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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 re-
sults. Especially for short-duration extremes, spatial heterogeneities can affect the out-
comes 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 sub-daily durations in Italy. Versions of the Mann-Kendall

test and a record-breaking analysis, that 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 char-
acteristics. Results of the study underline the importance of a multi-scale 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 hydrology. Basically, atmospheric temperature is expected to strongly
influence the intensity of extreme rainfall, as warmer air is capable of holding more wa-
ter than cooler air, following the Clausius-Clapeyron equation (Westra et al., 2014). This
theoretical argument seems to suggest a relatively easy framework for understanding em-
pirical studies that have found a strong correlations between the increase of the atmo-
spheric temperature and the intensification of extreme rainfall (Westra et al., 2014), even
exceeding the increase foreseen by the Clausius-Clapeyron relation (Lenderink & Van Mei-
jgaard, 2008). On the other hand, other outcomes from observational-based studies seem
to suggest a more complex nexus, depending on multiple factors, e.g., the considered cli-
matic 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
analysing the connection 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 relationship 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
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focusing on the detection of trends in extreme rainfall intensities. Most studies are fo-
cused on the daily time scale, with either a regional (e.g., P. Y. Groisman et al. (2012);
van den Besselaar et al. (2012); Skansi et al. (2013) for the United States, Southern Amer-
ica and Europe, respectively) or a global spatial extent (e.g., P. Groisman et al. (2005);
Alexander et al. (2006); Donat et al. (2013b); Westra et al. (2013)). A few studies ex-
plore sub-daily rainfall extremes, being often limited to individual sites or to small re-
gions (e.g., Jakob et al. (2011); Lenderink et al. (2011); Fujibe (2013) for Sydney urban
area, Hong Kong and the Netherlands, and Japan respectively). Westra et al. (2014) re-
view a number of studies on the regional assessment of observed trends in sub-daily rain-
fall 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 stud-
ies on sub-daily extremes, stressing the role of the general shortage of long, high-quality
sub-daily rain gauge records. Not many countries across the world sistematically record
and freely distribute these data (Page et al., 2004). Sub-daily rainfall records are in fact
often subjected to restricted-access by the national authorities and, when available, they
are often interspersed, fragmented and unevenly distributed (Teegavarapu, 2012). Some
gridded interpolated rainfall products are indeed available for free (e.g., Donat et al. (2013a,
2013b)); however, various authors warn on the validity of results obtained using these
products for analysing extreme rainfall amounts, especially in areas with complex orog-
raphy (King et al., 2013; Libertino et al., 2016). The shortage of studies on the short-
duration extremes is then a remarkable issue, considering that it is not possible to di-
rectly 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 dataset of annual maxima for sub-daily durations
named [-RED (i.e., Italian Extreme Rainfall Dataset) has been recently compiled (Libertino
et al., 2018). Annual extremes are easier to collect compared to continuous sub-daily data,
and are generally subjected to strict quality control procedures by the national author-
ities, as they are frequently used as inputs in flood risk applications (e.g., Reed (1999);
Coles (2001)). 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

©2018 Anderican Geophysical Union. All rights reserved.
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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 300000 km?) could ap-
pear limited. However, the country is an ideal climatic bridge between the Mediterranean

and the inland Europe climate, as the country present a highly variable morpho-climatic

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 datasets. Conflicting outcomes then arise from these past studies. More specif-
ically, Crisci et al. (2002); Arnone et al. (2013); Saidi et al. (2015); Uboldi and Lussana
(2018) have found general increasing trends for short-duration rainfall respectively in Tus-
cany, 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 won-

der 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
5 different durations, varying from 1 to 24 hours. Both the magnitude of the recorded
intensities and the frequency of the largest events (i.e., record-breaking) are considered
for providing a complete check for their possible non-stationarity 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 which do not require any prior assumptions on the
statistical proprieties of the data other than the independence of the recorded observa-
tions 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 non-stationarities

in the extreme annual maxima of rainfall records.

The I-RED database (Libertino et al., 2018) includes the annual maximum rain-

fall depths for 1-,3-,6-,12- and 24-hours durations recorded from 1915 to 2015 in a net-
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109 work of about 5000 rain gauges distributed across Italy. The station density is of about

10 1 gauge per 70 km?. In this work, only time series with at least 30 years of either con-

m tinuous or non-continuous data have been selected, resulting in 1346 stations with records

12 having median length of 47 years (Figure 1). Considering series with less than 30 years

13 of data records has proven not to produce significant changes in the outcomes of the study.
114 To ensure the spatial representativeness of the evaluated statistics the analysis has been

15 further limited to the period 1928-2014, where at least 50 stations are simultaneously

116 active each year (see Figure S1). Consequently, all the data related to years out of the

17 selected range have been excluded. In that period, the records do not deviate significantly

118 from the hypothesis of serial independence in time.

Figure/2019GL083371-£01.png

Figure 1. Rain gauges and regions considered in the analysis.

119 As a first approach, the presence of trend in the frequency of occurrence of record-

2 breaking events is explored, through the theory of Record-Breaking analysis (RB) (Glick,

121 1978). Considering that a certain value is defined record-breaking if it exceeds all the

12 previous values in its time series, the RB analysis aims at assessing the increase/decrease
123 in time of the frequency of occurrence of these values. RB analyses have been used by

2% some authors in the recent years for assessing the presence of trends in temperature se-

125 ries (e.g., Benestad (2003); Wergen and Krug (2010); Wergen et al. (2014)) but, to our

% knowledge, it has not yet been considered with reference to rainfall extremes of short du-
127 rations. The RB analysis considers each single station separately, and this feature needs
% to be overcome to investigate changes at a regional scale.

120 Operatively, a matrix M, sized ny x Y is set up with the recorded annual max-

30 ima for each considered duration, n, being the number of rain gauges and Y the num-

131 ber of years. For each row, if a value of M, is a RB value, i.e., it exceeds all the previ-
132 ously recorded annual maxima at the considered station, the corresponding value in a

133 new Mpp matrix is set to 1; otherwise it is set to 0. Mprp has the same size of M, and
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missing and null values are preserved. The sum along the columns of Mgp for each year
generates the vector of the number of observed annual RBs, named R,;s, that is com-
pared with the vector R.., containing the number of expected RBs in a stationary cli-
mate. Reyp is obtained by summing along the columns of the M., matrix, generated
with the same size of M, by assigning to each non-null time step of each series the ex-
pected RB probability value under independent and identically distributed (iid) condi-
tions. By doing so, the null-hypothesis of a stationary climate accounts for the same spa-
tial and temporal inhomogeneity found in the observations. The annual RB anomaly is
then evaluated as the normalized difference between Ryps and Rezp (i-e., by using Equa-

tion S1, reported in the Supporting Information).

A “field significance” bootstrap-based procedure has then been applied (von Storch
& Zwiers, 1999; Marshall, 2007) for testing the significance of the observed trends in the
regional anomalies. The testing approach is based on the null hypothesis that in a sta-
tionary climate the time series can be described by iid values. The validity of this hy-
pothesis has been assessed in Lehmann et al. (2015), that 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
record-breaking anomaly) is estimated considering both the observed time series and 1000
replicates, that are obtained by bootstrapping along the time axis. The spatial corre-
lation across the stations is preserved while bootstrapping (Hirsch & Ryberg, 2012). The
observed statistic is considered compatible with the iid hypotesis if it falls inside the do-

main 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 test (MK) (Mann, 1945; Kendall & Gib-
bons, 1990). The MK is a non-parametric 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 environ-
mental 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 Re-
gional Kendall Test (RKT) (Helsel & Frans, 2006) then corrects the site specific MK re-
sults to account for the cross-correlation between the series, which results in one test statis-

tic for the region. Considering that spatial correlation among the stations can be sig-
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nificant, 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 relia-
bility 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 per-
centage of stations showing increasing/decreasing statistically significant trends on the
total is evaluated. These percentages are compared with the ones expected in the #id 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 Ttaly as a unique region (ITA region) for detecting the presence of trends at the coun-
try level. Then, for assessing the role of the spatial inhomogeneities, five pilot sub-regions
have been considered with more detail (see Figure 1). These smaller areas have been iden-
tified 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 3 regions are also
particularly interesting, because they include sites where national record-breaking events
(i.e., absolute maxima at the country level) have been recorded in the last 60 years. The
full list of the considered national record-breaking 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.

©2018 Anierican Geophysical Union. All rights reserved.



105 3 Full-scale trend analysis

% 3.1 Record-breaking analysis
o7 The main outcomes of the application of the RB analysis to the ITA region are re-
108 ported in this section. The first row of Figure 2 shows the anomalies in the frequency

199 of RB at the country scale and the 95% confidence bounds. The latter are derived with
00 the field significance procedure described in the previous Section, by bootstrapping 1000
201 resamples of the M, matrix (with replacement) and considering the annual quantiles re-
202 lated to the 0.025 and 0.975 probabilities. To facilitate the identification of non-linear

203 trends, the RB anomaly and the bounds are filtered with a 10-years moving average win-
20 dow. The most prominent evidence from the graphs is that for all the durations, an os-

0 cillating behaviour exists until the 1980s, with periods prior to 1980 characterized by neg-

206 ative anomalies (decreasing events) alternating with periods of positive ones (increas-

<07 ing events). After the ’80s increasing anomalies become apparent for the extremes of shorter
208 durations, overcoming the magnitudes of all the previously recorded positive anomalies,

09 and keep growing until the end of the observed period. Similar behaviour can be recog-

0 nised for the longer durations after the beginning of the 21th century. However, sum-

m marizing results at the country level, the frequency of RB does not show evidence of a

2 significant non-stationarity, despite a continuous increasing trend in the last decade for

213 all the durations.

214 3.2 Regional Kendall test

In order to assess the presence of a unique significant trend in the recorded inten-
216 sities at the country scale, the Regional Kendall Test is applied at first to the whole dataset,
o7 considering the country as a region with a possibly homogeneous behaviour. The result-

218 ing overall Kendall-Theil slopes (Theil, 1950; Sen, 1968) are again reported in Figure 2

219 in terms of numeric values of slopes. Additional results can be found in Table S2. In the
220 row ITA one can notice that all the obtained slopes are not significant under a 5% sig-
21 nificance level. Lack of trend evidence may result from two different conditions: there
2 may be no actual trend in most, or all, the series, or some locations may show trends,
223 but not in the same direction. Considering the spatial configuration of Italy, with pro-
224 nounced North-South elongation, and its climatic variability, going from Alpine to semi-
25 arid climate, the second hypothesis has as reasonable ground. The inhomogeneity in the

©2018 Anferican Geophysical Union. All rights reserved.



Figure/2019GL083371-f02-eps—converted-to.pdf

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-hours durations, respectively. The plots refer to the RB analysis; the an-
nual RB anomalies (the cyan histograms) are smoothed with a 10-years moving average filter
for showing the long-term non linear RB anomaly trends (the blue lines). The black dashed
lines represent the 95% confidence interval for the 7id-model. The coloured 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.

©2018 Arderican Geophysical Union. All rights reserved.



226

228

*30

231

32

233

234

235

236

37

238

39

240

41

42

243

44

245

246

249

250

51

252

’53

254

55

256

257

258

behaviour 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. There-
fore 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 perspec-
tive for assessing the presence of significant regional trends. To this aim, the percent-

ages 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
exceeding the theoretical value of 2.5% under the iid condition. However, the spatial de-
pendence 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 compatibility of the percentages obtained
from the observed time series with the distributions of the ones obtained by bootstrap-
ping 1000 replicates. The farther the observed values are from the average of these dis-
tributions, 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 distribu-
tions, 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 sys-

tematically 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 non-significant 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 pres-
ence of areas with homogeneous behaviour as regards the rainfall regime change. Results
are shown in Figure 3 (panels (a)-(e)), where different symbols are adopted for repre-
senting the rain gauges according to the outcome of the at-site MK test. Some spatial
clusters of significant increasing/decreasing trends emerge, but the sparseness of the sta-
tions showing significant trends prevents the identification of clear patterns. Different
behaviour for neighbouring 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 relevant, the MK test statistic (Equation S5) calculated at each site is spa-
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tially smoothed by using Ordinary Kriging. As opposed to other commonly used quan-
tities, (e.g., the Sen’s slope) the kriging on the MK test statistic allows to take into ac-
count 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 aban-
don the binary outcome “test passed”-“test not passed” to accommodate for the exis-
tence 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 pro-
portional to the absolute value of the test statistic, that 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 Figure 3 (panels (a)-

().

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 patterns can be pointed
out: a general decreasing trend for short-duration extremes is apparent in the north-west
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 re-
lated 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 (sub-regional) trends described in the previous Sec-
tion are significant, the same procedure applied above has been carried out on the afore-
mentioned 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 because of the different data availability in the areas un-

der investigation. The main results obtained are summarized as follows:
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Figure/2019GL083371-f03.png

Figure 3. Rain gauges showing significant trend at a 5% significance level for (a) 1-, (b) 3-,
(c) 6-, (d) 12- and (e) 24-hours durations. The background color represents the spatial distri-
bution of the Mann-Kendall test statistic, interpolated using Ordinary Kriging with spherical

variogram.

 the UP_PO region, located in the upper Po valley, is a plain/hilly area in North-
Western Italy. Concerning the frequency of RB there is no systematic trend for
all the durations, despite some annual positive anomalies going out of the confi-
dence bounds in the last years for longer-duration events. The fact that the anal-
ysis is limited to the period 1950-1994 (for the lack of a sufficient number of an-
nual 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 anal-
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ysis of Figure 3, the UP_PO region shows a significant decreasing trend in the in-
tensities for shorter-duration events. The negative slope of the trend line decreases
when larger durations are considered, reaching a non-significant positive slope for
the 24-hours duration.

the DOL region is located in the Dolomites area, a mountain area in North-Eastern
Italy. The RB anomaly systematically increases with time for the shorter dura-
tions 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.

the LIG region is a coastal area between the Ligurian sea and the Appennine moun-
tains, characterized by a complex orography (elevation varies from 0 m a.s.l. to
about 2000 m a.s.l) where many national record-breaking 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 con-
sistent increasing trend in the last 20 years only for the shorter durations. The
RKT does not detect significant regional trends, probably because of the inhomo-
geneities in the behaviour among the stations, that emerge from the visual anal-
ysis of Figure 3. In fact, the area shows both increasing and decreasing trends, vary-
ing both in space and with the duration.

the CAL area refers to the aforementioned Calabria region, a peninsular area in
Southern Italy, characterized by significant relief in the central part and wide flat
coastal plains. T'wo national record-breaking 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 con-
firms the consistent decreasing trend in the intensities that emerges from the vi-
sual analysis. Despite this, the regional trend turns out to be non-significant for

all the durations, except that of 24 hours. The trend homogeneity test identifies
inhomogeneities in the area for the 1- and 12-hours durations.

the SAR area refers to the Sardinia region, the second-largest island in the Mediter-
ranean sea, where a national record-breaking evnt for the 3-hours 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,
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except for the 1- and 12-hours 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 considered, apparently related
with the local morpho-climatic setting. The Italian example shows how the spatial vari-
ability 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 in-
fluence 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 sub-daily durations
has been carried out in Italy, as a wide and morphologically complex domain with sig-
nificant 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 com-

prehensive overview of the evolution of the extreme rainfall regime.

Concerning the frequency, the outcomes show that all the observed trends are non-
significant, i.e., are compatible with the hypothesis of stationary climate. Despite this,
a continuous increase in the positive record-breaking 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 record-breaking 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, etc.).

With regards to the intensities of the events, a clear trend in extreme rainfall mag-
nitude 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 spatio-temporal 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
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the durations. Working at the sub-daily scale, different durations are often related to dif-
ferent type of rainfall systems, that can answer in differential way to changes in the cli-

matic setting (e.g., increase in the temperature, etc.).

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 de-
veloping more systematic and localized approaches for a consistent large-scale trend de-
tection at the large scale, capable of effectively merging the results that can be observed

with more local analyses.

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 re-
lated 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
2 anonymous reviewers for their valuable comments and suggestions that improved the
quality of the paper. Discussions with Francesco Laio and Alberto Viglione are also ac-

knowledged.

References

Alexander, L., Zhang, X., Peterson, T., Caesar, J., Gleason, B., Klein Tank, A.,
... Vazquez-Aguirre, J. (2006). Global observed changes in daily climate
extremes of temperature and precipitation. Journal of Geophysical Research
Atmospheres, 111(5), D05109. doi: 10.1029/2005JD006290

Amponsah, W., Ayral, P.-A., Boudevillain, B., Bouvier, C., Braud, 1., Brunet, P.,

. others (2018). Integrated high-resolution dataset of high-intensity eu-

ropean 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. doi: 10.5194/hess-17-2449-2013

Barbero, R., Fowler, H., Lenderink, G., & Blenkinsop, S. (2017). Is the intensifica-

©2018 Arterican Geophysical Union. All rights reserved.



392

394

595

926

397

-98

929

400

01

402

403

404

405

406

407

423

424

tion of precipitation extremes with global warming better detected at hourly
than daily resolutions? Geophysical Research Letters, 44(2), 974-983.

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. doi: 10.3354/cr025003

Caloiero, T., Coscarelli, R., Ferrari, E., & Mancini, M.  (2011). Trend detection of
annual and seasonal rainfall in Calabria (Southern Italy). International Jour-
nal of Climatology, 31(1), 44-56. doi: 10.1002/joc.2055

Cifrodelli, M., Corradini, C., Morbidelli, R., Saltalippi, C., & Flammini, A. (2015,
jan). The Influence of Climate Change on Heavy Rainfalls in Central Italy.
Procedia Earth and Planetary Science, 15, 694-701. Retrieved from http://
linkinghub.elsevier.com/retrieve/pii/S1878522015003604 doi:
10.1016/j.proeps.2015.08.097

Coles, S.  (2001). An Introduction to Statistical Modeling of Extreme Values. Lon-
don, Berlin, Heidelberg: Springer. Retrieved from http://link.springer
.com/10.1007/978-1-4471-3675-0 doi: 10.1007/978-1-4471-3675-0

Crisci, A., Gozzini, B., Meneguzzo, F., Pagliara, S., & Maracchi, G.  (2002). Ex-
treme 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, L., 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, 1., Vose, R., Dunn, R., ... others
(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(5), 2098-2118.

ESRI. (2018). ArcGIS Relaese 10.6 - Spatial Analyst Toolbox. Redlands, CA. Re-
trieved from http://www.esri.com/

Fujibe, F.  (2013). Clausius-Clapeyron-like relationship in multidecadal changes of
extreme short-term precipitation and temperature in Japan. Atmospheric Sci-
ence Letters, 14(3), 127-132. doi: 10.1002/asl12.428

Gallus, W. A., Parodi, A., & Maugeri, M. (2018, dec). Possible impacts of a chang-

©2018 Arferican Geophysical Union. All rights reserved.



29

430

31

32

433

34

435

=36

437

438

439

440

441

142

443

453

54

455

456

457

ing climate on intense Ligurian Sea rainfall events. International Journal of
Climatology, 38(S1), e323-e329. Retrieved from http://doi.wiley.com/
10.1002/90c.5372 doi: 10.1002/joc.5372

Gilbert, R. O. (1987). Statistical Methods for Environmental Pollution Monitoring.
New York City: Wiley. Retrieved from http://www.osti.gov/scitech/
servlets/purl/7037501 doi: 10.2307/1270090

Glick, N. (1978, jan). Breaking Records and Breaking Boards. The American Mathe-
matical Monthly, 85(1), 2-26. Retrieved from https://doi.org/10.1080/
00029890.1978.11994501 doi: 10.2307/2978044

Groisman, P.; Knight, R., Easterling, D., Karl, T. R., Hegerl, G. C., & Razu-
vaev, V. N. (2005). Trends in precipitation intensity in the climate
record. Journal of Climate, 18(9), 1326-1350. Retrieved from http://
WWw.sages.ac.uk/home/homes/ghegerl/Groisman{\_}et{\_}al{\_}
...s{\_}intensity.pdf doi: 10.1175/JCLI3339.1

Groisman, P. Y., Knight, R. W., & Karl, T. R. (2012). Changes in Intense Precip-
itation over the Central United States. Journal of Hydrometeorology, 13(1),
47-66. Retrieved from http://journals.ametsoc.org/doi/abs/
10.1175/JHM-D-11-039.1 doi: 10.1175/JHM-D-11-039.1

Guerreiro, S. B., Fowler, H. J., Barbero, R., Westra, S., Lenderink, G., Blenkinsop,
S., ... Li, X.-F. (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., & McLeod, A. (1994). Time series modelling of Water Resources and En-
vironmental Systems (1st ed.). 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 editio ed.;

©2018 Arferican Geophysical Union. All rights reserved.



458

463

64

55

466

67

468

470

471

473

474

75

476

7

478

+79

480

~87

488

489

490

Charles Griffin, Ed.).

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. In-

ternational Journal of Climatology, 33(10), 2376-2387. doi: 10.1002/joc.3588

Lehmann, J., Coumou, D., & Frieler, K. (2015). Increased record-breaking precipita-
tion events under global warming. Climatic Change, 182(4), 501-515. doi: 10
.1007/s10584-015-1434-y

Lenderink, G., Mok, H. Y., Lee, T. C., & Van Oldenborgh, G. J. (2011). Hy-
drology and Earth System Sciences Scaling and trends of hourly pre-
cipitation extremes in two different climate zones-Hong Kong and the
Netherlands. Hydrol. Earth Syst. Sci, 15(9), 3033-3041. Retrieved
from www.hydrol-earth-syst-sci.net/15/3033/2011/ doi:

10.5194 /hess-15-3033-2011

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

Libertino, A., Ganora, D., & Claps, P. (2018, jan). Technical note: Space-time
analysis of rainfall extremes in Italy: clues from a reconciled dataset.  Hydrol-
ogy and Earth System Sciences, 22(5), 2705-2715. Retrieved from https://
www.hydrol-earth-syst-sci-discuss.net/hess-2017-752/ doi:

10.5194 /hess-22-2705-2018

Libertino, A., Sharma, A., Lakshmi, V., & Claps, P. (2016). A global assess-
ment of the timing of extreme rainfall from TRMM and GPM for im-
proving hydrologic design. Environmental Research Letters, 11(5). doi:

10.1088/1748-9326/11/5/054003

Mann, H. B.  (1945). Nonparametric Tests Against Trend. Econometrica, 13(3),
245. Retrieved from http://www. jstor.org/stable/190718720origin=

crossref doi: 10.2307/1907187

Marshall, G. (2007). Statistical methods in the atmospheric sciences, second edition
D. S. Wilks. 1995. International Geophysics Series, Vol 59, Academic Press,
464pp. ISBN-10: 0127519653. ISBN-13: 978-0127519654. £59.99. (Vol. 14)
(No. 2). Retrieved from http://doi.wiley.com/10.1002/met.16 doi:

10.1002/met.16

©2018 Arferican Geophysical Union. All rights reserved.



494

95

496

97

98

499

00

501

502

503

504

505

506

507

08

509

519

220

521

522

523

Molnar, P., Fatichi, S., Gadl, 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., ...
Zhai, P. (2004). Data rescue in the Southeast Asia and South Pacific region -
Challenges and opportunities. Bulletin of the American Meteorological Society,
85(10), 1483-1489. doi: 10.1175/bams-85-10-1483

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

Saidi, H., Ciampittiello, M., Dresti, C., & Ghiglieri, G. (2015). Assessment
of Trends in Extreme Precipitation Events: A Case Study in Piedmont
(North-West Ttaly). Water Resources Management, 29(1), 63-80. doi:
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. 1. M., Brunet, M., Sigré, J., Aguilar, E., Arevalo Groening, J. A., Ben-
tancur, O. J., ... Jones, P. D. (2013). Warming and wetting signals emerging
from analysis of changes in climate extreme indices over South America. Global

and Planetary Change, 100, 295-307. doi: 10.1016/j.gloplacha.2012.11.004

Teegavarapu, R. (2012). Ch-7: Floods in a Changing Climate. Extreme Pre-
cipitation. (No. September). Cambridge University Press. doi: 10.1017/
CB09781139088442

Theil, H. (1950). A rank-invariant method of linear and polynominal regression anal-

ysis (parts 1-3). In Ned. akad. wetensch. proc. ser. a (Vol. 53, pp. 386-392).

Uboldi, F., & Lussana, C. (2018, jul). Evidence of non-stationarity in a local cli-
matology of rainfall extremes in northern Italy.  International Journal of Cli-
matology, 38(1), 506-516. Retrieved from https://doi.org/10.1002/joc

.5183 doi: 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 EU-
ROPEAN PRECIPITATION EXTREMES. International Journal of Climatol-
ogy, 38(12), n/a—n/a. Retrieved from http://doi.wiley.com/10.1002/

joc.3619 doi: 10.1002/joc.3619

©2018 Anferican Geophysical Union. All rights reserved.



524

526

.7

28

529

30

531

532

533

534

35

536

37

538

39

40

541

42

543

544

45

547

von Storch, H., & Zwiers, F. W. (1999). Statistical Analysis in Climate Re-
search. Journal of the American Statistical Association. Retrieved from
http://ebooks.cambridge.org/ref/id/CB09780511612336 doi:
10.1017/CB0O9780511612336

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. doi:
10.1007/s00382-013-1693-0

Wergen, G., & Krug, J. (2010). Record-breaking temperatures reveal a warming cli-
mate. Epl, 92(3). doi: 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 Precip-
itation.  Journal of Climate, 26(11), 3904-3918.  Retrieved from http://
journals.ametsoc.org/doi/abs/10.1175/JCLI-D-12-00502.1 doi:
10.1175/JCLI-D-12-00502.1

Westra, S., Fowler, H. J., Evans, J. P., Alexander, L. V., Berg, P., Johnson,
F., ... Roberts, N. M. (2014). Future changes to the intensity and
frequency of short-duration extreme rainfall. Reviews of Geophysics,
52(3), n/a-—n/a. Retrieved from http://doi.wiley.com/10.1002/
2014RG000464{\%}5Cnhttp://onlinelibrary.wiley.com/
store/10.1002/2014RG000464/asset/rog20045.pdf?v=1{\&}t=
i0en7x80{\&}s=ee52378fbb637£37394729cd27a9b3d58922ba7b doi:

10.1002/2014RG000464

©2018 Arferican Geophysical Union. All rights reserved.



Figure 1.

rticle

Accepted

©2018 American Geophysical Union. All rights reserved.



100" 200 km

5o

0°

1

+ Rain gauge

Regions:

©201

-

<

S &

LI |

LI |

LI |

2O

A 4

L |

LI |

LI |
(@]
P_

<C

E 5
1
1
1
o
°

~ | |

5|

[

£

[

Kol

=

=

Th

B
{
~



Figure 2.

rticle

Accepted

©2018 American Geophysical Union. All rights reserved.



200

100

ar. naly (¢

600

anc.naly (%,

wiiomaly (%)

400

-
X
=
©
£
£
®

1 HOUR 3 HOURS 6 HOURS 12 HOURS 24 HOURS
~0* 1 0.008* 10.012* 10.011* 10.005% _ =
- " - -
- - - - - _ - - - -
- - - - /

- - - 4 g
:vwwi W M " WJ
~ ~ ~ ~ N

10.094 1 0.045 10.036 10,025 10.009
.7 v’
- = / /
- - 7
-, - / /
-~ . - ’ - <
10.039 1 0.056 10.068 10.100 10.139
P - ” -=
- - -~ s //
- - P - T 7 _/ -
- r'd - - e - s 1
10.003 10.012 10.030 10.052 10.044
P g - - -~ ' T e -
7 - s 7
7 7 7/ /
’ s ’ 7/ 4
e [ 7 [ P g : 4 e
| 0.053* 10.067 10.089 | 0.146* 1 0.276
- - -~
- - P 7 - ———

P ’ ’ ’ ’

- - - ’ ’
B P Al B o ol B ST B e DI B TS
~0* 10.018 10.034 1 0.050* 10.062

- -— - - ” -=-
- - - - - . P - , P y
-~ d - 4 - - 4
1940 7196019802000 1940 1960 1980 2008 2 S ATHR AR e oy et i, Al g T nystt:

time (years)

time (years)

time (years)

time (years)

time (years)




Figure 3.

rticle

Accepted

©2018 American Geophysical Union. All rights reserved.



300(km|

2 S \/

Lecreasing significant trend V' Increasing significant trend @201@ Wh‘?ﬁ&@@%})hyswﬂﬂl}- All I‘ightS I‘_d.
15 15



10° 15°

45°

40°

° T 0 100”7 200 km

[ |
10° 15°
+ Rain gauge Regions:
Elevation (m asl): ITA ---DOL ---CAL
] __._.UPPO ---LIG ---SAR

0 4810
2019GL083371-f01-z-.png

©2018 American Geophysical Union. All rights reserved.



oL

LIG

SAR

anomaly (%)

anomaly (%) anomaly (%)

anomaly (%)

200

100

1 HOUR 3 HOURS 6 HOURS 12 HOURS 24 HOURS
~0* 10.008* 10.012* 10.011% _ 10.005% _ =
- - -
_ - - s 5 - - > - - 2 -
_ - - _ - -— - - P -~ y
- - > L
~ ~ . ~ ~ N
1 0.094 1 0.045 10.036 1 0.025 10.009
~
10.039 1 0.056 10.068 10.100 10.139
P - s -=
/
-~ ~ e
- - - P -~ P —,
PR - = ‘ /
10.003 10,012 10.030 10.052 1 0.044 i
.
Pl o 7 7 L (it d T 7 -
-, -
- -, ’ / 4
’ ’ ’ ’ ’
e [ 7 [ 7 : 7 7
10.053* 10.067 1 0.089 1 0.146* 10.276
- -
- - 7 - - 7/ - - = -
& = ’ - Vs /7 Y
el ’ ’ ’ ’
- ” rd 7 '
Ao f sl J _Mﬂiﬂiﬂ—'— W ' W
~0* 10.018 1 0.034 1 0.050* 10.062
- - -— - ” = =
& o - 3 -~ » - /7
1940 196019802000 19401960 1980 2000 19401960 1980 2000 1940 1960 1980 2000 19401960 1980 2000

time (years)

time (years)

time (years)

time (years)

time (years)

2019g1083371-f02-z-.eps

©2018 American Geophysical Union. All rights reserved.




300y km

300(km

2 I~
er~_J

A

150 300 km

0 150 300km| [q) /f 0
: [ —]

0 150 300km | [c) /(
L me—

. z

Not significant trend (5%)

J significanttrend V  Increasing significant trend A

[Canre-

2019GL083371-f03-z-.png

©2018 American Geophysical Union. All rights reserved.



	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3



