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Abstract: Heavy precipitation events are likely to become more frequent in most parts of Europe; yet, records of hourly
precipitation are often insufficient to study trends and changes in heavy rainfall. Atmospheric reanalyses are an
important source of long-term meteorological data, often considered as a solution to overcome the unavailability of
direct measurements. Among the available reanalyses, the fifth generation of the ECMWEF Atmospheric Reanalysis
(ERAS) dataset, released by the European Centre for Medium-Range Weather Forecasts (ECMWF), can be
considered one of the state-of-the-art products. In this paper, data from the ERAS-land reanalysis dataset were first
used to detect possible trends in the 1-hr maximum rainfall values in a region of southern Italy and then the monthly
distribution of these values has been analysed. To check the rainfall trend, the widely recognized non-parametric
Mann—Kendall test and the Theil-Sen slope estimator have been employed at monthly, seasonal and annual scales
considering a significant level equal to 95%. Then, the time frame 1961-2020 was divided into three intervals, and for
each one, considering the entire study area, the frequency distribution of the months recording the annual maxima was
calculated. Results showed a positive tendency of the maximum 1-hr rainfall on a yearly scale. This tendency is not
uniform for all the seasons: positive in spring, summer and autumn, negative for winter but with a few number of cells
involved. These not-uniform tendencies are also confirmed on a monthly scale. Finally, as regards the temporal
distribution of the occurrence of the yearly maximum 1-hr rainfall, initially the maximum values mostly occurred in
October while, in the more recent sub-period, September is the month with the highest number of occurrences of these
values.
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1. INTRODUCTION

One of the most significant inputs and fundamental problems for hydrological science and
practices is the rainfall patterns (Ahammed et al. 2014), commonly needed for flood forecasts,
hydrological modeling, drainage structure construction, water resource availability, etc. (e.g.,
Lagouvardos et al. 2013; Petroselli et al. 2022). The number of observations in hydro-
meteorological networks has been steadily declining in recent years due to high maintenance costs
and the requirement for skilled personnel (Turnipseed & Sauer 2010). Thus, this problem becomes
more and more crucial and it often causes uncertainties in the hydrologic and hydraulic model
applications or in the estimations of meteorological parameters (Sabzevari 2017). As an example,
the temporal distribution, frequency, and duration of rainfall are required to accurately predict the
runoff in catchments by means of hydrological and hydrodynamic models, whose input parameter
values are very sensitive to the rainfall changes (e.g., Walega et al. 2016, Petroselli et al. 2020). The
design rainfall is often evaluated using statistical techniques based on theoretical distribution
functions when enough long-observed rainfall data are available. Another method is to recreate the
sequences of rainfall characteristics using radar observations that also consider the geographical
variability of the rainfall field (Wright et al. 2013). It is frequently necessary to employ the more
generally accessible satellite-based products because radar meteorological data are not readily
available in certain parts of the world (Siddique-E-Akbor et al. 2014). When compared to gauge-
based data, the satellite and radar outputs typically underestimate extreme rainfall (e.g., Bharti et al.
2016; Chen et al. 2020), given also the different spatial resolutions. Radar and satellite precipitation
products represent an estimate of areal values averaged over a certain pixel, while raingauge data
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are the real measurements of rainfall at a site.

Another source of data comes from the meteorological reanalysis that refers to the process of
reconstructing a comprehensive representation of past weather conditions using a combination of
observational data, such as surface observation, radiosonde measurements and satellite data, with
advanced numerical weather prediction models. The assimilation process adjusts the model output
to match the available observations, resulting in a high-quality dataset with consistent and detailed
spatial and temporal resolution over large geographic regions, that represent the best estimate of
historical weather conditions. Reanalysis datasets find widespread use across various fields of
scientific research, including meteorology, climate science, hydrology and environmental science.
For example, reanalysis datasets are widely used to study climate variability and the impacts of
climate change (Xu et al. 2021; Monteiro and Morin 2023; Hanna et al 2022), analyze extreme
weather events (Hu and Franzke 2020; Bezak and Miko§ 2020; Reder et al. 2022), monitoring
drought conditions (Almendra-Martin et al. 2021; Vicente-Serrano et al. 2023; Palazzolo et al.
2023) and for hydrological modelling (Tarek et al. 2020; Longo-Minnolo et al. 2022; Essou et al.
2017), just to mention a few possibilities.

Numerous researches have examined precipitation trends and variability, and they have produced
data showing either an increase or decrease in the frequency and intensity of heavy rainfall events
worldwide aiming various aspects (designing of hydraulic structures, flood control measures, etc.).
Mann-Kendall test is the method most researchers have used to identify these trends (e.g., Tabari &
Talaee 2011; Caloiero et al. 2019). Other researchers (e.g., Kuo et al., 2011; Sirangelo et al. 2015;
Caloiero et al. 2020) have used other methodologies, such as the dynamic factor analysis, a
stochastic approach, the Innovative Trend Analysis, and so on.

In this paper, rainfall data from 1950 to 2020 from the ERAS5-land reanalysis dataset were first
used to detect possible trends in the 1-hr maximum yearly rainfall values in Calabria (southern
Italy), analysing also the monthly distribution of these values. To detect the rainfall trend, the
Mann—Kendall test and the Theil-Sen slope estimator have been employed at various scales,
considering a significant level equal to 95%. Then, dividing the period 1961-2020 into three
intervals, the months recording the annual maxima were evidenced for each sub-period aiming to
the investigation of eventual changes of the occurrences of these maxima within the year.

2. CASE STUDY AND DATA

2.1 The Calabria region

The study area encompasses the Calabria region, situated in southern Italy, which is
characterized by its distinctive geographic and climatic features. Spanning approximately 15,080
km? with a coastline of 738 km along the Ionian and Tyrrhenian Seas, Calabria presents an oblong
shape, stretching 248 km in length and varying in width from 31 to 111 km. Bordering the
Basilicata region to the north for 80 km, Calabria showcases a diverse terrain, comprising 42%
mountainous, 49% hilly, and 9% flat areas. While not boasting towering peaks, it remains one of
Italian most mountainous regions, with heights reaching up to 2,267 m above sea level (m a.s.l.) and
an average elevation of 597 m a.s.l. (Figure 1).

The region's climate exhibits significant variability, characterized by a Mediterranean climate
with dry, subtropical summers. During summer, the Azores anticyclone dominates, promoting dry
and temperate conditions, while coastal and inland breezes prevail. Conversely, in winter, fall, and
spring, the retreat of the Azores anticyclone and the extension of the Siberian high over Northern
Europe and Scandinavia usher in Mediterranean cyclones, resulting in colder and more humid
conditions.

The complex topography of Calabria profoundly influences its precipitation patterns (Coscarelli
and Caloiero 2012). Orographic effects, highlighted by Colacino et al. (1997), generate distinct
rainfall gradients between the Tyrrhenian and Ionian sides of the peninsula. The Ionian side,
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influenced by African currents, experiences short yet intense precipitation events, while the
Tyrrhenian side benefits from milder temperatures and substantial orographic precipitation due to
western air currents.

Inland areas exhibit colder winters, often accompanied by snow, and cooler summers with
sporadic precipitation, in contrast to the milder coastal zones.

Basilicata

m a.s.l.

[ 0-300

[ 300-600
Sila Massif [ | 600-900
[ 900-1,200
[ 1,200- 1,500
B - 1500

Pollino Massif —

Tyrrhenian Sea
y ! lonian Sea

Coastal Chai

K Serre Chain

/~Aspromonte

0

25 50 100
Kilometers

Figure 1. The study area (Calabria — southern Italy).

2.2 The ERA5-Land Reanalysis

ERAS-Land is the land component of the global reanalysis ERAS developed by the European
Centre for Medium-Range Weather Forecasts (ECMWF). It is based on advanced data assimilation
techniques, including 4D-Var and Ensemble Kalman Filter (EnKF), to effectively integrate
observational data into the model and reduce uncertainties in the reanalysis output (Mufioz-Sabater
et al. 2021).

ECMWEF has a long-standing involvement in atmospheric reanalysis, with ERAS being the fifth
generation in its reanalysis series. The organization began reanalysis efforts in 1979 with the FGGE
project, followed by ERA-15 in the mid-1990s, ERA-40 between 2001 and 2003, and ERA-Interim,
which was produced from 2006 to 2019. Each new reanalysis typically features higher horizontal
resolution, more advanced data assimilation techniques, and improvements in forecast model
development. All reanalyses include a land component, and starting with ERA-40, ocean surface
wave data and atmospheric ozone products have also been incorporated (Hersbach et al. 2020).

Compared to its predecessors, ERAS5-Land incorporates Earth's surface processes more
accurately, providing a state-of-the comprehensive description of the land surface variables,
including precipitation, soil moisture and temperature, with a spatial resolution of 9 km (0.1 x 0.1)
and a temporal resolution of 1 hour. Data are available from 1950 up to almost the present and the
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high resolution allows for detailed analysis of weather and climate phenomena even on a regional
scale. The dataset is freely available to the scientific community and can be accessed through the
ECMWF Climate Data Store (Mufioz Sabater 2019). In addition, ERA5-Land is constantly updated
and improved, ensuring that users have access to the most up-to-date information on land surface
variables.

In this work, the total precipitation field of the ERAS-Land reanalysis dataset (Figure 2),
downloaded from the Copernicus Climate Change Service (C3S), was used for each of the 141 cells
(dimension 9x9 km?) in the Calabria region to derive the time series of hourly precipitation amount
from 1950 until 2020. This parameter represents the accumulated liquid and frozen water,
comprising rain and snow, falling to the Earth's surface, and it includes both large-scale and
convective precipitation. The sequence of months in which the annual maximum of hourly rainfall
occurs was then calculated for each cell, obtaining a succession of 71 values for each of them.

3. METHODOLOGY

To detect existing trends, in this paper two non-parametric tests have been used: the Theil-Sen
estimator (Sen 1968) for the evaluation of the slopes of the trends and the Mann—Kendall test for
the assessment of the statistical significance (Mann 1945; Kendall 1975).

About the Mann—Kendall test, given n data at times j and k (j > k), the statistic S is given by:

n—-1 n
S=> X sgn(xj—xk) (1)
k=1j=k+1

in which the sign function can be equal to 1 (if x;> xx), 0 (if x; = xz) or -1 (if x; <xy).
Given the S values and the variance of S, the Mann—Kendall test statistic can be then evaluated
as follows:

S—1

—_— or S >0
1/VariSi f
Zyk = 0  for S=0 )
_SHl for §<0
w/VariS;

With respect to the Theil-Sen estimator, given x;, x;. ..., x, rainfall observations at times ¢, t,,...,
t, (with t; < 1, < ... <t,), for each N pairs of observations x; and x; taken at times ¢ and ¢, the gradient
Oy can be calculated as:

X —X;

O = for k=1.,N (3)

with 1 <i<j<nandt>t.
The estimate of trends in the data series x;, x;, ...,x, can then be calculated as the median Q,,cs of
the N values of O, ranked from the smallest to the largest:

O[(N+1)/2] if Nisodd

Omed = (4)

OIn2] +9[(v+2)/2]
2

if Niseven
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The Oeq sign reveals the trend behaviour, while its value indicates the magnitude of the trend.

4. RESULTS

The results of the trend analysis applied to the annual, monthly and seasonal maximum 1-hr
rainfall values are presented in Figures 2-6. In particular, Figure 2 shows the percentages of grid
points with a positive or negative trend for the different timescales.

100
90
80
70
60

50

% grid points

40

30 I |
o I I -I I_ I I_|-I II|I

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Win Spr Sum Aut Year

N
o

=
o

W Positive Trend  ® Negative trend No Trend
\ -/ —
_ Y/ B )
EEEEEESs /
' HEREE = O ! mm/10 years
. BeocoO O ® <-020
N IR R=R=R:=R= HE . 020..015
BrrooooEHEBE ’ ’
\DEoooEmEE R B -015--0.10
pDDDjDDDDDﬁ O -0.10--0.05
(epcpen-y BN F NN N O -0.05-0
DopEesEEER 0-0.05
% E g E E uBEAN 5 0.05-0.10
__ Ammm = 0.10-0.15
@ID CN § | B 0.15-0.20
s BB R I BB ® >020
/e aEEN
/ momml i
///iadjmj@/ w%%E
mEEBE/
/ /mEE B O $
ammE/

Figure 2. Percentages of grid points with a positive or negative trend for the different timescales (up) and the spatial
distribution (down) of the results for the annual scale obtained by means of the Theil-Sen estimator .

As a result, at annual scale, a positive trend was detected. In fact, about 28% of the grid points
showed a positive trend, while significant negative trends have not been identified. The positive
trend of the yearly maximum 1-hr rainfall values is spatially distributed throughout the entire study
area, with the highest increment detected in the eastern side of the region, where the application of
the Theil-Sen estimator has allowed us to identify an increase of more than 0.2 mm/10 years (Figure
2). It is worth noting that, in Figure 2, as well as in the following figures explaining the spatial
distribution of the trends, squares dimension indicates the significance level (SL) of the trend. In
particular, large dimension squares suggest a significant trend (SL = 95%), while small squares
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otherwise, i.e., a not significant trend.

At seasonal scale, in winter only 3.5% of the grid points showed a significant trend of the
maximum 1-hr rainfall and with a negative sign (Figure 2). These negative trends, with a maximum
magnitude between -0.10 and -0.15 mm/10 years, are localized in the northern side of the region, in
the area of the Pollino Massif, one of the main mountains of the region (Figure 3). As regards the
trend of the maximum 1-hr rainfall in the winter months (i.e., December, January and February)
only in January relevant results have been obtained, with more than 11% of the grid points showing
a negative trend (Figure 2). On the contrary, in December and in February mainly not significant
results have been obtained (Figure 2). From a spatial point of view, the negative tendencies detected
in January, reaching a maximum decrease between -0.15 and -0.2 mm/10 years, mainly involve the
eastern sector of the region in the area between the southern part of the Sila Massif and the Ionian
Sea (Figure 3).
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Figure 3. Spatial distribution of the trend results for winter obtained by means of the Theil-Sen estimator.

Differently from winter, in spring about 30% of the grid points showed a significant positive
trend of the maximum 1-hr rainfall and no negative trends have been detected (Figure 2). These grid
points showed a maximum increase of more than 0.2 mm/10 years and are localized in all the
southern part of the region, from the Tyrrhenian Sea to the Ionian Sea (Figure 4). On a monthly
scale, 27.7%, 33.3% and 3.5% of the grid point showed significant (positive) trend values in March,
April and May, respectively (Figure 2).

Similar to the spatial distribution of the trend in the spring season, in March the grid points
showing significant trend (maximum increase > 0.2 mm/10 years) have been detected in the
southern part of the region (Figure 4). On the contrary, in April (maximum increase between 0.15
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and 0.2 mm/10 years) and May (maximum increase between 0.10 and 0.15 mm/10 years) the
positive trends mainly involve the central and northern areas and the northeastern area of the region,
respectively (Figure 4).
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Figure 4. Spatial distribution of the trend results for spring obtained by means of the Theil-Sen estimator.

Results of the trend analysis performed in the summer season is quite similar to the one obtained
in spring, in both percentages of significant positive trend and spatial distribution of the grid points
showing significant results. In fact, also in summer 29.8% of the grid points, localized in the
southern part of the region, evidenced a significant positive trend of the maximum 1-hr rainfall
(with no negative trends), and showed a maximum increase of more than 0.2 mm/10 years (Figures
2 and 5). A similar trend behavior has been identified in June (12.8% of the grid points) and July
(29.8% of the grid points) but with a different spatial distribution of the results (Figure 2). In fact,
while in June significant positive trends have been detected in the southern part of the region, in the
area of the Aspromonte Massif, in July the northern part of the region, from the Sila Massif to the
Pollino Massif, is characterized by grid points showing a positive trend with a magnitude higher
than 20 mm/10 years. Differently from June and July, in August only negative significant trends
(1.4% of the grid points) have been identified (Figure 2), with a maximum decrease between -0.15
and -0.2 mm/10 years (Figure 5).

Finally, in autumn, slightly more than 19% of the grid points showed a significant positive trend
of the maximum 1-hr rainfall without any negative trend (Figure 2). These trends are localized in
the north-eastern side of the region, in the area of the Pollino Massif, and in the central part of the
region, in the hilly area between the Sila Massif and the Ionian Sea (Figure 6), with increasing
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values higher than 0.2 mm/10 years. On a monthly scale, remarkable values have been evaluated in
September, with about 65% of the grid points showing significant positive values, while in October
and November only 13.5% and 11.3% of the grid points showed significant results, respectively,
negative for the first and positive for the latter (Figure 2). Given the high percentage of positive
tendencies detected in September (reaching a maximum increase higher than 0.2 mm/10 years),
these values are distributed across the entire region, without any particular spatial behavior (Figure
6). On the contrary, in October and November the significant trends mainly involve the central part
of the region with magnitude lower than -0.2 mm/10 years and higher than 0.2 mm/10 years,
respectively (Figure 6).
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Figure 5. Spatial distribution of the trend results for summer obtained by means of the Theil-Sen estimator.

As a final consideration of the trend analysis, it can be stated that, besides the positive trend
detected at annual scale, the tendencies are not uniform for all the seasons: positive in spring,
summer and autumn, and negative for winter but with a few numbers of grid points involved
(Figure 2). These not-uniform tendencies are also confirmed on a monthly scale. If September is the
month with the highest number of grid points (about 62%) having positive tendencies, followed by
April, July and March, months as January and October show negative tendencies. These results are
also confirmed by the tendency on the temporal distribution of the occurrence of the yearly
maximum 1-hr rainfall (Figure 7). In the first sub-period, the maximum values mostly occurred in
October; in the more recent sub-period September is the month with the highest number of
occurrences of the yearly maximum 1-hr rainfall.
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Figure 7. Temporal distribution of the occurrences of the yearly maximum I-hr rainfall in each sub-period.

5. CONCLUSIONS
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Figure 6. Spatial distribution of the trend results for autumn obtained by means of the Theil-Sen estimator.
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The majority of Europe is expected to see an increase in the frequency of heavy precipitation
events. Nevertheless, hourly precipitation records are frequently insufficient to examine trends and
modifications in heavy rainfall. When direct measurements are not available, atmospheric
reanalyses are a valuable source of long-term meteorological data. The ERAS dataset (published by
the ECMWF), used in this work for the Calabria region and regarding the 1-hour data, is one of the
most advanced reanalyses currently accessible. On an annual basis, results indicated a positive
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tendency for the maximum 1-hour rainfall. This tendency varies with the season; it is positive in the
spring, summer, and fall and negative in the winter, but only involves a small number of cells.
Monthly data also confirms these non-uniform tendencies. Concerning the temporal distribution of
the annual maximum 1-hour rainfall, most of these values originally emerged in October. However,
in the more recent 20-years sub-period out of the whole period 1961-2020, September has been the
month with the most frequency of these values. This result is confirmed by recent damaging rainfall
events that occurred in Calabria in the last weeks of the summer season, causing deaths and injuries
too (e.g., Avolio et al. 2019). These trends should impose the land users to take a greater care of it,
due to the strong impacts that these rainfall events can have on the territories.
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