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Abstract
The Mediterranean region is an area potentially vulnerable to climatic changes. In fact, it is characterized by a significant
precipitation variability resulting from synoptic dynamics of hazardous events moving and evolving along the Mediterranean
basin. In this paper, the results of an investigation on rainfall trend in the Sardinia region are presented. The trend analysis has
been performed by means of the Mann–Kendall test and of the Theil–Sen estimator applied on annual, seasonal, and monthly
scales. To this aim, a monthly database of precipitation registered at 158 rain gauges, with an average observation of 84 years, was
used for the analyses. The results mainly evidenced a rainfall amount reduction in the winter months and an increase during the
summer months. The monthly rainfall distribution throughout the year was also investigated by means of the precipitation
concentration index (PCI). A negative trend emerged and, more specifically, a tendency towards a more uniform rainfall
distribution on the Sardinia region throughout the year.

1 Introduction

As a consequence of the increase of the concentration of an-
thropogenic greenhouse gases, possibly due to the global eco-
nomic and population growth, the Intergovernmental Panel on
Climate Change (IPCC) warned about the possible escalation
of droughts in this century, especially, in some areas such as
the Mediterranean basin, owing to an evapotranspiration in-
crease and/or a rainfall decrease (IPCC 2013). In fact, the
Mediterranean region, located in a transition zone between
North Africa (arid climate) and central Europe (temperate
and rainy climate), is affected by the interaction between
mid-latitude and tropical processes. For this reason, sub-
stantial changes in the Mediterranean climate can also
be generated by small modifications in the global circu-
lation, thus making the Mediterranean region potentially

exposed to climatic changes (Mehta and Yang 2008;
Reale and Lionello 2013).

Several studies focused on the rainfall trend behavior
in the Mediterranean basin. According to these, a decrease
in winter precipitation has affected a great part of the
Mediterranean region in the last decades (Philandras et
al. 2011). Because of the winter negative trend, some
decreases in annual precipitation in the Mediterranean ar-
ea have been also detected (del Rio et al. 2011) even
though different results have been obtained between the
western and eastern side of the Mediterranean basin.
Specifically, the west–central Mediterranean area has ex-
perienced a decrease in precipitation during the last
50 years (Piervitali et al. 1997; Longobardi and Villani
2010), but trends are not uniform and interdecadal vari-
ability is high. A positive trend has been evidenced in the
eastern Mediterranean, though not in the rainy season
(Maheras et al. 2001; Altin and Barak 2014).

In Italy, numerous investigations carried out using
high-quality rainfall databases have detected a reduction
in the precipitation amount, even if rarely significant
(e.g., Brunetti et al. 2006). Detailed regional analyses
have highlighted a varied trend behavior influenced by
seasonal factors (or by the time of their observation
throughout the year): specifically decreasing precipitation
amounts in the winter vs precipitation increase in the
summer months have been observed. The regions affect-
ed by these trends are principally located in southern
Italy: Campania (Diodato 2007; Longobardi and Villani
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2010), Basilicata (Piccarreta et al. 2004), Sicily (Liuzzo
et al. 2016), Calabria (Caloiero et al. 2011a, 2015, 2016),
and Sardinia (Montaldo and Sarigu 2017). Such a differ-
ent seasonal trend behavior and its consequences in wa-
ter resources management constitute an important topic
in climatology.

Oliver (1980) proposed the precipitation concentration in-
dex (PCI) as a method to quantify the rainfall distribution
throughout the year and to detect possible changes in the cli-
mate regime of an area (e.g., Elagib 2011; Ngongondo et al.
2011; Nsubuga et al. 2014; Shi et al. 2014; Xu et al. 2010;
Yesilirmak and Atatanir 2016). Although the PCI has been
widely applied in the Mediterranean areas (e.g., Apaydin et
al. 2006; De Luis et al. 2011; Martins et al. 2012), only few
studies, mainly focused on the southern areas, are available in
Italy. In a large area of southern Italy, Longobardi et al. (2016)
showed a significant shift towards a more uniform
pluviometric regime, especially for the hilly areas. In Sicily,
a general stable condition has been detected (Cannarozzo et al.
2006), while in Campania (Longobardi and Villani 2010) and
in Calabria (Coscarelli and Caloiero 2012), a decrease in the
PCI values has been detected, thus showing a tendency to-
wards a more uniform rainfall distribution throughout the
year.

Due to the importance of the analysis of the rainfall trend
behavior in the Mediterranean basin, and due to the lack of
rainfall trend analysis at different timescales in the Sardinia
region, the aims of this paper were firstly to detect rainfall
trends at annual, seasonal, and monthly scales and then to
analyze the effect of climate changes on the rainfall distribu-
tion throughout the year by means of the precipitation concen-
tration index (PCI).

2 Study area and data

Sardinia, with an area of about 24,000 km2, is the second
largest island in the Mediterranean Sea (after Sicily and
before Cyprus). It is located at 38° 51′ to 41° 15′ N and at
8° 8′ to 9° 50′ E in the center of the western Mediterranean
Sea, about 200 km west of mainland Italy. The orography of
the region is characterized by two main flat areas in the
northwest and in the south of the region and by several
mountains and alluvial valleys (Montaldo and Sarigu
2017). The average altitude of the region is 337 m a.s.l.
and the tallest relief is 1834 m a.s.l. (Fig. 1). Given its
position in the center of the Mediterranean sea, its climate
is typically maritime Mediterranean with average yearly

Fig. 1 Location of the selected 158 rain gauge stations on a DEM (left) and spatial distribution of the mean annual precipitation (right)

298 T. Caloiero et al.



rainfall of 733.3 mm and mean annual temperature of about
23 °C. The winter season is a rather mild and rainy period
(the highest rainfall occurs in autumn and winter) whereas
the summer season is very hot and dry (Fig. 2). In particu-
lar, autumn and winter can be characterized by very intense

but short-duration rainfall events. As regards temperature,
in summer, maximum values exceeding 40 °C can be
reached while in winter minimum values below 0 °C are
recorded only at high altitudes (Montaldo and Sarigu 2017;
Soldati and Marchetti 2017).

Fig. 2 Spatial distribution of the
mean seasonal precipitation
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In order to perform a coherent rainfall analysis in the
Sardinia region, monthly data have been extracted from the
daily online database once managed by the Sardinian
Regional Hydrographic Service. Recent studies on Sardinia’s
climate (e.g., Montaldo and Sarigu 2017) made wide use of
this database, which presents high-quality data and complete,
or near-complete, records for the period 1922–2011. In fact,
until 2011, the Sardinian database consisted of daily rainfall
data collected at 262 stations, with a density of 1 station per
92 km2. In particular, for the present analysis, a number of
rainfall series, which presented too low a number of years of
observation for statistical purposes, were discarded. Thus, the
final selection included 158 stations (Fig. 1) having at least 80
complete years of functioning and data in the last 10 years.
The average density of the final database is 1 station per
152 km2, with an average of 84 years of observations.

3 Methodology

In this paper, in order to evaluate the possible existence of
temporal tendencies, the yearly, seasonal, and monthly rainfall
series were analyzed for trends with the well-known Mann–
Kendall (MK) nonparametric test (Mann 1945; Kendall
1962). In particular, the rainfall series have been examined
for a significance level equal to 95%. The statistical signifi-
cance of the trend has been evaluated using a two-tailed test.
Although the MK test is a commonly used nonparametric test
for time trend, it is based on an assumption of independence
between observations. However, observations in time series
are often autocorrelated. In particular, since most series in
practice show positive autocorrelation, it is therefore impor-
tant to check the autocorrelation in a given series and, in some
cases, to remove the serial correlation before applying the MK
test, or to adjust the test if necessary. In order to remove the
serial correlation, before the application of the MK test, in this
work the pre-whitening procedure (von Storch 1995) has been
applied:

Y t ¼ X t−r1⋅X t−1 ð1Þ
where r1 is the lag-1 serial correlation coefficient of the sample
data, which can be expressed as

r1 ¼
1

n−1
∑
n−1

t¼1
X t−E X tð Þ½ � X tþ1−E X tð Þ½ �
1

n
∑
n

t¼1
X t−E X tð Þ½ �2

ð2Þ

where E(Xt) is the mean of the sample data. Von Storch (1995)
demonstrated that pre-whitening operation is not necessary for
r1 ≤ 0.1.

Besides the MK test, in this study, the Theil–Sen estimator
(Sen 1968) has been also applied to evaluate the trend slopes,
avoiding the influence of the outliers in the trend slope eval-
uation. In fact, linear regression methods are prone to the
influence of extreme values, e.g., very low or very high values
at the beginning or at the end of the considered period, while
the Theil–Sen estimator is not susceptible to their influence.

Finally, in order to analyze the effect of the seasonal rainfall
trend on the annual rainfall distribution, the climate seasonal-
ity has been evaluated through the PCI index (Oliver, 1980;
De Luis et al. 2011).

The long-term average PCI can be evaluated as follows:

PCI ¼ 1

N
∑
N

j¼1
PCI j ð3Þ

where N is the number of years of observations and PCIj is the
PCI calculated in the jth year as

PCI j ¼ 100
∑
12

i¼1
Pij

2

∑
12

i¼1
Pij

� �2 ð4Þ

with Pij rainfall amount in the ith month of the jth year.
Following the classification proposed by Oliver (1980):

& PCI ≤ 10 indicates a uniform precipitation distribution.
& 11 < PCI ≤ 20 denotes seasonality in the precipitation

distribution.
& PCI > 20 corresponds to climates with substantial monthly

precipitation variability.

Aiming at studying the temporal effect of the changing
precipitation distribution in the year, the PCI time series eval-
uated through Eq. (3) have been tested for trend detection with
the application of the MK nonparametric test.

4 Results and discussion

The results of the trend analysis applied to the annual, season-
al, and monthly precipitation, for a significance level equal to
95%, are presented in Table 1 which shows the percentages of
rain gauges with a positive or negative trend. At the annual
scale, a clear negative trend has been detected. In fact, about
51% of the rain gauges showed a negative trend, while signif-
icant positive trends have not been identified. The negative
trend is spatially distributed throughout the entire region and,
in particular, in the central and western side (Fig. 3).
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In winter, a marked negative trend has been detected, with
more than 70% of the rain gauges showing significant values.
This trend behavior in winter is confirmed at the monthly
scale, with 25.3, 24.7, and 29.7% of the rain gauges which
showed a negative trend in December, January, and February,
respectively (Table 1). Regarding the spring months, a nega-
tive trend was detected in March (23.4% of the rain gauges)
and slightly in May (4.4%), while in April (12.0%), an oppo-
site trend has been evidenced. As a result of this opposite
monthly behavior, in spring, 12.7% of the rain gauges showed
a negative trend and only 0.6% a positive one (Table 1). As
opposed to the winter precipitation, the summer one showed a
marked positive trend (25.9% of the rain gauges). In particu-
lar, 36.7, 24.1, and 17.1% of the rain gauges showed a positive
trend in June, July, and August, respectively (Table 1). Finally,
in the autumn months, a prevailing positive trend has been
observed in September (10.1%) and in November (7.0%)
while an opposite behavior has been detected in October, with
13.3% of the rain gauges showing a negative trend. As a
consequence of the monthly trends, in autumn, 8.2% of the
rain gauges showed a negative trend while only 1.9% evi-
denced a positive one (Table 1).

The spatial results of the trend analysis applied to the sea-
sonal and monthly precipitation, for a significance level equal
to 95%, are presented in Figs. 5, 6, 7, and 8. In particular, the
spatial analysis of the winter trend evidenced a similar behav-
ior as the annual one, with the negative trends spreading
across the island but, in particular, in the central and western
areas of the region (Fig. 4). Specifically, in December and
January, the negative trends involved the western side of the
region, while in February, the central area of the region is
mostly affected by a precipitation reduction (Fig. 4). In spring,
a prevalent negative trend has been detected in the southwest-
ern area although not uniformly distributed (Fig. 5). In partic-
ular, on a monthly basis, inMarch a marked negative trend has
been identified especially in the central area of the region,
while in April, the trend has been localized in the southeastern
side of the region, but with an opposite sign. In May, there are
few significant trends which are randomly distributed in the
region (Fig. 5). Although less marked than in winter, also in
summer, the trend behavior evidenced a difference between
the eastern and the western side, particularly at the monthly
scale (Fig. 6). In fact, positive trends have been identified in
the eastern side of the region, mostly in July and partially in
August, while the western side did not show any significant
tendency. In June, the positive trend involved the coastal area
of the region, with the exception of the southeastern side. As a
result, at the seasonal scale, a positive trend, mostly spreading
in the northern area of the region and especially on the coast,
has been detected in summer (Fig. 6). Finally, in autumn, at
the seasonal scale, there are few significant tendencies and it is

Fig. 3 Spatial distribution of rain gauges showing positive or negative
annual rainfall trend

Table 1 Results of the MK trend analysis (SL = 95%). Trend of the
annual, monthly, and seasonal rainfall and of the PCI expressed as % of
rain gauge of the whole data set

Period % Negative trend % Positive trend No trend

January 24.7 0.0 75.3
February 29.7 0.0 70.3
March 23.4 0.0 76.6
April 0.6 12 87.3
May 4.4 0.0 95.6
June 0.0 36.7 63.3
July 0.0 24.1 75.9
August 0.0 17.1 82.9
September 1.3 10.1 88.6
October 13.3 0.0 86.7
November 0.6 7.0 92.4
December 25.3 0.0 74.7
Winter 71.5 0.0 28.5
Spring 12.7 0.6 86.7
Summer 0.0 25.9 74.1
Autumn 8.2 1.9 89.9
Year 51.3 0.0 48.7
PCI 22.8 0.6 76.6
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not possible to identify a marked spatial pattern (Fig. 7).
Conversely, at the monthly scale, negative trends in the central
area of the region (October) and positive trends in the eastern
side (September) have been detected (Fig. 7).

These results, which evidenced a reduction in the winter
months and an increase during the summermonths, confirmed
the ones obtained in other Italian regions (Brunetti et al. 2012;

Caloiero et al. 2015; Diodato 2007; Longobardi and Villani
2010; Piccarreta et al. 2013). The different rainfall behaviors
could be linked to the time variability of the circulation types.
In fact, Maheras et al. (2004) analyzed the daily circulation
types at 500 hPa for the period 1958–2000 and found a gen-
eral positive trend of anticyclonic circulation, normally asso-
ciated with a lower-than-average probability of rainfall, and a

Fig. 4 Spatial distribution of rain
gauges showing positive or
negative rainfall trend (winter)
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negative trend of cyclonic types. Moreover, Guijarro et al.
(2006), by analyzing the time variability of cyclonic geo-
strophic circulation in the Mediterranean basin, in the time
span 1957–2002, by means of the ERA-40 data set of the
European Centre for Medium-Range Weather Forecasts
(ECWMF), detected a varied monthly distribution in the

cyclone frequencies. In particular, they revealed negative
frequency trends in the Western Mediterranean, mainly in
winter, and significant positive trends in summer in the
Eastern Mediterranean, in accordance with the analogous
trends detected by the same authors in the circulation
yields.

Fig. 5 Spatial distribution of rain
gauges showing positive or
negative rainfall trend (spring)
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The different trends between the western and the eastern
sides of Sardinia confirm the findings of Montaldo and Sarigu
(2017) who, in the winter period, detected in the west coast a
negative trend magnitude almost twice as the ones on the east
coast. These differences can be due to the orography of
Sardinia, which strongly influences its rainfall pattern. In fact,
as pointed out by Delitala et al. (2000), the climate of the

island is linked with large-scale circulation structures west-
ward to the North Atlantic. The interaction between these
patterns and the orography can lead to a precipitation gradient
between the two sides of the region, as also evidenced in
several studies on other southern Italian regions with a similar
orography, trending south–north, which constitutes an impor-
tant barrier to the mean airflow approaching from the west

Fig. 6 Spatial distribution of rain
gauges showing positive or
negative rainfall trend (summer)

304 T. Caloiero et al.



(Caloiero et al. 2011b; Ferrari et al. 2013). As a consequence,
an increase in the differences in precipitation between the east
coast and the west one, characterized by drier climate condi-
tions, can be expected in Sardinia.

Because of the different rainfall trends in the summer and
winter periods, in order to analyze the precipitation

distribution throughout the year, the PCI has been evaluated
and spatially distributed (Fig. 8a). As a result, different PCI
values have been detected in the two sides of the region, thus
confirming the important influence of the orography. In fact,
while the western and central areas of the region evidenced
seasonality in the precipitation distribution, the eastern side of

Fig. 7 Spatial distribution of rain
gauges showing positive or
negative rainfall trend (autumn)
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the region showed PCI values which correspond to climates
with substantial monthly precipitation variability (Fig. 8a).
The results of the trend analysis, for a significance level equal
to 95%, applied to the annual PCI values are presented in
Table 1 and Fig. 8b. Generally, a clear negative trend has been
detected, with about one fourth of the rain gauge presenting
this trend behavior and only 0.6% of the rain gauges evidenc-
ing a positive trend (Table 1). The negative trend is mainly
located in the central and western sides of the region, while no
significant trends have been identified in the eastern side (Fig.
8b). This is a very important result; in fact, as evidenced in
other studies (e.g., Coscarelli and Caloiero 2012; Longobardi
et al. 2016), some areas of the Mediterranean basin, such as
the western side of the Sardinia region, showed a tendency
towards a more uniform rainfall distribution throughout the
year.

5 Conclusions

In this paper, an investigation of the precipitation vari-
ability in the Sardinia region has been performed by

means of a monthly rainfall dataset. A statistical analy-
sis was carried out through the Mann–Kendall nonpara-
metric test to detect possible trends at monthly, season-
al, and annual scales. Moreover, the monthly rainfall
distribution throughout the year was investigated by
means of the PCI. Results showed a link between the
rainfall trend and the orography of the region, which
influences its rainfall pattern. In fact, while in the west-
ern side of Sardinia, where the lowest precipitation is
usually registered, a negative rainfall trend has been
detected especially in winter, in the eastern side, which
is characterized by higher precipitation values than the
western side, lower negative trend values have been
evaluated. As a consequence of these rainfall behaviors,
a tendency towards a more uniform distribution of the
monthly precipitation during the year has been evi-
denced in the western side of the Sardinia region. The
analysis of these results could be paramount in water
resources management of the Sardinia region. In fact,
the decreasing trend of the rainfall, if confirmed, could
cause an increase in the occurrence frequency of
drought events.

Fig. 8 Spatial distributions of the PCI (a) and of rain gauges showing positive or negative PCI trends (b)
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