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A B S T R A C T

This study analyses a century-long set of precipitation time series in the Central Mediterranean (encompassing
the Greek Ionian and the Italian Puglia regions) and investigates the statistically significant modes of the in-
terannual precipitation variability using efficient methods of spectral decomposition. The statistical relations
and the possible physical couplings between the detected modes and the global or hemispheric patterns of
climatic variability (the El Niño Southern Oscillation or ENSO, the North Atlantic Oscillation or NAO, the East
Atlantic or EA, the Scandinavian or SCAND, and others) were examined in the time-frequency domain and low-
order synchronization events were sought.

Significant modes of precipitation variability were detected in the Taranto Gulf and the southern part of the
Greek Ionian region at the sub-decadal scales (mostly driven by the SCAND pattern) and particularly at the
decadal and quasi-decadal scales, where strong relations found with the ENSO activity (under complex im-
plications of EA and NAO) prior to the 1930s or after the early-1970s. The precipitation variations in the Adriatic
stations of Puglia are dominated by significant bi-decadal modes which found to be coherent with the ENSO
activity and also weakly related with the Atlantic Ocean sea surface temperature intrinsic variability.
Additionally, important discontinuities characterize the evolution of precipitation in certain stations of the
Taranto Gulf and the Greek Ionian region during the early-1960s and particularly during the early-1970s, fol-
lowed by significant reductions in the mean annual precipitation. These discontinuities seem to be associated
with regional effects of NAO and SCAND, probably combined with the impact of the 1970s climatic shift in the
Pacific and the ENSO variability.

1. Introduction

Precipitation is a fundamental parameter in the research of climate
dynamics whose extreme spatial variability often enforces its study on a
regional and/or sub-regional scale, as have been also suggested by the
Intergovernmental Panel on Climate Change for regions located in
transitional climate areas (Solomon et al., 2007; Trenberth et al., 2007).
The Mediterranean basin consists of an area, whose climate conditions
are principally controlled by the descending branch of the Hadley cir-
culation (during the summer and early autumn) and the Westerlies
zonal flow during the winter season, both of them being major con-
stituents of the general circulation (e.g., Bolle, 2003). The alternation
between these fundamental flow systems couples the Mediterranean
precipitation with anomalous pressure distribution patterns of the

North Hemisphere, mainly with the North Atlantic Oscillation or NAO
(Hurrell et al., 2003; Marshall et al., 2001; Wanner et al., 2001;
Polonskii et al., 2004), the East Atlantic or EA (Wallace and Gutzler,
1981; Barnston and Livezey, 1987), the Scandinavian or SCAND (Bueh
and Nakamura, 2007), the East Atlantic - West Russian or EA-WR
(Ionita, 2014), the Indian Monsoon, and probably with even more
distant patterns of global-scale climatic fluctuations, such as the El Niño
Southern Oscillation or ENSO (e.g., Allan, 2000; Brönnimann, 2007).
The Mediterranean cyclogenesis, which is influenced by NAO, SCAND,
and the EA-WR variations (Nissen et al., 2010) along with the sea-at-
mosphere mass and heat flows, are two extra factors that induce further
variability in the regional precipitation.

An anomalous climatic event that was recently affecting the entire
Mediterranean basin is the significant decline of precipitation between
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the early 1970s and 2000. This event is caused by a persisting NAO
positive phase (initiated at an epoch where protracted El Niño events
and strong inter-decadal activity developed in ENSO) under the en-
hancing effects of SCAND and EA-WR (e.g., Krichak et al., 2002;

Krichak and Alpert, 2005). Then, dryness became more evident in parts
of the Central and Eastern Mediterranean, particularly in the Italy–-
Greece region (Norrant and Douguédroit, 2005). This area, which is
actually comprised by the Ionian Sea (Fig.1a), is one of the least-studied

Fig. 1. (a): The location of the studied area in the Mediterranean basin (red polygon).
(b): Geophysical map of the studied area. The position of the ground stations used in this study is indicated by the red dots. The meaning of the acronyms is: Bari (BAR), Brindisi (BRS),
Taranto (TAR), Otranto (OTR), Gallipoli (GAL), Santa Maria di Leuca (SML), Corfu (CRF), Cephalonia (CEP), Zakynthos (ZKT), Methoni (MTN). The annual precipitation height field
curves (in mm) implied by the TRMM over the period 1998–2012, are shown by the orange dashed lines.
(c): Variation of the mean annual precipitation height (over the period 1921–2010) in respect to the latitudinal position of the indicated stations (blue line, scale at the top). The
corresponding distance of each rain gauge from the main orography (height ≥ 1 km) of the Balkans coastline is also shown by the red line (scale at the bottom). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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and sub-sampled parts of the Mediterranean basin. Additionally, the
spatiotemporal precipitation variability over the Ionian Sea has an in-
creased oceanographic interest due to its role in the dynamics of the
Mediterranean Sea circulation and its implications in important ocea-
nographic processes like the Eastern Mediterranean Transient or EMT,
that occurred from the late 1980s to about 2000 (Malanotte-Rizzoli
et al., 1997; Borzelli et al., 2009; Gačić et al., 2011, 2012). Earlier
studies have shown that negative secular trends of precipitation prevail
in the Italian regions of Calabria, Sicily, and the Greek Ionian region,
and mixed weak trends in Puglia (Federico et al., 2010; Buttafuoco
et al., 2011; Caloiero et al., 2011; Kalimeris et al., 2012; Coscarelli and
Caloiero, 2012; Arnone et al., 2013). Furthermore, many climate model
simulations in regional (Lionello and Giorgi, 2007; Gualdi et al., 2013)
and sub-regional scales (e.g., Kalimeris et al., 2012) anticipate mild (0%
to −10%) precipitation deficits in the southern Italy and Puglia until
the end of the current century, but greater losses (−5% to −20%) in
the Greek Ionian region.

In this framework, the significant modes of precipitation variability
are searched for here, along two marine areas, the Italian region of
Puglia and the Greek Ionian Islands, which form a cohesive marine-
islanding environment stretching meridionally by almost 650 km in the
Central Mediterranean (Fig.1a). The availability of historical -century
long- precipitation records from local ground-based stations offers an
opportunity to set-up a detailed local “meridional tomography” of the
Central Mediterranean climatic variability. Hence, the current study
aims to: (a) detect the significant modes of precipitation in the studied
area and examine their time evolution, (b) explore the statistical rela-
tions and the underlying physical couplings of the detected modes with
the main patterns of climatic variability in different time-scales, and (c)
assess the response of the regional precipitation to significant global-
scale climatic fluctuations during the last century. For these purposes,
the general characteristics of the precipitation variability and of the
underlying climate dynamics along the studied area, are briefly re-
viewed in Section 2. The adopted monthly precipitation data sets and
the applied analysis methods are introduced in Section 3. Results are
presented in Section 4, while the implied physical picture of the pre-
cipitation climatic dynamics in the studied area during the last century
is discussed in Section 5.

2. Description of the study area

Puglia (or Apulia) is an elongated area that invades into the Ionian
Sea by the nearly flat peninsula of Salento and shapes the Gulf of
Taranto in its western side, while it sets the southern boundaries of the
Adriatic Sea at the Strait of Otranto (Fig.1b). At the southern extension
of Puglia, the mountainous Ionian Islands are deployed parallel to the
western Greek mainland at a small distance from Pindos Mountain
range.

Both Puglia and the Greek Ionian region are freely exposed to strong
sirocco–type southern winds which are imposed by the frequent passage
of Mediterranean and Northern Africa cyclones (Meteorological Office,
1962; Homar et al., 2007; Bartholy et al., 2009). Due to the relatively
high sea surface temperature (SST) the Ionian region becomes a major
contributor of humidity at a basin-wide scale (Romanou et al., 2010;
Schicker et al., 2010; Zveryaev and Hannachi, 2011). Because sirocco is
a strong far-fetched lowest troposphere flow system, it efficiently
streams the moisture, the sensible, and the latent heat towards the steep
coastal orography of western Balkans and Greece, where the airflow
experiences horizontal convergence and uplift due to counter-balanced
divergence. Thus, a wind convergence zone often develops along the
western Balkans and forced convection, able to evolve in thunderstorm
cells and heavy precipitation, prevails. The relation between cyclonic
activity, sirocco winds, and local heavy precipitation events has been
long established and studied in details along the Adriatic and western
Balkans (e.g., Pasarić et al., 2007; De Luis et al., 2013; Ivančan-Picek
et al., 2014), the southern Italy (Horvath et al., 2008; Miglietta and

Regano, 2008; Moscatello et al., 2008; Federico et al., 2008;
Mastrangelo et al., 2011), and recently for the north-western Greece
(Sindosi et al., 2015).

The studied area is also affected by the outbreaks of northern Bora
as it is channeled through the Adriatic, and by the northeastern Gregale.
The Italian orography of Basilicata and Calabria regions further causes
a variety of intense mesoscale dynamic phenomena and heavy pre-
cipitation events (studied in details by Mastrangelo et al., 2011;
Federico et al., 2008) which can seriously affect the Gulf of Taranto,
Salento, and the Central Ionian Sea. Another mesoscale process that
influences the precipitation along Puglia under weak synoptic condi-
tions is the development of a double see-breeze system originating from
the opposite coasts of Salento. This system drives in the formation of a
local convergence zone along the peninsula, often accompanied by
convective precipitation (Mangia et al., 2004; Comin et al., 2015).

An overview of the regional mean annual precipitation height field,
as implied by the Tropical Rainfall Measuring Mission or TRMM
(Huffman et al., 2007) for the period 1998–2012, is shown in Fig.1b
(Kolios and Kalimeris, 2016). The impact of the western Balkans con-
vergence zone in the spatial precipitation distribution becomes ap-
parent in Fig.1b,c by the strong anti-symmetric relation between the
recorded annual precipitation height and the distance of each station
from the significant orographic barriers of the Balkans coastline.

3. Material and methods

3.1. Data, missing values, and homogenization

Monthly precipitation data from six coastal stations in Puglia (as
indicated in Fig.1b) for the period 1921–2010 were adopted in this
study by the Italian Hydrographic Office. A second data-set for the Greek
Ionian stations, covering the period 1893–2010, was provided by the
National Observatory of Athens (NOA) and by the Hellenic National Me-
teorological Service (HNMS), supplemented for the period 1956–2010 by
the Ionian coastal station of Methoni at the southern tip of Pelo-
ponnesus. A concise review of the available precipitation data along
with missing values indices are given in Table 1.

After data quality control through CLIMATOL (Guijarro, 2011),
missing values estimation and relative homogenization of the observed
monthly precipitation series was performed through the HOMER
(Mestre et al., 2013) and ACMANT2 (Domonkos, 2015) algorithms, as
described in Appendix A. The corrected series implied by HOMER and
ACMANT2 were found to be very similar and only in a few cases the
HOMER series declined from the original observations slightly more
than the ACMANT2 series (in this sense, the HOMER series might be
considered as a reliable upper limit of the implied corrections). For
example, the original and the corrected precipitation series for two
representative stations of the studied area are illustrated in Fig. A1
(Appendix A). Taking also into account the study of Venema et al.
(2012), the HOMER series were adopted throughout the subsequent
analysis. Descriptive statistics and linear trends in the original and the
corrected precipitation series for each station are also given in Table 1.
Due to the well-defined precipitation minimum in July along all sta-
tions of the studied area, the annual heights are referred here to a ty-
pical Mediterranean hydrological year (in the sense of a rainfall year
season) considered as the interval from July 1st of the i-year, to June
30th of the year i + 1.

Regarding the state of the aforementioned patterns of climatic
variability, two classic indices were adopted for ENSO, the Niño-3.4
(that express the SST anomalies averaged over the equatorial Pacific
area 5°N–5°S and 170°–120°W) and the Southern Oscillation Index or
SOI (that expresses the differences of the standardized pressure
anomalies between Tahiti and Darwin in the tropical Pacific). Monthly
Niño-3.4 values were obtained from the Climate Prediction Center of
the National Oceanic and Atmospheric Administration (CPC/NOAA),
while SOI values were obtained from the Working Group on Surface

A. Kalimeris et al. Atmospheric Research 198 (2017) 56–80

58



Pressure/ Global Climate Observing System or WG-SP/GCOS. The
adopted NAO, EA, EA-WR, and SCAND indices were based on the
leading Rotated Principal Component Analysis (RPCA) Empirical
Orthogonal Functions (EOFs) of the monthly standardized 500 hPa
height anomalies over the 20°–90°N region, and they were obtained for
the period after 1950 from the CPC/NOAA and the National Centers for
Environmental Prediction / National Center for Atmospheric Research
(NCEP/NCAR) reanalysis climate data assimilation system.
Additionally, the classic ground-station NAO index of Hurrell and
National Center for Atmospheric Research Staff (2016) was adopted
(hereafter referred as the NAO HSt index). Finally, the monthly average
values of the equatorial stratospheric (30 hPa) zonal wind obtained
from NCEP/NCAR, and adopted as an exploratory index for the quasi-
biennial oscillation or QBO.

3.2. Methods of climatic signal analysis

The search of statistically significant modes in the precipitation
variability of the studied area is performed here through a multi-spec-
tral decomposition procedure which is primarily based on the efficient
data-adaptive Singular Spectrum Analysis or SSA (Allen and Smith, 1996;
Elsner and Tsonis, 1996; Ghil et al., 2002, and references therein). Each
monthly series is decomposed by SSA into non-linear trends, oscillatory
components, and stochastic variations. The oscillatory components are
efficiently detected in the periodicities range or time-scales band (M/5,
M) where M is the embedded dimension or window width (Yiou et al.,
1994). An optimal choice of M, reflecting a compromise between high
statistical confidence (low M values) and high spectral resolution (high
M values), has to be made through a set of preliminary computations.
Then, the frequency f of oscillatory terms whose variability is char-
acterized by a timescale s longer than M, may be not well specified
(such terms are then referred as “slow” components). To extend the
detectability limit towards longer time-scales, a window length corre-
sponding to 20–25 years was adopted here, depending on the exact
length n of each series. The temporal empirical orthogonal functions or
T-EOFs (eigenvectors of the observed precipitation series M× M lag-
covariance matrix CX) and the associated temporal principal compo-
nents or T-PCs (the projections of the time series onto the T-EOFs) were
consequently computed for the annual, the monthly, and the extended
winter (December to March, or DJFM) versions of each series.

To obtain a useful preliminary view of the main features in the

power spectral density function S(f), the Blackmann-Tukey (BT) or
windowed correlogram (Blackman and Tukey, 1958), the Maximum
Entropy Method or MEM (Burg, 1967; van den Boss, 1971), and the re-
vised Multi-Taper Method or MTM (Mann and Lees, 1996) were se-
quentially applied prior SSA. This procedure helps in reducing the by-
chance detection of significant components through SSA and further in
estimating possible spectral aliasing effects. Subsequently, wavelet
analysis was applied by means of the Continuous Wavelet Transform
(Foufoula-Georgiou and Kumar, 1995; Grinsted et al., 2004; Torrence
and Compo, 1998) in order to examine the evolution of the significant
variability modes of precipitation in the time-frequency domain, par-
ticularly of those which are detected by SSA. The Morlet function (with
a wavenumber ω0 = 6) was selected as a mother wavelet since it re-
presents a functional basis well localized in both time and frequency
that has been proved to perform well in the analysis of a wide variety of
geophysical time series (Foufoula-Georgiou and Kumar, 1995; Grinsted
et al., 2004). As explained in Appendix B, the time scale s corresponding
to the adopted Morlet wavelet almost coincides with the Fourier wa-
velength (or period), hence, it is used here as an equivalent of the
Fourier wavelength.

Statistical significance of the spectral components was tested against
the null-hypothesis ℋ0: “the observed series is nothing more than red noise
realizations” according to the procedure described by Allen and Smith
(1996) for SSA, by Mann and Lees (1996) for the revised MTM, and by
Torrence and Compo (1998), and Grinsted et al. (2004) for wavelet.
Hereafter, the term “significant” will be used to signify statistical sig-
nificance at the 0.05 confidence level. Finally, reconstruction of the sig-
nificant components in the time domain was computed according to the
procedure described by Ghil et al. (2002). The reconstructed components
(RCs) reproduce the amplitude evolution of each term and capture its
phase variations at a frequency f or scale s. In order to dump the possible
interferences of the annual precipitation cycle with other time-scales,
the centralized monthly precipitation series were used throughout the
subsequent analysis.

4. Results

As it is seen in Table 1 (see the “mean values” section) the pre-
cipitation distribution in the Greek Ionian region reflects the typical
southwards decrease of the mid-latitudes along with the weakening
effects of the western Balkans wind convergence zone in this direction.

Table 1
The observational period covered in each station (1st row) along with the number of the available annual (Na) and monthly (Nm) values (rows 2–3). The percentage of missing data in each
monthly series is given by MDm (row 4) and the maximum number of consecutive years with at least one missing month is given by MDac (row 5). The finally available annual and monthly
observations nA and nM after missing data filling are listed in rows 6–7. The mean annual precipitation values HH over the observational period and over the common period 1921–2010
(HC) are listed in rows 8–9 (in mm). Finally, the linear trends (in mm/year) in the original (H

?
o) and the corrected (H

?
H ) series are given over the observational period (rows 10–11) and

over the common observational period 1921–2010 (H
?

C) in the last row (whenever applicable).

Bari Brindisi Taranto Otranto Gallipoli Leuca Corfu Cephalonia Zakynthos Methoni

Observations period 1938–2010 1921–2010 1921–2010 1921–2010 1921–2010 1921–2010 1887–2010 1893–2010 1893–2010 1956–2010

Initial data Na 67 88 88 87 89 85 105 95 95 54
Nm 826 1062 1062 1062 1078 1031 1452 1247 1278 647
MDm 5.7% 1.7% 1.7% 1.7% 0.2% 4.5% 2.5% 8.9% 9.0% 0.01%
MDac 5 1 1 1 2 2 6 11 10 1

Final data nA 73 90 90 90 90 90 124 118 118 55
nM 876 1080 1080 1080 1080 1080 1488 1416 1416 660

Mean values HH 565.0 584.5 519.8 793.0 557.4 663.5 1066.7 839.7 855.3 689.1

HC 584.5 519.8 793.0 557.4 663.5 1045.6 823.6 820.9

Linear trends
H
?

o
-0.13 +0.86 +1.01 -0.65 +0.33 +0.32 -1.94 -0.47 -2.69 -1.28

H
?

H
-0.13 +0.86 -0.18 -0.65 +0.33 +0.32 -0.60 -0.42 -1.10 -1.28

H
?

C
+0.86 -0.18 -0.65 +0.33 +0.32 +0.36 +0.32 -0.22

Bold underlined values indicate statistically significant trends at the 0.05 level.
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On the other hand, a reversed precipitation gradient is observed along
the peninsula of Salento (consistent with the distribution found through
the TRMM data-sets in Fig.1b) which proves to be a time persistent and
statistically significant characteristic (p < 0.01) through a Mann-
Whitney test. Additionally, it is worth noting that a reduction of the
mean annual precipitation value followed after each significant dis-
continuity event, particularly those detected at the 1960s and at the
1970s (Appendix A).

Regarding the linear–secular-trends (Table 1) it is seen that in re-
ference to the common observational period 1921–2010, mixed non-
significant trends prevail in Puglia (ranging from +0.86 to −0.65 mm/
year) and in the Greek Ionian region (+0.36 to −0.22 mm/year).
However, strong negative trends prevail in the Greek Ionian stations (par-
ticularly in Corfu and Zakynthos) when the entire observational period
1893–2010 is considered (see also Fig.A1).

In order to resolve the main spatial patterns of precipitation varia-
bility in the studied area, the Varimax orthogonal rotation method
(Kaiser, 1958) was applied in a subset of Principal Component Analysis
EOFs of the matrix ℛ, over the common observations period
1921–2010. The eigenvalues spectrum λk [with k ranging from 1 to 10
at a unit step, hereafter annotated as k = 1(1)10] of the corresponding
un-rotated EOFs indicate that only the first two eigenvalues corre-
sponding to EOF1 and EOF2 are non-degenerate (embedded graph in
Fig.2). The spatial distribution of the loadings (which represent the
correlation of each rotated EOF with the variations of the annual pre-
cipitation in each station) is illustrated in Fig.2. As can be seen there,
the rotated EOF1 is associated with the precipitation variability of
Puglia stations, while EOF2 reflects the variability of the southern

Greek Ionian region. These rotated EOFs jointly account for 65% of the
variance in the correlation matrix ℛ. The corresponding rotated Prin-
cipal Components (or RPCs) collectively represent the monthly pre-
cipitation series in Puglia (RPC1) and the southern Greek Ionian region
(RPC2).

4.1. Precipitation variability modes

The SSA, MTM, and wavelet spectra of the monthly precipitation
series are illustrated in Fig.3 (for definitiveness the BT and MEM spectra
are omitted). The prominent spectral components resulted from SSA,
MTM, MEM, and BT methods are also listed in Table 2, in six time-scale
bands: the biannual (1–3 years), the short (3–5 years), the sub-decadal
(5–8 years), the decadal (8–16 years), the bi-decadal (16–30 years), and
the multidecadal (considered here as those with s≥ 30 years). In this
framework, the significant modes of precipitation variability that were
found along the studied area can be organized as follows:

i) Sub-decadal modes having the form of oscillatory variations are
widely met at the quasi-biennial or QB band (2–3 years) in all sta-
tions, particularly in southern Puglia where they account for a re-
markable 37–40% of the total precipitation variance in Leuca and
Gallipoli (Figs.3e,f and 4a). Oscillatory modes were also found at the
short scales (3–5 years) in many stations, particularly in Cephalonia
and Taranto where they account for 15–19% of the total variance
(Figs.3c,h and 4b). Finally, significant sub-decadal modes were
found at 7–8 years, mainly in the southern Greek Ionian region
accounting for 12.5% of the total variance in Zakynthos (and 23% in

Fig. 2. Normalized loadings of the precipitation RPCA
factors, with the rotated EOF1 displayed by the red curves
and EOF2 by the blue curves. The eigenvalue spectrum of
the corrected precipitation correlation matrix ℛ is shown
in the embedded graph (lower left) along with the error
bars and the 95% confidence interval limits (orange lines).
The accounted cumulative variance is depicted by the blue
curve in this graph (scale on the right). (For interpretation
of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Methoni where data are available only after 1956). A similar mode
dominates the winter precipitation variations in Corfu at 7.6 years,
while in Brindisi this mode is sensed as marginally significant by
SSA.

ii) Decadal and quasi-decadal modes are mostly detected in the southern
Puglia and Greek Ionian region at the 10–16 years band. They are
particularly manifested by exceptionally strong decadal oscillations
in Otranto (centered at 10.4 years) and by quasi-decadal variations
in Zakynthos (centered at about 14 years), respectively accounting
for 25% and 20% of the total local variance (Figs.3d,i and 4c). Si-
milar modes are also found in Taranto at 11.9 years (Figs.3e, 4c), as
well as in Gallipoli, Leuca, and Cephalonia, accounting for 10–14% of

the total precipitation variance (Table 2). Unlike the Otranto case,
these modes are particularly active either before the 1940s and/or
after the 1970s (Fig.3), both being periods of exceptionally strong
ENSO-related climatic fluctuations in a global-scale (e.g., Wang,
1995; Allan, 2000; Rimbu et al., 2003)

iii) Bi-decadal modes (centered at 21 and 28 years) were detected in
Bari, Brindisi, Taranto, and Corfu, where they account for 18–19% of
the total variance (Figs.3 and 4d).

iv) Multidecadal modes in form of long irregular fluctuations were de-
tected in Otranto, Brindisi, Corfu, and Zakynthos, actually identified
as non-linear trends (or NLT) by SSA with characteristic scales of
the order of 40–60 years (i.e., at the upper detectability limit of the

Fig. 3. Wavelet power spectra of the centralized monthly precipitation series (dates are shown at the horizontal axis). The power scale at the lower part of each panel is referred to the
variance units (σ2) of the corresponding series, while the statistically significant (at the 0.05 level) regions are bordered by the bolded black lines. The SSA (blue lines) and MTM (green
lines) spectra are additionally illustrated at the right part of each panel with the S(f) power density function units referred in 103 mm2. The small orange bars in the SSA spectra indicate
the 2.5% and 97.5% percentiles of the Monte Carlo red-noise simulations, while the long- and the short-dashed lines respectively signify the 90% and 95% confidence levels of the AR(1)
red noise background in the MTM spectra. The central periodicities values (in years) of the prominent SSA components are also indicated. As we are interested for the interannual
precipitation variability, the high-frequency spectral tails (f≥ 0.083 months−1 or scales s ≤ 12 months) have been clipped. Notice the different power scales among panels. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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utilized methods). These components account only for a small
amount (5–11%) of the total precipitation variance (Figs.3 and 4e).

The local strength of the detected SSA modes can be represented by
the normalized excessive spectral power of the k-EOF, which is de-
fined here as:

Hence, in each station is a measure of the power surplus
(Pk − Pk,⁎) of the k-EOF above the estimated red-noise threshold (Pk,⁎),
normalized by the local total variance ∑P. The spatial distribution of
is depicted according to the different time-scales in Fig.5. The dom-
inance of the QB precipitation modes in the southern Puglia (Fig.5a),
the wide-spreading of the decadal and quasi-decadal modes (Fig.5d),
and the prevalence of the bi-decadal modes in the Adriatic stations
(Fig.5e), are some of the most important features.

4.2. Relations with the principal atmospheric and coupled ocean-
atmosphere processes

We explore in this section the statistical relations of the detected
precipitation variability modes with the principal atmospheric and
coupled ocean-atmosphere processes which are known for their ability
to drive or induce climatic fluctuations in the Euro-Mediterranean area.
The possible relations with ENSO are first explored in Section 4.2.1, and
then, those with the main Northern Hemisphere's mid-latitudes natural
atmospheric variability modes (NAO, EA, EA-WR, and SCAND) are
searched in Sections 4.2.2 to 4.2.5. Because of the detection of strong
QB precipitation modes at 2.3–2.4 years, the possible statistical rela-
tions with the QBO are also examined in Section 4.2.6.

In the subsequent analysis each climatic pattern is considered as a
chaotic oscillator whose signals (variability effects) propagate through
the global circulation and the ocean-atmosphere interactions in very
long distances, thus inducing variations in sub-regional climatic

systems (like the studied one), which are further supposed to behave as
uni-directionally coupled oscillators. Among the great diversity of
variability modes that may prevail in the coupled system, those asso-
ciated with synchronization (e.g., Rosenblum et al., 1996; Pikovsky
et al., 2003) and with stochastic resonance processes (e.g., Benzi et al.,
1982; Nicolis, 1993) have been studied more extensively in the fra-
mework of dynamical systems and climate dynamics. Synchronization
events are of specific importance since they can be developed even
under weak coupling, provided that a regional climatic system behaves
as a self-sustained or an excitable oscillator (Pikovsky et al., 2003;
Crucifix, 2012), otherwise linear and non-linear resonance events might
also emerge.

In isolated oscillating systems, three distinct synchronization re-
gimes of order n:m (n pulses of the oscillator within m cycles of the
coupled system) are expected as the degree of coupling increases
(Pikovsky et al., 2003; Osipov et al., 2003; Feliks et al., 2010): i) a
frequency or f-type locking, where phases and amplitudes can remain
uncorrelated, ii) a frequency and phase locking or fp-type synchroni-
zation, where amplitudes can remain uncorrelated, and iii) a frequency,
phase, and amplitude locking or fpa-type synchronization (also referred
as generalized synchronization). In a regional climatic system which is
imposed to quasi-periodic forcing in the presence of noise, stochastic
resonance can also emerge under favorable conditions (typically, an
appropriate combination between the instantaneous driver phase and
the noise level). In such processes, abrupt transitions of the coupled
system between different variability modes can be triggered, and pos-
sibly being detected as discontinuities in the corresponding time series
(e.g., Alley et al., 2001; Pikovsky et al., 2003; Tsonis et al., 2007; Wang
et al., 2009). However, in the actual geophysical world where an os-
cillating system is only part of a continuous oscillatory medium and the
coupling strength is variable, the induced variability associated with
synchronization or resonance processes might be much more

Table 2
The central periodicities of the prominent spectral components detected by SSA, MTM, MEM, and BT (bolded underlined values indicate statistical significance at the 0.05 level). The
number of significant modes found in each station is referred in the first row along with the totally explained variance. The partially explained variance by significant modes in each
band is also shown in the yellow shaded rows (values in parenthesis are referred to the explained variance by prominent but not-significant modes).

Time-Scale

Band

[ yrs ]

Method

S T A T I O N S

Bari

2 modes

38 %

Brindisi

2 modes

44 %

Taranto

3 modes

51 %

Otranto

2 modes

42 %

Gallipoli

1 mode

37 %

Leuca

2 modes

62 %

Corfu

2 modes

40 %

Cephalonia

2 modes

35 %

Zakynthos

3 modes

58 %

Methoni

1 mode

23 %

1 – 3

(biannual)

SSA 1.4,           2.3 1.6 , 2.0 1.2 , 1.9 1.9 1.7 , 2.4 , 2.8 1.5 , 1.8 , 2.3 1.3 ,  1.7 , 1.9 1.9 1.5 ,  1.9 1.2 ,  2.1

MTM
MEM / BT

1.4 , 1.7 , 2.3
1.4 , 1.7 , 2.3

1.6 ,          2.0
1.6 , 1.9 , 2.0

1.2 , 1.9
1.2 , 1.9

1.9 , 2.3
1.9 , 2.3

1.7 , 2.4 , 2.9
1.6 , 2.4 , 2.8

1.5 , 1.8 , 2.3
1.5 , 1.8 , 2.3

1.3 ,  1.7 , 1.9
1.3 ,  1.7 , 1.9

1.8
1.9

1.5 ,  1.9
1.5 ,  1.9

1.2 ,  2.1

Ex. Var. 4.6% 15.4% 9.9% 6.7% 37.1% 40.6% 21.1% 7% 10.3% (17%)

3 – 5

(short)

SSA 3.2 ,  3.5 4.9 4.4 4.2 3.8 ,  4.6 3.1

MTM
MEM / BT

3.2 ,  3.9
3.7

4.7
4.7

4.3
4.5

4.1
4.1

3.8 ,  4.7
3.8 ,  4.6

3.1
3.1

Ex. Var. 15.7% 15.4% 10.2% 9.8% 18.5% 8.3%

5 – 8

(sub-

decadal)

SSA 7.6 6.9 6.4

MTM
MEM / BT

6.6
7.4 / 7.1

7.4
7.1

6.6
6.4

Ex. Var. (12.8%) 12.5% 23%

8 – 16

(decadal)

SSA 11.9 10.4 10.4 10.4 10.4 13.9

MTM
MEM / BT

11.4
10.7 ,  11.4

9.5
10.7

10.7
9.0 , 10.0

9.5
10.7

11.4
10.4  /  10.7

15.5
13.1 /  14.2

14.2  /  - -

Ex. Var. 13.5% 24.7% (14%) 11.5% 10.2% 20.2%

16 – 30

(bi-decadal)

SSA 27.8 20.8 20.8 20.8 ,   27.8

MTM
MEM / BT 28.4

19.0 , 28.4
17.1 ,    24.4

19.0
21.3   /   - -

28.4
28.4

21.3  ,   28.4
21.3  /   24.4

21.3
17.1   /   - -

28.4 21.3
21.3

Ex. Var. 19.3% 17.7% 12.5% 14.5%

> 30

&  NLT

(multi-

decadal)

SSA NLT 41.7 NLT 41.7 ,   NLT NLT

MTM
MEM / BT

34.0
43 34.1

42.7
42.7

57
42.7

57
42.7   /   - -

57

Ex. Var. 11% (6.4%) 4.5% 6.5% (11.1%)
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complicated and hardly resolved.
Quantification of the relationship between two time series x(tj), y

(tj), j= 1(1)n, corresponding the first to the driver and the second to a
coupled oscillator, entangles estimations of their amplitudes αx(tj),
αy(tj), phases φx(tj), φy(tj), and frequencies fx(tj), fy(tj). Then, the evo-
lution of these relations in the time-frequency or the time-scale domain
can be estimated as described in Appendix B by four quantities: (i) the
Cross-Wavelet Transform Wtj

xy(s) as a localized measure of the common
power between x(tj) and y(tj) at the time tj and scale s, indirectly re-
flecting the covariance of their amplitudes αx, αy, (ii) the wavelet co-
herence Rtj

2(s) as a measure of their correlation in the time-scale do-
main, (iii) the trace in time of the maximum power scales sx,k(tj), sy,l(tj)
of two modes k, l (in the x, y series, respectively), as a measure of their
corresponding frequencies fx,k(tj), fy,l(tj), and (iv) the cyclic relative
phase δφc(tj), as a measure of the phase difference between the modes k,
l, computed here in reference to the evolving scale sm(tj) of the driver
oscillator. Although these quantities will be subsequently used as

indicators of possible 1:1 order synchronization events, a complete
synchronization analysis is beyond the scope of this exploratory study.
Nonetheless, the Pearson linear correlation coefficient rp values be-
tween the RPC1,2 series with the adopted climatic indices are further
given in Table 3, where the Atlantic Multidecadal Oscillation (or AMO)
SST index has been also included for the reasons discussed later in
Section 5.

4.2.1. Relations with ENSO
The ENSO effects in the Mediterranean area are a field of increasing

interest as its signatures in the climatic variability of the Euro-
Mediterranean sector have been reported by many researchers (e.g.,
Fraedrich and Muller, 1992; Mariotti et al., 2002; Alpert et al., 2006;
Brönnimann et al., 2007) often in association with the state of regional
climatic anomaly patterns (e.g., Rodó et al., 1997; Huang et al., 1998;
Hoerling and Kumar, 2000; Mokhov and Smirnov, 2006; Zanchettin
et al., 2008) or with the processes entangled in the physical coupling
with the greater Euro-Atlantic area (Pozo-Vázquez et al., 2001; Lau and
Nath, 2001; Ineson and Scaife, 2009; OrtizBevia et al., 2010).

4.2.1.1. ENSO related effects at the sub-decadal scales. The possible
influence of ENSO at the sub-decadal precipitation variability of the
studied area is explored in this section. First we ascertained that
coherence and common power of the RPC1,2 series with ENSO are
better resolved through the SOI than through the Niño-3.4 index, not
only in the sub-decadal, but also at the longer scales. The SOI phases
and the power distribution in the time-scale domain are illustrated in
Fig.6a, where the ENSO's inherent quasi-biennial (or QB) and the so-
called ‘low-frequency’ (or LF) modes becomes pronounced in the years
of exceptionally strong El Niño/La Niña episodes. The significant
variability modes of the RPC1,2 series are further projected on SOI's
power spectrum (green and blue lines in Fig.6a).

Coherence and common power with SOI at the QB and LF bands
were detected in the monthly and particularly in the winter RPC1, 2
series. These relations are best resolved in the observed variability of
Taranto and Zakynthos stations, which cases are examined below.

The precipitation variability in Taranto reveals significant relation
with SOI in terms of coherence and common power, mostly during the
exceptional ENSO activity period of the late-1960s to the 2000s (where
the Taranto modes at 1.9 and 4.9 years also prevailed). In particular,
significant coherence is found between the winter series during three
intervals (1965–72, 1980–82, and 1991–97) where strong El Niño
episodes were evolving, with δφ tending either to an in-phase or an anti-
phase position (Fig.6b). On the other hand, the sub-decadal variability
in the southern Greek Ionian stations also reveals three periods of sig-
nificant relations with SOI, two of them at 5–9 years (from the early
1900s to the mid-1920s, and during the 1940s, which is however a low
credibility interval for these stations), and third, at the QB band after
the mid-1990s (Fig.6c). The strongest relation was detected during the
first interval of ENSO activity, where a precipitation mode at 7 years
also prevailed in the southern Greek Ionian region. In the characteristic
case of Zakynthos station, this mode reveals strong relation with SOI
from the early 1900s to the mid-1920s, both in terms of significant
coherence (with δφ tending to −90°) and common power (Fig.6d,e).
This relation is still traced -but considerably weakened- northwards in
Corfu station at 4 years and at 7 years.

4.2.1.2. ENSO related effects at the decadal scales. ENSO decadal and
interdecadal variability (also referred as the Interdecadal Pacific
Oscillation or IPO; Salinger et al., 2001; Brönnimann, 2007) prevails
in SOI as an enhanced component prior the mid-1920s, and as a
significant decadal mode after the early 1970s (Fig.6a). This variability
has been proposed to be an ENSO inherent mode (Folland et al., 2002;
Cobb et al., 2003) or a modulation of the sub-decadal modes
(Gershunov and Barnett, 1998; Power et al., 1999) or a modulator
process of the protracted El Niño and La Niña events when appropriate

Fig. 4. (a): The SSA components at 2.3 years in Leuca (red curve) and at 2.4–2.8 years in
Gallipoli (blue curve).
(b): The combined effect of the short scale SSA components at 3.8 and 4.6 years in
Cephalonia (red curve) and at 4.9 years in Taranto (blue curve).
(c): The SSA precipitation mode at 10.4 years in Otranto (red curve), at 11.9 years in
Taranto (green curve), and at 13.9 years in Zakynthos (blue curve).
(d): The bi-decadal SSA modes at 21 years in Brindisi (red curve) and Taranto (green
curve), along with the 28 years mode in Bari (magenta dashed curve). The combined
effect of the 21 and 28 years modes in Corfu are depicted by the blue curve.
(e): The multidecadal SSA modes at 42 years in Otranto (red curve), in Zakynthos (blue
curve), and the non-linear trend in Brindisi (green curve). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version of this
article.)
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phasing exists with the QB and LF components (Allan and D'Arrigo,
1999; Allan, 2000) or finally, the signature of the Pacific Decadal
Oscillation (Mantua et al., 1997).

Regarding the possible relation of the exceptional Otranto decadal
precipitation mode with ENSO, it is first noticed that its development
precedes the onset -at the 1970s- of the corresponding SOI activity by
some decades, while no consistent frequency relation or coherence was
traced before the 1970s. However, after the mid-1970s a significant
relation of increasing strength detected in terms of both, coherence
(with δφ ≅ −90°) and common power between the winter series (in the
monthly series this relation appears only after the 1990s). A similar
coherent relation also found between the winter precipitation variability
of the other stations in the Adriatic side of Puglia and SOI, but without
any significant impact on the corresponding precipitation heights. As
will be seen later (in Section 4.2.3) strong EA effects also influence the

precipitation variability there after the 1970s.
Unlike the Otranto case, the appearance of the strong decadal

modes in the Taranto Gulf and the southern Greek Ionian region (par-
ticularly in Taranto and Zakynthos stations) in the early 1970s was al-
most concurrent with the onset of SOI's decadal mode and with the time
where ENSO was entering a high activity epoch (started with the strong
La Niña episode of 1973–75; Fig.6b,c). The amplitude variations of
these modes are shown in Fig.7a,e, while the time evolution of their
coherence and relative phases with SOI are depicted in Fig.7b,f. As can
be seen there, the decadal precipitation variability in Zakynthos be-
comes highly coherent with SOI especially during the first period of
ENSO activity (prior 1925), with δφ stabilized at −11° ± 14°. After-
wards this relation fades, but significant coherence and common power
re-appears between 1970 and 1990 in the winter series (also traced
northwards in Corfu area). Simultaneously, the 11.9 years mode in

Fig. 5. Spatial distribution of the excessive spectral power of the
significant SSA modes (the radii of the circles are proportional to the

value), depicted according to their time-scales as indicated in
each panel.
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Taranto becomes highly coherent with SOI, δφ stabilizes to
−102° ± 11° (Fig.7f) and the δφc distribution is strongly unimodal
(similarly to the Greek Ionian region, this relation becomes more pro-
minent in the winter series). Additionally, in both periods the fre-
quencies of these precipitation modes show a gradual convergence to
SOI's frequency, with the difference remaining bounded to within 6%
for Zakynthos and 12% for Taranto (Fig.7c,g). The corresponding phase
relations, in reference to the frequency of the evolving SOI mode, are
also shown in Fig.7d,h. Another prominent case of significant anti-phase
coherence with SOI at the decadal scale after the mid-1980s in the
Taranto Gulf (manifested in Gallipoli) will be examined below as a part
of the bi-decadal variability.

4.2.1.3. ENSO related effects at the interdecadal scales. Two variability
modes prevail at the interdecadal scales in SOI (Fig.6a): a strong but not
significant bi-decadal component from the late 1930s to the 1980s, and a
multidecadal fluctuation from the beginning of the 20th century
(significant since the 1950s) at the scales longer than 40 years. None
of these modes was found to be significant at the 0.05 level in the winter
SOI.

The precipitation variability in the Greek Ionian region does not
reveal any considerable relation with SOI at the bi-decadal scales while
on the contrary, significant relations were found in Puglia from the
early 1930s to the mid-1980s (best resolved in Brindisi and Gallipoli).
The local modes at 21 years were found to be timely synchronized with
SOI (Fig.8a,e), while the frequency and amplitude evolution of the
Brindisi mode seems to follow SOI variations (Fig.8b,c), with δφ tending
to 46° ± 12° (Fig.8d) and the δφc distribution being unimodal. As a
result, the bi-decadal variability in Brindisi reveals highly significant
nearly in-phase coherence and common power with SOI, while a similar
relation was also detected in Bari. In the southern Adriatic station of
Otranto, significant out-of-phase (δφ ≅ 90°) coherence was found from
1920 to the mid-1960s but without common power (possibly indicating
the low response of Otranto precipitation to bi-decadal forcing).

After the late-1960s, as the bi-decadal activity of the monthly SOI
progressively fades, the Brindisi mode evolves in a rather similar way
(and almost a constant 5:4 ratio is retained between the frequencies of
these modes, as seen in Fig.8c), so that coherence fades-out in the early
1990s. However, as during the mid-1970s exceptional ENSO activity
prevails at the decadal and the QB, LF scales, a new period of significant
anti-phase coherence (δφ ≅ −90° to −140°) with SOI emerges at the
10–13 years band (yet, without significant common power). This rela-
tion becomes again more pronounced in the Taranto Gulf side of Puglia,
particularly in Gallipoli where the local bi-decadal mode reveals ex-
ceptionally high coherence with SOI (Fig.8f,h) and common power from
the mid-1930s to the mid-1980s, while the δφc distribution is unimodal.
But remarkably, as the ENSO decadal activity emerges at the late-

1960s, a strong decadal mode also appears in the precipitation of Gal-
lipoli (Fig.8e) whose frequency evolution follows SOI, while δφ stabi-
lizes to −138° ± 5° (Fig.8g,h). Consequently, highly significant anti-
phase coherence and common power emerges. Actually, this remarkable
relation is part of the strong coupling found earlier (Section 4.2.1.2) at
the same scales and epoch (mid-1980s to the 2000s) in the Taranto
Gulf.

Finally, the relation of the observed precipitation variability with
ENSO at the multidecadal scales (s > 30 years) was possible to be
searched only for the Greek Ionian stations where appropriately long
records were available (so that, sM = 42–44 years). Significant in-phase
coherence and common power between the precipitation variations in
these stations and SOI were detected at scales longer than 35 years,

Table 3
Pearson's linear correlation coefficient between the monthly or the extended winter
(DJFM) precipitation series RPC1,2 and the climatic indices listed in the first column.
Statistically significant correlations at the 90% confidence level are shown by bolded
values, while those at 95% and 99% are indicated by yellow and orange shaded cells,
respectively.

Climatic
Index

Time
Period

MONTHLY D J F M

RPC-1 RPC-2 RPC-1 RPC-2

S O I 1921-2010 0.04 0.13 0.11 0.14

NAO HSt 1921-2010 –0.31 –0.09 0.12 –0.25
E A 1950-2010 –0.20 0.04 –0.08 –0.26

SCAND 1950-2010 0.49 –0.14 0.51 0.23

EA – WR 1950-2010 0.04 –0.12 –0.06 –0.29
Q B O 1948-2010 0.05 –0.09 0.06 –0.03

SST
ENSO 3.4 1950-2010 0.03 –0.09 –0.01 –0.13

A M O 1921-2010 0.12 0.04 –0.03 0.18

A
TM

O
SP

H
ER

IC

Fig. 6. (a):The annual SOI index (negative phases correspond to El Niño conditions) and
the 5-years moving average (yellow curve) in the upper panel. The power distribution of
the monthly SOI index at the time-scale domain is shown at the lower panel for levels
higher than 2.5σ2. Regions of significant power of the RPC1 and RPC2 series are indicated
by green and blue lines, respectively.
(b):Significant common power between the monthly precipitation in Taranto and SOI
(green lines), along with regions of significant coherence between the corresponding
DJFM series (black lines). The relative phases, δφ, are shown at the regions of enhanced or
significant coherence by the small arrows according to the convention: “→” for δφ = 0°,
“↓” for δφ = 90°, “←” for δφ= 180°, “↑” for δφ = 270°. To facilitate comparison, SOI's
significant variability is also indicated by the red lines.
(c):As in panel ‘b’, but for Zakynthos station (blue curves now indicate the regions of
significant common power).
(d):Amplitude evolution of Zakynthos precipitation mode at 7 years (blue curve for wa-
velets reconstruction, and dashed gray curve for SSA), compared with the corresponding
component in the monthly SOI series (red curve, scale arbitrary).
(e):Evolution of the wavelet squared coherence R2 (red curve, scale on the left) and of the
cyclic phase difference δφc (blue curve, scale on the right) between the modes depicted in
‘d’. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 7. (a,e): Amplitude evolution of the precipitation modes at 13.9 years in Zakynthos (blue curve in ‘a’), at 11.9 years in Taranto (green curve in ‘e’), and of the corresponding SOI
component (red curve in both panels, scale arbitrary).
(b,f): Coherence R2 (red curves) and δφc variability (blue curve in ‘b’ and green in ‘f’) between the modes shown in (a) and (e). The dashed line indicates the 95% confidence level for R2.
(c,g): Scale evolution of Zakynthos (blue line) and SOI (red line) decadal modes in ‘c’ (where a secondary mode appears between 1950 and 1985 at about 17 years). The evolution of the
Taranto (green line) and SOI (red line) decadal modes are shown in panel ‘g’ (where the Otranto and Zakynthos modes are also depicted for comparison, by the light green and blue lines,
respectively). Solid/dashed lines indicate statistically significant/non-significant periods for each mode.
(d,h): The phase relation δφc between the decadal precipitation mode in Zakynthos (red curve in ‘d’) or Taranto (red curve in ‘h’) and SOI, in reference to SOI's evolving scales. Solid/
dashed lines are as above. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. (a, e): Significant power regions (green lines) of the precipitation series in Brindisi (a) and Gallipoli (e), projected for comparison on the power spectrum of themonthly SOI (shown
for levels higher than 2.5σ2, with yellow lines indicating significant values). Regions of significant coherence are bordered by the black curves, along with δφ arrows (according to the
convention given in Fig.6).
(b, f): Amplitude evolution (green curves) of Brindisi (b) and Gallipoli (f) precipitation modes at 20.8 years, along with the corresponding component of the monthly SOI (red curves). The
gray vertical strips approximately indicate the period of notable variance (> 1σ2) in the SOI bi-decadal component.
(c, g): Scale evolution (green lines) of the bi-decadal modes in Brindisi (c), Gallipoli (g) and in monthly SOI (red lines). Solid/dashed lines indicate periods where each mode was
significant/non-significant.
(d, h): Coherence R2 (black curves) between the 20.8 years modes in Brindisi (d) or Gallipoli (h) and the bi-decadal SOI component (the 95% confidence level is indicated by the dashed
orange lines). The corresponding δφc variations in respect to SOI evolving scales are also depicted (red curves). Solid/dashed lines are as above. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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progressively intensifying since the beginning of the 20th century
(Fig.9a). This relation is also reflected by the amplitude evolution of the
slow SSA precipitation components at 42 years (Fig.9b), as well as by
the high R2 and the low δφ values between the corresponding wavelet
components and the SOI variability in this scale (Fig.9c). However, as it
is indicated by the cone of interest (COI), reduced credibility attends
the characteristics of the detected variability and the estimated rela-
tions in such long scales.

4.2.2. Relations with NAO
Among the adopted NAO indices (mentioned in Section 3.1) it was

ascertained that NAO HSt better designates coherence and common
power with the observed precipitation variability in the studied area
(nevertheless, qualitatively limited differences emerged when the other
NAO indices were considered).

4.2.2.1. NAO related effects at the sub-decadal scales. The extended
winter (DJFM) NAO HSt index and its power distribution in the time-
scale domain are illustrated for scales s < 15 years in Fig.10a. Both the
RPC1 and RPC2 series were found to reveal distinct epochs of enhanced
coherence and common power with the winter NAO HSt index at the
sub-decadal scales. The underlying relations are best discerned in the
winter series of Brindisi, Corfu, and Zakynthos, whose amplitude
evolution at 7–8 years are compared with NAO variability in
Fig.10b–d. As can be seen there, during the 1900–1925 period where
positive phases dominate in NAO, the 7–8 years modes in the Greek
Ionian stations reveals significant coherence with δφ ≅ 30°–90°
(Fig.10c). From the 1930s to the 1960s, where NAO reveals mixed
phases and its activity at 7–8 years fades (Fig.10a), the corresponding

winter precipitation variability in the Greek Ionian region is reduced
accordingly (Fig.10b,c). Then, besides the appearance of the NAO sub-
decadal mode at 6–9 years from the 1960s to the 1990s, the winter
variability in the Greek Ionian stations reveal enhanced -yet not
significant- anti-phase coherence with NAO from the late 1960s to the
late 1980s (Fig.10b). These remarks indicate that the sub-decadal
modes of the winter precipitation at 7–7.6 years tend to prevail at
least in parts of the studied area during periods of persistent strong
positive NAO phases. Under such circumstances these precipitation modes
seem to be synchronized with NAO and δφ tends to 90°. During the
intervals of persistent negative or even alternating phases of NAO, the
7–7.6 years modes fades and an anti-phase relation tends to settle. This
behavior is compatible with the weak anti-correlation of the Central
Mediterranean precipitation with NAO which is often detected by
global correlation coefficients (as can be seen for example in Wanner
et al., 2001; Luterbacher and Xoplaki, 2003; Hurrell et al., 2003)
although strong coupling periods, as those indicated above, emerge. We
further noticed that the relation strength seems to be dependent on
ENSO state as has been suggested by many researchers (e.g., Huang
et al., 1998; Mann and Bradley, 2000; Pozo-Vázquez et al., 2001;
Knippertz et al., 2003; Mokhov and Smirnov, 2006; OrtizBevia et al.,
2010). For example, during the 1910–1920 period where NAO
variability at the sub-decadal scales is strongly related with ENSO
(Fig.10a), its impacts on the precipitation of the studied area become
locally strong, while during 1960–1995 the ENSO–NAO relation
weakens and then NAO influence on the studied area fades accordingly.

Fig. 9. (a): Significant power regions of Corfu precipitation series (blue lines) projected
for comparison on the monthly SOI's spectrum (shown for levels higher than 2.5σ2, with
the yellow lines indicating significant values). The regions of significant coherence are
bordered by the black curves. The dashed cyan line for scales s > 30 years shows the
region of significant power in Zakynthos precipitation series.
(b): The SSA multidecadal precipitation modes in Corfu (blue curve) and Zakynthos
(cyan), and the monthly SOI component at 42 years (red curve).
(c): Evolution of the wavelet coherence R2 between Corfu (solid blue curve) or Zakynthos
(solid cyan curve) precipitation with the monthly SOI component, at 42 years. The cor-
responding relative phases δφ are also depicted by the dashed blue curve for Corfu and by
the dashed cyan curve for Zakynthos (scale on the right). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 10. (a): The extended winter (DJFM) NAO HSt index along with the 5-years moving
average (yellow curve) is shown at the upper panel. The power distribution of the winter
NAO HSt index for levels higher than 2σ2 is shown at the lower panel. Significant variance
regions of the monthly NAO and SOI are also indicated by the dashed black and blue lines,
respectively.
(b): Comparison of the significant power regions of the winter NAO HSt index (red curves,
corresponding to σ2 = 3.5) with those in the winter precipitation of Brindisi (dark green),
Corfu (blue), Zakynthos (cyan), and RPC1 series (light green curves). Orange lines in-
dicate the σ2 = 2.0 variance level in the NAO index (also shown in ‘a’).
(c): Amplitude evolution of the winter precipitation mode at 7.6 years in Corfu (blue
curve) and at 7 years in Zakynthos (cyan curve), in comparison with the winter NAO HSt
component at 7.8 years (red curve).
(d): As in panel ‘c’, but for the winter (DJFM) precipitation variability mode at 7.6 years in
Brindisi (green curve). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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4.2.2.2. NAO related effects at the decadal scales. Because the winter
NAO activity at the decadal and quasi-decadal scales is limited (Fig.10a),
no statistically significant relation is found between the precipitation
variability in the studied area and the DJFM index. Nevertheless, the
annual NAO HSt index reveals three periods of strong variance at these
scales, the first from the 1870s to the 1890s, the second from the early
1900s to the late 1930s (both being parts of NAO broad-band activity)
and the third from the mid-1960s to the 2000s (Fig.11). The NAO
variability in the first two periods is significantly correlated with SOI in
terms of coherence and common power, while that in the third period
-which is the only one that was detected as significant in the winter NAO
index - is not correlated with SOI. Since NAO represents a winter season
natural variability mode of the Northern Atlantic troposphere, the third
period activity is considered as a NAO-inherent variation (e.g., Da Costa
and Colin De Verdiere, 2002; Gámiz-Fortis et al., 2002; Paluš and
Novotná, 2004; Feliks et al., 2010). On the contrary, the absence of
winter NAO activity during the first (1870–1890) and the second
(1900–1935) periods, combined with the significant relation with
SOI, indicates a possible implication of ENSO in the modulation of
the NAO variability during both periods. This possibility will be further
searched below.

Since the precipitation data in Puglia are available after 1920, while
the monthly NAO HSt index does not exhibit significant activity at the
decadal scales after 1930–1935, no significant coherence is found in
these scales. On the other hand, the significant decadal modes in the
southern Greek Ionian region (at 13.9 years in Zakynthos and at
10.4 years in Cephalonia) from the early 1900s to the mid-1930s are
concurrent and highly coherent with the second period of NAO varia-
bility (Fig.12a,b and e,f). In particular, during this period the frequency
of the Cephalonian mode converges to NAO, δφ stabilizes to
−86° ± 2.5° and then, coherence reveals highly significant values
(Fig.12c,d). Simultaneously, this mode was found to be coherent with
SOI's decadal variability (however, the relation is weaker than with
NAO), and additionally the frequency and amplitude evolution of the
Cephalonian mode does not follow the corresponding variations in SOI
(Fig.12b,c). Interestingly, during the same period, the evolution of the
13.9 years mode in the neighborhood southern Ionian station of Za-
kynthos reveals stronger relation with SOI than with NAO. This fact is
first demonstrated in Fig.12f (where the amplitude evolution of these
modes are compared) and subsequently in Fig.12g, where the frequency
of the precipitation mode is seen to follow closely the drifting frequency
of SOI (but not the increasing frequency of NAO). Furthermore, the
onset of the 13.9 years precipitation mode is detected prior the ap-
pearance of NAO's decadal mode (Fig.12e,f).

Given the global-scale character of ENSO, the aforementioned co-
herent variations of the Greek Ionian region precipitation with both SOI

and NAO at the same scales and period can be associated with: (a) two
concurrent but independent activities, one in ENSO and another in NAO,
or(b) a “reflection” through NAO of the ENSO activity, that presumably
triggers a relevant variability in NAO. To discriminate between these
two scenarios, the relationship of the relative phases δφN-Z between
NAO and the 13.9 years mode in Zakynthos (where δφN-

Z =−98° ± 5°; Fig.12h) should be examined in accordance to the
relative phases δφS–Z between the 13.9 years mode and SOI (where
δφS–Z = −11° ± 14°; Fig.7d). In case where the transitive coupling re-
lation scenario (b) is valid, then the relative phases of the three uni-
directionally coupled oscillators should verify the equation
δφS–Z − δφN–Z = δφS–Ν (where δφS–Ν represents the relative phase be-
tween SOI and NAO at the decadal scales), which anticipates
δφS–Ν ≅ 87° ± 19°. The relevant analysis revealed the existence of an
enhanced and well-defined (but not-significant at the 0.05 level) co-
herence between the monthly SOI and the NAO HSt series during
1905–1935, with the relative phases being equal to δφS–Ν = 77°
(± 10°). This outcome verifies in the statistical sense the validity of the
equation δφS–Z − δφN–Z = δφS–Ν and indicates that the simultaneous
strong relation of the quasi-decadal precipitation variability in the
southern Greek Ionian region with both the non-significant SOI activity
and the significant mode in monthly NAO, was probably a result of NAO
variability that was actually induced by ENSO, rather than the direct
impact of a NAO-inherent mode.

4.2.2.3. NAO related effects at the interdecadal scales. As can be seen in
Fig. 13a, the winter NAO HSt index exhibits enhanced, but not
significant activity at 20–25 years from the early 1900s to the early
1960s. However, significant activity prevails from the mid-1950s to the
2000s at 40–50 years, associated with the NAO multidecadal
fluctuation from negative to positive phases during this period
(actually, this fluctuation seems to be part of a significant slow mode
in NAO, which is detected by SSA and MTM between 65 and 85 years).
The winter NAO bi-decadal variations reveal in-phase coherence with
SOI from the late 1930s to the late 1990s (significant from 1955 to
1985), but no common power. Moreover, the multidecadal NAO
fluctuation reveals significant anti-phase coherence with SOI along the
entire observational period (Figs. 11 and 13a) while significant
common power appears only after the mid-1940s.

In this framework, it was found that the strong bi-decadal pre-
cipitation modes in the Adriatic side of Puglia at 21 years and 28 years,
reveal only limited relation with the winter NAO HSt index (mostly
traced in Brindisi from the late 1930s to the late 1960s). On the other
hand, the corresponding variability in the Greek Ionian region reveals
two periods of significant anti-phase coherence with the winter NAO, the
first from the 1890s to the late 1930s, and the second from the 1960s to
the 2000s (Fig.13b,c). Although none of these relations entangles sig-
nificant components (at the 0.05 level), it is noteworthy that coherence
at the bi-decadal scales is much stronger in the northern part of the Greek
Ionian region than in the southern part where the effects of ENSO (dis-
cussed in Section 4.2.1.3) dominate over those of NAO at the quasi-
decadal scales, with the transitional regime spotted in the area of Ce-
phalonia.

Finally, regarding the multidecadal scales (s > 30 years), the pre-
cipitation in the Greek Ionian stations reveal significant anti-phase co-
herence with the winter NAO along the entire observational period
(Fig.13b,c) and significant common power since the 1950s. This rela-
tion is also prominent in the amplitude evolution of the corresponding
modes (Fig.13d,f), while it is partially reflected in the global correlation
coefficient rP of the RPC2 series (Table 3). The frequency evolution of
these modes follows closely the corresponding variations of NAO
especially in the southern Greek Ionian region (Fig.13e,g). However, as
indicated by COI, these results should be considered under the pre-
caution of the reduced credibility implied by the edge effects entangled
in such long scales.

Fig. 11. The annual NAO HSt index, and the 7 years moving average (yellow curve) are
shown at the upper panel. The power distribution of the monthly NAO HSt index (for
levels higher than 1σ2 = 3) is shown at the lower panel. For comparison, the significant
variance regions of the winter NAO HSt index and of the monthly SOI are indicated by the
dotted black and the solid blue curves, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. (a,e): Significant power regions of the precipitation series in Cephalonia and Zakynthos (blue lines in ‘a’ and ‘e’, respectively) and of the monthly NAO HSt index (red lines).
Significant coherence with NAO is bordered by the bolded black curves, while δφ arrows indicate the relative phases (according to the convention given in Fig.6).
(b,f): Amplitude evolution (blue curves) of the 10.4 years mode in Cephalonia (b) and of the 13.9 years mode in Zakynthos (f). For comparison the monthly NAO HSt (red curve) and the
SOI mode (yellow dashed curve) are shown at 10.4 years in ‘b’ and at 13.9 years in ‘f’.
(c,g): Scales evolution of the monthly NAO HSt index (red line) and of the decadal modes (blue lines) in Cephalonia (c) and Zakynthos (g). For comparison, the evolution of the decadal
SOI mode is also depicted (yellow lines). Solid/dashed lines indicate periods where each mode was significant/non-significant.
(d,h): Coherence R2 (black curves) between the decadal modes in Cephalonia (d) or Zakynthos (h) and the monthly NAO. The δφc variations (red curves) are also depicted, in reference to
the evolving NAO scales. Solid/dashed lines are as above. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. (a): The extended winter (DJFM) NAO HSt index along with the 7-years moving average (upper panel) and its power distribution for levels higher than 1.5σ2 (lower panel). For
comparison, the significant power regions of the monthly SOI are also shown (green lines). Regions of significant coherence between the winter SOI and NAO HSt are further indicated by
the dashed blue line, for scales s ≥ 30 years.
(b,c): Coherence of the winter precipitation in Corfu (b) or Zakynthos (c) with NAO, shown only for R2 ≥ 0.6 (while significant values are indicated by black curves). The significant
power regions for the winter/monthly series of Corfu and Zakynthos series are bordered by the solid/dashed blue curves respectively, and those for the winter NAO by the green curves.
(d,e): The multidecadal winter precipitation components in Corfu (blue curve) and in NAO HSt (red curve) are shown in panel ‘d’. Their scale evolution is accordingly depicted in (e),
along with the δφc variations (black curves). Solid/dashed lines indicate significant/non-significant periods in each mode.
(f,g): As above, but for Zakynthos station.
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4.2.3. Relations with EA
A preliminary analysis showed that the relationship of the pre-

cipitation variability in the studied area with EA is more effectively
resolved in the winter series. Because the EA index reveals a strong
secular trend, the detrended index (EAd) was used in the subsequent
analysis. The phases of EAd and its significant variability in the time-
scale domain are shown in Fig.14a. As it is seen there, the winter index
spends longer intervals during a given –mostly negative- phase from
1950 to the late-1970s than after the 1980s where frequent phase al-
ternations prevail. As a result, during the first period significant EAd

activity is detected at the 14–18 years band, which subsequently drifts
to the decadal scales and progressively fades. In the second period (after
the 1980s) significant EAd activity is found to the short scales. In the
transitional interval (at about the 1970s) the winter EAd reveals a broad-
band, strong but no significant variability, which is actually the imprint
of a corresponding activity in the monthly index. Besides an apparent
timing of EA variability with the periods of persistent NAO phases, the
winter EAd index is not correlated with NAO but instead, it reveals
significant coherence and common power with the winter SOI at the
3–6 years band (from the mid-1960 to the late-1970s) and at the
10–15 years band (from the 1980s to the 1990s).

In this framework, the winter RPC2 series (that represents the DJFM
precipitation variability in the Greek Ionian region) was found to be
strongly correlated with the winter EAd at the 3–7 years band in terms of
significant coherence and common power, first from 1950 to the mid-
1970s, and then, from the mid-1980s to 2010 (Fig.14b). Significant
precipitation modes have been found in the studied area at these scales,
such as the 3.8 years mode in Cephalonia. The relation of the winter
RPC2 series with EAd at 3.8 years shows an epoch of stable in-phase

(δφ ≅ 30°) coherence until the late-1970s (Fig.14c). Then, coherence is
lost during a short interval and δφ lags abruptly by almost 360°, while it
re-establishes after the late 1980s at a roughly anti-phase state
(δφc ≅ 150°). Due to these transitions, the δφc distribution over the
3–7 years band reveals two peaks at 30°, 60° and a global maximum at
150°, each one reflecting the residence time of the winter RPC2 series in
the corresponding phases (Fig.14d). The overall maximum at 150° ex-
plains the anti-phase relation indicated by the highly negative rP value
in Table 3. Apart from the sub-decadal scales, the winter RPC2 series
reveals significant common power with EAd at 13–20 years, between
the 1960s and the mid-1980s (Fig.14b) but without any coherence.

Similarly to the Greek Ionian region, the winter RPC1 series reveals
out-of-phase (δφ ≅−90°) coherence and common power with EAd at
the sub-decadal scales from 1950 to the mid-1970s (Fig.14b). After-
wards, this relation weakens, but significant anti-phase coherence and
common power prevail at the decadal scales (mostly seen in the winter
precipitation of the Taranto Gulf stations at 11–13 years, from the early
1980s to the late 1990s). Although this fact indicates a strong coupling
with the EA pattern, the ENSO activity seems to have a rather important
implication, as during the same period, the decadal precipitation modes
in Puglia (e.g., the 11.9 years mode in Taranto) found earlier to reveal
highly coherent variations with SOI (Fig.7e–h). At the same time, a
transitive coupling relation seems to exist between ENSO and EA, as the
EAd variations reveal significant coherence (with δφ ≅ 90°) and
common power with SOI.

On the other hand, the exceptional precipitation mode at 10.4 years
in Otranto area reveals significant in-phase coherence and common
power with the monthly EAd index until the late 1970s (barely seen in

Fig. 14. (a): The DJFM EAd index and the 5-years moving average (yellow curve) are
shown at the upper panel. Power distribution of the winter EAd index is shown for levels
higher than 1σ2 at the lower panel. Significant power regions of the monthly EAd index are
also depicted by the dashed lines.
(b): Coherence of the winter RPC2 series with the EAd index (for R2 > 0.5), and regions
of significant common power (dashed blue curves). The corresponding regions for the
winter RPC1 series are also indicated by the green curves.
(c): Coherence R2 evolution (red curve) between the winter RPC2 and EAd at 3.8 years,
along with the corresponding δφc variations (dotted blue curve).
(d): Frequency distribution of δφc between the RPC2 and EAd over the 3–7 years band
(gray bars), over the 3.6–4 years band (blue bars), and over the periods of significant
coherence (red bars). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 15. (a): The annual EAd index and the 5-years moving average (yellow curve) are
shown at the upper panel. Significant power regions of the Otranto monthly precipitation
and of the EAd index are shown in the lower panel by the green and red lines respectively,
while significant coherence regions are bordered by the bolded black lines.
(b): Amplitude evolution of the Otranto 10.4 years mode (green curve) and of the cor-
responding monthly EAd component (red curve).
(c): Scale evolution of the Otranto (green curve) and the EAd (red curve) decadal modes.
Solid/dashed lines indicate significant/non-significant periods in each mode.
(d): Coherence R2 evolution (black curve) between the Otranto and EAd decadal modes.
The corresponding δφc variations (red curve) are given in respect to the EAd scales (solid/
dashed lines are as above). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the winter series). At the early 1980s where the decadal variability in
the monthly EAd fades, coherence reduces and the 10.4 years mode
weakens notably (Fig.15a,b,d). Nevertheless, the decadal EA mode re-
mains in the winter season as a strong but not significant component
(which is related with ENSO as was mentioned above) and the winter
precipitation in Otranto retains significant anti-phase coherence and
common power with this mode. This relation is also traced in the
monthly series, while the frequency of the Otranto mode remains close
to that of the EAd decadal mode (Fig.15c,d). Hence, it seems that the
maintenance of the enhanced precipitation variance in Otranto after the
early 1980s is mostly due to the winter season EA variability. A similar
relation was further found for the winter precipitation of the other
Adriatic stations (mostly pronounced in Bari after the 1980s).

4.2.4. Relations with SCAND
The annual and winter SCAND indices are respectively shown in

Fig.16a,d. Positive phases which strongly enhance the Mediterranean
cyclogenesis, the sirocco-type southern circulation, and the precipita-
tion in the Central Mediterranean (Xoplaki, 2002; Ulbrich et al., 2012)
represent the dominant state of SCAND, particularly from the 1950 to
the late-1970s. During this period, significant variability is detected at
the sub-decadal scales (s < 7 years), which is however restricted in the
winter index (Fig.16b,e). Afterwards, from the late 1970s to the 2000s,
the SCAND index reveals continuous phase alternations mainly asso-
ciated with the winter season variability, reflected in the time-scale
domain as significant activity at the 6–9 years band (Fig.16e).

In this framework, it was found that the major part of the studied
area is strongly influenced by the SCAND variations. Both the monthly
RPC1 and RPC2 series reveal significant in-phase coherence and
common power with SCAND in two periods: one prior to the 1970s at
scales s < 5 years (more pronounced in the monthly series), and an-
other after the mid-1970s at the short (2–4 years) and the decadal
(8–12 years) scales. The first period is mostly associated with the short-
scale variability of the monthly SCAND index during the persistent po-
sitive phases, while the second is related with the additional prevalence

of decadal scale fluctuations mostly in the winter index (Fig.16b,e). This
relation is considerably stronger in the Taranto Gulf side where the
coupling with SCAND in the sub-decadal scales reveals characteristics of
transient fp-type synchronization events, and accounts for the major part
of the 2.3 years variability in Leuca. Significant in-phase relation is also
detected there with the winter SCAND index at the decadal scales, from
the late 1970s to the 2000s. This relation fades towards the Adriatic,
with the winter decadal variability in Otranto indicating a transition
from the SCAND-influenced area of the Taranto Gulf to the EA-influ-
enced area of the Adriatic coast. The effects of the winter SCAND on the
maintenance of the Otranto's decadal mode after the 1980s are rather
limited, compared to those of EA. Implications of NAO seems to influ-
ence the aforementioned relations, as the significant activity of the
winter SCAND at 6–10 years is timely synchronized with NAO's mode at
6–9 years (Figs.16e and 10a), while the combination of the two indices
in opposite phases from the 1950 to the late-1970s enhances positive
anomalies of precipitation along the studied area (e.g., Fig.5 in Comas-
Bru and McDermott, 2013). On the other hand, no robust correlation
was found between the SCAND index and SOI during the period
1950–2010. The strong coupling of Puglia's precipitation with SCAND
in the sub-decadal scales is also imprinted in the high positive values of
the correlation coefficient rP (Table 3).

Similar to Puglia, the precipitation variability in the Greek Ionian
region reveals two periods of strongly coherent variations with SCAND,
but only limited common power (Fig.16b,e). Significant coherence,
mostly prominent in the monthly series, was found at the 6–9 years band
during the epoch of persistent positive SCAND phases (1950 to the late
1970s). The relative phases are then stabilized to δφ ≅ 120° (Fig.16c)
indicating a slightly anti-phase relation (also sensed by a low negative
value of the monthly rPcoefficient in Table 3). From the late-1970s to
the 2000s, as the SCAND activity is mostly modulated by the winter
season variability, significant in-phase coherence becomes more pro-
nounced in the winter series along the entire sub-decadal band. This fact
also accounts for the puzzling sign reversion of the rP global correlation
coefficient between the RPC-2 series and SCAND, from a negative value

Fig. 16. (a,d): Phases of the annual (a) and winter (d) SCAND index, along with the 5-years moving averages (yellow curves).
(b,e): Power distribution of the monthly (b) and winter (e) SCAND index (shown only for levels higher than 2σ2). Significant power regions of the corresponding RPC1 and RPC2 series are
respectively indicated by the dotted green and blue lines.
(c,f): Coherence regions of the monthly (c) and the winter (f) RPC1 series with the corresponding SCAND indices (shown only for R2 > 0.5). The corresponding regions for RPC2 series are
indicated by the blue curves along with the relative phases δφ (blue arrows, according to the convention given in Fig.6). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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(rP =−0.14) regarding the monthly series to a positive value
(rP = 0.23) between the winter series.

4.2.5. Relations with EA-WR
The power distribution of the winter EA-WR index in the time-scale

domain shows that since 1950 the EA-WR exhibits significant activity
only at the 3–6 years band. Significant modes of precipitation along the
studied area have been detected at 3–6 years (Table 2) but none of them
was found to be concurrent with the EA-WR activity. Nevertheless, the
winter RPC1 series reveals significant coherence with EA-WR at the
3–6 years band until the mid-1970s, and afterwards only at the short
scales. This relation becomes more pronounced in the Taranto winter
precipitation mode at 4.9 years. Much stronger significant anti-phase
coherence with EA-WR over the 3–8 years band was found in case of the
RPC2 series until the mid-1970s, particularly in the southern part of the
region. This relation is also imprinted in the global linear correlation
coefficient rP as a relatively high anti-correlation value (Table 3). Re-
garding the studied area, the aforementioned picture is consistent with
Ionita's (2014) results for the EA-WR impact on the precipitation over
the Euro-Mediterranean sector.

4.2.6. Relations with QBO
Strong oscillatory modes of precipitation variability at 2.3–2.4 years

were detected in many stations of the studied area, with the case of
Leuca being the most characteristic (Figs.4a, 5a). Similar modes have
been found in the precipitation field of many European and Medi-
terranean areas (Brázdil and Zolotokrylin, 1995; Lopez-Bustins et al.,
2007; Karagiannidis et al., 2008 and references therein), as well as in
air temperature, SST, and SLP (Johnstone, 2010). Their origin has been
frequently associated with the stratospheric zonal wind quasi-biennial
oscillation at 27–29 months (2.3–2.4 years) and with the effects of the
downward propagating wave-train in the general circulation (Baldwin
et al., 2001 and references therein; Lopez-Bustins et al., 2007;
Johnstone, 2010). In this way, the stratospheric QBO variability affects
the troposphere (Mohanakumar, 2008; Dall'Amico et al., 2010) which
seems to possess a slightly different QB mode probably at 2.1–2.2 years,
often referred as the tropospheric biennial oscillation or TBO (e.g., Zheng
et al., 2008). However, the possibility for short-scale components such
as the detected 2.3–2.4 years modes, to be a spectral aliasing artifact
due to the implication of a harmonic functional basis in the underlying
analysis has to be considered, as warned by Kirchner(2005). Never-
theless, the detected QB modes proved to be a robust feature of the
precipitation variability in the studied area, as: (i) they were detected
by SSA, where a non-harmonic data-adaptive functional basis is used,
(ii) they were detected by all the other spectral analysis methods be-
sides their different functional basis and methodologies, (iii) their
characteristics remained practically invariant from the analysis of both
the annual and monthly series. Hence, although spectral inflation can't
be ruled out, we consider that the QB modes in the studied area have a
natural origin.

In this framework, the relations of the RPC1,2 series with the
adopted QBO index were searched at 2.3–2.4 years, with the excep-
tional case of Leuca being in focus. The monthly RPC1 series reveals
significant coherence with QBO only during the 1990s, although sig-
nificant common power was detected almost along the entire ob-
servational period (1921–2010). The relative phases exhibit transitions
of about 180° during the different periods of enhanced coherence, with
bounded oscillation in between, while δφc reveals a multi-modal dis-
tribution. These facts do not indicate a simple cause-and-effect physical
relation between QBO and RPC1. This estimation is further enhanced
by the corresponding relation of Leuca's precipitation mode at 2.3 years
with QBO where significant coherence was detected only during the
1970s (a low variance period for Leuca's QB mode) while no relation
was found between the winter series in these scales (Fig.17a). On the
contrary, significant and steady in-phase coherence prevails with SC-
AND at the 2–3 years band (particularly during the winter season),

whose evolution is compatible to the amplitude variability of Leuca's
mode (Fig.17b). This fact verifies the estimation made earlier (in
Section 4.2.4) that the strong quasi-biennial precipitation variability in
Leuca and the Taranto Gulf side of Puglia is mostly driven by SCAND. Si-
milar conclusions are drawn for the relation of the monthly RPC2 series
with QBO in the Greek Ionian region.

5. Discussion and conclusions

A detailed exploration of the climatic precipitation variability along
Puglia (Italy) and the Greek Ionian region during the last century is
performed in this study. Three regions of precipitation variability were
discerned along the studied area in respect to the underlying climatic
dynamics: (i) the Adriatic side of Puglia, (ii) the Taranto Gulf side, and
(iii) the Greek Ionian region, with the Otranto strait (represented in our
sample by the Otranto and Corfu stations) being a transitional area. The
observed precipitation variability in the adopted stations was found to
be dominated by up to 3 significant modes, roughly accounting for
40–60% of the total variance (Table 2). The climatic dynamics of the
studied area, as captured by the evolutionary characteristics of these
precipitation modes and by their coupling with certain patterns of cli-
matic variability, can be reviewed according to the different time-
scales, as follows:

i) Relatively weak multidecadal (s > 30 years) modes were detected
only in a few locations along the Adriatic side of Puglia and the
Greek Ionian region. The exploration of their relations with SOI and
NAO was by necessity restricted to the Greek Ionian region where
long-scale modes (s ≅ 42 years) of precipitation variability were
found to be highly related with both ENSO and NAO. In particular,
since the beginning of the 20th century significant in-phase co-
herence was detected with SOI and significant common power after
the 1950s (Fig.9). At the same time (1950s) significant anti-phase
coherence appeared with the winter NAO, which is consistent with
the relation between the SOI and NAO indices at these scales.

Fig. 17. Wavelet coherence of the winter precipitation in Leuca with QBO (a) and with
SCAND (b). The relative phases δφ are seen by the small arrows (according to the con-
vention given in Fig.6).

A. Kalimeris et al. Atmospheric Research 198 (2017) 56–80

72



Nevertheless, being close to the upper detectability limit of the
applied methods (sM ≅ 50 years), these relations should be con-
sidered under the precaution of reduced credibility.

ii) Significant bi-decadal modes (at s ≅ 21 years) were detected in the
Adriatic side of Puglia and in Corfu area. They were found to be
related with an enhanced bi-decadal SOI activity from the mid-
1930s to the mid-1980s through significant in-phase coherence and
common power. A limited relation also traced with a weak bi-
decadal component of the winter NAO from the late 1930s to the
late 1960s, which is upgraded in the Greek Ionian region to sig-
nificant anti-phase coherence. However, the impact of this NAO
component on the amplitude of the bi-decadal precipitation modes
was rather limited in all cases, while no other significant relation-
ship was detected with EA, SCAND, or EA-WR. Thus, the possible
effects of the Atlantic Ocean SST intrinsic variability was further
searched for as a potential modulator of the bi-decadal precipitation
variations in the Adriatic side of Puglia, since the associated
Atlantic Multidecadal Oscillation (or AMO) index exhibits strong
modes at the multidecadal scales (Knight et al., 2006; Guan and
Nigam, 2009; Deser et al., 2010). Apart from ENSO and possible
anthropogenic forcing, a natural bi-decadal mode of the Atlantic
Meridional Overturning Circulation (or AMOC) might be entangled
in AMO variability, as anticipated by relevant models of the oceanic
thermohaline circulation (Marshall et al., 2001; Tulloch and
Marshall, 2012). We found that although the Atlantic ocean-atmo-
sphere coupling is pronounced in the relation between the NAO HSt
and AMO indices in both the decadal and sub-decadal scales, it
fades in the longer scales. As a result, apart from significant
common power from the early 1940s to the early 1970s, the
Adriatic stations precipitation variability reveals only weak co-
herence with AMO at the bi-decadal scales. Although distinguish-
able, this relation with AMO is considerably weaker than with SOI.
Hence, it seems that among the examined patterns of climatic varia-
bility, ENSO prevails as the main agent of the bi-decadal precipitation
variations in the Adriatic side of Puglia. Nevertheless, as the corre-
sponding bi-decadal variability in SOI is not significant, further
search is needed for this conclusion to be verified.

iii) Powerful decadal and quasi-decadal modes (at 10–15.5 years) were
detected along the studied area, except from the Adriatic side of
Puglia and Corfu. The spatiotemporal diversity of the decadal pre-
cipitation variability proved to be much more complicated than in
the longer scales. Possibly the most important characteristic of the
detected decadal precipitation variability is located in its temporal
synchronization with two major periods of ENSO exceptional ac-
tivity during the 20th century (from 1900 to the mid-1920s, and
from the early 1970s to the 2000s). During these periods, the dec-
adal precipitation variability reveals characteristics of transient
synchronization events with SOI, particularly in the southern Greek
Ionian region where it exhibits significant in-phase coherence and
common power with SOI from the 1890s to the mid-1920s
(Fig.7a–d). This is also valid for the Taranto Gulf stations, where a
remarkable response is detected to ENSO's decadal signals in terms
of highly significant anti-phase coherence and common power from
the early 1970s to the 2000s (Fig.7e–h). The precipitation response
to ENSO's signals weakens in the Adriatic side, although significant
anti-phase coherence is still sensed between the winter series. This
relation, along with the effects of EA variability is suspected to
sustain the strong decadal precipitation mode in Otranto after the
late-1970s. The decadal winter precipitation variability (at the
8–12 years band) in the Taranto Gulf stations was additionally
found to be related with the SCAND after the late 1970s, in terms of
significant in-phase coupling. The relation with SCAND fades to-
wards the Adriatic side of Puglia (where the EA influence at the bi-
decadal scale predominates), with the characteristic decadal
variability in Otranto possibly representing a transitional regime.

iv) Significant sub-decadal oscillatory modes were found in the Taranto

Gulf side of Puglia (at 2–5 years) and in the southern Ionian region
(at 5–9 years). The intense short scale precipitation variability in
the Taranto Gulf side (prominent in Leuca area at 2.3 years) seems
to be strongly modulated by SCAND through in-phase coupling and
transient synchronization events. In the Greek Ionian region,
SCAND also affects the winter short scale variability but less than in
the Taranto Gulf area, while only limited effects are detected in the
Adriatic side (similar to the regime found in the decadal scales).
Because the SCAND activity has a strong influence on the
Mediterranean cyclogenesis and on the southern circulation, its
high impact on the Ionian Sea locations (which are freely exposed
to sirocco-type southern circulation) becomes well understood.
Additionally, the strong variance of the local precipitation to the
short scales seems to be a direct result of SCAND inherent high
frequency variability triggered by the transient eddies activity
along the Atlantic storm track in combination with the prevailing
Rossby-wave packet propagation (Bueh and Nakamura, 2007). The
significant variability at 7–8 years in the Greek Ionian region is
found to be synchronized with SOI sub-decadal activity from early
1900s to mid-1920s, and simultaneously with an enhanced winter
NAO component at 6–9 years (Figs.6d, 10c). The winter precipita-
tion modes at 7–8 years seem to be mostly excited during periods of
NAO persistence in strong positive phases (where δφ tends to 90°),
while during the intervals of NAO persistency into negative or al-
ternating phases, this mode fades and a weak anti-phase relation
prevails. This peculiar behavior might be associated with the lim-
ited exposure of the Greek Ionian region to the enhanced north-
western circulation which is established under negative NAO phases
[as it was also suggested by Coscarelli et al., 2013 for the observed
weakening of the precipitation coupling with NAO, between the
Tyrrhenian and the Ionian Sea sides of Calabria]. After the late
1980s, similar modes appeared in the winter precipitation of the
Adriatic stations, which were found to be significantly related only
with NAO.

Combined, the remarks made in (i)–(iv) show that the precipitation
variability along the Taranto Gulf and the southern Greek Ionian regions
responds to ENSO's decadal signals (either directly or through transitive
relations with regional patterns of climatic variability) and to SCAND's short
scale forcing (through the effects of sirocco-type circulation) under important
implications of NAO and EA. In the Adriatic coast of Puglia where the Bora-
type circulation prevails, the SCAND effects fade and the greatest part of the
local precipitation variability is spotted at the bi-decadal scales, while the
decadal variability is temporarily affected by the EA during the winter.
Nevertheless, in the framework of the lowest order (1:1) uni-directional
coupling assumption, the detected bi-decadal variability is not ex-
plained sufficiently by the activity of any particular climatic pattern,
besides the indications of certain statistical relations with ENSO and
AMO. The high response of Otranto's area to decadal precipitation
signals possibly reflects a transitional state between the two afore-
mentioned regimes.

v) An important aspect of the studied area response to global or re-
gional scale climatic shifts is carried by the significant dis-
continuities detected in the precipitation variability of the Otranto
strait region (in 1962 at Otranto and 1964 at Corfu), and particu-
larly of the southern Greek Ionian region and Taranto in 1971–1972
(Fig.A1). An abrupt decrease of the mean annual precipitation height
followed these events. Further discontinuities of a moderate intensity,
but of an uncertain origin, are also spotted in 1933–1935 and
1947–1948 in southern Puglia. Regarding the 1962–1964 dis-
continuities, only some insufficient evidence was found relating
them with the strong NAO multidecadal fluctuation (from the 1950s
to the 2000s) and the relevant onset of the significant positive trend
in NAO at the 1960s (Fig.10a). On the other hand, the dis-
continuities at the early 1970s occurred almost immediately after
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the onset of ENSO's exceptional broad-band activity epoch (late
1960s) while they are detected only in stations where the relation
with SOI was found to be strong enough (Taranto, Zakynthos, and
Cephalonia). Hence, these events are suspected to be associated with
the 1970s ENSO - Pacific climate shift that disturbed critical parts of
the general circulation, the coupling with regional climatic patterns,
and finally induced changes in many sub-regional systems (Allan,
2000; Hilmer and Jung, 2000; Enfield and Mestas-Nuñez, 2000;
Rimbu et al., 2003; Walter and Graf, 2002; Knippertz et al., 2003).
At the same time the strong multidecadal NAO fluctuation switched
from negative (1950–1970) to positive (1970–2000) phases, while
the SCAND persistence in positive phases came to an end. Hence, in
the early 1970s the new ENSO regime, combined at the regional
scale with the concurrent NAO-SCAND opposite phases, possibly
triggered an abrupt reduction of the annual precipitation (up to
20%) in certain locations of Central Mediterranean, such as the
Taranto Gulf and the Greek Ionian region. The aforementioned facts
indicate that ENSO's effects at the Ionian Sea area become significant in
a non-linear way (hence, manifested when an activity threshold is
overwhelmed). The implications of ENSO, SCAND, and NAO in the
timing and the modulation of these events, combined with the di-
vergent precipitation response in the different modes and scales,
seem to smear-out the effects of climatic shifts –such as the 1970s- in
some locations and leave isolated detections of strong dis-
continuities in others.

Acknowledgements

The authors greatly acknowledge the valuable suggestions made by
the associate editor Prof. S. Michaelides and by two unknown re-
viewers. The provision of precipitation data for the studied area from
the Italian Ufficio Idrografico e Mareografico, and the Hellenic National
Meteorological Service are also acknowledged, as well as the wavelet
analysis MatLab codes by C.Torrence and G.Compo through http://
paos.colorado.edu/research/wavelets/. Part of this work was supported
by the European Community, Greece – Italy 2007–2013, Interreg IV
DEMSNIISI project, MIS 902016 (Kalimeris et al., 2016).

Authors' contributions

All authors have made substantial contribution to the conception
and design of the study, the drafting, the revision, and the artwork of
the article, as well as to the physical interpretation of the results
(Section 5). They also performed the extended search of relations be-
tween the observed precipitation variability and the main climatic
patterns (in Section 4). Additionally, E. Ranieri and D. Founda con-
tributed the data acquisition, preparation, and descriptive statistics,
while C. Norrant and A. Kalimeris provided Rotated Principal Compo-
nents Analysis and stations clustering. Finally, A. Kalimeris and D.
Founda performed missing values estimation, homogenization, and the
spectral decomposition analysis (Sections 3, 4, and the Appendices).

Appendix A. Missing values estimation and homogenization

Before missing values estimation, data quality control performed for the detection of possible outliers through PRODIGE in the framework of the
HOMER homogenization method (Caussinus and Mestre, 2004). However, since the high spatial and temporal variability of precipitation increases
the risk of false rejections of true local extremes (Domonkos, 2015), only the most abnormal monthly values filtered-out as possible outliers (most of
them found at the southern Greek Ionian stations of Cephalonia and Zakynthos during 1910–12).

A.1. Missing values estimation

Two broad categories of missing values estimation procedures are generally considered for the analysis of climate time series: those applying
spatio-temporal interpolation techniques and those incorporated within a homogenization procedure. Spatial interpolation techniques are based on
various interrelation measures between the original time series or their differences (such as, correlation, coherence, and distance indices; Pigot,
2001; Schneider, 2001; Beckers and Rixen, 2003; Staudt et al., 2007; Vicente-Serrano et al., 2010). Missing values are ideally expected to be
randomly distributed (Little and Rubin, 1987; Schafer, 1997) and synchronous data gaps between network stations to be absent. However, de-
pending on the actual distribution of missing values, on the gaps length, and on the correlation strength of the examined series, spatial interpolation
might be not a feasible option (as for example are the lengthy data gaps related with WW-II, which are synchronous in many stations and not
randomly distributed). Under such circumstances, which are met in the precipitation series of the Greek Ionian region, temporal interpolation through
advanced data adaptive algorithms might be the only gap-filling option. Nevertheless, since in this case spatial or temporal interpolation is applied
before homogenization, biased missing values estimations might emerge (due to the existence of possible inhomogeneities in the original data)
eventually to be corrected in the homogenization phase. Alternatively, missing values estimation can be performed as a part of the homogenization
procedure. In this case, the possible brake-points are taken into account before gap filling and hence, an unbiased reconstitution of missing values is
expected. However, in cases of successive synchronous gaps in neighborhood stations (like those existed in the series of the Greek Ionian region) the
risk of false break detections and subsequent biased missing values estimation, increases. For example, in our preliminary computations through
HOMER, artificial pairwise detections of break-points emerged at the times associated with the beginning or the end of the data gap periods in these
stations, which subsequently affected the next stages of the procedure. Hence, temporal interpolation was applied here in case of the Greek Ionian
stations and spatial interpolation in case of Puglia stations. In particular, in each station missing data filling realized for each month separately by
using one of the following two techniques:

(i) A correlation-weighted linear least square (or cwls) computational scheme, or.
(ii) Iterative Singular Spectrum Analysis (hereafter iSSA).

The first procedure applied in well correlated stations without synchronous data gap periods (i.e., in the Italian stations) while the second
procedure applied in the Greek Ionian stations. The applied cwls procedure reveals structural similarities to that provided by Staudt et al. (2007),
since an estimation Hi j, of a missing precipitation value Hi,j ≡ Hi(tj) in the i-station [i= 1(1)n] during the j-month [j = 1(1)12] is based on the
observed values Hk,j in each one of the rest n− 1 stations of the network [k= 1(1)n, k≠ i] through the equation:

∑ ∑≡ = ′ ⋅ ′

≠
= =

H t H r h r

k i

( ) ( ) ,

with
i j i j k

n
ik j ik j k

n
ik j, 1 , , 1 , 

(A.1)

In Eq. (A.1), hik,j is the kth partial prediction of the missing value Hi,j, which is provided by the observed value Hk,j in the k-station through linear
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least squares regression:

= ⋅ +
= ≠ =

h β H β
k n k i j i

,
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ik j k j, 1 , 0

(A.2)

Actually Eq. (A.2) relates the precipitation height of the i-station during the j-month with the corresponding observed values at the best correlated k-
stations. In addition rik , j′= rik , j is set in Eq.(A.1) when the linear correlation coefficient rik , j between the ith and kth stations is statistically significant
at a prescribed level (typically 0.05) and rik , j′ = 0 otherwise, provided that there is at least one k-value (k≠ i) such that rik , j′ ≠ 0 (that is, when
observations from at least one significantly correlated station are available). Through the aforementioned procedure, any missing value of pre-
cipitation in the i-station during the j-month is estimated by appropriately weighting the observed values of the significantly correlated stations. This
scheme is also applicable through sliding time-windows when the temporal correlation variations of the target and the neighborhood stations should
be taken into account.

On the other hand, the iSSA algorithm described by Kondrashov and Ghil (2006) applied in case of missing values estimation in the Greek Ionian
stations. In this procedure, missing values are actually estimated through a continuous flow of information related to the variability modes of
precipitation (quantified by the temporal empirical orthogonal functions, or EOFs, of the studied series lag-covariance matrix) towards the data gap
intervals. A double iterative scheme is used for this goal in combination with a set of cross-validation experiments according to an artificial missing
point random seed technique. The fraction frs of randomly selected observed data (which were flagged as artificial missing points) that was adopted in
our computations was between 0.05 and 0.15, while the number K⁎ of the retained modes in the precipitation series of each month separately were
ranging between K⁎ = 3 and K⁎ = 20, depending on the data gap length and the overall variability of the series.

A.2. Homogenization

Relative homogenization of the adopted monthly precipitation series performed through the CLIMATOL (Guijarro, 2011, 2013), HOMER (Mestre
et al., 2013; see also Caussinus and Mestre, 2004; Picard et al., 2011; Domonkos, 2011), and ACMANT2 (Domonkos, 2015) methods, whose efficiency
has been analyzed by Venema et al. (2012), and Domonkos (2015). In case of HOMER a maximum number of three iterative correction steps were
applied under the interactive mode, both for the original and the data-filled series. The detected braking points are summarized in Table A.1, while
the corrected series for two representative stations are illustrated in Fig. A1. Absolute homogeneity tests also applied in the annual series through the
Pettitt, Buishand, Standard Normal Homogeneity or SNHT, and von Neumann algorithms (Alexandersson, 1986; Buishand, 1982; Pettitt, 1979; Von
Neumann, 1941). Regarding the Italian stations of Puglia, only moderate magnitude breaking-points found in Leuca, Otranto, and Taranto. In
particular, two braking-points detected at 1933–35 and 1947–48 in Leuca by all methods (but only through some pairwise comparisons in HOMER).
Breaking-points also jointly detected by HOMER and CLIMATOL in Taranto at 1971–72 (at the same time with the strong discontinuities found in the
southern Greek Ionian stations) and at 1947–48 only by ACMANT2 (Fig.A1a). Finally, another discontinuity detected by ACMANT2 in Otranto at
1964. The artificial or climatic origin of these breaking points can't be safely assessed as no metadata were available for these stations in the dates of
interest.

Available metadata in the Greek Ionian stations show a history of small relocations associated with limited environmental and topographic
changes. The most important relocations realized at 1949 in Corfu, at 1984 in Cephalonia, and at 1982 in Zakynthos, when these stations moved
from the town outskirts to the nearby airports (in distances 3–7 km). Further minor relocations, associated with small height changes (of the order of
10 m) are known to be happened at 1911, 1912, and 1926 in Corfu station (Kotinis-Zambakas et al., 1996), and at 1918 in Zakynthos. Finally,
changes in observational practices and/or equipment are highly suspected to be happened between 1931 and 33 and around 1955 in these stations,
but they are not well documented. Regarding the possible origin (artificial or climatic) of the detected breaking points we only examined those events
that were jointly detected by at least two relative homogenization methods. As it is seen in Table A.1 there is only one strong discontinuity that was
jointly detected by all methods at 1971 in Cephalonia (also detected as statistically significant by all absolute methods). Similar discontinuities also
detected at the neighborhood Zakynthos station in the 1971–73 interval (Fig. A1b), and Corfu at 1962 (none of them verified by ACMANT2). Some
further joint detections around 1925–26 and 1933 in Corfu and Cephalonia are possibly related with relocations or technical changes in these
stations. However, none of the 1971–73 or 1962 discontinuities are associated with periods of missing values, known relocations, changes of
observing practices, strong or abrupt environment changes. Hence, a climatic origin is suspected for these discontinuities, as discussed in Section 5.
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Fig. A1. The observed (blue line), the ACMANT2 (orange line) and the HOMER (green line) corrected annual precipitation variability in Taranto (a) and Zakynthos (b). The corresponding
linear trends are shown by the purple, red, and green lines respectively for the observed, the ACMANT2, and the HOMER series. The vertical dashed lines indicate the position of
significant discontinuities (see also Table A.1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table A.1
Dates of break points detected in the monthly precipitation series of each station (for clarity, detections separated by less than 4 years are listed in the same row). Bolded underlined values
indicate discontinuities jointly found by all methods, while those detected by CLIMATOL and at least one of ACMANT2 or HOMER are indicated by underlined italics. Break points
associated with known relocations are marked by an asterisk. Finally, discontinuities that were detected in the annual precipitation series by the absolute homogeneity tests are also listed
in the last row (significant detections are underlined).

Bari Brindisi Taranto Otranto Gallipoli Leuca Corfu Cephalonia Zakynthos Methoni

Observations
period

1938–2010 1921–2010 1921–2010 1921–2010 1921–2010 1921–2010 1887–2014 1893–2014 1893–2014 1956–2012

ACMANT2

detections
1926⁎ 1929,

1933⁎
1935

1948 1948 1951
1963

1971
1989

CLIMATOL
detections

1906 1909,
1913

1921 1917
1933 1933⁎

1951 1949,
1951

1951 1948

1959 1964 1961 1963 1962
1972 1972/

76–77
1972 1973

1991 1990
1995,
1997

1996
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HOMER
detections

1909 1909,
1912

1925⁎
1929,
1933⁎

1964 1962
1971 1971 1971

Absolute
homoge-
neity
detections

1983 1950 1947 1964 1960/1990 1947–50 1973/
1964

1972 1972 1963

Appendix B. Coherence and synchronization measures

The instantaneous amplitudes αk(tj) and phases φk(tj) of each reconstructed spectral component with rank k, are provided in spectral analysis in
reference to a nominal frequency fk over the entire observational period. However, in wavelet analysis each mode can be localized in the time-
frequency (or equivalently, the time-scale) domain by the distribution of its instantaneous power S(tj) over an interval of scales [sℓ, su] = ΔS; the time
scale s corresponding to the Morlet wavelet with ω0 = 6 almost coincides with the Fourier time wavelength or period T, since

= ⋅ + +T s4π (ω 2 ω )0 0
2 ≅ 1.033 · s (e.g., Torrence and Compo, 1998). Then, the scale sk(tj) corresponding to the local maximum of S(tj) over ΔS can

be used as a measure of this mode frequency f(tj) at the time tj [j= 1(1)n]. The frequency f -or scale s - evolution of a mode can be estimated in this
way by tracing the local maximum value of S(tj) within an appropriate scales interval ΔS. Hence, the relation of the frequencies fx,k(tj), fy,l(tj) of two
modes with ranks k, l in the time series x(tj), y(tj) (corresponding to the driver oscillator and the coupled regional system, respectively) can be
similarly explored in the time-scale domain along with the covariance or a correlation measure of their amplitudes αx,k, αy,l and with their phase
difference or relative phase δφkl(tj) = φx,k(tj) − φy,l(tj). Provided that a physical coupling of the regional climatic system is known with a climatic
oscillator, an f-type synchronization can be inferred when fx,k(tj) ≅ fy,l(tj) over a time interval, and an fp-type when a nearly steady or bounded phase
difference δφ is additionally observed. Further enhancement of coupling will enforce coherent variations in the amplitudes αx, αy and hence, strong
and statistically significant covariance or correlation will be implied in addition to the aforementioned relations. When a physical coupling is not a
priori known, its presence can be inferred by the detection of a unimodal frequency distribution of the cyclic relative phases δφc (Rosenblum et al.,
2001; Osipov et al., 2003). The latter quantity is introduced in order to eliminate the addition of complete cycles in the time evolving phase
difference values, by the equation:

=δφ δφ mod(2π)c (B.1)

However, in the presence of strong stochastic or irregular variations, the distribution of δφc might take the form of a dual- or multi-modal
distribution.

A localized measure of covariance between x(tj) and y(tj) is their common power which is quantified in the time-scale domain by the Cross-
Wavelet Transform, defined for each time tj, j= 1(1)n, and scale s by (e.g., Grinsted et al., 2004):

= ⋅ ∗W s W s W s( ) ( ) ( )t
xy

t
x

t
y

j j j (B.2)

where Wtj
x(s),Wtj

y(s) are the wavelet transformations of the x and y series respectively, and Wtj
y∗(s) the complex conjugate ofWtj

y(s). Since the Cross-
Wavelet Transform Wtj

xy(s) indicates the scales where locally enhanced spectral power -then amplitudes as well- commonly prevails in both series, it
can be also considered as an indirect index of the amplitudes relation between x(tj), y(tj). Following Torrence and Compo (1998), the upper useful
scale sM adopted in wavelet transformation computational algorithm was equal to:

=s n δt1.03·( · 3)M (B.3)

(δt being the sampling interval). To eliminate artificial power distribution caused by the fact that long period wavelets are not completely localized
in time as their extent become comparable to the time series width, the cone of interest (COI) feature is used as the conical area in the time-scale
domain where the wavelet power caused by a discontinuity at the edge has dropped to e−2 of the edge value (e.g., Grinsted et al., 2004). Then, for
each moment tj, an upper useful scale scoi(tj) exists (with scoi ≤ sM) such that, higher credibility to be given in spectral features with scales s≤ scoi
(located at the interior of COI). In subsequence, the relative phase δϕtj(s) between x(tj), y(tj) at a scale s≤ sM can be implied by the complex argument
arg(Wxy) of Wtj

xy(s), according to the equation:
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where ℛe{} and ℐm{} are respectively the real and imaginary parts of Wtj
xy(s), while 〈 〉 represents a smoothing operator over time and scale,

analytically described by Torrence and Compo (1998), and by Grinsted et al. (2004). Values of δφ according to Eq. (B.4) are in close agreement to
those obtained by the non-parametric computation through the Hilbert transformation (Quiroga et al., 2002; Kreuz et al., 2007). Finally, a coherence
measure Rtj

2(s) between x(tj), y(tj) at the time tj and scale s can be defined by the equation (Torrence and Webster, 1999):
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where the operator | |2 represents wavelet power (for simplicity Rtj
2(s) will be referred as R2). Statistical significance of R2 values can be implied by

Monte-Carlo Continuous Wavelet Transform of x(tj), y(tj), and then depicted in the time-scale domain together with the relative phase δφ. In Eq.
(B.5), wavelet coherence is defined in analogy with the global linear correlation coefficient r, but since it is based on the wavelet transform of the

A. Kalimeris et al. Atmospheric Research 198 (2017) 56–80

77



studied time series, R2 is localized in the time-scale domain. Hence, wavelet coherence is able to detect significant correlations in certain time-scales
and epochs, which might be overestimated or even ignored by a global linear correlation coefficient.
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