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Abstract. More intense rainfall may cause a range of nega-
tive impacts upon society and the environment. In this study
we analysed trends in extreme ETCCDI (Expert Team on
Climate Change Detection and Indices) rainfall indices in
Montenegro for the period between 1951 and 2010. Mon-
tenegro has been poorly studied in terms of rainfall extremes,
yet it contains the wettest Mediterranean region known as
Krivosije. Several indices of precipitation extremes were as-
sessed including the number of dry days and rainfall totals
in order to identify trends and possible changes. A spatial
pattern relationship between extreme rainfall indices and the
North Atlantic Oscillation has also been examined. The re-
sults generally suggest that the number of days with precip-
itation decreased while rainfall intensity increased, particu-
larly in south-western parts of the country. A slight tendency
towards intense rainfall events is suggested. The examined
rainfall indices and North Atlantic Oscillation over Montene-
gro seemed to be directly linked to changes in one of the
major large-scale circulation modes such as the NAO pattern
that is particularly evident during the winter season.

1 Introduction

Rainfall extremes over the Mediterranean region are of par-
ticular interest since they can have serious environmental, so-
cietal and economic impacts. Although annual rainfall over
the Mediterranean region generally decreased during the sec-
ond half of the 20th century (Raiser and Kutiel, 2010; Tren-
berth et al., 2007), the frequency of heavy rainfall generally
increased (Alpert et al., 2002; Kostopoulou and Jones, 2005;

Ducic et al., 2012). These intense periods of rainfall may
have serious consequences including potential flooding, soil
erosion and land degradation. Agricultural areas are sparsely
distributed in this region and such hazards can have a signif-
icant impact on farming.

The Mediterranean region itself is characterized by com-
plex patterns of inter-annual as well as intra-annual rainfall
variability. Many authors have therefore studied particular
Mediterranean countries or stations in relation to rainfall ex-
tremes. Rodrigo and Trigo (2007) analysed spatial patterns of
rainfall extremes at annual and seasonal scales for the whole
Iberian Peninsula (1951-2002) using 15 stations. They no-
ticed a significant negative trend in daily intensity rainfall at
an annual level, between —2.00 and —5.76 mm day 1, which
was particularly pronounced in northern and southern sta-
tions. Extreme rainfall (defined as being beyond the 95th per-
centile of wet days amounts) did not reveal significant trends
in most of the Iberian Peninsula. Focusing on spatial vari-
ability of rainfall extremes in southern Portugal, Durao et
al. (2009) showed a slight decrease in rainfall between the
1960s and the end of the 20th century. Using observations
from 105 stations, they also concluded that indices of rainfall
extremes (frequency of extremely heavy precipitation events
and index characterizing flood events) have shown no signif-
icant temporal trends.

A tendency towards drier conditions but also for ex-
treme rainfall has been identified over other regions across
the Mediterranean, including Italy, the Balkans, Cyprus and
Israel. Alpert et al. (2002) found an increasing trend in
heavy-torrential categories (64—128 mm day 1) for the Ital-
ian Peninsula (1951-1995) and a significant decrease in
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Figure 1. Locations of the stations and elevation of Montenegro.

weaker categories (0-32 mmday—1). They also showed that
heavy to torrent contribution (32-upmmday—!) increased
from 23% from the total rainfall in the 1950s to 31% at
the end of the study period. Significant percentages of heavy
rainfall events compared to total precipitation in Italy was
confirmed later by Kostopoulou and Jones (2005). The same
authors described a similar pattern for the western coasts of
the Balkan Peninsula but with less significant results. Sig-
nificant results were not found in Israel and Cyprus for the
period 1951-1995 (Alpert et al., 2002). A recent study re-
ported by Ziv et al. (2014) on trends in rainfall regime over
Israel (1975-2010) showed a decrease in rain days in most
of the stations located in wet and semi-arid parts but also an
increase in average rainfall amounts and heavy rainfall days
(>30mm) in coastal areas (both statistically insignificant).

Montenegro so far has been poorly studied in terms of
rainfall extremes. Duci€ et al. (2012) examined rainfall ex-
tremes in the wettest Mediterranean region Krivosije, Mon-
tenegro and outlined their relationship to circulation types
(1951-2007). Using only two stations, Herceg Novi and
Crkvice, their analyses of rainfall extreme indices showed
that very extreme precipitation events significantly increased
by 1.8 % (95 % confidence level) annually despite having sig-
nificant decreases (99 % confidence level) in the number of
wet days (3.59 days annually for Crkvice and 2.97 days for
Herceg Novi).

The aim of this study is to investigate trends in rainfall ex-
treme indices over Montenegro and to better depict their spa-
tial patterns using web mapping techniques. Following the
study by Buric et al. (2011) that postulated a link between the
North Atlantic Oscillation (NAO) and rainfall over Montene-
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Figure 2. Isohyet map of Montenegro.

gro, here we quantify the influence of the NAO on rainfall
extreme indices.

In order to approach these research questions, this paper
examines annual and seasonal trends in rainfall extreme in-
dices in Montenegro during the period between 1951 and
2010. Introductory explanations including previous investi-
gations are given in Sect. 1. A detailed description of the
study area is given in Sect. 2. Data sets and a description of
methodology are presented in Sect. 3. Results and a discus-
sion are given in Sect. 4, and concluding remarks in Sect. 5.

2 Study area

The study area comprises Montenegro, which covers nearly
3% of the Balkan Peninsula with an area of 13.812 km?. It
has diverse topography including a narrow Adriatic coastline
that stretches along the south-western part, the karst region
in the central parts and the high Dinaric Mountains (above
2000 m) in the northern parts of the country (Fig. 1). The
coastal region is characterized by a typical Mediterranean
climate while a moderate-continental climate is present in
the northern parts. The average annual rainfall ranges from
about 800 mm in the northeast (Fig. 2) to above 4000 mm
in the mountainous areas in the west, which is the wettest
part of the Mediterranean region (Ducic et al., 2012). The
Crkvice meteorological station located on the south-eastern
slope of the Orijen Mountain presents the highest average
annual rainfall extreme (4593 mm in the baseline period
1960-1990) found in Europe (http://www.ncdc.noaa.gov/oa/
climate/globalextremes.html). Such high annual rainfall is
mostly due to orographic uplift (Radovanovic et al., 2008).
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3 Data and methodology
3.1 Data

The rainfall data include daily totals from 23 meteorological
stations in Montenegro (1951-2010) provided by the Hydro-
Meteorological Service of Montenegro. Metadata are quality
controlled in terms of correction of misprints and relocation
of the stations (WMO, 2004). There were no missing data.

Data homogeneity is a basic requirement when assessing
changes in rainfall extremes. However, an advanced method
for analysing daily rainfall data homogeneity has not been
developed yet (Toreti et al., 2010). In this study, data are
carefully evaluated by applying a multiple analysis of se-
ries for homogenization (MASH v3.02) method. The MASH
method was developed in the Hungarian Meteorological Ser-
vice (Szentimrey, 1994, 1999, 2003); it is a relative homo-
geneity test that does not presume that the reference series are
homogeneous (Costa and Soares, 2009). In this study, a ver-
sion of MASHv3.02 extended for homogenization of daily
rainfall data has been used. Portions of the time series with
inhomogeneities were excluded from the analysis.

An Expert Team on Climate Change Detection and In-
dices (ETCCDI), supported by the World Meteorological Or-
ganization (WMO) Commission for Climatology, the Joint
Commission for Oceanography and Marine Meteorology
(JCOMM) and the Research Program on Climate Variability
and Predictability (CLIVAR) developed the list of precipita-
tion indices used in this study. We selected a set of five in-
dices of rainfall extremes (Table 1) including the number of
dry days and rainfall totals. The number of dry days used in
this manuscript is defined as a total number of days with less
than 1 mm of rainfall including days without rainfall within
the given period. Indices are defined in terms of the numbers
of days that exceed either an absolute or percentile thresh-
old. Percentile-based indices allow spatial comparisons, as
they sample the same part of the probability distribution of
rainfall at each location. Day-count indices based on abso-
lute thresholds are less suitable for spatial comparisons of ex-
tremes. The reason is that, over large areas, day-count indices
based on absolute thresholds may sample very different parts
of rainfall distributions (Peterson et al., 2001; Klein-Tank and
Konnen, 2003; Vincent and Mekis, 2006; Gajic-Capka, 2009;
WMO, 2009; Caesar et al,. 2011).

As a proxy for the North Atlantic Oscillation, we use
the NAO as the standardized atmospheric pressure between
Ponta Delgada (Azores) and Akureyri (Iceland).

3.2 Methodology

Percentile thresholds are determined empirically from the
observed data series in the standard period of 1961-1990.
The procedure ensures that extreme rainfall events can occur
with equal probability throughout the year (WMO, 2009).
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The statistical significance of the calculated trends of the
indices was tested using a Mann—Kendall test. This method
has been applied because it is more suitable for nonparamet-
ric distributions. The Mann-Kendall test is used for trend
analysis in ETCCDI workshops (Zhang et al., 2005). Sen’s
(1968) slope estimator was used for estimating trends within
the indices. This is a more robust approach for the estimation
of trends within the indices based on daily data (Salmi et
al., 2002; Olofintoye and Sule, 2010; Sumenjak and Suster,
2011; Mondal et al., 2012). Since the average annual rain-
fall in Montenegro varies a great deal from about 800 mm
to above 4000 mm, rainfall trend for mean rainfall, SDII and
RO5TOT is given in percentage per decade (% dec1) using
Normal 1961-1990.

Depending on the data distribution, either the parametric
or nonparametric method may be used for correlation detec-
tion. In general, the nonparametric methods, e.g. Kendall’s
Tau Test, perform better relative to their parametric coun-
terparts for abnormal distributions. However, due to the fact
that a preliminary analysis did not show the general presence
of a skewed distribution in our precipitation time series, the
standard Pearson product-moment correlation coefficient has
been applied.

We used a plotGoogleMaps (Kilibarda and Bajat, 2012)
R software package in order to obtain better insight into
the spatial distribution of calculated daily rainfall extremes
trends as well as their correlations to NAO over Montene-
gro. All maps depicting annual and seasonal values of daily
rainfall extremes trends as well as correlations between rain-
fall extreme indices and NAO are available as interactive
maps in HTML format at the web page http://osgl.grf.bg.ac.
rs/materials/mne.

4 Results and discussion

In order to analyse extreme rainfall in Montenegro, five in-
dices have been chosen. The analysis was performed for each
of them at annual and seasonal scales. To better visualize
their spatial pattern, trends of indices are depicted by bar
graphs using different colours for annual and seasonal scales
(Figs. 3-9). Statistically significant trends at the 95 % confi-
dence level are outlined by black lines.

The annual rainfall trend in Montenegro tends to de-
crease in south-western parts of the country mostly in-
significantly (Fig. 3) since the only two stations (Budva
—3.6%decade™! and Krstac —2.8 % decade—!) showed a
significant decrease. The winter significant decrease (be-
tween —4.8 and —6.6 % decade™1) is detected in the same
parts of the country, suggesting a slight tendency towards
drier conditions. Those are mainly stations near the Mediter-
ranean coast of the country. In contrast, the northern parts
showed positive annual rainfall trends that are also significant
at two stations. The autumn season revealed positive trends
dominating all over the territory. A similar pattern with win-
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Table 1. Definitions and abbreviations of the ETCCDI indices of precipitation extremes used in this study.

D. Buric et al.: Recent trends in daily rainfall extremes

Index Definition Units
SDll Simple Daily Precipitation Intensity Index (Annual total/Number of ~mmdec—1
days with precipitation > 1 mm day 1)
R20 mm Number of days with heavy precipitation amount above 20 mm Days dec—1
R75p Number of days with precipitation amount above a site specific thresh-  Days
old value for moderate days, calculated as the 75th (R75%) percentile of
the distribution of daily precipitation amounts at days with Rd > 1 mm
in the 1961-90 baseline period.
R95p Number of days with precipitation amount above a site specific thresh-  Days
old value for very wet days, calculated as the 95th (R95%) percentile of
the distribution of daily precipitation mounts at days with Rd > 1 mm in
the 1961-90 baseline period
R95pTOT  Fraction of annual total precipitation due to events exceeding the 1961- %

1990 95th percentile

Definitions including formulas are available from ETCCDI website http://cccma.seos.uvic.ca/lETCCDI/.
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Figure 3. Decadal trends in the annual and seasonal mean precipi-
tation (RR) in % dec—1.

ter and spring decrease, and autumn increase in rainfall was
found by Lukovit et al. (2013) in their rainfall trend analy-
sis for Serbia. On the other hand, Krichak and Alpert (2005)
found a rainfall decrease over the Eastern Mediterranean,
which could be explained by the positive trend in the East
Atlantic Western Russia (EAWR) pattern.

Drier conditions are confirmed by the number of dry days
(DD) showing statistically significant increases at 13 stations
(between 2.1 and 5days decade1) at annual scales (Fig. 4)
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Figure 4. Decadal trends in the annual and seasonal number of dry
days (DD) in days dec™.

that are mainly distributed in the SW parts of Montenegro.
Similar results are found for the winter season as well. Pro-
nounced positive trends are found in coastal and central parts
of Montenegro, highlighting the fact that Mediterranean ar-
eas may experience future drought conditions (Brandt and
Thornes, 1996). Other seasons showed low statistical signif-
icance and spatial coherence.

On the other hand, the simple daily precipitation intensity
index (SDII) revealed annual and seasonal increases (Fig. 5)
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Figure 5. Decadal trends in the annual and seasonal Simple Daily
Precipitation Index (SDII) in % dec 1.

that were particularly pronounced in SW parts of Montene-
gro during the spring season (between 3.3 and 6.9 % dec™1).
Kostopoulou and Jones (2005) obtained similar results for
Italian stations at annual and winter scales. When comparing
the results found for Italian stations, there is a lag of one sea-
son in Montenegro, pointing out that the strongest increase
of SDII in Montenegro is during spring.

Trends for Montenegro in number of days with rainfall
above the 75th percentile (R75p) revealed mostly negative
annual values that are spread in southern and western parts of
the country, with four stations being statistically significant
(Fig. 6). Positive annual trends are distributed in northern and
eastern areas. Results on the seasonal scale did not reveal a
strong change for R75p. However, an exception arose in the
summer season, showing an increase in R75p at all exam-
ined stations. However, none of these stations showed statis-
tically significant results. On the other hand, days with rain-
fall events higher than the 95th percentile (R95p) also show
positive trends at the annual scale mainly in central parts of
Montenegro that are statistically significant at seven stations.
The winter season also revealed a positive trend that was sig-
nificant at four stations concentrated in the same areas as the
annual ones.

Similar results are found for index R95pTOT, which is a
measure of very extreme precipitation events. It showed a
statistically significant positive trend at an annual scale for
nine stations in Montenegro (Fig. 8). On the other hand, the
summer season revealed almost half of the stations with neg-
ative trends, but were poorly significant. Kostopoulou and
Jones (2005) found similar results for the Balkan Peninsula
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Figure 7. Decadal trends in the annual and seasonal rainfall above
95th percentile (R95p) in day dec 1.

in their study. Analysis on the seasonal scale shows that the
trends are mostly weak and less significant. However, they
noticed a difference between western and eastern parts of the
country for the spring season, presenting opposite trends.
Extreme rainfall increased in many parts of the world
(IPCC, 2013). In Montenegro, the number of days with
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Figure 8. Decadal trends in the annual and seasonal precipitation
fraction due to very wet days (R95TOT) in % dec~1.

heavy rainfall (>=20mm) decreased in the south-western
parts while increases were detected in north-eastern parts of
the country (Fig. 9). Results in this paper showed that sta-
tions in the Mediterranean parts of the country, which re-
ceive high annual totals, are indicating negative trends. On
the other hand, northern stations with less rainfall totals are
indicating positive trends.

All stations showed statistically significant negative corre-
lations between rainfall amounts and NAO at the annual level
and during the winter season (Fig. 10). During the autumn
season, the majority of stations also showed statistically
significant negative correlations. Many studies that analyse
NAO impact show higher correlations in winter (Caloiero et
al., 2011) and therefore we concentrated mainly on this sea-
son (Fearari et al., 2013). This control exerted by NAO on the
rainfall during winter is related to corresponding changes in
the North Atlantic storm track that affect most of western Eu-
rope (Osborn et al., 1999; Goodess and Jones, 2002) and the
Eastern Mediterranean such as in Turkey (Turkes and Erlat,
2005). None of the stations investigated provided significant
correlations for spring and summer rainfall.

The number of dry days (DD) showed significant positive
correlations with NAO in all stations at annual and winter
levels (Fig. 11). The autumn season also suggested signifi-
cant positive correlations. Krichak and Alpert (2005) found
for the Mediterranean region that NAO-positive periods are
wetter than normal weather over western Europe but drier
than normal weather in the Mediterranean. Positive correla-
tions between DD and NAO for Montenegro certainly con-
firms these assertions.
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Figure 10. Mapped correlation between annual and seasonal mean
precipitation (RR) and NAO index.

Simple daily precipitation intensity index (SDII) showed
negative annual and winter five correlations mainly concen-
trated in central and eastern parts of the country. A very simi-
lar pattern is noticed in R95p. On the other hand, a quite sim-
ilar distribution with significant negative correlations at the
annual scale as well as during winter and the autumn season
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is noticed in R75p and R20 mm indices. The index R95pTOT
did not reveal any specific spatial pattern apart from a signif-
icant negative correlation in the winter season.

5 Conclusions

In this paper we have studied trends in indices of rainfall ex-
tremes in Montenegro as well as their relation to North At-
lantic Oscillation for the period between 1951-2010 using
observations from 23 stations. This research was focused on
the spatial pattern analysis of rainfall extreme indices using
web-mapping tools.

The results suggested a dominant decrease in annual rain-
fall amounts followed by an increase in the number of
dry days. Tendencies towards drier conditions are mainly
pronounced in the south-western parts of the country. De-
spite the suggested drier conditions, precipitation intensity
increased all over the country. Very extreme precipitation
events indicated a particular increase in the south-western
parts of the country. Such increasing tendencies of precip-
itation intensity on wet days in the Mediterranean part of
Montenegro are suggested in IPCC (2013) reports under the
scenarios of future climate change.

A spatial pattern of trend in extreme rainfall indices sug-
gested opposite tendencies in south-western (central and
coastal areas) and north-eastern parts of Montenegro (moun-
tains). While implicating more extreme but generally drier
conditions in SW parts, the eastern parts showed a slight
tendency towards wetter conditions. Apart from these two
opposite trends shown between the two described areas of
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Montenegro, they are also characterized by different rainfall
regimes. The south-western parts of the country experience
a Mediterranean climate while the north-eastern parts have a
continental climate. For that reason, Kutiel et al. (2014) in-
cluded north-eastern Montenegrin stations into the analysis
of Serbian stations while also analysing rainfall regime and
its uncertainty in Serbia and Montenegro.

The results for the relationship between extreme rainfall
indices and North Atlantic Oscillation over Montenegro dur-
ing the investigated period seemed to be directly linked to
changes in one of the major large-scale circulation modes
such as NAO pattern, particularly during the winter season.
This is the reason why some studies are mainly focused only
on the winter part of the year (Ferrari et al., 2013) and some-
times include March (Trigo et al., 2002). That is also why
some authors use a wet season concept between October and
March in their analysis (Xoplaki et al., 2004).

Obtaining detailed rainfall analysis is of particular im-
portance, especially taking into account the recent floods in
2010, 2012, and 2013 in Montenegro that caused serious
damage (Buric et al., 2013, 2014).

The Supplement related to this article is available online
at doi:10.5194/nhess-15-2069-2015-supplement.
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