximately 700 and 900 m. The
altitude difference between Modena and Cimone is 2131 m,
hence cases where the lapse rate between the two stations is
0.0 m or positive are rare since most temperature inversions
occur in the lower boundary layer. Typically, a zero or posi-
tive lapse rate is observed when the inversion top is high,
above 1500 m, an event that is possible but not frequent.

The frequency of intense and persistent thermal
inversions, based on the thresholds defined above,
grouped by season are reported in Table 2.

Looking at the table, we can observe that the maxi-
mum frequency of temperature inversions in Modena
occurs in winter, with a more pronounced incidence for
minimum temperatures. The frequency is markedly low
in spring, nearly absent in summer, and begins to rise
again in fall.

4.2 | TX, TN and DTR anomalies

Seasonal and annual anomalies were computed for TX,
TN and DTR series of Modena and Mt. Cimone, from

FIGURE 2 Map of land use based on the Corine Land Cover dataset, superimposed with the Eraclito grid. Highlighted pixels indicate

selected rural areas: ER1 (Campogalliano), ER2 (Soliera), ER3 (Nonantola), and ER4 (Castelfranco Emilia). [Colour figure can be viewed at

wileyonlinelibrary.com]
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1951 to 2018 with respect to the CLINO base period. The
results are presented in Figures 3–6.

All seasonal anomalies consistently exhibit a system-
atic increasing trend since the late 1990s, which are con-
sistent with previous studies (Brunet et al., 2005; Brunetti
et al., 2006; Ciccarelli et al., 2008; Klein Tank et al., 2002;
Toreti & Desiato, 2008).

Recent years showed noticeable positive anomalies in
both stations, particularly in winter and summer, while
they are less evident in intermediate seasons, especially
in fall.

In Modena, the peak positive anomalies for TX and
TN occurred during the summer of 2003, marked by an
intense heatwave, with values of 5.2 and 4.7�C, respec-
tively, compared to the CLINO period. Conversely, the

lowest negative anomalies for both TX and TN were
recorded in the winter of 1963, with values of −3.4 and
−3.3�C, respectively, categorizing it as one of the most
severe Extreme Cold Weather (ECW) events in Modena
(Lombroso & Quattrocchi, 2008). This aligns with
broader European observations during the winter of
1962/1963, documented across Western Europe by 24 sta-
tions from Madrid to Rome (Twardosz & Kossowska-
Cezak, 2016). Such extreme winters have not recurred
since, although the possibility still exists despite the
ongoing impact of climate change (Sippel et al., 2024).

For Mt. Cimone, the maximum TX anomaly was
observed in the summer of 2017, reaching 4.8�C. This
period in Western Europe and the Euro-Mediterranean
was notable for extremely hot heatwaves (Otto
et al., 2017).

Particularly, an intense heatwave in early August was
described as the “worst heatwave since 2003” in southern
Europe, with local maximum temperatures in Italy and
the Balkans exceeding 40�C for several days. For the
Cimone Observatory, a daily TX of 24.0�C was measured
on August 3, 2017, marking it the second warmest day in
the period 1951–2018. The minimum TX anomaly of
−3.2�C was recorded in the fall and winter of 1956. Con-
cerning TN anomalies, the highest value of +4.6�C was
observed in the winter of 2016, while the lowest anomaly of
−3.2�C was noted in the fall of 1974. It is noteworthy that
all maximum anomalies occurred in the 2000s.

FIGURE 3 Seasonal anomalies of TX for Modena Observatory ( ) and Cimone Observatory ( ) calculated with respect to the

CLINO 1961–1990.

TABLE 2 Frequency of thermal inversion grouped for

meteorological seasons assuming two different thresholds for their

identification: −0.2�C/100 m and −0.3�C/100 m.

−0.2�C/100 m −0.3�C/100 m

TN (%) TX (%) TN (%) TX (%)

DJF 20.8 18.9 38.3 35.5

MAM 1.0 0.4 3.3 1.3

JJA 0.1 0.0 0.6 0.1

SON 6.2 4.4 13.9 10.2

COSTANZINI ET AL. 9
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Concerning DTR, there is a general decrease for all
seasons and both stations, attributed to the rise in mini-
mum temperatures compared to maximum temperatures
since the late 1990s, as per literature (Bartolini et al., 2008;

Brunetti et al., 2000). A noticeable shift between the curves
can be observed after the 1990s, particularly during the win-
ter season. The DTR at the Cimone Observatory follows a
similar trend to that of the Modena Observatory but with

FIGURE 5 Seasonal anomalies of DTR for Modena Observatory ( ) and Cimone Observatory ( ) calculated with respect to the

CLINO base period.

FIGURE 4 Seasonal anomalies of TN for Modena Observatory ( ) and Cimone Observatory ( ) calculated with respect to the

CLINO base period.

10 COSTANZINI ET AL.
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lower difference values. This behaviour is strictly dependent
to the increase/decrease trend in TX and TN and has been
furthermore analysed in the paper in the subsequent
sections.

Concerning annual anomalies, TN shows an increase
for both stations after the 1990s. The curves generally fol-
low a similar trend, but they do not appear to be
completely correlated. This is also true for TX, although
in this case, there is more agreement. From the late
1990s, we noticed a more pronounced increase in TX (but
also present in TN) for the Modena Observatory. Natu-
rally, TD's curves, as derived from TN and TX, show a
behaviour intermediate between the two. Similarly, the
annual DTR seems to have decreased for both stations
since the late 1990s, possibly more significantly for the
Cimone Observatory. Since the annual anomalies are
closely connected to the seasonal ones, the general con-
siderations drawn from the analysis of the above graphs
are applicable.

A quantitative analysis was then conducted by com-
puting the correlations between the seasonal and annual
time series of anomalies for TX, TN, and DTR at the two
stations. Given the relative proximity of the two sites, a
high correlation was expected. Table 3 confirms this
expectation, showing a high correlation between the indi-
cated parameters with statistical significance and
p-values lower than 0.01.

Table 3 shows consistent patterns across seasons and
the entire year. The weakest correlations were typically

observed in winter and fall. Winter, marked by robust
thermal inversions impacting the Po Valley and Modena,
introduces substantial variations in meteorological condi-
tions between Modena Observatory and Cimone Obser-
vatory (see section 4.1). In these situations, Modena
experiences low clouds, while Cimone has clear skies,
leading to higher maximum temperatures in Mt. Cimone
compared to Modena. In contrast, summer sees the influ-
ence of a potent African anticyclone, contributing to
sunny days and high temperatures in both locations.

Notably, there is a slightly weaker correlation for
DTR during JJA with a value of 0.34, suggesting a poten-
tial divergence in temperature patterns between the two
stations during summer. In fact, Colangelo et al. (2022)
found that in this season anticyclonic conditions can lead
to variation in DTR (due to night-time temperatures)
especially between rural and urban sites.

TABLE 3 Correlation analysis of seasonal and annual

anomalies for TX, TN and DTR between Modena Observatory and

Cimone Observatory.

DJF MAM JJA SON YEAR

TX 0.69 0.84 0.94 0.68 0.85

TN 0.75 0.88 0.93 0.77 0.88

DTR 0.42 0.55 0.34 0.44 0.40

Note: All correlations demonstrate statistical significance with a p-value
lower than 0.01.

FIGURE 6 Annual anomalies of TN (upper left), TX (upper right), daily average temperature TD (lower left) and DTR for Modena

Observatory ( ) and Cimone Observatory ( ) with respect to the CLINO base period.

COSTANZINI ET AL. 11
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4.3 | Temperature trends

In this section are reported the results of the analysis car-
ried out on TX, TN, and DTR trends of Modena and
Mt. Cimone series. This analysis first covered the entire
period from 1951 to 2018, moreover significant periods
have been considered based on the shifting trend dia-
grams reported below.

These diagrams were generated for the annual TX
and TN series of both stations, as illustrated in Figure 7.
The x-axis denotes the most recent year of each interval,
while the y-axis represents the length of the interval.
Contour levels indicating 95% statistical significance were
visually represented using a colour scale.

For both stations, the statistical significance of the
positive trends in the annual TX is observed for intervals
lasting at least approximately 20 years, with the upper
year of the oldest period falling around the year 2000. TN
graphs exhibit a similar pattern to TX.

The retrieved diagrams suggest that the period 1981–
2018 is significant for trend analysis, unlike the preceding
period of 1951–1980. Shifting trends were also calculated
for various seasons, confirming the significance of the
1981–2018 period.

Thus temperature trends and ETCCDI indices will be
computed for the entire period from 1951 to 2018 and the
significant period from 1981 to 2018. For completeness,
calculations were also performed for the period 1951–
2018, and the results consistently demonstrated

nonsignificant trends, aligning with the anticipated out-
come in the shifting trends identification procedure. Sci-
entific literature further supports these findings,
affirming that the period from 1951 to 1980 exhibits no
significant trends. Wild (Wild, 2013, 2016) highlighted
distinct temperature trends in the Northern Hemisphere
during this timeframe compared to the subsequent years.
Specifically, the data suggests a slight overall cooling in
the 1950s to 1980s, followed by a substantial overall
warming from the 1980s onward.

Subsequently, trends were assessed for TX, TN and
DTR using the data from both stations for the periods
1951–2018 and 1981–2018. The results of the analysis are
presented in Table 4.

Concerning TX, the period from 1981 to 2018 reveals
heightened temperature trends at the Modena Observa-
tory, registering values up to 0.91�C�decade−1 in spring
and generally higher for all seasons/entire year except
fall. Conversely, Mt. Cimone exhibits high trend values
in summer and spring (0.84 and 0.77�C�decade−1). These
trends demonstrate statistical significance at the 99% con-
fidence level, excluding winter and fall at Mt. Cimone.
Examining the broader period from 1951 to 2018, most
seasonal trends achieve statistical significance at the 99%
confidence level (with the exception of the fall at
Mt. Cimone) and exhibit positive Sen's slopes. Annual
trends range from 0.43�C�decade−1 (1951–2018) and
0.84�C�decade−1 (1981–2018) in Modena to 0.35�C�decade−1
(1951–2018) and 0.62�C�decade−1 (1981–2018) in Mt. Cimone.

FIGURE 7 Shifting trends calculated from the annual TX (upper line) and TN (bottom line) for Modena Observatory (left column) and

Cimone Observatory (right column). Values are expressed in�C�decade−1 and if statistically significant at 95% are visualized with a colour

palette. [Colour figure can be viewed at wileyonlinelibrary.com]
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However, it is noteworthy that the magnitudes of these
trends are comparatively lower than those computed for
the 1981 to 2018 timeframe (Curci et al., 2021).

TN trends exhibit significance over the entire period
from 1951 to 2018, as well as during the subperiod from
1981 to 2018 for both observatories. Trends evaluated in
the period 1981–2018 demonstrate particularly high
values: in Modena, winter records 0.87�C�decade−1, sum-
mer 0.86�C�decade−1, while in Mt. Cimone the maximum
value occurs in spring at 0.92�C�decade−1, followed by
0.88�C�decade−1 in summer. Trends computed for 1951–
2018 exhibit positive slopes, although with lower values
compared to the period 1981–2018. Annual trends range
from 0.45�C�decade−1 (1951–2018) and 0.77�C�decade−1
(1981–2018) in Modena to 0.42�C�decade−1 (1951–2018)
and 0.80�C�decade−1 (1981–2018) in Mt. Cimone.

In conclusion, the trends in TX and TN observed dur-
ing the 1981–2018 period exhibit more pronounced
warming compared to those spanning from 1951 to 2018.
This trend aligns with established literature (i.e.,
Acquaotta et al., 2015; Ventura et al., 2002); moreover,
studies indicate significant warming trends between 1978
and 2011 (Fioravanti et al., 2016) and a general increase
in air temperature post-1980 (Chung et al., 2004; Klein
Tank et al., 2002; Türkeş et al., 2016).

Regarding DTR trends, Modena Observatory shows
non-significant trends, except for JJA (at 99%) over the
entire 1951–2018 period. In contrast, Cimone Observa-
tory consistently exhibits significant negative DTR trends,
except for the spring and summer seasons for the period
1981–2018 and the summer season for the period 1951–
2018 (but significant at 95%).The values of the DTR in
Mt. Cimone are a consequence of the trends computed

on TX and TN: TN trends showed in both periods a more
pronounced growth with respect to TX trends, resulting
in negative DTR trends. This aspect is consistent with
other studies found in the literature on mountain stations
(Brugnara et al., 2016). Finally, except for DTR, these
findings generally corroborate the expectation of similar
results between the two stations.

4.4 | Trends of climate indices

The extreme climate indices outlined in Table 1 were cal-
culated based on the TX and TN time series discussed
earlier, spanning both the broader period of 1951–2018
and the specific subperiod of 1981–2018. The trend
values, expressed in terms of the number of days per
decade, are detailed in Table 5 for TX and Table 6 for TN,
encompassing both periods and stations. Additionally,
the statistical significance, determined through the modi-
fied Mann–Kendall trend test at the 99% and 95% confi-
dence levels, is also included.

4.4.1 | Maximum temperature indexes

Careful examination of the ETCCDI indices calculated
for TX at Modena Observatory and Cimone Observatory
reveals valuable insights into the trends. This detailed
analysis allows for specific considerations about how
these indices evolve over time, facilitating a comparative
assessment between the two stations. Extracting the
trend for each index, as outlined in Table 5, enhances
understanding and provides a robust basis for drawing

TABLE 4 Seasonal and annual TX, TN and DTR trends (�C�decade−1) for Modena Observatory and Cimone Observatory calculated for

the periods 1951–2018 and 1981–2018.

Modena Observatory Cimone Observatory

TX trend TN trend DTR trend TX trend TN trend DTR trend

DJF 1951–2018 0.45* 0.39* 0.03 0.25* 0.35* −0.10*

1981–2018 0.88* 0.87* 0.00 0.33** 0.62* −0.33*

MAM 1951–2018 0.46* 0.45* 0.00 0.41* 0.48* −0.08*

1981–2018 0.91* 0.83* 0.08 0.77* 0.92* −0.11

JJA 1951–2018 0.45* 0.52* −0.07* 0.41* 0.46* −0.05**

1981–2018 0.87* 0.86* 0.00 0.84* 0.88* −0.04

SON 1951–2018 0.33* 0.37* −0.04 0.22* 0.30* −0.08*

1981–2018 0.68* 0.72* 0.00 0.37** 0.50* −0.17*

YEAR 1951–2018 0.43* 0.45* 0.00 0.35* 0.42* −0.08*

1981–2018 0.84* 0.77* 0.00 0.62* 0.80* −0.15*

Note: (*) Statistically significant at 99%; (**) statistically significant at 95%.
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conclusive remarks regarding the observed patterns and
their implications.

Ice days (ID)
In Modena, there was an initial decline until the mid-
1970s, followed by a slight recovery, and then a second
decline after the 1990s. From the 2000s onward, values
hovered around zero or near zero, except for a few years
around 2010 (specifically, February 2012 and March
2018). On the other hand, Mt. Cimone exhibits a general
decrease over time, with an initial negative peak in the
1990s and a more significant drop after 2010 (refer to
Figure 8). The so-called “ice days” are declining more
rapidly in the mountainous area of Cimone compared to
the urban zone of Modena. However, both locations
exhibit a clear downward trend, indicative of rising tem-
peratures, especially in the period 1981–2018.

Warm days (TX90p)
The TX90p trend for Modena exhibits fluctuations
until the 1990s, followed by a pronounced and rapid

increase. Cimone Observatory displays a smoother
trend with a noticeable ascent from the 1990s onward
(Figure 9).

Cold days (TX10p)
The TX10p trend (Figure 10) in Modena indicates a slight
decrease until the late 1990s, followed by a significant
drop of approximately 20 days between the 1990s and
2000s, and a second decline after 2012. At Mt. Cimone,
there is an initial increase in TX10p from the late 1970s
to the early 1980s, succeeded by a more pronounced
decrease after 2010.

Warm spells (WSDI)
WSDI is an indicator used to measure the annual fre-
quency of warm spells. Specifically, it quantifies the num-
ber of periods in a year that consist of at least six
consecutive days where the maximum temperature,
TX, remains above its climatological 90th percentile.
This index provides valuable insight into the occur-
rence and intensity of prolonged warm spells, which

TABLE 5 Trends values, evaluated

with the Sen's slope estimator (no.

days�decade−1) for various TX climate

extreme indices for the periods 1951–
2018 and 1981–2018, for Modena

Observatory and Cimone Observatory.

Index Period Modena Observatory Cimone Observatory

ID 1951–2018 −0.35 −6.89

1981–2018 0.00 −8.67

SU 1951–2018 4.66 N/A

1981–2018 7.10 N/A

TX90p 1951–2018 14.40 7.20

1981–2018 27.50 15.0

TX10p 1951–2018 −5.13 −4.62

1981–2018 −10.0* −6.67

WSDI 1951–2018 6.67 3.69

1981–2018 18.10 8.95

Note: All values are statistically significant at 99% except one significant at 95% marked with an asterisk (*).

TABLE 6 Sen's slope (no.

days�decade−1) of some TN climate

extreme indices trends for 1951–2018
and 1981–2018 periods for Modena

Observatory and Cimone Observatory.

Index Period Modena Observatory Cimone Observatory

FD 1951–2018 −4.62* −8.55*

1981–2018 −10.00* −15.00*

TR 1951–2018 7.42* N/A

1981–2018 11.70* N/A

TN90p 1951–2018 15.60* 10.10*

1981–2018 29.50* 22.10*

TN10p 1951–2018 −7.69* −5.38*

1981–2018 −9.44* −6.67*

CSDI 1951–2018 −1.71* −0.41*

1981–2018 0.00* 0.00

Note: For Cimone Observatory values about TR are not available because a day with TN > 20� has never
been observed. (*) Statistically significant at 99%.
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are critical for understanding climate change impacts
on local and regional scales. In Modena, there has been
a significant upswing in WSDI since the early 1990s,
indicating a substantial intensification of warm spells.
The annual average has surged from approximately
10 days in 1990 to around 60 days at present.
Mt. Cimone also exhibits an increase post-1990s, albeit
with a less pronounced growth in the number of days
compared to Modena (Figure 11).

The “Summer Days” (SU) index is not presented
graphically because, for the Cimone Observatory, SU
values are not available, given that a day with a TX
exceeding 25�C has never been observed. However,
these values align with those of other comparable indi-
ces, and the 1981–2018 data is nearly double the overall
average.

Finally, focusing on TX trends and indices reported in
Table 5, several key observations can be made:

• All index trends are statistically significant at a 99%
confidence level. Positive trends are observed for SU,
TX90p, and WSDI, while negative trends are evident
for the others indicating warming.

• Generally, for the periods 1981–2018 and 1951–2018,
the warming trend is more pronounced in Modena
compared to Mt. Cimone. However, it is important to
note that the number of ice days in Modena has
reached zero in recent years.

These findings underscore the impact of warming
trends, particularly in Modena, as evidenced by various
climate indices related to temperature extremes.

FIGURE 8 Annual series of ID (Ice Days) calculated for Modena Observatory (left) and Cimone Observatory (right), along with a

smoothing curve computed using the LOWESS function over an 11-year span.

FIGURE 9 Annual series of TX90p calculated for Modena Observatory (left) and Cimone Observatory (right), along with a smoothing

curve computed using the LOWESS function over an 11-year span.

COSTANZINI ET AL. 15

 10970088, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8607 by U
niversity M

odena, W
iley O

nline L
ibrary on [24/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4.4.2 | Minimum temperature indexes

Adopting a methodology similar to that used for TX, the
ETCCDI indices related to TN and their trends were cal-
culated for the periods 1951–2018 and 1981–2018. The
analysis begins with a focus on individual indices, fol-
lowed by an exploration of trends, as presented in
Table 6, and concluding considerations.

Frost days (FD)
Frost days (FD) in Modena exhibit several fluctuations
over the years. Notably, a negative peak was observed
around the mid-1970s, succeeded by an increase to
approximately 40 days per year. Subsequently, a second
decline has persisted, with fewer than 10 FD recorded in

2018. The situation for Mt. Cimone is particularly note-
worthy, with peak values surpassing 200 days per year in
the mid-1970s. A subsequent decrease occurred after the
2000s, followed by a more significant drop after the
2010s. In the late 2010s, the count of frost days is now
less than 140 per year (Figure 12).

Warm nights (TN90p)
Concerning TN90p, Figure 13 illustrates a notable
upward trend in Modena since 1990, with a more pro-
nounced increase between 1990 and 2000 and from 2010
to 2018. It is noteworthy that the number of warm nights
has significantly risen from 40 in 1990 to over 120 in
2018. Mt. Cimone shows a comparable trend to Modena,
albeit with a less pronounced increase.

FIGURE 10 Annual series of TX10p calculated for Modena Observatory (left) and Cimone Observatory (right), along with a smoothing

curve computed using the LOWESS function over an 11-year span.

FIGURE 11 Annual series of warm spells calculated for Modena Observatory (left) and Cimone Observatory (right), along with a

smoothing curve computed using the LOWESS function over an 11-year span.
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Cold nights (TN10p)
TN10p showed a significant decrease since the 1990s,
with a plateau observed in the period from 2000 to
2010, followed by a second decrease after 2010. Inter-
estingly, this pattern appears to be specular to that
observed for TN90p. In Mt. Cimone, two prominent
positive peaks are evident (1951 and the mid-1970s),
followed by a general decline towards the end of the
studied period (Figure 14).

Cold spells (CSDI)
CSDI is an indicator used to measure the annual fre-
quency of cold spells. Specifically, it quantifies the num-
ber of periods in a year that consist of at least six
consecutive days where the daily minimum temperature,
TN, remains below its climatological 10th percentile. The

trends in CSDI for both Modena and Mt. Cimone
(Figure 15) closely resemble those observed for TN10p.
Since 1990, and a few years later for Modena, there has
been a significant reduction in CSDI. After 2000, Modena
experienced several instances of zero days, while
Mt. Cimone exhibited an exceptional decrease, reaching
zero days around the late 2010s.

The TR index has not been calculated for Mt. Cimone
because a day with TN >20�C has never been observed.
Regardless, they are positive, and as usual, much higher
for the 1981–2018 period.

TN indices trends have been computed and are pre-
sented in Table 5, offering several notable observations:

• All index trends for both the entire period and the
recent period are statistically significant at the 99%

FIGURE 12 Annual series of FD for Modena Observatory (left) and Cimone Observatory (right), along with a smoothing curve

computed using the LOWESS function over an 11-year span.

FIGURE 13 Annual series of TN90p for Modena Observatory (left) and Cimone Observatory (right), along with a smoothing curve

computed using the LOWESS function over an 11-year span.
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confidence level, except for CSDI computed for
Cimone Observatory in 1981–2018. Specifically, TR
and TN90p show positive trends, while the others
exhibit negative trends.

• TN90p and TN10p show a general warming trend
more pronounced in Modena than in Mt. Cimone for
both periods. This is consistent with the FD trend,
where the decrease is more prominent in absolute
terms in Mt. Cimone. It is important to note that the
number of FD in Modena has reached zero in recent
years.

These findings generally align with existing literature
evidencing an even-increasing warming. The IPCC AR6
report (Arias et al., 2021; Seneviratne et al., 2021) presents
robust evidence for a very likely increase in maximum

temperatures and the frequency of heatwaves across
Europe. Northern Europe has experienced a significant rise
in extreme winter warming events. Additionally, the fre-
quency of winter cold spells has shown a long-term decline
in Europe, with the probability of observing cold spell
events like those during the 2009–2010 winter being two
times smaller than if climate change had not occurred. Fur-
thermore, the IPCC AR5 report (Hartmann et al., 2013)
observed across Europe (including the Mediterranean
region) the following trends values (expressed in days per
decade) in the period 1951–2010:

• TX90p: 4–8 [Modena Observatory 1951–2018: 14.4;
Cimone Observatory 1951–2018: 7.20].

• TX10p: −4–0 [Modena Observatory 1951–2018: −5.13;
Cimone Observatory 1951–2018: −4.62].

FIGURE 14 Annual series of cold nights calculated for Modena Observatory (left) and Cimone Observatory (right), along with a

smoothing curve computed using the LOWESS function over an 11-year span.

FIGURE 15 Annual series of cold spells calculated for Modena Observatory (left) and Cimone Observatory (right), along with a

smoothing curve computed using the LOWESS function over an 11-year span.
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• TN90p: 4–8 [Modena Observatory 1951–2018: 15.6;
Cimone Observatory 1951–2018: 10.1].

• TN10p: −4–0 [Modena Observatory 1951–2018: −7.69;
Cimone Observatory 1951–2018: −5.38].

The highest values (in absolute terms) retrieved for
Modena and Cimone are also influenced by the last
8 years, excluding from the AR5.

Similar behaviours (increase in TX90p and TN90p,
decrease in TX10p and TN10p) have also been identi-
fied by Field et al. (2012) for all of Europe and the Med-
iterranean Region. Concerning our study area,
Fioravanti et al. (2013) observed a decreasing trend for
FD (up to −8 days�decade−1) from 1961 to 2012 in Mt
Cimone.

Finally, the clear pattern emerging from the analysis
of extreme indices related to minimum temperatures is a
more robust increasing/decreasing trend compared to
those of maximum temperatures.

4.5 | UHI contribution

Temperature trends have been computed for Modena
Observatory (MO) and selected rural pixels of the ERA-
CLITO grid covering the period 1961–2018, data are
reported in Table 7.

Several remarks can be made by observing
Table 7. ER3 (Nonantola) and ER4 pixels (Castelfranco
Emilia) show similar patterns. This could be related to
the closest location of the two pixels, and also because of
the interpolation method of the ERACLITO grid
explained in the paper of Antolini et al. (2016). ER1
shows higher TX and TN trends compared to the other
selected ERs, and ER1 TX trend is even higher than
Modena Observatory. ER1, although characterized by
99% agricultural land coverage, is crossed by the highway
and surrounded by urban centres. Interesting observa-
tions can be made by observing annual TX and TN trends

for all considered stations: maximum temperature trends
are all very similar, and the highest value belongs to ER1.
Minimum temperature trends are lower for rural pixels
with respect to MO, especially in ER2 and ER3. This
behaviour can also be observed in JJA: here TN of MO is
the highest. These statements can provide us with a first
indication regarding the possible influence of an Urban
Effect produced by the city of Modena which affects par-
ticularly TN values.

Going deep, the average contribution of rural pixels
(see column Avg rural) has also been reported in Table 8,
along with the UE and UC.

Several observations can be derived from examining
Table 8:

• Trends regarding minimum temperatures and their
associated indices reveal a more pronounced warming
tendency for the urban station at the Modena Observa-
tory compared to rural pixels. This behaviour is not
true for the indices associated to TX.

• Notably is the trend associated with TR: while there is
an average increase of 3.85 no. days�decade−1 for rural
stations, there is a rise of 9.00 no. days�decade−1 for
the urban station at the Modena Observatory.

• A substantial annual effect of urbanization (UE) has
been observed for TR (+5.16 no. days�decade−1) and
for TN90 with 12.67 no. days�decade−1.

• UC associated to TN shows higher values compared to
those associated with TX, particularly a remarkable
UC calculated for FD (37%), TR (57%), TN90 (65%) and
TN10 (39%).

From these findings, we can assert that in our study
area, urbanization has had a more significant impact on
temperature indices related to TN, while its influence is
weaker for temperature indices related to TX. The greater
sensitivity of TN than TX to UE has also been documen-
ted in the literature for other countries, such as
(Liu et al., 2007; Manalo et al., 2022; Park et al., 2017).

TABLE 7 Seasonal and annual TX and TN trends (�C�decade−1) computed for Modena Observatory (MO) and the ERACLITO pixels

(1961–2018).

MO ER1 ER2 ER3 ER4 Avg rural

TX TN TX TN TX TN TX TN TX TN TX TN

DJF 0.53 0.45 0.54 0.53 0.51 0.21* 0.46 0.44 0.43 0.44 0.49 0.41

MAM 0.50 0.50 0.56 0.48 0.38 0.30 0.50 0.38 0.50 0.40 0.49 0.39

JJA 0.55 0.64 0.64 0.50 0.45 0.59 0.67 0.45 0.67 0.53 0.61 0.52

SON 0.39 0.43 0.43 0.50 0.44 0.34 0.37 0.43 0.33 0.44 0.39 0.43

Year 0.52 0.53 0.56 0.50 0.50 0.38 0.51 0.43 0.50 0.45 0.52 0.44

Note: All values are statistically significant at 99%, except for the value marked with an *, significant at 95%.
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There are numerous explanations for why the minimum
temperature increases more consistently than the maxi-
mum temperature. Roofs and pavements in urban areas
possess a high thermal capacity and low albedo, which
leads to them absorbing a significant amount of radiation
during the day and slowly releasing it at night
(Costanzini et al., 2022). Additionally, due to less perme-
able surfaces, cities experience limited evapotranspiration
compared to the countryside. Several authors (Li
et al., 2018, 2020; Oke, 1995) have investigated the corre-
lation between UHI and pollutants. On the one hand,
downward radiation decreases with increasing particle
concentration in the atmosphere, leading to weaker UHI
intensity during the day. Thus, regarding maximum tem-
perature, the presence of pollutants near urban stations
may lead to a cooling effect. However, the pollution
dome could hinder the formation of the nocturnal inver-
sion layer over cities trapping outgoing terrestrial radia-
tion, and inducing warming in the TN (Rohli &
Vega, 2017; Zheng et al., 2018).

In the study context, the Po Valley stands out as
one of the most polluted areas in Europe, primarily
owing to elevated anthropogenic emissions com-
pounded by frequent episodes of stagnant atmospheric
conditions. Nevertheless, the long-term trend and
variability of atmospheric PM10 concentration in the
Po Valley showed a substantial drop after the 2000s
(Bigi & Ghermandi, 2014, 2016). Therefore, we hypoth-
esize that in our territory particle air pollution may
have a limited impact on the discussed phenomenon,
especially in recent years.

To achieve a final overlook, trends evaluated on
extreme indexes obtained in this paper have been com-
pared with the values reported by Boccolari and Malmusi
(2013). As computation periods do not fully overlap, we

compared the results of 1981–2018 with the findings of
Boccolari and Malmusi (2013) for 1981–2010. Table 9
shows these comparisons. It must be highlighted that in
Boccolari and Malmusi (2013) only statistical significance

TABLE 8 Temperature and indices trends evaluated for selected ERACLITO rural pixels (ER1, ER2, ER3, ER4), their average (Avg

rural), for the Modena Observatory (MO) followed by the estimation of the relative Urbanization Effect (UE) and Urbanization

Contribution (UC).

TN TX FD TR TN90 TN10 CSDI ID SU TX90 TX10 WSDI

ER1 0.50* 0.56* −2.27** 1.18 4.20* −3.33** 0.00** −0.31* 6.41* 20.00* −4.75* 9.69*

ER2 0.38* 0.50* −2.58* 6.19* 9.00* −7.86* −1.59* −0.26* 4.76* 13.12* −9.33* 15.00*

ER3 0.43* 0.51* −4.86* 1.50* 12.10* −5.95* 0.00* −0.48* 6.11* 17.40* −4.90* 7.50*

ER4 0.45* 0.50* −1.25 0.74 2.43** −2.50** 0.00** −0.48* 6.06* 17.80* −5.15* 8.41*

Avg rural 0.44 0.52 −3.24 3.85 6.93 −4.91 −0.40 −0.38 5.84 17.08 −6.03 10.15

MO 0.53* 0.52* −5.12* 9.00* 19.60* −8.10* 0.00* −0.45* 6.19* 18.00* −5.88* 9.55*

UE 0.09 0.00 −1.88 5.16 12.67 −3.19 0.40 −0.07 0.36 0.92 0.15 −0.60

UC (%) 17 0 37 57 65 39 N/A 15 6 5 3 6

Note: The units of UE for TN and TX are (�C�decade−1), while for FD, TR, TN90, TN10, CSDI, ID, SU, TX90, TX10 and WSDI are no. days�decade−1. (*)
Statistically significant at 99%; (**) statistically significant at 95%.

TABLE 9 Climate indices trends values reported by Boccolari

and Malmusi (2013) for the period 1981–2010, and those work and

those obtained for the period 1961–2018.

Index Period Modena observatory

ID 1981–2010 −1.4**

1981–2018 0.00*

SU 1981–2010 6.4

1981–2018 7.10*

TX90p 1981–2010 7.0**

1981–2018 27.5*

TX10p 1981–2010 −3.0**

1981–2018 −10.0*

WSDI 1981–2010 14.1**

1981–2018 18.1*

FD 1981–2010 −14.1**

1981–2018 −10.0*

TR 1981–2010 11.2**

1981–2018 11.7*

TN90p 1981–2010 8.1**

1981–2018 29.5*

TN10p 1981–2010 −3.8**

1981–2018 −9.44*

CSDI 1981–2010 −4.8**

1981–2018 0.00*

Note: Trend are expressed in no. days�decade−1. (*) Statistically significant at
99%; (**) statistically significant at 95%.
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at 95% was assessed, furthermore the (unmodified)
Mann–Kendall trend test was used.

Looking at the table several observations can be
reported. First, the signs of trends are consistent between
the two periods (at most they range from 0 to a non-zero
value). Then, all indices have statistical significance (99%
for the current work, and 95% by Boccolari and Malmusi
(2013)), apart from the summer days, SU (6.4�C�decade−1)
which do not have statistical significance, but could be
due to the use of Mann–Kendall test and not of the
modified one.

All the indices evaluated on TX are growing in abso-
lute value, in particular TX10p and TN90p (but the
percentiles-based indices are more interesting because
they are based on statistical distributions), apart the ice
days, ID, which goes from −1.4 to 0.0. Therefore, the
effect of global warming seems to have accentuated
the values of the TX indices in recent years.

In relation to TN indices, several trends are notable.
TR has shown significant growth, TN90p has seen a sub-
stantial increase, and TN10p has also risen in absolute
terms. Conversely, FD and CSDI have both exhibited
decreases in absolute values. The decrease in FD and
CSDI negative trends can be attributed to climate extre-
mization, which has stabilized the number of frost days
and the duration of cold spells.

5 | CONCLUSIONS

In this study, the analysis focused on the maximum and
minimum temperature series of two historical stations in
the Po Valley. The first station is located in an urban
area, in the centre of Modena, while the second is a sta-
tion in the lower free atmosphere, the Monte Cimone
Observatory. The purpose was to assess the magnitude of
climate changes experienced by both stations since the
1950s and to isolate the urban effect due to the presence
of extensive residential and industrial areas in the terri-
tory by evaluating the UHI effect in Modena.

From the study, we found positive anomalies in both
TX and TN series for both stations, with TX displaying
slightly higher hotspots. Subsequently, the analysis
explores into the trends of maximum and minimum tem-
perature series over different time periods: 1951–2018
and 1981–2018. TX and TN trends in the period 1981–
2018 are almost double those computed on the period
1951–2018, confirming the anomalous rise in tempera-
tures in recent years in both sites. We retrieved
TX annual temperature trends (1981–2018) reaching
0.84�C�decade−1 for Modena and 0.62�C�decade−1 for
Mt. Cimone while for TN values of 0.77�C�decade−1
for Modena and 0.80�C�decade−1 for Mt. Cimone.

This general warming trend is reflected in the calcula-
tion of extreme climate indices. For instance, warm days
(TX90p) in Modena increased by 27.5 days�decade−1 in
the period 1981–2018, almost twice the increase observed
at the Cimone Observatory (15 days�decade−1). Similarly,
the rise in warm nights (TN90p) is more pronounced in
Modena, with an increase of 29.5 days�decade−1 in the
period 1981–2018, compared to 22 days�decade−1 at
the Cimone Observatory. These results have been con-
firmed also by the comparison between the results of the
present paper (in the period 1981–2018) with the findings
of a past study focused on Modena in the period
1981–2010.

Building on the findings of Cundari and Colombo
(1992), which established that a single station (Cimone
Observatory) can serve as a representative for studying
long-term temperature changes in the Po Valley, it can
be affirmed that this holds true in broad terms. However,
when examining temperature trends in Modena, it
becomes apparent that retrieving the urban influence
reveals notable differences.

This station, located in the city centre, has been sub-
jected to increasing urbanization over the years. The
attempt to quantify the UHI effect in terms of Urbaniza-
tion Effect and Urbanization Contribution using the ref-
erence period 1961–2018, as earlier data were not
available, reveals that the UHI effect is significant con-
cerning the rise in minimum temperatures, with notably
annual UE and UC, respectively: FD −1.88 no. day-
s�decade−1 and 37%, TR 5.16 no. days�decade−1 and 57%,
TN90 12.7 no. days�decade−1 and 65%, and TN10 –
3.19 no. days�decade−1 and 39%. These results align with
studies found in the literature.

In conclusion, this research has contributed to
characterizing the Po Valley in terms of urban and free
atmosphere stations, highlighting how the impact of
climate change affects the two sites. During the last
period, the increase in trends for minimum tempera-
tures (particularly notable for Mt. Cimone), the nega-
tive diurnal temperature range (DTR) trend observed
on Mt. Cimone, and the overall assessment of trends
on extreme indices (although some are higher in abso-
lute terms for Modena, they require adjustment for Urban
Effects) might even indicate a more pronounced warming
trend for Mt. Cimone.

These findings underscore the importance of consid-
ering diverse local influences in the analysis of regional
climate trends and provide a significant foundation for
formulating targeted adaptation and mitigation strategies.
Future outlooks should include analysing changes in pre-
cipitation trends, with a focus on northern Italy's climatic
divide, to gain a nuanced understanding of the climatic
changes the territory is experiencing.
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