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Abstract: In this work, we investigate the spatial and temporal trend of short-duration (1 to 24 h)
annual maximum rainfall depths, derived from the Improved Italian—Rainfall Extreme Dataset
(I2-RED). The investigation is conducted using time series of at least 30 years of data both at the
national and regional level using the record-breaking analysis, the Mann-Kendall test, the Regional
Kendall test and the Sen’s slope estimator. The results confirm that rainfall extremes of different
durations are not increasing uniformly over Italy and that separate tendencies emerge in different
sectors, even at close distances.
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1. Introduction

The impact of climate change on rainfall regimes is a debated topic: recent works do
not seem to support the perception of an increase in rainfall frequency and severity over
the entire globe. The different time scales used in such studies complicate the comparison.
While most of them are performed at a daily scale, a limited number are focused on sub-
daily durations. The lack of studies at sub-daily scales is exacerbated by less available,
more fragmented and unevenly distributed short-duration (1 to 24 h) rainfall records.

Thanks to the recently released Improved Italian-Rainfall Extreme Dataset (I2-RED) [1],
we performed both national- and regional-scale analyses of short duration (1, 3, 6, 12 and
24 h) rainfall depth trends, covering the period from early 1900 until now. The inclusion of
more than 10 years of recent data in most of the Italian regions as compared to [2] allowed
us to obtain an up-to-date picture of changes compared with [3]. This allows us to propose
a comparison with analyses published in the past years.

Similarly to [3], we have analyzed the frequency of occurrences of the “extremes of
the extremes” using a record-breaking (RB) test, while the possible trend in intensity has
been investigated using Mann-Kendall test and Sen’s slope estimator. The comparison of
results can provide new elements of assessment regarding the “speed” of change of some
rainfall characteristics over Italy.

2. Data and Methods
2.1. Rainfall Data

The rainfall data used in this paper come from the Improved Italian-Rainfall Extreme
Dataset (I2-RED). It represents an updated and quality-controlled version of the dataset [2]
used in [3]. The increase in the number of stations is reported in Figure 1: the new
database presents a significant improvement in terms of data availability, especially from
2005 onward.

Like [3], in this work we considered only time series with at least 30 years of data
(either continuous or discontinuous).

The area under investigation corresponds to the whole of Italy, where the complex
shape, marked mountainous characteristics (Figure 2a) and peculiarly varied climatic
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conditions determine significant variability of the spatial context analyzed. The methods
described below are applied both at the national scale and over limited-area regions,
selected as pilot cases (Figure 2b). These are: the upper Po basin (UP-PO), the Dolomites
(DOL), the coastal areas between Liguria and Tuscany (LIG), the Calabria region (CAL)
and the Sardinia region (SAR). These areas are hot-spots emerging from the previous
analysis [3].
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Figure 2. Elevation data from NASA Shuttle Radar Topography Mission (SRTM) Digital Elevation
Model (DEM) of Italy (m a.s.l.) with the boundaries of the 20 administrative Italian regions (a).
Geographic extent of the 5 pilot cases used in [3] (b).

2.2. Record-Breaking (RB) Analysis

A rainfall measurement is considered as RB if it is higher than all the previous values
in the time series [4]. The aim of the RB analysis [5] is thus the investigation of a possible
increase or decrease in time of the frequency of occurrence of RB values.

Following what has been done in [3,4], we used annual maxima for each duration to
create a matrix Mg with size ng × Y (where ng is the number of rain gauges and Y is the
number of years). For each row of the Mg matrix, if the annual maximum is an RB value
we set to 1 the corresponding value in the MRB matrix; otherwise, we set it to 0. We then



Environ. Sci. Proc. 2022, 21, 28 3 of 8

obtained the vector of the observed annual RBs (Robs) by summing along the columns of
MRB, and we compared it with the number of expected RBs in a stationary climate (Rexp).
We obtained the vector Rexp by summing the values along the columns of Mexp, which is
defined by assigning to each non-null value of each time series the expected RB probability
under independent and identically distributed (iid) conditions. The annual RB anomaly [4]
is then evaluated at each time step by computing the normalized difference between Robs
and Rexp using

Ranom =
Robs − Rexp

Rexp
× 100 (1)

We tested the significance of the observed trends using a “field significance” bootstrap-
based procedure [3]. We estimated the test statistics (in our case, the regional normalized
annual RB anomaly) considering both the observed time series and 1000 replicates that we
obtained by bootstrapping along the time axis. If the observed statistic falls inside the 95%
confidence bound of the bootstrapped distribution, we can consider it compatible with the
iid hypothesis.

2.3. Mann-Kendall Test and Sen’s Slope Estimator

The Mann-Kendall (MK) test [6] and Sen’s slope estimator were first applied to each
individual station to investigate at-site statistically-significant trends. The MK is based on
the ranking of observations, and not on their absolute values; being nonparametric it does
not require assumptions on the distribution of observations. However, when the interest
is on a region, the spatial correlation of the series of neighbor stations can be relevant.
For this reason, the Regional Kendall test (RKT) is adopted to correct the site-specific MK
results within a region by accounting for the cross-correlation between the series. The RKT
provides one test statistic for each region (UP-PO, DOL, LIG, SAR, CAL and ITA) and for
each time interval (1 to 24 h durations) that we considered. Then, we applied the van Bell
and Hughes test [7] to assess the reliability of the RTK results by assessing the homogeneity
among the different trends of the stations included in a specific region. If the stations of the
same region have different trend directions, the RTK slope is not meaningful. In this case,
while the single-station MK results can still be considered for a local trend analysis, their
values are not representative of any large-scale spatial behavior.

3. National and Regional Trend Analyses

Most of the results that we obtained with the updated record-breaking analysis
(Figure 3) and the RTK test (Table 1) are similar to the ones presented in [3], despite
the inclusion of data in the most recent years (about +10% of new data for each duration).

Table 1. RKT analysis. The sign of the values indicates increasing/decreasing Kendall slopes. The
values reported in bold represent a significant trend under a 5% significance level while the * indicates
that the trend in the region is not homogeneous (van Belle and Hughes test [7]).

Region 1 h 3 h 6 h 12 h 24 h

ITA 0.014 * 0.024 * 0.029 * 0.033 * 0.024 *
UP-PO −0.093 −0.042 −0.033 −0.024 * 0.010
DOL 0.053 * 0.069 * 0.080 0.115 * 0.152
LIG 0.017 * 0.043 0.071 * 0.106 * 0.113
CAL −0.028 * −0.035 −0.050 * −0.083 * −0.200 *
SAR 0 * −0.021 −0.036 −0.050 * −0.058

For the whole of Italy the results that we obtained are very similar to the ones reported
in [3]: positive Kendall slopes were obtained for all the durations but the regional trend is
neither homogeneous nor statistically significant.
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Figure 3. Record-breaking analysis. Each row refers to a different region (ITA, UP-PO, DOL, LIG,
CAL and SAR) while each column presents a different duration (1, 3, 6, 12 and 24 h). Light blue bars
represent the annual RB anomalies and the blue line represents the long-term RB anomalies (obtained
by smoothing using a 10-year moving average filter the annual RB anomalies). For comparison
purposes, we inserted in red the long-term RB anomalies obtained in [3]. The 95% confidence interval
for the iid model are also included (black dashed lines).

Moving from a national to a limited-area analysis, we can mention also that in the
Upper Po basin (UP-PO) the situation is quite similar to [3]: negative slopes characterize
the 1 to 12 h duration, while the 24 h slope is positive. However, in our case, only the 1 h
trend is statistically significant, even if the trend is homogeneous for all durations (except
for the 12 h duration). Results comparable with [3] were obtained also for the LIG, CAL
and SAR regions (not discussed here for the sake of brevity). It is worth mentioning that
the inclusion of the most recent data in the LIG region allowed us to significantly expand
the period that we covered with the RB analysis.

The massive inclusion of new data also in the DOL region (about +45% of new data)
allowed us to cover a longer period. Like in [3], all the durations show a positive homoge-
neous statistically-significant trend, but the new analysis shows higher slope coefficients.

In Figure 4 we report the results obtained with the Mann-Kendall test while in Figure 5
we insert the Sen’s slope estimates.

The results obtained with the Mann-Kendall test confirm that rainfall extremes of
different durations (that are related to different types of phenomena) are not increasing
uniformly over Italy. Separate tendencies emerge in different sectors, such as the North
East and the North West (Figure 4a). Some areas show a clear reduction in rainfall intensity
over time, and in some others the decreasing trend loses spatial coherence. Compared to [3],
increasing trends are reinforced in the North East, in Liguria and in some parts of Sicily.
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Figure 4. Position of the rain gauges that present a significant trend at a 5% significance level in the
case of (a) 1, (b) 3, (c) 6, (d) 12 and (e) 24 h duration. The size of the triangle is inversely proportional
to the significance level. The background maps are obtained with a spatial interpolation of the
Mann-Kendall test statistics performed using ordinary kriging.
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A comparison with Sen’s slopes show the need to further investigate the spatial
coherence of trends. It is interesting to notice that, despite the fact that the North-East of
Italy presents a reinforced positive trend compared to [3], the Sen’s slope estimates are
modest (Figure 5).

Over the North of Italy (Piedmont, Lombardy, Trentino Alto Adige, Veneto, Friuli
Venezia Giulia and Emilia Romagna) an overall large presence of stations with increasing
trends were detected by [8], especially in the North-East. Ref. [8] also highlighted that the
difference between the number of increasing and decreasing statistically-significant trends
grows with the duration. In this work we obtained similar results: for the 1 h duration, we
obtained a cluster of decreasing trends in the North-West and a cluster of positive trends in
the North-East. The number of positive trends in the North-West decreases with increasing
durations. The inclusion of a considerable amount of data over [3] allowed us to detect a
more pronounced positive rainfall trend in the North-East.

Over Lombardy, Ref. [9] found a general decrease of 1 h rainfall and an increase of
longer duration events. The results are confirmed by our study. The only exception is the
Alta Valtellina (North-East of Lombardy), where an increasing trend for all the durations is
pointed out both in [3,9] and in this study.

In the Emilia Romagna region, most of the statistically-significant trends are located in
the Apennines, along the borders with Liguria and Toscana, and in the North-Eastern area
near Veneto. Quite similar results were obtained also by [10]. The inclusion of new data,
compared with [3], allowed us to detect reinforced positive trends for 3 to 24 h durations.

Over Tuscany, the situation is more complex. In our analysis, we observed a general
increase in the Northern part and a general decrease in the Southern part for all the
durations. The only exception is for the 1 h data, where decreasing trends emerge in the
North-West area near Liguria. Compared with [3] we obtained reinforced increasing trends
in North Tuscany. Importantly, Ref. [11] observed a prevalence of decreasing trends in the
analysis of all the data acquired in the 20th century and a large number of positive trends
in the analysis of the 1970–1994 period.

Over the Umbria region, only four rain gauges show a statistically-significant trend
(positive in the Northern part, negative in the Southern), even if only for some durations.
The analysis carried out by [12] suggests that there is not a common trend in the area: the
analysis of time series of a rain gauge in the North of the region suggests that variations
are reduced, while the analysis of two rain gauges located in the Central part provided
contrasting results: in one location the averages of annual maxima generally increase in the
recent years, while in the other a significant reduction is observed.

The Sicily Island region [13–15] saw an increasing trend for short durations (the higher
number of positive statistically-significant trends emerged when analyzing the 1 h duration)
and [13,14] obtained a decreasing trend for longer durations. Ref. [14] also observed an
increasing trend in stations near the coastline, but they were not able to detect a defined
spatial pattern. Our results confirmed marked increasing trends for the 1 h duration,
especially along the North and North-West coast. For durations longer than 6 h we detected
a large number of locations with negative trends, especially in the central parts of the Island,
far from the coastline. In contrast with [14], thanks to the massive inclusion of new data,
the presence of spatial clusters emerges with evidence.

For all the other regions, a comparison is not possible due to the lack of similar studies.

4. Conclusions

In this work we conducted an improved spatio-temporal trend investigation of short-
duration annual maximum rainfall depths, using the most complete collection of short-
duration annual maximum rainfall depths available in Italy. The record-breaking analysis,
the Mann-Kendall test (both at station-level and at a regional level) and the Sen’s slope
estimator are used to investigate if statistically-significant trends are present over the
Italian Territory.
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The results confirmed that the presence of long-term trends cannot be evaluated by
merging all the data collected over Italy, and that the segmentation of the territory is
mandatory. Further studies can be conducted to evaluate new possible segmentation of the
Italian territory for the evaluation of the Regional Kendall test.
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