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Evidence for Increasing Rainfall Extremes Remains
Elusive at Large Spatial Scales: The Case of Italy

A. Libertino1 , D. Ganora1 , and P. Claps1

1Dipartimento di Ingegneria dell'Ambiente, del Territorio e delle Infrastrutture, Politecnico di Torino, Torino, Italy

Abstract The widespread perception of an increase in the severity of extreme rainstorms has not
found yet clear confirmation in the scientific literature, often showing vastly different results. Especially
for short-duration extremes, spatial heterogeneities can affect the outcomes of large-scale trend analyses,
providing misleading results dependent on the adopted spatial domain. Based on the availability of a
renewed and comprehensive database, the present work assesses the presence of regional trends in the
magnitude and frequency of annual rainfall maxima for subdaily durations in Italy. Versions of the
Mann-Kendall test and a record-breaking analysis, which considers the spatial correlation, have been
adopted for the scope. Significant trends do not appear at the whole-country scale, but distinct patterns of
change emerge in smaller domains having homogeneous geographical characteristics. Results of the study
underline the importance of a multiscale approach to regional trend analysis and the need of more
advanced explanations of localized trends.

1. Introduction
Climate change and its impact on the frequency and intensity of extreme rainfall is a debated topic in hydrol-
ogy. Basically, atmospheric temperature is expected to strongly influence the intensity of extreme rainfall,
as warmer air is capable of holding more water than cooler air, following the Clausius-Clapeyron equation
(Westra et al., 2014). This theoretical argument seems to suggest a relatively easy framework for under-
standing empirical studies that have found a strong correlations between the increase of the atmospheric
temperature and the intensification of extreme rainfall (Westra et al., 2014), even exceeding the increase
foreseen by the Clausius-Clapeyron relation (Lenderink & Van Meijgaard, 2008). On the other hand, other
outcomes from observational-based studies seem to suggest a more complex nexus, depending on multi-
ple factors, for example, the considered climatic zone, the local orographic features, and the nature of the
considered events (e.g., convective or stratiform; Westra et al., 2013, 2014). In particular, the latter has been
identified by some authors as one of the main characteristics to take into account when analyzing the con-
nection between rainfall intensity and temperature, as it is capable of generating significant artifacts in the
outcomes of the studies (Molnar et al., 2015). In fact, the sensitivity of the temperature-intensity relation-
ship has proved to be variable even with the evolving dynamic of the single storm (Wasko & Sharma, 2015).
With the aim of setting an empirical baseline, many studies have been published in the last decade focusing
on the detection of trends in extreme rainfall intensities. Most studies are focused on the daily time scale,
with either a regional (e.g., Groisman et al., 2012; Skansi et al., 2013; van den Besselaar et al., 2012, for the
United States, Southern America, and Europe, respectively) or a global spatial extent (e.g., Alexander et al.,
2006; Donat et al., 2013b; Groisman et al., 2005; Westra et al., 2013). A few studies explore subdaily rain-
fall extremes, being often limited to individual sites or to small regions (e.g., Fujibe, 2013; Jakob et al., 2011;
Lenderink et al., 2011, for Sydney urban area, Hong Kong and the Netherlands, and Japan, respectively).
Westra et al. (2014) review a number of studies on the regional assessment of observed trends in subdaily
rainfall underlying that, despite the variability of the outcomes, on the whole they report an increase in the
intensity of short-duration events for most of the continental macro-regions.

Westra et al. (2014) also discuss the scarcity in the literature of large-scale studies on subdaily extremes,
stressing the role of the general shortage of long, high-quality subdaily rain gauge records. Not many coun-
tries across the world systematically record and freely distribute these data (Page et al., 2004). Subdaily
rainfall records are in fact often subjected to restricted access by the national authorities, and, when avail-
able, they are often interspersed, fragmented, and unevenly distributed (Teegavarapu, 2012). Some gridded
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interpolated rainfall products are indeed available for free (e.g., Donat et al., 2013a, 2013b); however, var-
ious authors warn on the validity of results obtained using these products for analyzing extreme rainfall
amounts, especially in areas with complex orography (King et al., 2013; Libertino et al., 2016). The short-
age of studies on the short-duration extremes is then a remarkable issue, considering that it is not possible
to directly downscale conclusions from daily data analyses, due do the different generating mechanisms of
extreme rainfall at different time scales (Barbero et al., 2017; Guerreiro et al., 2018).

In Italy, a new comprehensive data set of annual maxima for subdaily durations named I-RED (i.e., Italian
Extreme Rainfall Dataset) has been recently compiled (Libertino et al., 2018). Annual extremes are easier to
collect compared to continuous subdaily data and are generally subjected to strict quality control procedures
by the national authorities, as they are frequently used as inputs in flood risk applications (e.g., Coles, 2001;
Reed, 1999). I-RED is one of the most complete and temporally extended catalogue of annual maxima of
rainfall extremes for short durations. It includes rain gauge stations that have been in operation since the
beginning of the twentieth century. Compared to the continental scale, the geographical extent of Italy (i.e.,
about 300,000 km2) could appear limited. However, the country is an ideal climatic bridge between the
Mediterranean and the inland Europe climate, as the country present a highly variable morphoclimatic
setting and is subjected both to large alluvional flood and to devastating flash floods (Amponsah et al., 2018).

Various works on trend analysis in Italy published in the last decades have targeted limited spatial scales
(e.g., within administrative regional borders) and sometimes have used older data sets. Conflicting outcomes
then arise from these past studies. More specifically, Crisci et al. (2002), Arnone et al. (2013), Saidi et al.
(2015), and Uboldi and Lussana (2018) have found general increasing trends for short-duration rainfall,
respectively, in Tuscany, Sicily, Piedmont, and Lombardy regions, while Caloiero et al. (2011) have found
decreasing trends in Calabria. Finally, Cifrodelli et al. (2015) and Gallus et al. (2018) have found that trends
are not significant in Umbria and Liguria regions, respectively. As no more than 9% of the Italian area
was considered in the above studies, it is no wonder that the limited spatial scale could justify the lack of
uniformity of the outcomes.

This new and comprehensive database now enables analyses of the influence of the spatial scale on observed
trends. This has been done by considering rainfall extremes of five different durations, varying from 1
to 24 hr. Both the magnitude of the recorded intensities and the frequency of the largest events (i.e.,
record-breaking, RB) are considered for providing a complete check for their possible nonstationarity both
at the country scale and on more limited and geographically homogeneous areas.

2. Data and Methods
The possible trends in annual extreme precipitation have been examined with two different approaches, with
methods that do not require any prior assumptions on the statistical proprieties of the data other than the
independence of the recorded observations in time. The first approach is more focused on the stability of the
frequency of the higher extremes while the second one allows at exploring the presence of nonstationarities
in the extreme annual maxima of rainfall records.

The I-RED database (Libertino et al., 2018) includes the annual maximum rainfall depths for 1-, 3-, 6-, 12-,
and 24-hr durations recorded from 1915 to 2015 in a network of about 5,000 rain gauges distributed across
Italy. The station density is of about 1 gauge per 70 km2. In this work, only time series with at least 30 years of
either continuous or noncontinuous data have been selected, resulting in 1,346 stations with records having
median length of 47 years (Figure 1). Considering series with less than 30 years of data records has proven
not to produce significant changes in the outcomes of the study. To ensure the spatial representativeness
of the evaluated statistics, the analysis has been further limited to the period 1928–2014, where at least 50
stations are simultaneously active each year (see Figure S1). Consequently, all the data related to years out
of the selected range have been excluded. In that period, the records do not deviate significantly from the
hypothesis of serial independence in time.

As a first approach, the presence of trend in the frequency of occurrence of RB events is explored, through
the theory of RB analysis (Glick, 1978). Considering that a certain value is defined RB if it exceeds all the
previous values in its time series, the RB analysis aims at assessing the increase/decrease in time of the
frequency of occurrence of these values. RB analyses have been used by some authors in the recent years for
assessing the presence of trends in temperature series (e.g., Benestad, 2003; Wergen & Krug, 2010; Wergen
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Figure 1. Rain gauges and regions considered in the analysis.

et al., 2014), but, to our knowledge, it has not yet been considered with reference to rainfall extremes of short
durations. The RB analysis considers each single station separately, and this feature needs to be overcome
to investigate changes at a regional scale.

Operatively, a matrix Mg sized ng×Y is set up with the recorded annual maxima for each considered duration,
ng being the number of rain gauges and Y the number of years. For each row, if a value of Mg is a RB value,
that is, it exceeds all the previously recorded annual maxima at the considered station, the corresponding
value in a new MRB matrix is set to 1; otherwise, it is set to 0. MRB has the same size of Mg, and missing
and null values are preserved. The sum along the columns of MRB for each year generates the vector of
the number of observed annual RBs, named Robs, which is compared with the vector Rexp containing the
number of expected RBs in a stationary climate. Rexp is obtained by summing along the columns of the Mexp
matrix, generated with the same size of Mg by assigning to each nonnull time step of each series the expected
RB probability value under independent and identically distributed (iid) conditions. By doing so, the null
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hypothesis of a stationary climate accounts for the same spatial and temporal inhomogeneity found in the
observations. The annual RB anomaly is then evaluated as the normalized difference between Robs and Rexp
(i.e., by using equation (S1), reported in the supporting information).

A “field significance” bootstrap-based procedure has then been applied (Marshall, 2007; von Storch &
Zwiers, 1999) for testing the significance of the observed trends in the regional anomalies. The testing
approach is based on the null hypothesis that in a stationary climate the time series can be described by iid
values. The validity of this hypothesis has been assessed in Lehmann et al. (2015), which adopted a similar
approach while investigating the presence of trend with gridded global precipitation products at the daily
time scale. In essence, the test statistic (i.e., the regional normalized annual RB anomaly) is estimated con-
sidering both the observed time series and 1000 replicates, which are obtained by bootstrapping along the
time axis. The spatial correlation across the stations is preserved while bootstrapping (Hirsch & Ryberg,
2012). The observed statistic is considered compatible with the iid hypothesis if it falls inside the domain
delimited by the 95% confidence bounds of the bootstrapped distribution.

As a second approach, the presence of trends in the average extreme recorded amount of rainfall is evaluated,
using the Mann-Kendall (MK) test (Kendall & Gibbons, 1990; Mann, 1945). The MK is a nonparametric
test and does not require any assumption on the distribution of the observations, since it uses the relative
magnitudes of the data to one another rather than their absolute values. For this reason, it is often considered
in the scientific literature for the evaluation the presence of monotonic trends in environmental series (Hipel
& McLeod, 1994). When working in a regional framework the MK trend test is first applied separately to each
station, while its regional extension, the Regional Kendall Test (RKT; Helsel & Frans, 2006) then corrects
the site specific MK results to account for the cross correlation between the series, which results in one test
statistic for the region. Considering that spatial correlation among the stations can be significant, especially
for nearby sites, the correlation correction proposed in Hirsch and Slack (1984) is adopted in this work.
As suggested in Gilbert (1987), for assessing the reliability of the RKT outcomes, the Belle and Hughes
(1984) test is applied. The test aims at assessing the homogeneity among the trends detected at the different
stations that make up a region. In essence, if different stations have different trend directions, the RKT slope
estimate is not meaningful and can be misleading (Gilbert, 1987). If the Belle and Hughes (1984) test fails,
Gilbert (1987) suggests to refer to the MK test result and Sen's slope estimator for each individual site, as
the outcomes of the RKT can be misleading. When this situation arise, the MK test is thus applied at each
station site, and the percentage of stations showing increasing/decreasing statistically significant trends on
the total is evaluated. These percentages are compared with the ones expected in the iid case with a field
significance procedure, analogous to the one adopted for the RB analysis, as suggested in Westra et al. (2013).

The full procedure (RB+RKT) has been applied at first considering the whole area of Italy as a unique region
(ITA region) for detecting the presence of trends at the country level. Then, for assessing the role of the spatial
inhomogeneities, five pilot subregions have been considered with more detail (see Figure 1). These smaller
areas have been identified as being representative of different morphological and climatological features
of the country, starting from criteria of geographic homogeneity. In detail, with reference to Figure 1, the
UP_PO (60 rain gauges), DOL (55 rain gauges), LIG (61 rain gauges), CAL (69 rain gauges), and SAR (55
rain gauges) can be considered representative of flat, alpine, coastal, peninsular, and insular environments,
respectively. The last three regions are also particularly interesting, because they include sites where national
RB events (i.e., absolute maxima at the country level) have been recorded in the last 60 years. The full list of
the considered national RB events can be found in section S1 of the supporting information.

Details on the application of the procedures and additional details of the results are provided in sections S2
and S3 of the supporting information.

3. Full-Scale Trend Analysis
3.1. RB Analysis
The main outcomes of the application of the RB analysis to the ITA region are reported in this section.
The first row of Figure 2 shows the anomalies in the frequency of RB at the country scale and the 95%
confidence bounds. The latter are derived with the field significance procedure described in the previous
section, by bootstrapping 1,000 resamples of the Mg matrix (with replacement) and considering the annual
quantiles related to the 0.025 and 0.975 probabilities. To facilitate the identification of nonlinear trends,
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Figure 2. Results of the RB-RKT analysis. Rows refer to the considered regions: ITA (i.e., the whole country), UP_ PO, DOL, LIG, CAL, and SAR, respectively,
while columns refer to the 1-, 3-, 6-, 12-, and 24-hr durations, respectively. The plots refer to the RB analysis; the annual RB anomalies (the cyan histograms) are
smoothed with a 10-year moving average filter for showing the long-term nonlinear RB anomaly trends (the blue lines). The black dashed lines represent the
95% confidence interval for the iid model. The colored numbers refer to the RKT analysis; red/blue values represent the increasing/decreasing Kendall slope;
yellow values indicates a null slope. Significant trend under a 5% significance level are reported in bold and underlined. * indicates that the trends in the region
are not homogeneous according to a Belle and Hughes (1984) test. RB = record-breaking; RKT = Regional Kendall Test.

the RB anomaly and the bounds are filtered with a 10-year moving average window. The most prominent
evidence from the graphs is that for all the durations, an oscillating behaviour exists until the 1980s, with
periods prior to 1980 characterized by negative anomalies (decreasing events) alternating with periods of
positive ones (increasing events). After the 1980s increasing anomalies become apparent for the extremes of
shorter durations, overcoming the magnitudes of all the previously recorded positive anomalies, and keep
growing until the end of the observed period. Similar behavior can be recognized for the longer durations
after the beginning of the 21st century. However, summarizing results at the country level, the frequency
of RB does not show evidence of a significant non-stationarity, despite a continuous increasing trend in the
last decade for all the durations.

3.2. RKT
In order to assess the presence of a unique significant trend in the recorded intensities at the country scale,
the RKT is applied at first to the whole data set, considering the country as a region with a possibly homo-
geneous behaviour. The resulting overall Kendall-Theil slopes (Sen, 1968; Theil, 1950) are again reported in
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Figure 3. Rain gauges showing significant trend at a 5% significance level for (a) 1-, (b) 3-, (c) 6-, (d) 12-, and (e) 24-hr durations. The background color
represents the spatial distribution of the Mann-Kendall test statistic, interpolated using Ordinary Kriging with spherical variogram.

Figure 2 in terms of numeric values of slopes. Additional results can be found in Table S2. In the row ITA
one can notice that all the obtained slopes are not significant under a 5% significance level. Lack of trend
evidence may result from two different conditions: There may be no actual trend in most, or all, the series,
or some locations may show trends, but not in the same direction. Considering the spatial configuration of
Italy, with pronounced north-south elongation, and its climatic variability, going from Alpine to semiarid
climate, the second hypothesis has as reasonable ground. The inhomogeneity in the behavior of the series
is confirmed by the trend homogeneity test, proposed in Belle and Hughes (1984), as suggested in Gilbert
(1987). Under this condition, the outcomes of the RKT can be misleading and a supporting use of the MK test
is thus invoked. Therefore, for each duration, the MK test statistic is applied individually on each series, and
the significance of the at-site trend is evaluated under a two-sided 5% significance level. The results of the
single-site analyses need then to be summarized in a regional perspective for assessing the presence of sig-
nificant regional trends. To this aim, the percentages of stations showing respectively significant increasing
and decreasing trend are counted and compared with the ones expected in the stationary case. The observed
values range from ∼4% to ∼7% for the decreasing and from ∼5% to ∼7% for the increasing case, both exceed-
ing the theoretical value of 2.5% under the iid condition. However, the spatial dependence across the stations
makes the identification of a reference value untrivial (Westra et al., 2013). For avoiding the problem, the
field significance resampling-based approach described in section 2 is used here to assess the compatibil-
ity of the percentages obtained from the observed time series with the distributions of the ones obtained by
bootstrapping 1,000 replicates. The farther the observed values are from the average of these distributions,
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the larger is the anomaly compared to the iid case. In the Italian case, for all the durations the observed
values fall in the right tail of the bootstrapped distributions, as emerging from Figure S3. This highlights,
for all the durations, the presence of several stations with significant trend, either decreasing or increasing,
slightly and systematically larger than the expected one.

Consistently with what emerges from the RB analysis, the MK test gives some hints on the existence of local
significant trends, that become nonsignificant when the wide uneven domain is considered. Consequently,
the spatial coherence of the stations with significant at-site trend of the same sign is further explored, in order
to highlight the presence of areas with homogeneous behavior as regards the rainfall regime change. Results
are shown in Figures 3a–3e, where different symbols are adopted for representing the rain gauges accord-
ing to the outcome of the at-site MK test. Some spatial clusters of significant increasing/decreasing trends
emerge, but the sparseness of the stations showing significant trends prevents the identification of clear
patterns. Different behaviour for neighboring stations could derive from the characteristics of the records
(fragmentation of the data, actual length of the record, etc.). To understand if local trend patterns are rel-
evant, the MK test statistic (equation (S5)) calculated at each site is spatially smoothed by using Ordinary
Kriging. As opposed to other commonly used quantities, (e.g., the Sen's slope) the kriging on the MK test
statistic allows to take into account both the magnitude of the trend and the length of the series, avoiding
excessive weight on steep slopes estimated on short series. The rationale of the procedure is to abandon the
binary outcome “test passed”-“test not passed” to accommodate for the existence of different magnitudes
of trends of the same sign. A positive/negative value of the test statistic implies a positive/negative trend in
the series. The trend significance is proportional to the absolute value of the test statistic, which depends
both on the magnitude of the trend and on the length of the series. By interpolating the test statistic with
the ESRI ArcGIS Desktop Spatial Analyst Toolbox (ESRI, 2018), using a spherical variogram, we obtained a
surface represented in the background of the maps in Figures 3a–3e.

The visual analysis of Figure 3 underlines an increase of rainfall severity for all the durations in the north-
eastern part of the country, while a decreasing trend is evident in the southern extreme of the peninsula (e.g.,
in the Calabria region, consistently with the findings of Caloiero et al., 2011). Other duration-dependent pat-
terns can be pointed out: a general decreasing trend for short-duration extremes is apparent in the northwest
of the country, turning to an increasing trend when longer durations are considered. The opposite is shown
in Sicily. Duration-dependent patterns can suggest sensitivity of the regional trends to the type of rainfall
events considered: short-duration extremes are related to convective storms, while maxima for the longer
durations are mostly recorded during frontal and stratiform rainfall events. The obtained results underline
once again the influence of the geographic configuration on the regional trends.

4. Limited-Scale Trend Analysis
To assess the influence of the spatial scale on the trend assessment outcomes and to rigorously test whether
the local (subregional) trends described in the previous section are significant, the same procedure applied
above has been carried out on the aforementioned set of five pilot areas. The outcomes are compared with
those obtained at the full country scale. Results of the analyses are resumed in Figure 2 (rows from 2 to 6)
and in detail reported in Table S2. Concerning the RB analysis, the considered time period varies for the
different domains becau se of the different data availability in the areas under investigation. The main results
obtained are summarized as follows:

• The UP_PO region, located in the upper Po valley, is a plain/hilly area in Northwestern Italy. Concern-
ing the frequency of RB there is no systematic trend for all the durations, despite some annual positive
anomalies going out of the confidence bounds in the last years for longer-duration events. The fact that
the analysis is limited to the period 1950–1994 (for the lack of a sufficient number of annual maxima out
of this range) could partially prevent the understanding of the evolution of the local trends in the recent
years. As expected from the visual analysis of Figure 3, the UP_PO region shows a significant decreasing
trend in the intensities for shorter-duration events. The negative slope of the trend line decreases when
larger durations are considered, reaching a nonsignificant positive slope for the 24-hr duration.

• The DOL region is located in the Dolomites area, a mountain area in Northeastern Italy. The RB anomaly
systematically increases with time for the shorter durations and show a less uniform behaviour for the
longer ones. The increasing RKT trend in the rainfall intensities is always significant, with the slope of the
trend showing to increase with the duration.
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• The LIG region is a coastal area between the Ligurian sea and the Appennine mountains, characterized
by a complex orography (elevation varies from 0 to about 2,000 m above sea level) where many national
RB amounts have been recorded for various durations. Despite during many years in the last decade the
anomaly overcomes the positive confidence bounds for all the durations, the smoothed trend line falls
constantly inside the confidence bounds. However, one can notice a consistent increasing trend in the
last 20 years only for the shorter durations. The RKT does not detect significant regional trends, probably
because of the inhomogeneities in the behavior among the stations, which emerge from the visual analysis
of Figure 3. In fact, the area shows both increasing and decreasing trends, varying both in space and with
the duration.

• The CAL area refers to the aforementioned Calabria region, a peninsular area in Southern Italy, charac-
terized by significant relief in the central part and wide flat coastal plains. Two national RB events have
been recorded in that area in 1959 and 1964. The RB anomaly is almost consistently negative, and shows a
decreasing (but not significant) trend for the longer durations. The RKT confirms the consistent decreas-
ing trend in the intensities that emerges from the visual analysis. Despite this, the regional trend turns
out to be nonsignificant for all the durations, except that of 24 hr. The trend homogeneity test identifies
inhomogeneities in the area for the 1- and 12-hr durations.

• The SAR area refers to the Sardinia region, the second-largest island in the Mediterranean sea, where a
national RB event for the 3-hr duration has been recorded in 2008. No visual evidences of trend in the RB
anomaly seems to emerge here. Despite the region is homogeneous according to the trend homogeneity
test, except for the 1- and 12-hr durations, no significant trends are detected from the RKT.

The site-dependent outcomes obtained from the small-scale analysis underline the importance of exploring
different spatial scales when performing extreme rainfall trend analyses. While no statistically significant
trend can be identified at the country scale, significant regional trends arise when smaller scales are consid-
ered, apparently related with the local morphoclimatic setting. The Italian example shows how the spatial
variability of the rainfall regime can hide the presence of significant local trends when a too wide domain
is considered. Even when the considered domain is apparently homogeneous, as in the case of the CAL
and LIG regions, the localized variability can significantly influence the trend detection. This stresses the
importance of the definition of a suitable spatial domain when regional trend analyses are performed.

5. Conclusions
A spatial analysis of the trends in extreme rainfall for different subdaily durations has been carried out in
Italy, as a wide and morphologically complex domain with significant features for the Mediterranean region.
The analysis takes into account both the frequency of occurrence of large events and the recorded intensities,
aiming to give a comprehensive overview of the evolution of the extreme rainfall regime.

Concerning the frequency, the outcomes show that all the observed trends are nonsignificant, that is, are
compatible with the hypothesis of stationary climate. Despite this, a continuous increase in the positive RB
anomalies in the last decade emerges. This outcome stresses the importance of deepening the analysis of the
“extremes of the extremes” component, to assess if the increased RB anomaly is the hint of a real variation
in the extreme rainfall regime or if the test result are partially biased by other external factors (e.g., increases
in the accuracy of the measurements).

With regard to the intensities of the events, a clear trend in extreme rainfall magnitude can not be detected
at the country-scale. However, local trends in some specific areas are significant for certain durations. These
spatial-dependent outcomes underline the importance of exploring different spatiotemporal scales when
performing extreme rainfall trend analyses. The importance of considering different temporal scales of the
rainfall extremes also emerges from the variability that the regional trends show with the durations. Working
at the subdaily scale, different durations are often related to different types of rainfall systems that can answer
in differential way to changes in the climatic setting (e.g., increase in the temperature).

Considering the relevance of the problem of identifying the consequences of climate change on the extreme
rainfall regime, the outcomes of this study stress the need of developing more systematic and localized
approaches for a consistent large-scale trend detection at the large scale, capable of effectively merging the
results that can be observed with more local analyses.

LIBERTINO ET AL. 8



Geophysical Research Letters 10.1029/2019GL083371

References

Alexander, L., Zhang, X., Peterson, T., Caesar, J., Gleason, B., Klein Tank, A. M. G., et al. (2006). Global observed changes in daily
climate extremes of temperature and precipitation. Journal of Geophysical Research, 111, D05109. https://doi.org/10.1029/2005JD006290

Amponsah, W., Ayral, P.-A., Boudevillain, B., Bouvier, C., Braud, I., Brunet, P., et al. (2018). Integrated high-resolution dataset of
high-intensity european and mediterranean flash floods. Earth System Science Data, 10(4), 1783–1794.

Arnone, E., Pumo, D., Viola, F., Noto, L. V., & La Loggia, G. (2013). Rainfall statistics changes in Sicily. Hydrology and Earth System Sciences,
17(7), 2449–2458. https://doi.org/10.5194/hess-17-2449-2013

Barbero, R., Fowler, H., Lenderink, G., & Blenkinsop, S. (2017). Is the intensification of precipitation extremes with global warming better
detected at hourly than daily resolutions? Geophysical Research Letters, 44, 974–983. https://doi.org/10.1002/2016GL071917

Belle, G., & Hughes, J. P. (1984). Nonparametric tests for trend in water quality. Water Resources Research, 20(1), 127–136.
Benestad, R. E. (2003). How often can we expect a record event? Climate Research, 25(1), 3–13. https://doi.org/10.3354/cr025003
Caloiero, T., Coscarelli, R., Ferrari, E., & Mancini, M. (2011). Trend detection of annual and seasonal rainfall in Calabria (Southern Italy).

International Journal of Climatology, 31(1), 44–56. https://doi.org/10.1002/joc.2055
Cifrodelli, M., Corradini, C., Morbidelli, R., Saltalippi, C., & Flammini, A. (2015). The influence of climate change on heavy rainfalls in

Central Italy. Procedia Earth and Planetary Science, 15, 694–701. https://doi.org/10.1016/j.proeps.2015.08.097
Coles, S. (2001). An introduction to statistical modeling of extreme values. London, Berlin, Heidelberg: Springer. https://doi.org/10.1007/

978-1-4471-3675-0
Crisci, A., Gozzini, B., Meneguzzo, F., Pagliara, S., & Maracchi, G. (2002). Extreme rainfalls in the changing climate: Regional analysis and

hydrological implications. Hydrological Processes, 16(6), 1261–1274.
Donat, M. G., Alexander, L. V., Yang, H., Durre, I., Vose, R., & Caesar, J. (2013b). Global land-based datasets for monitoring climatic

extremes. Bulletin of the American Meteorological Society, 94(7), 997–1006.
Donat, M. G., Alexander, L. V., Yang, H., Durre, I., Vose, R., Dunn, R., et al. (2013a). Updated analyses of temperature and precipitation

extreme indices since the beginning of the twentieth century: The HadEX2 dataset. Journal of Geophysical Research: Atmospheres, 118,
2098–2118. https://doi.org/10.1002/jgrd.50150

ESRI (2018). ArcGIS release 10.6—Spatial analyst toolbox, Redlands, CA. http://www.esri.com/
Fujibe, F. (2013). Clausius-Clapeyron-like relationship in multidecadal changes of extreme short-term precipitation and temperature in

Japan. Atmospheric Science Letters, 14(3), 127–132. https://doi.org/10.1002/asl2.428
Gallus, W. A., Parodi, A., & Maugeri, M. (2018). Possible impacts of a changing climate on intense Ligurian Sea rainfall events. International

Journal of Climatology, 38(S1), e323–e329. https://doi.org/10.1002/joc.5372
Gilbert, R. O. (1987). Statistical methods for environmental pollution monitoring. New York City: Wiley. https://doi.org/10.2307/1270090
Glick, N. (1978). Breaking records and breaking boards. The American Mathematical Monthly, 85(1), 2–26. https://doi.org/10.1080/

00029890.1978.11994501
Groisman, P., Knight, R., Easterling, D., Karl, T. R., Hegerl, G. C., & Razuvaev, V. N. (2005). Trends in precipitation intensity in the climate

record. Journal of Climate, 18(9), 1326–1350. https://doi.org/10.1175/JCLI3339.1
Groisman, P. Y., Knight, R. W., & Karl, T. R. (2012). Changes in intense precipitation over the Central United States. Journal of

Hydrometeorology, 13(1), 47–66. https://doi.org/10.1175/JHM-D-11-039.1
Guerreiro, S. B., Fowler, H. J., Barbero, R., Westra, S., Lenderink, G., Blenkinsop, S., et al. (2018). Detection of continental-scale

intensification of hourly rainfall extremes. Nature Climate Change, 8(9), 803.
Helsel, D. R., & Frans, L. M. (2006). Regional Kendall test for trend. Environmental Science & Technology, 40(13), 4066–4073.
Hipel, K. W, & McLeod, A. I. (1994). Time series modelling of Water Resources and Environmental Systems (1st ed.). Amsterdam: Elsevier

Science.
Hirsch, R. M., & Ryberg, K. R. (2012). Has the magnitude of floods across the usa changed with global CO2 levels? Hydrological Sciences

Journal, 57(1), 1–9.
Hirsch, R. M., & Slack, J. R. (1984). A nonparametric trend test for seasonal data with serial dependence. Water Resources Research,

20(6), 727–732.
Jakob, D., Karoly, D. J., & Seed, A. (2011). Non-stationarity in daily and sub-daily intense rainfall—Part 1: Sydney, Australia. Natural

Hazards and Earth System Sciences, 11(8), 2263–2271.
Kendall, M. G., & Gibbons, J. D. (1990). Rank correlation methods (4th ed.). Edited by Charles Griffin. London: Griffin.
King, A. D., Alexander, L. V., & Donat, M. G. (2013). The efficacy of using gridded data to examine extreme rainfall characteristics: A case

study for Australia. International Journal of Climatology, 33(10), 2376–2387. https://doi.org/10.1002/joc.3588
Lehmann, J., Coumou, D., & Frieler, K. (2015). Increased record-breaking precipitation events under global warming. Climatic Change,

132(4), 501–515. https://doi.org/10.1007/s10584-015-1434-y
Lenderink, G., Mok, H. Y., Lee, T. C., & Van Oldenborgh, G. J. (2011). Hydrology and Earth system sciences scaling and trends of

hourly precipitation extremes in two different climate zones-Hong Kong and the Netherlands. Hydrology and Earth System Sciences,
15(9), 3033–3041. https://doi.org/10.5194/hess-15-3033-2011

Lenderink, G., & Van Meijgaard, E. (2008). Increase in hourly precipitation extremes beyond expectations from temperature changes.
Nature Geoscience, 1(8), 511.

Libertino, A., Ganora, D., & Claps, P. (2018). Technical note: Space-time analysis of rainfall extremes in Italy: Clues from a reconciled
dataset. Hydrology and Earth System Sciences, 22(5), 2705–2715. https://doi.org/10.5194/hess-22-2705-2018

Libertino, A., Sharma, A., Lakshmi, V., & Claps, P. (2016). A global assessment of the timing of extreme rainfall from TRMM and GPM for
improving hydrologic design. Environmental Research Letters, 11(5), 054003. https://doi.org/10.1088/1748-9326/11/5/054003

Mann, H. B. (1945). Nonparametric tests against trend. Econometrica, 13(3), 245. https://doi.org/10.2307/1907187
Marshall, G. (2007). Statistical methods in the atmospheric sciences (2nd ed.). Edited by D. S. Wilks, 1995. International Geophysics Series,

vol. 59: Academic Press. 14, 2https://doi.org/10.1002/met.16
Molnar, P., Fatichi, S., Gaál, L., Szolgay, J., & Burlando, P. (2015). Storm type effects on super clausius–clapeyron scaling of intense rainstorm

properties with air temperature. Hydrology and Earth System Sciences, 19(4), 1753.
Page, C. M., Nicholls, N., Plummer, N., Trewin, B., Manton, M., Alexander, L., et al. (2004). Data rescue in the Southeast Asia and South

Pacific region—Challenges and opportunities. Bulletin of the American Meteorological Society, 85(10), 1483–1489. https://doi.org/10.
1175/bams-85-10-1483

Reed, D. (1999). Flood estimation handbook: Overview. Wallingford, UK: Institute of Hydrology. 1.

Acknowledgments
Original data supporting the analysis
and conclusions of the paper are
accessible directly from the Italian
regional monitoring institutions. The
full list of institutions and the related
instructions for obtaining the data are
published (Open Access) in Libertino
et al. (2018). The authors wish to thank
the contribution of the Editor Harihar
Rajaram and of two anonymous
reviewers for their valuable comments
and suggestions that improved the
quality of the paper. Discussions with
Francesco Laio and Alberto Viglione
are also acknowledged.

LIBERTINO ET AL. 9

https://doi.org/10.1029/2005JD006290
https://doi.org/10.5194/hess-17-2449-2013
https://doi.org/10.1002/2016GL071917
https://doi.org/10.3354/cr025003
https://doi.org/10.1002/joc.2055
https://doi.org/10.1016/j.proeps.2015.08.097
https://doi.org/10.1007/978-1-4471-3675-0
https://doi.org/10.1007/978-1-4471-3675-0
https://doi.org/10.1002/jgrd.50150
http://www.esri.com/
https://doi.org/10.1002/asl2.428
https://doi.org/10.1002/joc.5372
https://doi.org/10.2307/1270090
https://doi.org/10.1080/00029890.1978.11994501
https://doi.org/10.1080/00029890.1978.11994501
https://doi.org/10.1175/JCLI3339.1
https://doi.org/10.1175/JHM-D-11-039.1
https://doi.org/10.1002/joc.3588
https://doi.org/10.1007/s10584-015-1434-y
https://doi.org/10.5194/hess-15-3033-2011
https://doi.org/10.5194/hess-22-2705-2018
https://doi.org/10.1088/1748-9326/11/5/054003
https://doi.org/10.2307/1907187
https://doi.org/10.1002/met.16
https://doi.org/10.1175/bams-85-10-1483
https://doi.org/10.1175/bams-85-10-1483


Geophysical Research Letters 10.1029/2019GL083371

Saidi, H., Ciampittiello, M., Dresti, C., & Ghiglieri, G. (2015). Assessment of trends in extreme precipitation events: A case study in piedmont
(North-West Italy). Water Resources Management, 29, 63–80. https://doi.org/10.1007/s11269-014-0826-5

Sen, P. K. (1968). Estimates of the regression coefficient based on Kendall's tau. Journal of the American Statistical Association,
63(324), 1379–1389.

Skansi, M. d. l. M., Brunet, M., Sigró, J., Aguilar, E., Arevalo Groening, J. A., Bentancur, O. J., et al. (2013). Warming and wetting signals
emerging from analysis of changes in climate extreme indices over South America. Global and Planetary Change, 100, 295–307.
https://doi.org/10.1016/j.gloplacha.2012.11.004

Teegavarapu, R. (2012). Ch-7: Floods in a changing climate. Extreme precipitation.Cambridge: Cambridge University Press. https://doi.org/
10.1017/CBO9781139088442

Theil, H. (1950). A rank-invariant method of linear and polynominal regression analysis (Parts 1–3). Ned. akad. wetensch. proc. ser. a,
53, 386–392.

Uboldi, F., & Lussana, C. (2018). Evidence of non-stationarity in a local climatology of rainfall extremes in northern Italy. International
Journal of Climatology, 38(1), 506–516. https://doi.org/10.1002/joc.5183

van den Besselaar, E. J. M., Klein Tank, A. M. G., & Buishand, T. A. (2012). Trends in European precipitation extremes over 1951-2010:
TRENDS IN EUROPEAN PRECIPITATION EXTREMES. International Journal of Climatology, 33(12), 2682–2689. https://doi.org/10.
1002/joc.3619

von Storch, H., & Zwiers, F. W. (1999). Statistical analysis in climate research. Cambridge: Cambridge University Press. Journal of the
American Statistical Association https://doi.org/10.1017/CBO9780511612336

Wasko, C., & Sharma, A. (2015). Steeper temporal distribution of rain intensity at higher temperatures within australian storms. Nature
Geoscience, 8(7), 527.

Wergen, G., Hense, A., & Krug, J. (2014). Record occurrence and record values in daily and monthly temperatures. Climate Dynamics,
42(5-6), 1275–1289. https://doi.org/10.1007/s00382-013-1693-0

Wergen, G., & Krug, J. (2010). Record-breaking temperatures reveal a warming climate. EPL (Europhysics Letters), 92(3), 30008.
https://doi.org/10.1209/0295-5075/92/30008

Westra, S., Alexander, L. V., Zwiers, F. W., Westra, S., Alexander, L. V., & Zwiers, F. W. (2013). Global increasing trends in annual maximum
daily precipitation. Journal of Climate, 26(11), 3904–3918. https://doi.org/10.1175/JCLI-D-12-00502.1

Westra, S., Fowler, H. J., Evans, J. P., Alexander, L. V., Berg, P., Johnson, F., et al. (2014). Future changes to the intensity and frequency of
short-duration extreme rainfall. Reviews of Geophysics, 52, 522–555. https://doi.org/10.1002/2014RG000464

LIBERTINO ET AL. 10

https://doi.org/10.1007/s11269-014-0826-5
https://doi.org/10.1016/j.gloplacha.2012.11.004
https://doi.org/10.1017/CBO9781139088442
https://doi.org/10.1017/CBO9781139088442
https://doi.org/10.1002/joc.5183
https://doi.org/10.1002/joc.3619
https://doi.org/10.1002/joc.3619
https://doi.org/10.1017/CBO9780511612336
https://doi.org/10.1007/s00382-013-1693-0
https://doi.org/10.1209/0295-5075/92/30008
https://doi.org/10.1175/JCLI-D-12-00502.1
https://doi.org/10.1002/2014RG000464

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


