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Abstract

Climate change is expected to impact on rainfall variability and lead to a substantial modification in rainfall amounts. In this
study, the spatiotemporal variability of rainfall in Friuli-Venezia Giulia (north-eastern Italy) has been evaluated by means
of 67 monthly series for the period 1940-2011. In particular, in order to analyse possible trends in rainfall series, two non-
parametric tests for trend detection have been used. Moreover, the monthly rainfall distribution throughout the year was also
investigated by means of the precipitation concentration index (PCI). In addition, a correlation analysis has been performed
between seasonal rainfall and four of the most important teleconnection indices, i.e. the Western Mediterranean Oscillation
Index (WeMOI), the Oceanic Nifio Index (ONI), the North Atlantic Oscillation Index (NAOI) and the Arctic Oscillation
Index (AOI). The results evidenced a reduction in rainfall amount, mainly detected in the spring and the summer months,
and a positive trend in the PCI. The latter indicates a tendency towards a more seasonal rainfall distribution in the Friuli-
Venezia Giulia region throughout the year. Finally, the WeMO was identified as the most relevant teleconnection over all of

Friuli-Venezia Giulia in the different seasons.
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Introduction

Climate change is affecting all regions worldwide. Glob-
ally, polar ice shields are melting and the sea is rising.
Moreover, some regions are facing more common extreme
weather events and rainfall, while others are experiencing
more extreme heatwaves and droughts, causing changes
in mean renewable water supplies (IPCC 2013). Many
studies have shown that rainfall has already increased
with twentieth-century warming driven by anthropogenic
forcing (Zhang et al. 2013), and a further increase dur-
ing the twenty-first century is visible (Toreti et al. 2013;
Pendergrass and Hartmann 2014). Although more extreme
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rainfall events have been forecasted for many regions of
the world, the increases in heavy rainfall may not always
lead to an increase in the total amount of rain over a sea-
son or over the year. This is particularly evident in some
areas, such as the Mediterranean region, which has been
identified as one of the most responsive regions to cli-
mate change (IPCC 2013). In fact, climate change has
been severely impacting the Mediterranean basin, and thus
numerous studies on the spatial and temporal evolution of
several hydrological variables—with particular attention
been paid to rainfall—have been performed in this region.
In particular, when considering the western side of the
Mediterranean basin, the results of these studies evidenced
a general rainfall reduction at different timescales from
monthly to annual (Caloiero et al. 2018). Owing to its
shape (it spreads over more than 10° of latitude from north
to south), its position in the middle of the western Medi-
terranean and its mountainous nature, Italy can be consid-
ered particularly important, from a climatological point of
view, among the different countries in the Mediterranean
basin (Chiaravalloti et al. 2022). As regards the Italian
territory, due to the lack of a national database, several
rainfall trend studies have been performed at a regional
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or at a slightly larger scale (Chiaravalloti et al. 2022).
The results of these studies showed a decrease in annual
rainfall, especially in the southern (Liuzzo et al. 2016;
Montaldo and Sarigu 2017; Caloiero et al. 2019) and in
the central (Gentilucci et al. 2019; Scorzini and Leopardi
2019) regions of the country, while the decreasing ten-
dencies in the annual values were only rarely found to be
significant in its northern part (Todeschini 2012). In this
area, and especially in the Alpine regions, quantifying past
and future rainfall changes due to climate change is para-
mount. In fact, in these regions, rainfall is one of the most
important climate variables, as it is related to water supply
and energy production through dams. Moreover, it plays a
crucial role in droughts and floods (Blanchet et al. 2021).
Under the effects of climate change, the Alpine regions are
undergoing fast and highly perceptible evolutions which
are attracting the growing attention of people, scientists
and managers (Einhorn et al. 2015). Nonetheless, in these
areas, rainfall amounts have not changed much, but more
droughts and less snow cover are predicted for the future
(Gobiet et al. 2014). Therefore, it could be interesting to
detect the rainfall heterogeneity at a monthly scale within a
year. In this context, Oliver (1980) proposed the precipita-
tion concentration index (PCI), which can provide useful
information on the way annual rainfall totals are distrib-
uted across months. This index, which was later adopted
by De Luis et al. (2011), has been recently applied in sev-
eral analyses performed in the Mediterranean region and in
different parts of the world, and it has allowed interesting
scientific insights into the temporal variability and distri-
bution of their rainfall regimes to be gained (e.g. Bartolini
et al. 2017; Caloiero et al. 2019; Zhang et al. 2019; Tolika
2019; Bhattacharyya and Sreekesh 2022).

At a large scale, the Euro-Mediterranean rainfall variabil-
ity is often related to the so-called teleconnection patterns,
which have been widely described in the literature since
the last century (Wallace and Gutzler 1981; Barnston and
Livezey 1987; Rogers 1990). In fact, these patterns reflect
large-scale changes in atmospheric waves and impact on
several variables such as temperature, rainfall, storm tracks,
jet stream location and intensity over vast areas (Hurrell and
Deser 2009; Woollings et al. 2010; Bader et al. 2011).

In this context, the aim of this paper was to perform an
analysis of rainfall values in a specific region of north-east-
ern Italy, Friuli-Venezia Giulia, which is characterized by a
mountainous northern part belonging to the Southern Alps
and a southern side touched by the Adriatic Sea. Moreover, the
Friuli-Venezia Giulia region lacks rainfall analyses at different
timescales and at a regional scale. To achieve this aim, rain-
fall trends were first detected at annual, seasonal and monthly
scales, and then the effects of climate change on the rainfall
distribution throughout the year were analysed by means of
the PCI. Finally, a correlation analysis was performed between
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seasonal rainfall and teleconnection patterns to identify the
most relevant one over the region in the different seasons.

Methodology
Theil-Sen estimator method

Generally, the Theil-Sen estimator is considered more pow-
erful than linear regression methods in trend magnitude eval-
uation because it is not subject to the influence of extreme
values (Lo Presti et al. 2010). Given x|, x,, ..., x,, rainfall
observations at times ¢, t,, ..., t, (with#, < , < ... <t), for
each N pairs of observations x; and x; taken at times #; and 7,
the gradient O, can be calculated as (Sen 1968)

X — X
O, = p— for k=1, .., N, 1)

J i

with 1 < i< j< nand ;> 1,

The estimate for the trend in the data series x|, x,, ..., X,
can then be calculated as the median Q.4 of the N values
of O, ranked from the smallest to the largest:

Omed = O+ 9[wv+2/2]
2

R . 2
if N is even @

The sign of Q.4 reveals the trend behaviour, while its
value indicates the magnitude of the trend.

Mann-Kendall method

The Mann—Kendall method (Mann 1945; Kendall 1962) is
one of the most widely adopted methods for trend detection
in hydro-climatic datasets. The method is the most popular
of various techniques because of its non-parametric charac-
ter, its robust to extreme values and its simplicity in imple-
mentation. In this method, a pairwise data comparison is
first performed to estimate the test statistic S, considering
the jth and kth data,

n—1 n
S= 2 sen(x—x). ©)

k=1 j=k+1

where n is the number of data points in the series and the
sign function (sgn) is given by

1 if (x—x) >0
sgn (x;—x,) =90 if (x;—x) =0 . )

-1 if (xj —xk) <0

The variance of S is estimated as
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Fig. 1 Locations of the 67 selected rain gauges on a Digital elevation model (DEM)

Var($) = ln(n— D@r+5) =Y 4 (6-1) (Zti+5)]/18,
i=1
®

where ¢, is the number of tied groups with extents ranging
from i to m.
If n is larger than 10, the test statistic Z is computed as

S—1
T for §>0

Zyg = 0
S+1

A/ Var(S)

Positive and negative values of Z indicate increasing and
decreasing trends, respectively. If the estimated value of 1ZI
is > Z,», then the null hypothesis of no trend is rejected at
the level of significance of @, for which 5% is commonly
adopted.

for S=0. 6)
for § <0

Precipitation concentration index
The effects of climate change on the rainfall distribution

throughout the year were analysed by means of the PCI (Oli-
ver 1980), which can be evaluated as follows:

N
1
PCI = — PCI,,
v jZ:, )

where N is the number of years of observations and PCI, is
the PCI calculated for the jth year as

212 P2
=11
PCI, = 100————, ®)

(ZZI P,-,-)

where P is the rainfall amount in the ith month of the jth
year.

PCI values lower than 10 indicate a uniform precipita-
tion distribution; PCI values higher than 20 correspond to
climates with substantial monthly precipitation variability;
while PCI values between 10 and 20 represent seasonality
in the precipitation distribution.

Teleconnections and correlation analysis

Rainfall from 1950 to 2011 was compared with four recur-
ring patterns of atmospheric circulation that can be related
to global climate variability on seasonal to interannual time-
scales: the Western Mediterranean Oscillation (WeMO;
Martin-Vide and Lopez-Bustins 2006), the North Atlantic
Oscillation (NAO; e.g. Barnston and Livezey 1987), the
El Nifio/La Nifia Southern Oscillation or ENSO (Bjerknes
1966) and the Arctic Oscillation (AO; Thompson and Wal-
lace 1998).

In particular, a correlation analysis was performed
between seasonal rainfall and the indices evaluated for
the different teleconnection patterns. Data were retrieved
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Fig.2 Percentages of the rain gauges showing positive or negative trends (a), and spatial distributions of the results of the trend analysis for the

annual rainfall (b) and the PCI values (c)

from the University of East Anglia’s Climate Research Unit
(https://crudata.uea.ac.uk/cru/data/moi/) for the Western
Mediterranean Oscillation Index (WeMOI) and from the
United States National Weather Service’s (NWS) Climate
Prediction Center (https://www.cpc.ncep.noaa.gov) for the
Oceanic Nifio Index (ONI, a measure of the El Nifio South-
ern Oscillation, ENSO), the North Atlantic Oscillation Index
(NAOI) and the Arctic Oscillation Index (AOI).

The connections between rainfall and these large-scale
atmospheric patterns were investigated by means of Spear-
man’s rank correlation nonparametric test (Spearman 1904).
Spearman’s rank correlation coefficient (p) is evaluated as

6 D

TNNEZD) ©

p=1
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where D is the difference between the ranks of correspond-
ing values of the two variables, and N is the number of pairs
of values.

Study area and data

The Friuli-Venezia Giulia region, the north-easternmost
region of Italy, covers an area of about 8,000 km? and is the
fifth smallest region of the country. It borders the Veneto
region to the west, Austria to the north and Slovenia to the
east. The south of the region faces the Adriatic Sea. Although
Friuli-Venezia Giulia is a mountainous region (42.5% of the
area in the north of the region), several plains characterize
the central and coastal parts of the region (38.2%) while
19.3% is hilly, mostly to the south-east (Fig. 1). In fact, from
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Fig.3 Spatial distribution of the
results of the trend analysis for
seasonal rainfall
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O No trend

A Positive Trend

a morphological point of view, the region can be subdivided
into four main areas: the mountainous area in the north, with
the highest peaks exceeding 2700 m a.s.l.; the hilly area
situated to the south of the mountains and along the central
section of the border with Slovenia; the central plains, char-
acterized by poor, arid and permeable soil; and the coastal
area, which can be further subdivided into a western and an
eastern side. According to the Koppen classification (Kop-
pen 1936), the study area presents three different climates:
Cfa (humid subtropical climate), Cfb (oceanic climate) and
Dfb (warm humid continental climate).

The database used in this study consists of 67 monthly
series for the period 1940-2011, with an average density
of 1 station per 118 km? in the study area (Fig. 1). These
data were collected, checked for quality (i.e. inhomoge-
neities) and freely distributed online by the Friuli-Venezia
Giulia Region until 2011. The rainfall series presented
missing data. In this study, in order to perform a reliable
analysis, only stations with at least 30 years of observa-
tions were considered.

Results and discussion

In this section, the results of the trend analyses performed
at annual, seasonal and monthly scales are presented and
discussed. In particular, Fig. 2a shows the percentages of
the rain gauges in which significant trends, either positive or
negative, were detected at a significance level equal to 95%.
As regards the annual rainfall, a marked negative tendency
is evident. In fact, in 35.8% of the rain gauges, a negative
trend was identified, while the remaining 64.2% showed no
significant trends. This negative trend is spatially distributed
throughout the entire region, from the mountains through
the plains to the coastal parts of the region (Fig. 2b), but the
highest reduction (more than 10 mm/year) was identified in
the mountainous area in the north, at station A220 (Table 1).

At the seasonal scale, only four rain gauges showed
significant trends in winter (Fig. 2a); these were equally
divided between positive (two out of 67 rain gauges, equal
to about 3%) and negative values. Owing to the low num-
ber of significant trends, the spatial behaviour of the trend
results could not be identified. In any case, the rain gauges
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Fig.4 Spatial distribution of the results of the trend analysis for monthly rainfall

showed positive trends in the northern part of the region
(Fig. 3), with a maximum increase of 1.71 mm/year, while
the central and southern areas showed negative trends, with
a reduction of about 5 mm/year (Table 1). Differently from
winter, spring is characterized by a marked reduction in the
rainfall values. In fact, this trend behaviour was detected in
43.3% of the rain gauges, whereas there were no positive

@ Springer

trends at all (Fig. 2a). As regards the spatial distribution of
these trend results, the mountainous and the coastal areas
seem to be more affected than the central plains by a rainfall
reduction (Fig. 3). In particular, the highest reduction was
identified in the mountainous area in the north, in the sta-
tions A220 (about 7 mm/year), C442 (4.35 mm/year) and
V005 (—2.55 mm/year) (Table 1). A similar trend behaviour
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Fig.5 Maps of Spearman’s rank
correlation coefficients between
winter rainfall and the climatic
indices

to that in spring was identified for summer, but with a lower
percentage of significant trends. In fact, in summer, about
20% of the rain gauges showed negative trend values, while
no significant trends were detected in the remaining rain
gauges (Fig. 2a). Even though similar trend behaviours char-
acterize spring and summer, the spatial distribution of the
rain gauges showing significant trends is totally different;
they were mainly from the eastern side of the region and,
especially, the central plains and the coastal areas (Fig. 3).
Further confirming this behaviour, the highest negative
tendencies were detected in the central-western area of
the region, with reductions of 6.34 mm/year and 3.63 mm/
year seen for the rain gauges N200 and N151, respectively
(Table 1). Finally, in autumn, the opposite trend behaviour
was detected, with 9% and 1.5% of the stations showing a
positive and a negative trend, respectively (Fig. 2a). The
spatial distribution of these trends evidenced opposite results
compared to those for summer, with a significant increase
in the rainfall values mainly on the western side of Friuli-
Venezia Giulia (Fig. 3). In fact, on this side of the region,
the highest trend magnitudes were detected, reaching values
of higher than 9 mm/year in the rain gauges A221 and A240
(Table 1).

This seasonal trend behaviour was confirmed at the
monthly scale. In particular, in the spring months (i.e.

March, April and May), only negative trends were detected,
with relevant results in April when 22.4% of the rain gauges
evidenced a rainfall decrease (Fig. 2a). In March and May,
the percentage of rain gauges showing negative trends was
lower than in April, being equal to 3% and 9%, respectively
(Fig. 2a). The spatial distribution of the trend results reflects
the seasonal ones, with the mountainous and the coastal
areas appearing to be more affected by a rainfall reduc-
tion than the central plains, especially in April and in May
(Fig. 4). In fact, the highest reductions were identified in
the rain gauge A220 in March (3.49 mm/year) and April
(3.45 mm/year) and in gauge A223 in May (1.26 mm/year),
both of which are within the mountainous area (Table 1).
Among the summer months (i.e. June, July and August),
only June showed a marked negative trend (37.3% of the
series), while both positive (4.5% for both) and negative
(1.5% and 3%, respectively) values were identified in July
and August (Fig. 2a). Due to the low number of signifi-
cant trends in July and August, the spatial behaviour of the
trend results can only be identified for June, when the nega-
tive trends occurred in the central plains and the coastal
areas of the region (Fig. 4), with a maximum reduction of
3.35 mm/year seen in rain gauge C554 (Table 1). In autumn
(i.e. September, October and November), the positive trend
evidenced at the seasonal scale is influenced by the results

@ Springer
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Fig.6 Maps of Spearman’s rank
correlation coefficients between
spring rainfall and the climatic
indices

for September, when this behaviour was identified in 6%
of the rain gauges (Fig. 2a), which were mainly located on
the western side of the region (Fig. 4), where an increase
of 3 mm/year was evaluated for rain gauge A221 (Table 1).
Finally, in the winter months (i.e. December, January and
February), only a very low percentage of the rain gauges
showed significant trends (Figs. 2a and 4), which were of a
low magnitude (Table 1).

Besides the trend analysis, the effects of climate change
on the rainfall distribution throughout the year were ana-
lysed by means of the PCI, which, based on the rain gauges
within the Friuli-Venezia Giulia region, is characterized by
values ranging from 11.35 to 14.3 and shows seasonality
in the precipitation distribution. Results of the trend analy-
sis performed on the annual values of the PCI evidenced a
positive trend in almost 20% of the stations, thus indicating
a tendency towards a more seasonal rainfall distribution in
the Friuli-Venezia Giulia region throughout the year. In fact,
given the maximum increase in the PCI value of 0.07 per
year, which was evaluated for rain gauges A600 and L0OO1
(Table 1), the results of the trend analysis only evidenced a
tendency toward a less uniform distribution of rainfall dur-
ing the year without any further changes because the PCI
threshold of 20, corresponding to climates with substantial
monthly precipitation variability, cannot be reached in the

@ Springer

next few years. Moreover, this trend behaviour only charac-
terizes some of the stations situated in the southern part of
the region, with the exception of one station in the eastern-
most part (Fig. 2¢).

The results of this work confirm past studies which evi-
denced a reduction in annual rainfall in Italy, especially in
the southern regions of the country and in some regions of
Central Italy such as Abruzzo and Marche (Scorzini and
Leopardi 2019; Gentilucci et al. 2019), but which signifi-
cantly differ from these studies in their seasonal trends. On
the contrary, this study confirms the seasonal trend behav-
iour detected in southwestern Europe by several authors
(e.g. Caloiero et al. 2018). The trend behaviour identified
in Friuli-Venezia Giulia could be due to the different factors
affecting its climate. In fact, the Alpine system protects the
region from the direct impact of the northerly winds. Moreo-
ver, the opening toward the Po Valley influences the general
circulation of air masses in the west—east direction, along
which the low pressure moves, bringing thunderstorms and
hailstorms, especially in the summer. Finally, being open to
the Adriatic Sea, the territory also receives sirocco winds,
bringing heavy rainfalls with them.

The results of the correlation analysis performed between
seasonal rainfall and the indices evaluated for the differ-
ent teleconnection patterns allowed us to identify the most
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Fig.7 Maps of Spearman’s rank
correlation coefficients between
summer rainfall and the climatic
indices

relevant one over Friuli-Venezia Giulia in the different sea-
sons. In particular, Fig. 5 shows the significant correlations
between the indices and the winter rainfall. No significant
correlations were identified for the ONI, a positive correla-
tion was identified for the WeMOI in 42 out of 67 series,
and negative correlations were detected for the NAOI and
the AOI in 42 and 48 series, respectively. The highest coef-
ficient of correlation (CC) in terms of the absolute value is
0.69, corresponding to a negative correlation with the NAOL
However, high CC values were also detected for the WeMOI
(about 0.5) and for the AO (—0.61). Differently from winter,
in spring, the highest number of series showing a significant
correlation were identified for the ONI (Fig. 6), with 58 out
of 67 series presenting negative CC values and a maximum
(absolute value) of 0.53. A marked significant correlation
was also detected for the WeMOI (52 series were positively
correlated and the maximum CC was 0.49), while the NAOI
and the AOI evidenced a very low number of correlations
(only three out of 67 series) and a total lack of correlation,
respectively. As regards the summer (Fig. 7), significant
positive correlations were detected between rainfall and the
WeMOI (in 32 out of 67 series) and the ONI (in 12 out of 67
series), with CC values higher than 0.5 and 0.3, respectively.
At the same time, negative correlations characterized NAOI
and AOI, with the highest CCs in absolute value equal to

0.52 for the NAOI (significant correlations in 23 out of 67
series) and 0.61 for the AOI (significant correlations in 32
out of 67 series). Similar results to those in summer were
detected in autumn (Fig. 8), although there were even more
marked correlations for the WeMOI and the AOI, with 63
and 66 out of the 67 rainfall series showing significant posi-
tive (a maximum CC of 0.59) and negative (a maximum CC
of 0.46 in absolute value) correlations, respectively. Only a
few rainfall series were found to be correlated with the ONI
(2) and the NAOI (10), and with low CC values of 0.32 and
—0.27, respectively.

As a result of the correlation analysis, the WeMO can
be considered the most relevant teleconnection over all
Friuli-Venezia Giulia in the different seasons. In fact, the
WeMO is only defined within the synoptic framework of
the western Mediterranean basin and its vicinity. Further-
more, the WeMOI is evaluated by considering the difference
between the standardized atmospheric pressure recorded
at two points: Padua in northern Italy and Cadiz in Spain
(Martin-Vide and Lopez-Bustins 2006). These points fall
within the Po plain, an area with a relatively high barometric
variability, and the Gulf of Cadiz, which is often subject to
the influence of the Azores anticyclone. As a consequence,
positive WeMOI values indicate an anticyclone in the Gulf
of Cadiz area and a low-pressure area by the Ligurian Sea,
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Fig.8 Maps of Spearman’s rank
correlation coefficients between
autumn rainfall and the climatic
indices

whereas negative WeMOI values refer to a low in the Gulf
of Cadiz and an anticyclone in Central Europe (Martin-Vide
and Lopez-Bustins 2006).

Conclusions

This spatiotemporal analysis of the regional precipitation
climate regime in the mountainous Alpine regions of north-
ern Italy, one of the major mountainous areas in Europe,
could be particularly interesting in many fields of the applied
sciences. The rainfall in these regions contributes to the
freshwater and hydropower within and beyond the area.
Moreover, it enables transportation on rivers and shapes the
distribution and diversity of ecosystems. In order to get a
better understanding the rainfall variability in northern Italy,
in this paper, 67 rainfall series for the Friuli-Venezia Giulia
region have been analysed. In particular, a trend analysis
has been performed using two non-parametric tests, and the
effect of climate change on the rainfall distribution through-
out the year has been analysed by means of the PCI. The
following main results were obtained:

(1) A negative trend in the annual rainfall especially in the
central and southern areas of the region

@ Springer

(2) The mountainous and the coastal areas of the region
seem to be more affected by a rainfall reduction in
spring than the central plains

(3) A negative trend in the summer rainfall was mainly
identified in the eastern side of the region and, espe-
cially, in the central plains and the coastal areas

(4) The opposite trend behaviour was detected in autumn

(5) The seasonal trend behaviour was confirmed at the
monthly scale

(6) Results of the trend analysis performed on the annual
values of the PCI evidenced a positive trend, thus indi-
cating a tendency towards a more seasonal rainfall dis-
tribution

(7) The WeMO was identified as the most relevant telecon-
nection over all Friuli-Venezia Giulia in the different
seasons.
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