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Abstract. Changes in rainfall characteristics are one of the1 h rainfall duration. Conversely, precipitation events of long
most relevant signs of current climate alterations. Many stud-durations have exhibited a decreased trend. Increase in short-
ies have demonstrated an increase in rainfall intensity andiuration precipitation has been observed especially in sta-
a reduction of frequency in several areas of the world, in-tions located along the coastline; however, no clear and well-
cluding Mediterranean areas. Rainfall characteristics may belefined spatial pattern has been outlined by the results. Out-
crucial for vegetation patterns formation and evolution in comes of analysis for daily rainfall properties have showed
Mediterranean ecosystems, with important implications, forthat heavy—torrential precipitation events tend to be more fre-
example, in vegetation water stress or coexistence and conguent at regional scale, while light rainfall events exhibited
petition dynamics. At the same time, characteristics of ex-a negative trend at some sites. Values of total annual precip-
treme rainfall events are fundamental for the estimation ofitation events confirmed a significant negative trend, mainly
flood peaks and quantiles that can be used in many hydrodue to the reduction during the winter season.
logical applications, such as design of the most common
hydraulic structures, or planning and management of flood-
prone areas.

In the past, Sicily has been screened for several signalé
of possible climate change. Annual, seasonal and monthlyl_

rainfall data in the entire Sicilian region have been analyzed, he tc:(;]n3|de|r?jb[[eh mpgctsf;_)f climate chtantgedqn Ot” enVItront-
showing a global reduction of total annual rainfall. More- ment have led the scientilic community 1o diréct constan

over, annual maximum rainfall series for different durations attention to the analysis of possible trends and their possi-

have been rarely analyzed in order to detect the presence (9"6 implications. Change in extreme events can directly or

trends. Results indicated that for short durations, historicafr&d'ri‘:tl'y Lmﬁ’a‘ifggfggrm enwlclmmehms andhhulThan acj:uw?ets
series generally exhibit increasing trends, while for Ionger( unket et al., ), as well as uman heaith and satety.
durations the trends are mainly negative. Over the last decades, several studies on rainfall trends have

Starting from these premises, the aim of this study is to in_been carried out throughout the world; such studies have in-

vestigate and quantify changes in rainfall statistics in Sicily, vestigated potential _trgnQS n dlfferent_ra|_nfall vgnables, such
during the second half of the last century. Time series of2s total annual precipitation, mean daily intensity and annual

about 60 stations over the region have been processed aﬁ'aaxima for fixed durations, as well as at different temporal

screened by using the nonparametric Mann—Kendall test. sciles,bsui:r? ats a}nn;éicl);) ' seas_(;nal. hensi . f
In particular, extreme events have been analyzed using an- renherth et al. ( ) provide a comprehensive view a

nual maximum rainfall series at 1, 3, 6, 12 and 24 h duration,S“Ch studies. In some areas, analyges of dai_ly sgries of _the
while daily rainfall properties have been analyzed in terms ofIaSt few decades have shown a positive trend in daily precip-

frequency and intensity, also characterizing seasonal rainfaffation intensity and a tendency toward higher frequencies of

features. Results of extreme events analysis confirmed an ir{el::\xhae?g S;(etrc?gst(;t:slnngia(nTSOEgC;OQh(e)tNﬂ.t'hlegr%fgét-l;gee\?;t
creasing trend for rainfall of short durations, especially for .
g P y positive trends are the US (Kunkel et al., 1999a; Trenberth
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Published by Copernicus Publications on behalf of the European Geosciences Union.



2450 E. Arnone et al.: Rainfall statistics changes in Sicily

et al., 2007; Villarini et al., 2011), eastern and northeastermrainfall categories — torrential/heavy against moderate/light
Australia (Plummer et al., 1999), South Africa (Mason et al., intensities — is of crucial interest, particularly in the semi-
1999), the UK (Osborn et al., 2000) and northern and cen-arid subtropical regions, with regard to water management,
tral Italy (Brunetti et al., 2000, 2001). Most of the areas with soil erosion and flash flood impacts.
a positive trend in rainfall intensity have shown an increase In lItaly, Brunetti et al. (2001) analyzed 67 sites of daily
in total precipitation as well (Groisman et al., 1999). How- precipitation records over the 1951-1996 period. They inves-
ever, in some areas, such as in northern Italy, an increase itigated seasonal and yearly total precipitation, number of wet
heavy precipitation has been detected simultaneously with @ays and precipitation intensity, and they studied the trends
decreasing trend in total precipitation (Brunetti et al., 2001;both from the single-station records as well as other differ-
Alpert et al., 2002). Besides the increasing trend observed irent areas by using averaged series. The results showed that
rainfall intensity, global observations indicate that the overallthe trend for the number of wet days in the year is signifi-
percentage of the Earth’s surface is affected by either droughtantly negative throughout Italy, particularly stronger in the
or excessive wetness has increased (Dai et al., 1998). north than in the south, especially in the winter. They also
Analyses on extreme rainfall events have been carried oushowed a tendency toward an increase in precipitation inten-
by Burn et al. (2011), Adamowski et al. (2010) and De Tof- sity, which is globally less strong and significant than the de-
fol et al. (2009). Burn et al. (2011) analyzed hourly rainfall crease in the number of wet days. In northern Italy, such an
data for durations of 1, 2, 6, 12 and 24 h in British Columbia; increase is mainly owing to a strong increase in the heaviest
their results have revealed generally increasing trends in exevents, while in central-southern Italy, it depends on a larger
treme rainfall, especially for the summer season and for thepart of the distribution of the amount of wet days.
short-duration rainfall events. With regard to urban catch- Sicily has been screened for several climate change signals
ment, Adamowski et al. (2010) analyzed linear trends foras well: Aronica et al. (2002) analyzed the series of maxi-
different combinations of durations and frequencies of an-mum intensity for fixed duration (1, 3, 6, 12, 24 h) and an-
nual short-duration extreme rainfall by considering time se-nual daily maxima in the Palermo urban area by estimating
ries from 15 meteorological stations in Ontario, Canada, andhe maximum rainfall depth corresponding to a fixed return
short-duration rainfall events of 5, 10, 15 and 30 min andperiod using the EV1 distributions. They observed a global
1h. For all the durations they obtained significant increas-reduction of rainfall intensities, in disagreement with the re-
ing trends. De Toffol et al. (2009) considered the intensitiessults obtained by other authors. Annual maximum rainfall se-
over 15 and 30min and 1, 2, 12 and 24 h to investigate theaies of different durations were also screened by Bonaccorso
changes in short-duration rainfall intensities in the Austrianet al. ( 2005), who assessed the presence of linear and non-
Alpine region Tyrol relevant to urban drainage systems; theylinear trends. They analyzed 16 series from rain gauge sta-
concluded that there is an increasing trend in the rainfall in-tions mostly placed in the eastern Sicily, and the results indi-
tensity for short durations, and there is a more significant in-cated that for short durations, historical series generally ex-
crease in number of extreme rainfall events. hibit increasing trends, while for longer durations the trends
A number of studies are specifically addressed to theare mainly negative. Cannarozzo et al. (2006) analyzed an-
Mediterranean areas, given the peculiar climate of such arnual, seasonal and monthly rainfall data in the entire Sicilian
eas. The Mediterranean region is affected by interactions beregion, showing a global reduction of total annual rainfall,
tween mid-latitude and tropical processes since it lies bewhich is mainly due to the winter reduction.
tween the arid climate of North Africa and the temperate and Previous studies have demonstrated a clear reduction
rainy climate of central Europe. For these reasons, even reldan annual rainfall, mainly concentrated during the winter,
tively minor modifications of the general circulation can lead which is in agreement with tendencies observed in southern
to substantial changes in the Mediterranean climate (GiorgMediterranean areas. However, there is a lack of knowledge
and Lionello, 2008). This makes the Mediterranean areas ®n how and if rainfall properties have changed during the
potentially vulnerable region to climatic changes (Lionello last century. Although changes in rainfall extremes may have
et al., 2006; Ulbrich et al., 2006). tremendous implications on engineering design and flood
Alpert et al. (2002) conducted a coherent study of the full risk assessment, a comprehensive analysis on these changes
scale of daily rainfall categories over the Mediterranean inis missing in the scientific literature. Similarly, changes in
order to assess the paradoxical behavior characterized by ataily rainfall intensity and frequency may have large impacts
increase of extreme rainfall in spite of a decrease in the to-on ecosystems, as investigated by Pumo et al. (2010); how-
tals. The authors showed that the torrential rainfall in Italy ever analyses on changes in rainfall properties are missing as
exceeding 128 mm has increased by a factor of 4 percent well.
during the period 1951-1995. In Spain, extreme categories This study aims to provide a comprehensive investiga-
(light: 0-4 mm d'! and heavy/torrential: 64 mntd and up) tion for understanding how extreme events, daily rainfall and
have experienced significant increase, different to those of Israinfall properties in Sicily have changed in the last century.
rael and Cyprus, where no significant trends were observed. Particularly, the study analyzes the annual maximum rain-
It is clear how the consequent redistribution of the daily fall for fixed duration (1, 3, 6, 12 and 24 h) and the daily
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rainfall series recorded from 1956 to 2005 at about 60and compared with a standard normal distribution at the re-
stations. The daily rainfall events are analyzed by clas-quired level of significance. If the significance levek;g,
sifying the events into different intensity-based rainfall is set equal to 0.05, the null hypothesis is verified when
categories, namely light, light-moderate, moderate—heavy}Z;| < 1.96. A positive value ofZ; indicates an increasing
heavy, heavy—torrential and torrential precipitation. Thetrend and vice versa. Local significance levels/élues) for
number of occurrences and the contribution of each clasgach trend test can be obtained from the fact that

to the total precipitation are analyzed for assessing signals

of trend. Changes in frequency, at both the annual and the = 2[1— ® (1Zs])], (5)
seasonal scale, are investigated by analyzing the interarrival _ o )

times between subsequent events. The presence of any sijnere® (-) denotes the cumulative distribution function of
nificant trend has been detected using the nonparametrig Standard normal variate. The magnitude of trends is given

Mann—Kendall test.

by a nonparametric robust estimate determined by Hirsch et

The structure of the manuscript is as follows: Sect. 2 in-&l- (1982):
troduces the methodology and the dataset used in the anal-

ysis, providing a description of the adopted trend detectiong = Median(xj,—_;l>
j—

Vi<, (6)

test, the regional dataset and the derived rainfall variables

screened for the analysis; Sect. 3 reports the discussion Qfere x; is the I-th observation antecedent to theth
the results, concerning each analyzed variable. Finally, th%bservationcj.

relevant conclusions arising from this study are reported in

Sect. 4.

2 Methodology and dataset
2.1 Trend detection test

The nonparametric Mann—Kendall test (Mann,

In order to verify the existence of any positive/negative
serial correlation in the used time series, we analyzed the
lag-1 autoregressive process, AR (1), of all the series, ob-
taining an autocorrelation coefficient close to zero. This re-
sult allowed us to apply the Mann—Kendall without process-
ing a prewhitening procedure, which is required to eliminate
any possible noise affecting the trend results (Yue and Wang,

1945; 2002).
Kendall, 1962) is used in this study to detect any potential

trend in the analyzed time series. The test identifies the pres2.2  The regional dataset

ence of a trend without making an assumption about the dis- ) ] ] ]
tribution properties, and as a result is less influenced by the>iClly is the largest island in the Mediterranean Sea, and it

presence of outliers than the parametric tests. The test stati§Xt€nds over an area of approximately 25 706 Kfine rain-

tic Kendall's S (Kendall, 1962) is calculated as

n=1 n
S=Y">" sign(x; —x). y

i=1j=i+1

wherex; andx;are the data values at timegnd j, n is the
length of the dataset and

1 if (xj—x;)>0
Sigl’(x]'—xi)z 0 if (Xj—x,')zo (2)
-1 if (x;—x;) <0,

fall dataset has been selected from the regional database pub-
lished by Osservatorio delle Acque — Agenzia Regionale per
i Rifiuti e le Acque (OA-ARRA), which consists of annual
maximum rainfalls for 1, 3, 6, 12 and 24 h duration, daily
rainfall and annual maximum daily rainfall. Rainfall data
were recorded at 365 rain gauges within the period 1929—
2009. The sample size arising from the different stations
varies from 9 to 63 yr with a mean size of 28.5yr. Location
of rain gauges and the spatial distribution of the mean annual
precipitation (Di Piazza et al., 2011) are shown in Fig. 1a.

A preliminary analysis has been made in order to identify

where S|gm() is an odd mathematical function that extracts the time window with the highest number of running rain

the sign of the variable.

gauge stations. Figure 1b, on the left, shows the observa-

Under the null hypothesis that there is no trend in the pop-tion matrix relative to the whole annual maximum rainfall
ulation, and thus; are independent and randomly ordered, dataset; black pixels denote running rain gauges, while gray
the statisticS is approximately normally distributed when pixels are used for the intermittently recording rain gauges.

n > 8, with zero mean and variance as follows:
02— nn—12n+5)

3
18 ®)
The standardized test statisfig is computed by
51 if $>0
Zg=4 0 if S=0 (4)
5+l if $<0

o
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In order to identify the final dataset, two subsequent selec-
tions have been made on the initial dataset based on two cri-
teria: first, a time window with at least 60 running rain gauge
stations per year has been identified; secondly, from this se-
lection, the stations that have recorded for less than 40yr
have been removed. The resulting time window is shown in
the left panel of Fig. 1b by the two vertical black lines charac-
terizing a 50 yr period (1956—-2005); the final subset is shown

Hydrol. Earth Syst. Sci., 17, 244358 2013
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a) Fig. 2. Statistical characteristics in terms of mean value and stan-

dard deviation of the annual maximum rainfall for 1, 3, 6, 12 and
I Roning 24 h duration and of the total annual precipitation for each rain
] Motworking gauge station.

of data preprocessing. This is the case of the annual maxi-
mum rainfall for fixed durations. In the case of other vari-
ables, the dataset has been opportunely preprocessed in order
to derive the time series of interest for rainfall trend detec-
tion. In order to verify if and how daily rainfall events have
changed over time in frequency and intensity, an intensity-
based classification of daily rainfall has been adopted by fix-
Fig. 1. Location of rain gauge stations over the region and spa-ing different intensity thresholds (in mntd) defining each
tial distribution of mean annual rainfall depth, from Di Piazza et class. Six dally rainfall Categorles are first used foIIOW|ng the
al. (2011) @). The running and the intermittently recording rain ¢z me approach of Alpert et al. (2002), who classified rainfall
gauges over the entire period of observation (1929-2009the  ;iansity as power of 2, starting from a value of 4 mmtd
left) and selected datasgt, i.e., stations (57) and tmw_e of observatlor('nupper limit of the firs’E class) to a value of 128 mmid
(195_6—2005)h§, on the rlght). Data are from the r_eglona_l database_(lower limit of the last class) (classification A, Table 1)
published by Osservatorio delle Acque — Agenzia Regionale per i . . o . ! :
Rifiuti e le Acque (OA-ARRA). Classification includes the following: light, light-moderate,
moderate—heavy, heavy,heavy—torrential and torrential pre-
cipitation classes. The choice of such a classification allows

in the right panel of Fig. 1b, which counts 57 rain gauge sta-one to analyze several rainfall categories and compare the

tions distributed over the whole region, with an average sam{esults with those of other studies (Alpert et al., 2002). How-
ple size of 45.48 yr. ever, due to the moderate characteristics of rainfall intensity

An overview of the rainfall series statistics is provided in in Sicily, this study also considers a further, more simplified
Fig. 2, which shows, for each rain gauge station, the mearslassification based on three rainfall categories: light precipi-
and the standard deviation values of the annual maximuni@tion (0.1/4 mm d*), moderate precipitation (4/20 mm¥)
rainfall time series for 1, 3, 6, 12 and 24 h duration and theand heavy—torrential precipitatior 20 mmd*) (classifica-
total annual precipitation. In terms of annual precipitation, tion B, Table 1).
data show considerable variability, with mean values ranging The analysis has been carried out by assessing both the
from 400 mm to 1300 mm. A less variant behavior is exhib- annual percentage of rainfall events falling within each class
ited by the annual maximum series, where only the gauge sta@nnual occurrences, %) and the annual contribution of each
tion with ID =52 (located at Zafferana Etnea, eastern Sicily) ¢lass to the total annual volume (annual volume, %). This
shows mean values much higher than the others stations. allows one to evaluate the presence of trends by focusing on
each rainfall category.

From the daily rainfall series recorded at the sites across
Sicily, other rainfall characteristics have been derived at both
The regional dataset identified in the previous section prothe annual and the seasonal scale. In particular, the average
vides the rainfall time series used in this study to identify rainfall intensity, the average rainfall frequency and the to-
signals of possible climate changes; in particular, some timeal precipitation have been considered. The average rainfall
series are used as they come from the dataset, with no needtensity was calculated as the mean depth of the rainfall

200
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Raingauge

300

360

1968 1976 1988 1998 2008 1956 1966 1976 198
Year Year b)

2.3 Analyzed rainfall variables
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events, corresponding to the mean daily depth in days when tag = 0.05 g = 0.1
precipitation occurs, named and measured in mm/rainy 100 - ]
; ; ; soi- |4% | [8% | | *% | [20 ] [2u, 5% | 15% ) Sl (7% (7% |
days; the average rainfall frequency was derived as the in- _Pomd
. . . 80¢
verse of the mean interarrival times between subsequents INo Trend
. . ® 70 [0 Negative Trend
events, named and measured in rainy days/days; the total % _ | |
precipitation is the rainfall depth over the considered period. 2 - i
At the seasonal scale, two seasons are considered within the2 i
year based on the typical precipitation regime of Sicily and f? 30 —
. . o
Mediterranean areas: the dry season (from April to Septem- .« 20l |14 14% 130, -
ber) and the wet season (the remaining part of the year). 10 6% | 7% | 4o 7% | 0|
To summarize, the Mann—Kendall trend test has been then o -, T T
applied to the following annual time series: (1) extreme rain- Durations [hours]

fall data (maximum rainfalls at 1, 3, 6, 12 and 24 h duration);

(2) number of occurrences of daily rainfall events within the Fi9- 3. Percentage of rain gauges showing a positive (red), negative
rainfall categories identified in classification A and classifi- (grt_aen) and a no trend (gray) in the a”.”“?'_ maxima historical time
cation B; (3) contribution of each rainfall category identified Sle?tes f(;r 1{ 3’_66 12 Z.mr?t 24N, and for significance lexgj = 0.05

in classification A and classification B to the total annual pre—( eft) andasig = 0.1 (right).

cipitation volume; (4) average rainfall intensity, (5) aver-

age rainfall frequency.; and (6) total rainfall. Variables at duration. This result, extrapolated towards sub-hourly dura-

points (2) and (3) have been analyzed at both the local SCalﬁons, suggests that there could be an increase in extreme

(at site) and the regional scale by averaging the values OV€Lvents relative to such durations, similar to the cases stud-

the stations through a simple mean, while variables at point§ d by De Toffol et al. (2009) and Adamowski et al. (2010)

(4), (5) and (6) have been screened at both the annual ang; ) qemonstrated the existence of trends in very short du-

fations. On the other hand, the percentage of stations show-
ing a negative trend exhibits values ranging from 4 to 5%, in
the case of short durations, to 7 %, in the case of longer dura-
tions. Moreover, the percentage correlation with the duration
is less pronounced than in the case of positive trend analy-
. sis, rather showing almost a constant behavior with duration.
3 Analysis and results Even increasing the significance level, i.e.,dgg = 0.1, the
results confirm the independence of the trend on the dura-
tion, maintaining about the same percentage values; indeed,
only for d equal to 1 and 6 h are there a few more stations

level of Mann—Kendall test has been set at 95 %, (i.e., signif-
icance levebsig = 0.05) and at 90 %dsig = 0.1), while for
remaining variables onlysig = 0.05 has been considered.

3.1 Extreme rainfall analysis

Apphcatlo_n of the Mann—KendaI! testto the.f'V? annual max- exhibiting negative trend than in the casexgfy = 0.05 (re-
imum series for different durations may indicate possible

duration-d dent trend exist in th ¢ ol pectively 1% and 3% more stations), suggesting that the
uration-gependent trend existence in the extreme rainiale g s of negative trends are not sensible to the chosen sig-

eyents over the region. The_ results are globally show_n Mificance level but that they are sufficiently significant. Fi-
Fig. 3 on the left, which provides the percentage of stations

hibiti itive trend (red tive trend nally, since the percentage of negative trend is almost con-
exhibiting a positive trend (red), a negative tren (green) orstant, while the one of the positive trends decreases with the
no trend (gray) for each selected duration aRg = 0.05.

Althouah ¢ of the stati h h trend in thei duration, it follows that the percentage of rain gauge stations
i ougr meS (I)I h € sta |%ns dazj/e st'own no. re.r]l mt Mot showing a significant trend increase with the duration; in
time series for all the considered durations, a signiicant oSy, 55 ofisig = 0.05, values range from 82 % (1 h) to 93 %
itive trend occurs mostly for th_e shortest du_ratlon (1 h), de-(24 h), while forasig = 0.1 the percentages are lower, ranging
tected at about the 14 % of rain gauge stations. For the duf om 70 % (L h) to 88 % (24 h). Similar results were observed
rations of 3, 6 and 12 h, a positive trend has been detecte the work of Bonaccorso et al. (2005), in which an in-

a,‘t about thg 4-6% of t.h('a statlons,. yvh|le for the 24h dura'creasing trend was detected only for maxima precipitation at
tion no station has exhibited a positive trend. A general be-d — 1h, while decreasing trends were detected at longer du-
havior might be derived from the above results, according '

rations, with increasing percentages moving from 3 to 24 h.
€Since the size of the dataset (number of rain gauges) in the
: . o present study is much higher than that used by Bonaccorso et
Il.gnttedfbé/. thgrgsm:;‘t.s obtalnedbfmi.gth_ 0215 os/hO\?vn on the 4. (2005), as well as much more distributed over the region
rght of =1g. s, In this case, about the o ot rain gauge (57 vs. 16 mostly placed in eastern Sicily), results obtained

Ztatlzt)_ns hi‘\;]e eXh('jbt':]e.d a posﬂ;ve mgnn;carrlt fgr the Shorteihere can be considered as a sound and consistent confirma-
uration (1 h), and this percentage gradually decreases wi on of the previous results.

the rainfall duration up to a percentage of 4 % for the 24 h

of stations with a positive trend. This finding is better high-

www.hydrol-earth-syst-sci.net/17/2449/2013/ Hydrol. Earth Syst. Sci., 17, 2448458 2013
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Table 1. Daily rainfall categories according to Alpert et al. (2002) (classification A) and proposed in this work (classification B).

Classification A

Classification B

Intensity Intensity
Class [mmdl] Description Class [mmdl]  Description
1 01<I<4 Light 1 01<I<4 Light
2 4<] <16 Light-moderate 2 41 <20 Moderate
3 16<1<32 Moderate—heavy 3 1>20 Heavy—torrential
4 32<1 <64 Heavy
5 64<1 <128 Heavy-torrential
6 1>128 Torrential

Spatial distribution of the Mann—Kendall test outcomes
for the five considered durations is shown in Fig. 4 for only
asig = 0.05. Dots indicate rain gauge sites, while the pres- 2 7 g0
ence of a significant positive or negative trend at each sta- \’\ﬁ\"",'
tion is denoted by a red or a green circle, respectively, whose| a= 1 nour 3
size is proportional to the trend magnitug®).(The top left
panel of Fig. 4 localizes the 14 % of the rain gauges that have| .+ 3.
shown a positive trend for annual maximum rainfall with |*.:. @ g 0. ° nen
1h duration (see Fig. 3). Almost all of these are located in Y . -;L @ osaoomr .
coastal areas, many in the western part of the regionand only| ,_.,.... ~I dm2anows e | o==005 A
one in southern Sicily. The panels relative to the analyses for ’
durations of 12 and 24 h show how the most relevant negative:ig 4 spatial distribution of the analyzed rain gauges and trend
trends have been detected in time series from stations locategyn and magnitude of annual maxima time series exhibiting a sig-
in the inland western part of the region. nificant trend for the five rainfall durations.

Again, results suggest that the increase in short-duration
precipitation can be assumed as a general behavior over the
region, especially along the coastline. Moving from the first aims to verify whether frequency of torrential events and
panel (1 h) to the last (24 h), the number of stations exhibiting"ght events has either increased or decreased.

a positiye trend grgdually decreases. At the same time differ-. Regional results are summarized in Fig. 5 for both classi-

ent st'at|ons shovymg a negat!ve trend appear, whose MagNfeation A (panel a and b) and classification B (panel ¢ and

tude increase with the duration. However, no Well-deflnedd) and for both of the two variables.

spatial pattern seems to be outlined by these results. Similar ’Each point of Fig. 5 represents the average over the region

results h".:we pgen found out fegig = 0.1, here omitted for of the values of the two analyzed variables obtained on-site,
sake Of. simplicity. . . . calculated as a simple mean of those values (percentage of
. The Increase of ramfall of Shor't'dur.anns has 'mpc.)rtantannual occurrences of rainfall events within each class and
implications in the design and \_/erlflcatl_on of urban dramage ercentage of annual contribution of each class to the annual
systems, as well as of hydrolo_g|cal basin response, especial olume). Observations from Fig. 5a suggest, as expected, that
for the small catchments typically present in Sicily, Where%;ost of the annual occurrences belong to the class of light

d =6 hours

Negative trend Positive trend
P ° 020 . 020

® 023-037 @ 021-030
@ o031-039

* Rain Gauges

@ 038-046

the concentration time is often lower than 1 h; the increase o recipitation (class 1), with an average frequency of 60 %
extreme events leads to an increase of the basin streamflo er the entire time wir,1dow In general, the higher the inten-
and the hydrograph peak, with |mportant_conse_quences 0Qity (i.e., rainfall category), the lower the frequency of occur-
the dynamics of flood phenomena and their relative hazard. rence. In fact, class 2 has an average frequency of 30 % and

class 3 of about 10%. Average frequency of the last three
classes is less than 5 %, and as such daily rainfall events with
depth higher than 32 mm can be reasonably considered as
rare. The Mann—Kendall test, which has been applied to each
The analysis here discussed considers the annual occurrencése series, has demonstrated that no trend exists for such
of daily rainfall events within the rainfall categories identi- series, denoting a stationary behavior.

fied in classification A and classification B, and annual con- The rainfall contributions of each class to the total annual
tribution of each rainfall categories to the total annual precip-volume are shown in Fig. 5b. Class 2 is the most significant in
itation volume, at both regional and local scale. This analysiserms of rainfall contribution to the total volume (an average

3.2 Analysis of rainfall categories
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Fig. 5. Daily rainfall analysis: rainfall contribution to annual occurrences from each damsdc) and to the total annual volume from each
class b andd) as regional average over all the stations, based on classificatiaaridb) and classification Bo(andd). The presence of a
straight line indicates trend existence.

of 40%). Class 3 is the only class exhibiting a statistically For this reason, changes over time of the two considered
significant positive trend, suggesting that the mean annuastochastic variables have been also investigated at a local
number of events with intensity belonging to this class (16—level, i.e., for each station. For sake of simplicity, only the re-
32mmd1) tends to increase. Classes 1, 4, 5 and 6 do nosults obtained for classification B are here reported (Fig. 6),
show significant trends, with a weak relative contribution to given that the analysis for classification A has provided sim-
the annual total volume given their low frequency. ilar results. In terms of annual occurrences (Fig. 6, first row),
Similar observations come out from the analysis of rainfall a number of stations, mainly located in northwestern Sicily,
events according to classification B, depicted in Fig. 5¢ andexhibit a negative significant trend, especially for class 1: this
d. In this different classification, the class of low-intensity means that there is a decreasing tendency in the number of
events is the same used in classification 1 (class 1) and thevents that are primarily light precipitation. Only two sta-
second class (moderate) includes class 2 and part of clag®ns, far from each other, have shown a positive trend for
3 of classification A, while the third class (heavy—torrential low-intensity events. However, moving from class 1 to class
events) includes the remaining part of class 3 and the entireti3, several stations distributed over the region exhibit a pos-
of classes 4, 5 and 6 of classification A. As a consequenceitive trend, suggesting an increasing tendency in the num-
pattern in terms of annual occurrence is the same describeber of heavy—torrential precipitation events, in accord with
before, up to the classes 4, 5 and 6, whose contributions arAlpert et al. (2002).
redistributed between class 2 and 3 of classification B. De- In terms of annual volume (Fig. 6, second row), the con-
spite this, redistribution implies a different behavior in terms tribution of light precipitation (class 1) tends to decrease in
of contribution to the total annual volume, and also in this some stations (negative trend) and to increase in others (pos-
case no significant trend has been detected. itive trend). Again, northwestern Sicily is the area of most
These results seem to be in disagreement with the findinterest for this change. Moderate precipitation (class 2),
ings of Alpert et al. (2002)’s work, who conducted a sim- instead, shows a decrease in contribution to the total an-
ilar procedure to the Italy as a whole, obtaining increasingnual volume. Lastly, heavy—torrential precipitation events
trends for heavy—torrential categories and decreasing trend®nd to increase their contribution to the annual volume in
for the weaker categories. However, it is important to high- most of the stations showing a statistically significant trend.
light how the adopted regional analysis, based on averageiihis could be explained as a consequence of the increase in
values among the different rain gauges, probably hides anjheavy—torrential occurrences.
local tendency, suggesting that, most probably, in the work
of Alpert et al. (2002), regions other than Sicily had shown
the most significant trends.
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Olf—'ig. 7. Daily rainfall analysis: percentage of stations showing neg-
ative, positive or no significant trend in average rainfall intensity
(first row), frequency (second row) and in total rainfall. Columns
present annual (first), dry (second) and wet (third) period results.

3.3 Analysis of rainfall properties

In this section, the trend analysis of daily rainfall prop- percentage of stations showing trend is equally distributed
erties are described in terms of average rainfall intensitybetween stations where the rainfall events tend to be rarer
and frequency in order to verify the existence of any po-(negative trend) and more frequent (positive trend).
tential change in such properties. The main results of the The aforementioned rainfall characteristics have also been
Mann—Kendall test application to the different time seriescombined and analyzed in order to provide a comprehen-
are synthesized in Fig. 7, where the percentage of stationsive view of water availability at the annual and the sea-
showing statistically significant trends is reported at annualsonal time scale. For a given period, the product of the av-
(YEAR) and seasonal (DRY and WET) time scale. The re-erage intensity, the average frequency and the duration of the
sults of the average rainfall intensity at the annualgar), same period provides the average total amount of rainfall for
wet (wer) and dry pry) period are reported in the first that period (Total Rainfafear, Total RainfallyeT and Total
row of Fig. 7. Results show a decreasing trendofar in Rainfalbry). The Mann—-Kendall test application on the av-
75% of the considered stations, while the remaining 25 %erage total rainfall (third row of Fig. 7) has shown how, at
show no trend. Seasonal results are very similar to the annudhe annual time scale, 70 % of the considered stations show
ones: in the wet season, which consists of winter and falla negative trend, coherent with the outcomes of Cannarozzo
months, the percentage of stations showing negative trendst al. (2006). Water availability in Sicily has decreased in the
is almost the same (i.e., 72 %), while it slightly decreases inlast century because of a generalized reduction of the aver-
the dry period (i.e., 65%). An important result depicted in age rainfall intensity, as is shown in the first row of Fig. 7. In
the first row of Fig. 7 is thus that most of the screened rainsome cases this reduction is dramatic because it is associated
gauge stations over the region have manifested a decreasingth a frequency reduction, while in others it is mitigated by
tendency in the average intensity of the rainfall events at botha frequency increase.
the annual and the seasonal time scale, while none of them The total rainfall in the wet period follows the annual be-
has shown increasing trends. havior, with 72% of stations showing negative trends and
The results of the analysis on the average rainfall fre-28 % showing no trends. In fact, since the majority of the an-
quency are shown in the second row of FigA¥gar, AWET nual rainfall is concentrated in this season, it is expected that
andXpry). At the annual scale the most important outcome this tendency is reflected at the annual scale. This season is
is that rainfall frequency does not show trends for 63 % of crucial for Mediterranean ecosystems because resupplies soil
the considered stations. A considerable percentage, namelyater content, which in turn represents a fundamental water
30 %, show a negative trend, which means rarer events, whileeserve for facing the subsequent drier season, usually coin-
in 7% of stations rainfall events are more frequent. Thesecident with the growing season for vegetation. At the same
percentages remain more or less constant in the wet seasdime the water input arising from winter and fall months is
analysis. During the dry period, generally characterized bydecisive for storage systems, which are required in order to
a lower rainfall events frequency, the percentage of stationstore water resources for future use.
showing no trend increases to 75 %, while the remaining
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4 Conclusions of the annual occurrence of light rainfall events. Moreover
there is an increasing relative contribution of such heavy pre-
According to the most recent climate predictions, Mediter- cipitation events to the total annual volume. When the results
ranean ecosystems will probably face a radical modificationare averaged at regional scale, the strength of local outcomes
of the climatic conditions in the near future due to global vanishes, showing no significant trend.
warming, mainly related to the greenhouse effect. A high percentage of the Sicilian rain gauge stations have
This work has investigated potential modifications in the shown a significant negative trend in the total annual precipi-
rainfall regime of Sicily, attempting to detect through histor- tation, mainly due to a reduction in the seasonal rainfall dur-
ical records any potential changes or trends in various rainfaling the wet period (fall and winter). A similar percentage of
features, and considering annual extreme events for differergtations have shown how all the rainfall events (during both
durations, daily rainfall series and corresponding propertieghe wet and dry season) tend to be less intense, while very
at both the annual and the seasonal scale. A dense netwofkw stations are characterized by significant changes in the
of rain gauge stations distributed over the region has profrequency of rainfall events.
vided an important database of long rainfall series. The his- One of the immediate consequences of the rainfall reduc-
torical rainfall data, opportunely processed in order to extraption may be an increase in the vegetation water stress (Pumo
olate the main average features, have been analyzed througgt al., 2010). In the coming years, all of this could cause a sig-
use of the nonparametric Mann Kendall test with a signifi- nificant modification of vegetation patterns characteristic of
cance level of 0.05, and in a case also with significance leveMediterranean areas. In particular, the water uptake dynam-
of 0.1. The results have provided an overview of potentialics of shallow-rooted species quickly respond to the water in-
trends identified in some characteristics of the rainfall at theput changes; for example, for grasses species, it follows that
regional and local level. the state of their health is strongly related to the frequency
Analysis of annual maximum rainfalls at 1, 3, 6, 12 and of rainfall events regardless of the amount of rainfall in the
24 h have reveled a significant increase in precipitation ofprevious period. On the other hand, water stored in the soill
short duration, especially for 1 h rainfall, in agreement with during the winter period is often an important water resource
many scientific works (Adamowski et al., 2010; Bonaccorsofor the subsequent dry period, especially for woody species,
et al., 2005; De Toffol et al., 2009; Burn et al., 2011). Con- which use the winter water stored in the deeper soil layers. It
versely, the percentage of stations showing a positive trendollows that, if the rainfall reduction is concentrated during
tends to decrease when increasing durations are considereithe wet season, as emerges from this study, shallow-rooted
This tendency has been clearly highlighted by the results aspecies could have some advantages over the deep-rooted
90 % confidence level. No clear spatial pattern emerged fronspecies.
this analysis, even if coastal areas seem to be much more
affected by positive trends than internal areas. As the rain-
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