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Abstract: Nowadays, the Mediterranean region is generally recognized as a climate change hot
spot given its strong response to global warming, with relevant impacts on rainfall amount and
distribution. Within this context, in this work the temporal variability of rainfall at annual, seasonal
and monthly scale was analyzed in Italy using rainfall data extracted from the reanalysis dataset
ERA5-Land during the period 1950–2020. In particular, rainfall trend magnitude and significance
have been estimated by means of non-parametric tests applied to 3215 grid points falling within the
Italian territory. The main results of this analysis evidenced only a few relevant trends at the annual
scale, mostly involving northern Italy (positive trend) and the Sardinia region (negative trend). At
seasonal scale, the results showed a marked negative trend in winter, characterizing almost all the
Italian territory, while in the other seasons a positive trend was identified in the majority of grid
points, especially in the Alps. Finally, at the monthly scale, September was identified as the month of
the year with the highest percentage of grid points with positive trends mainly located in central,
southern, and north-eastern Italy.

Keywords: ERA5-Land; rainfall; trend; Italy

1. Introduction

The Sixth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC) provides the most up-to-date physical science understanding of climate change [1].
In this latest report, the anthropogenic influence on the existing state of the climate and
how future climate may specifically affect different regions of the world are described.
As a result, higher precipitation has been forecast worldwide, with the exception of few
specific regions. These include the Mediterranean basin, which is considered as a prominent
climate change hot spot [2]. In fact, in this area, an increase in hydrological, agricultural and
ecological droughts has been observed as a consequence of the detected rainfall decrease.
Moreover, considering a global warming of at least 2 ◦C, higher temperature extremes, an
increase in droughts and aridity, a precipitation decrease, an increase in wildfires, a rise in
mean and extreme sea levels, and a decrease in snow cover have been projected [1]. Due
to the severe impacts of climate change in the Mediterranean basin, several studies on the
temporal evolution of the main hydrological variables have been performed in this area,
with particular attention been paid to rainfall. The results of these studies performed at
different timescales, from monthly to annual, evidenced a general rainfall reduction in the
western side of the Mediterranean basin [3,4]. In particular, several rainfall trend studies
have focused on the Italian territory, although, due to the lack of a national database,
these studies have essentially been conducted at a regional or slightly larger scale [5].
In fact, in Italy, data collection has been independently managed by the single regions
since 1998; therefore, data significantly from differ one region to another with regard to
time aggregation, quality and observation period. Anyway, the results of the regional
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studies performed in Italy mainly evidence a decrease in annual rainfall especially in the
southern [6–8] and in the central regions of the country [9,10], while in its northern part,
the decreasing tendencies in the annual values resulted rarely significant [11].

Recently, in order to overcome the lack of spatially distributed data, several global
rainfall datasets have been created using different methodologies. Among these, the reanal-
ysis is very popular because it produces a consistent time series of multiple climates by
reprocessing meteorological data using the most recent models and the most up-to-date
observation data [12]. Due to the advantages of global coverage and long time series,
reanalysis is very suitable for application in many fields such as climate change [13,14],
hydrological studies [15,16], water resource, and environmental management [17]. Obvi-
ously, both the differences between ground-based and satellite measurements, and between
measurement and reanalysis datasets affect the magnitude and the variability of precipita-
tion estimates [18]. In fact, past studies have evidenced these differences among reanalysis
and the other types of datasets, such as the satellite or the rain gauge-based ones, showing
large differences in the annual and seasonal estimates over the tropical oceans, in complex
mountain areas, in northern Africa, and in some high-latitude regions [19]. Anyway, the
ability of reanalysis products to reproduce the global precipitation tendency has been
demonstrated in previous studies [20]. The climate global reanalysis produced by the
European Center for Medium Weather Forecast (ECMWF), called European Reanalysis
(ERA), is among the most well-known and used datasets. One of the first ECMWF projects
was ERA-15 [21], launched in 1979, which produces a reanalysis for approximately 15 years
using an optimal interpolation (OI) assimilation scheme. Reanalyses were available at
6-h intervals with a spatial resolution of 125 km. Another reanalysis product was the
ERA-40 [22], which covered the period from 1957 to 2002 and benefited from the advances
in computational resources and in observing systems, with the availability of assimilable
data provided by a succession of satellite-borne instruments. This made it possible to
implement a three-dimensional variational (3D-Var) assimilation scheme and to increase
the vertical resolution of the model from the 31 levels used for ERA-15 to 60 levels of
ERA-40. Resolution was added to the stratosphere and lower mesosphere and in the
planetary boundary layer. Reanalysis was available at the same spacing (125 km) and time
resolution (6 h) as for the ERA-15. Further improvement occurred with ERA-Interim [23],
which made use of a 4D-Var assimilation scheme, and provided reanalysis data at 6-h time
intervals with an improved spatial resolution (80 km). Progress in modelling and data
assimilation resulted in systematically better forecast performance and a more accurate
description of the hydrological cycle than ERA-40 [24]. Finally, the ERA5 dataset [25] is
the fifth generation of reanalysis produced by ECMWF within the Copernicus Climate
Change Service (C3S) of the European Commission. ERA5 assimilates a large number of
atmospheric, satellite and ground-based observational data using a 4D-Var technique, and
it can be considered a state-of-the-art global reanalysis. High-resolution hourly atmospheric
data in ERA5 (reanalysis) are available with a spatial resolution of 31 km, from 1950 to
almost real time.

The aim of this paper was to overcome the problem of data fragmentation in Italy to
perform a trend analysis at the national scale. With this aim, data from the ERA5-Land
reanalysis dataset from 1950 to 2020 were used to detect possible trends in annual, monthly
and seasonal rainfall in Italy.

2. Materials and Methods
2.1. ERA5-Land

ERA5-Land is a replay of the land component of the ERA5 climate reanalysis at a
finer horizontal resolution (9 km) and with a series of improvements making it more ac-
curate for all types of land applications [26]. ERA5-Land does not assimilate additional
observation data, but the evolution of the model is driven by the atmospheric fields obtained
from the lowest ERA5 model level, which is 10 m above the surface, interpolated from
the ERA5 resolution (31 km) to ERA5-Land resolution (9 km) via a linear interpolation
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method and with additional lapse-rate correction derived from ERA5 [27]. This operates an
atmospheric forcing that indirectly takes into account the measurement data, and ensures
better adherence to the reality of the obtained results. In this work, the total precipitation
field of ERA5-Land was used, including both large-scale and convective precipitation [28].
This parameter represents the average, over the model grid box, of the total amount of water
accumulated during a particular time period, calculated as accumulated liquid and frozen
water, comprising rain and snow, falling to the Earth’s surface. The units of precipitation
are depth in meters, representing the depth that water would have if it was spread evenly
over the grid box. The accumulation fields in the ERA5-Land (with hourly steps from
1 to 24) are accumulated from the beginning of the forecast to the end of the forecast step.
The maximum accumulation is over 24 h, and for the used convention, it corresponds to
the accumulations ending at 00 UT. For the total precipitation field, it represents the daily
total precipitation during the previous day. These daily data were downloaded from the
Climate Data Store (CDS) for the entire time interval from 1950 to 2020, and subsequently
aggregated to obtain the monthly accumulated precipitation. Figure 1 shows the 3215 grid
points falling within the Italian territory.
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Figure 1. Localization of the study area with an indication in red of the regions and spatial distribution
of the average annual precipitation during the period 1950–2020.

2.2. Case Study

The Mediterranean basin can be considered one of the most socio-politically important
areas in the world, connecting three continents (Europe and its southern peninsulas to
the north, southwestern Asia to the east, and the Maghreb region of northern Africa to
the south) and counting twenty-one countries making up its coastline [29]. Among these
countries, Italy can be considered particularly important from a climatological point of
view due to its long shape, spreading over more than ten degrees of latitude from north to
south, to its position in the middle of the western Mediterranean and to the distribution
of mountains in its territory [30]. In fact, Italian climate is affected by these features
and presents dry, warm summers (on average over 22 ◦C) and moderate wet winters
(Mediterranean climate). Specifically, following the Koppen–Geiger classification [31], it is
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characterized by two different climatic groups, a temperate/mesothermal climate affecting
the peninsular regions and the islands, and a continental/microthermal climate in the
northern and north-eastern areas of the country.

Figures 1 and 2 show, respectively, the mean annual and seasonal rainfall evaluated
during the observation period for the 3215 grid points falling within the Italian territory.
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Figure 2. Average seasonal precipitation during the period 1950–2020.

2.3. Trend Analysis

In order to evaluate the trend magnitude, the Theil–Sen estimator was applied [32].
The slope estimates of N pairs of monthly or seasonal or annual rainfall pairs were evaluated
with the following equation:

Qk =
Pj − Pi

tj − ti
for k = 1, 2, . . . , N (1)
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in which Pj and Pi are the rainfall values at time tj and ti (j > i), respectively.
The N values of Qk must be ranked from smallest to largest and then the median of

these N values is the Theil–Sen estimator of slope calculated as

Qmed =
1
2

(
Q N

2
+ Q N+2

2

)
if N is even (2)

Qmed =
(

Q N+1
2

)
if N is odd (3)

The non-parametric Mann–Kendall test [33,34] was further applied to assess the
statistical significance of the trends.

The test statistic S is evaluated with the following equation:

S = ∑n−1
k=1 ∑n

j=k+1 sgn
(

Pj − Pk
)

(4)

in which n is the number of data, P is the rainfall value at times i and j (j > i) and sgn is a
function given as

sgn
(

Pj − Pk
)
=


+1 i f

(
Pj − Pk

)
> 0

0 i f
(

Pj − Pk
)
= 0

−1 i f
(

Pj − Pk
)
< 0

(5)

The variance of S is evaluated as

Var(S) =
[n(n− 1)(2n + 5)]−∑m

i=1 ti(ti − 1)(2ti + 5)
18

(6)

in which ti is the number of ties of extent i and m is the number of tied rank groups.
For n larger than 10, the standard normal Z test statistic is evaluated as the Mann–

Kendall test statistic as follows:

Z =


S−1√
Var(S)

if S > 0

0 if S = 0
S−1√

Var(S)
if S < 0

(7)

By applying a two-tailed test, for a specified significance level α, the significance of
the trend can be evaluated.

3. Results

Table 1 summarizes the results of the trend analysis applied to the annual seasonal
and monthly rainfall values, for a significance level equal to 90%. As regards the yearly
values, the results, expressed as percentages of grid points, show that the majority of the
grid points (approximately 86%) do not present significant trends. Only 9.5% of the grid
points present positive tendencies, with a maximum rate higher than 40 mm/10 years,
localized in the northern areas of Italy and in an area in the south of the country, between
Apulia and Basilicata (Figure 3). On the contrary, significant negative trends (4.8%) are
mainly present in the Sardinia region, in a small part of Sicily and in a few grid points in
the Tyrrhenian side in both northern and southern Italy. In this latter area, the negative
rates reach values lower than −20 mm/10 years (Figure 3).
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Table 1. Percentages of the grid points showing positive or negative trends.

% of Grid Points

Positive Trend No Trend Negative Trend

Year 9.5 85.8 4.8

Win. 0.0 56.0 44.0
Dec. 0.1 87.2 12.7
Jan. 0.0 65.5 34.5
Feb. 0.3 90.1 9.6

Spr. 12.7 81.9 5.4
Mar. 1.1 93.7 5.3
Apr. 5.0 77.8 17.2
May 12.3 87.7 0.0

Sum. 10.0 86.7 3.3
Jun. 17.0 82.2 0.8
Jul. 12.5 83.5 4.0

Aug. 5.3 87.5 7.1

Aut. 10.2 89.8 0.0
Sep. 42.6 57.4 0.0
Oct. 3.7 92.4 3.9
Nov. 3.7 96.3 0.0
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For the trend analysis performed at the seasonal scale, seasons were divided consider-
ing December, January and February as winter, March, April and May as spring, June, July
and August as summer and September, October and November as autumn. The results
evidence different trends among the seasons, as summarized in Table 1 and showed in
Figures 4–7.
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In winter, a prevalent negative tendency was detected, with 44% of grid points pre-
senting significant values and with only a grid point showing a positive trend (Table 1).
Figure 4 displays the spatial results of these negative trends, mainly identified in central
Italy, on the Tyrrhenian side of central and southern Italy, in Sardinia, in Sicily, in Apulia
and in few areas of the Adriatic side of the country. In particular, in some areas of the
Tyrrhenian side, the negative rates are lower than −20 mm/10 years. The only grid point
with a positive trend was identified in Sicily with a rate of approximately +9 mm/10 years.

This trend behavior, detected at a seasonal scale in winter, was confirmed at the
monthly scale. January (Table 1) is the month with the largest distribution of grid points
presenting negative significant trends (approximately 34%). The lowest rates (approxi-
mately −8 mm/10 years) were mainly identified (Figure 4) in the central and southern side
of the Calabria region, in some inner areas between northern and central Italian peninsula
and in small areas on the Tyrrhenian side of the country. Other negative significant trends,
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but with rates of few millimeters in 10 years, were identified on the western side of Sardinia,
in the southern part of Sicily and in some areas of southern and central Italy. In December,
approximately 13% of grid points (Table 1) present significant negative trends while only
two grid points, located on the Alps, show positive tendencies. The lowest magnitudes
(lower than −10 mm/10 years) were detected in grid points located on the Tyrrhenian
side of central Italy, between Campania and Lazio. Negative trends, but with small rates,
have also been identified in Sardinia, in Sicily, in Apulia, and in some areas of central and
northern Italy (Figure 4). February (Table 1) is the winter month with the lowest percentage
of negative trends (only approximately 10%), mainly located in Sardinia and in central Italy
(Figure 4). Conversely, there are nine grid points in the south-eastern side of Sicily showing
increasing trends with a maximum rate of approximately 6 millimeters in 10 years.

Regarding spring, the results show opposite tendencies in the Italian territory (Table 1),
with approximately 13% of grid points evidencing a positive trend and approximately 5%
of the grid points presenting negative values. The increasing values are located in a large
area of central-southern Italy (with rates also higher than +10 mm/10 years), on the Alps
and in few grid points in Sicily (Figure 5).

Instead, the negative trends are located in small areas of central and northern Italy, with
rates of approximately −10 mm/10 years. On a monthly scale, May is the spring month
with the highest number of grid points (approximately 12%) presenting positive trends
(Table 1), mainly located in northern Italy and especially across the Alps, with a maximum
rate equal to +11.3 mm/10 years (Figure 5). Conversely, April is the month with the
highest percentage (approximately 17%) of grid points showing negative tendencies (with
rates of approximately −8 mm/10 years), mainly located in north-central Italy. Always in
April, 5% of the grid points, all located in the southern part of the Italian peninsula, also
showed negative trends. The lowest percentages of both positive (approximately 1%) and
negative (approximately 5%) trends among the spring months were identified in March.
The negative results were mainly identified in Sardinia and in Liguria, while the positive
ones in small inner areas of southern Italy.

Summer comprises 10% of the grid points with positive trends (Table 1), mainly
located in the Alps and in southernmost regions of Italy (Figure 6).

The highest rate is approximately +21 mm/10 years, detected in small areas of northern
Italy (near the Alps). In this season, approximately 3% of grid points also showed negative
trends, located only in small areas of northern Italy. Among the summer months, June
is the one presenting the highest number of grid points with a positive tendency (17%),
located in southern Italy and in the Alps, where the maximum rate of approximately
+10 mm/10 years was evaluated (Table 1 and Figure 6). In July, 12.5% of the grid points
(Table 1) across the Alps, in Sardinia and in central-southern Italy evidenced increasing
rainfall values (Figure 6), while an opposite behavior was identified in 4% of the grid points
located in a large area of northern Italy (with rates of approximately −5 mm/10 years).
August is the only summer month in which the number of grid points with negative
tendencies is higher than the one with positive trends: 7.1% vs. 5.3%, respectively (Table 1).
Figure 6 shows the clear contrast between these different tendencies in August, with
negative values in some areas of the Tyrrhenian and opposite trends in the north-eastern
side of Italy.

Finally, autumn is the season with the highest percentage of grid points (Table 1) and
no significant trends (approximately 90%). In fact, only slightly more than 300 grid points
(approximately 10%) showed positive trends identified in several clusters distributed
across the Italian peninsula (Figure 7), with the highest magnitude of approximately
+16 mm/10 years. September is the month of the year in which the highest percentage
(approximately 43%) of grid points with positive trends was identified (Table 1), although
the maximum rate is approximately +8 mm/10 years (Figure 7). These points are mainly
located in central, southern, and in an area of north-eastern Italy. In contrast with September,
November is absolutely the month of the year with the lowest number of grid points with
significant trends (approximately 4%). In fact, only 119 grid points in Sardinia and Sicily
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present positive trends, with a maximum rate of approximately +6 mm/10 years (Figure 7).
In October, the percentage of grid points presenting negative or positive trends is quite
similar (3.9% vs. 3.7%). The negative values are located in Calabria, Sicily, and Sardinia,
with a maximum magnitude of approximately 7 mm/10 years in absolute value, while
the positive trends are located in small areas of northern Italy with a maximum rate of
approximately 10 mm/10 years.

4. Discussion

The results of this study represent an evaluation of the rainfall tendency on a large
territory, such as the Italian peninsula. This analysis was made possible by means of the
use of the ERA5-Land reanalysis dataset that allows one to also have data in areas without
rain gauges or lacking several data. For these problems, having an alternative data source
can be very useful considering the limitations present in these datasets. As an example,
the reanalysis products can approximately reproduce the seasonal variations in nighttime
and daytime rainfall, but not always the contrast between nighttime and daytime [35].
Additionally, the reanalysis outputs usually overestimate drizzle and light rainfall frequen-
cies and, at the same time, underestimate the extreme rainfall frequency, failing to capture
extreme precipitation [36]. Moreover, a large overestimation of the summer rainfall can
also occur over land areas, mainly due to extreme convective precipitation [37]. Anyway,
previous studies have demonstrated the ability of reanalysis products in reproducing the
rainfall tendency [20]. In order to deal with the problem of reproducing the different vari-
ables, the ERA5 dataset provides an associated 10-member Ensemble of Data Assimilations
(EDA) system [38], which has lower spatial (60 km) and temporal (3 h) resolution. This
ensemble is required for the 4D-Var data assimilation procedure, but it can also be used for
an estimate of the relative random uncertainty of the ERA5 high-resolution realization. The
dispersion of the values obtained from the ensemble provides, in fact, an overall measure of
the uncertainty of the model used, to be understood as an estimate of the relative accuracy
of the ERA5 (or ERA5-Land [39]) system. It is important to emphasize that the uncertainty
defined by the ensemble is not a classical measure of the error of the reanalysis products,
and should not be used at face value but to have an estimate of the areas and periods in
which the products are more or less reliable [40]. Unfortunately, uncertainty estimates are
only available for authorized users of ECMWF.

The results obtained in this study highlight that on a yearly scale, no diffuse significant
trends have been detected, while on a seasonal scale, especially in winter, some negative
tendencies are clearer. These outputs seem to be in contrast with the results obtained in
regional analysis, specifically for the Italian territory, by means of annual data measured
by rainfall stations [8–10]. Anyway, within these comparisons, it is necessary to highlight
that the observation period is often different: as such, severe drought periods present in
some timespans of the observation period can largely influence the trend detection [30].
Nevertheless, the results obtained both in this and previous works show that a poor trend
detection on a yearly scale often hides important seasonal tendencies e.g., [41]. In particular,
the impact of global warming on the seasonal distribution of rainfall for the study area
could determine the long dry spell in seasons usually considered recharge periods for
superficial and deep water bodies. This impact could severely influence water availability
for large areas.

5. Conclusions

In this paper, the temporal variability of rainfall at annual, seasonal and monthly scale
was analyzed in Italy using rainfall data extracted from the reanalysis dataset ERA5-Land
during the period 1950–2020. The use of the ERA5-Land dataset allowed us to perform a
spatially distributed analysis at national scale, thus overcoming the major problem of the
rain gauge networks providing only point measurements and presenting lacking data in the
rainfall series. Results did not evidence marked significant trends on a yearly scale but, on
the contrary, enabled us to identify some negative tendencies on a seasonal scale, especially
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in winter, in several areas of Italy and with high magnitude. This is an important output
for the impact that these tendencies can have on water resource management, because the
winter season in the Mediterranean climate is often a rainy period useful for the recharge
of superficial and deep water bodies. This impact of global warming, if confirmed in the
future, could determine severe droughts in large sections of the study area.
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