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ABSTRACT

The paper is devoted to analysis of the cold half-year (October to March) fre-
quency of cyclones in the Mediterranean-Black Sea region associated with the global 
processes in the ocean-atmosphere system - the Pacific Decadal Oscillation (PDO) 
and Atlantic Multidecadal Oscillation (AMO). Firstly, climatic conditions in the 
North Atlantic-European region during positive and negative phases of these global 
oscillations were shown using NCEP/NCAR reanalysis data for 1948 - 2016 and data 
of the NASA GISS Atlas of Exratropical Strom Tracks in 1961 - 1998. Mean monthly 
values / anomalies (composites) for equal periods of the negative and positive AMO 
and PDO phases were calculated and compared. The results of the study support the 
idea that the Pacific and Atlantic influence on the climatic (multidecadal) scale is 
realized via change of the large-scale fields of the North Atlantic anomalies typical 
for the interannual scale. Then spatial distribution of the frequency of cyclones in the 
Mediterranean-Black Sea region was obtained using global NCEP/NCAR reanalysis 
data sets on 1000 hPa geopotential height in 1948 - 2013. It was shown that during 
the positive AMO phase, frequency of cyclones in the Mediterranean was higher by 
absolute values in November to March over the Tyrrhenian and Ionic Seas and lower 
over the Anatolian peninsula. During the negative PDO phase, frequency of cyclones 
over the Anatolian peninsula in January to March is significantly higher than in the 
positive PDO phase.
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1. INTRODUCTION

Cyclonic activity is an integral characteristic of weath-
er-climate anomalies especially in the cold period in mid-
latitudes. Paths of cyclones (or storm tracks) are the last link 
in the transmission mechanism of the global climate system 
influence at the regional level, for example according to 
Chang and Fu (2002). Earlier (Trigo et al. 1999; Thompson 
and Wallace 2000) it was shown that the phases of global 
processes in the ocean-atmosphere system (which can be 
considered as the climate system) cause specific modes of 
variability of cyclones.

According to the WMO, climate variability is charac-
terized by the time scale of more than 30 years, in other 
words interdecadal or multidecadal scale. Nowadays cli-
mate models are not designed to reproduce natural decadal-
multidecadal variability which accompanies global warming 

trend and is imposed by the climate systems of the Pacific 
(Trenberth and Fasullo 2013) and Atlantic (Tung and Zhou 
2013; Chen and Tung 2014) oceans. For example, Semenov 
et al. (2014) showed that multidecadal climate variability 
in the Atlantic and Arctic is responsible for 54% of global 
warming and 58% of the Northern Hemisphere warming. 
Besides this, Atlantic and Pacific climate variability can 
be responsible for a “pause” in the global warming also re-
ferred to as “hiatus” or “slowdown” (Fyfe et al. 2016) which 
provokes a lot of debate. That is why, to make projections 
of clime models more realistic and accurate, it is essential to 
understand the patterns of climate variability on global and 
regional scale first.

In spite of the importance of understanding climate 
variability both on the global and regional level, today it is 
difficult to obtain statistically reliable results on the mul-
tidecadal variability of climatic characteristics including 
cyclonic activity. It is because the available observational 
and reanalysis data series are not long enough and generally 
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hardly exceed two climate periods (60 years). Nevertheless, 
despite this obstacle the problem of low-frequency climate 
variability is of academic interest. For example, Polonskii et 
al. (2007) and Rimbu et al. (2014) showed that the param-
eters of cyclones and anticyclones in some Euro-Atlantic 
regions are characterized by multidecadal variability associ-
ated with North Atlantic ocean-atmosphere processes.

Global climate variations of decadal to multidecadal 
scale were substantiated using proxy records by Wang et al. 
(2013). Regional climate anomalies in Europe are character-
ized by multidecadal variability associated with global pro-
cesses in the ocean-atmosphere system, e.g., as shown by 
Knight et al. (2006). It is assumed it is true for the variability 
of cyclones in the Mediterranean-Black Sea region.

The regimes of the Atlantic and Pacific climate sys-
tems are characterized by the Atlantic Multidecadal Oscilla-
tion (AMO) first described by Schlesinger and Ramankutty 
(1994), Knight et al. (2006) and Pacific Decadal Oscilla-
tion (PDO) first described by Zhang et al. (1997), Mantua 
et al. (1997) or the Interdecadal Pacific Oscillation (IPO) 
as it was called by Power et al. (1999). These oscillations 
are also referred to as climatic signals. They are mostly ad-
dressed using indices and positive and negative phases of 
these indices. Despite the fact that these oscillations are de-
fined by the sea surface temperature (SST) anomalies, they 
reflect the processes in the ocean-atmosphere systems of the 
Atlantic and Pacific. Their large (basin-wide and multidec-
adal) scale is caused by variations of the Subtropical Gyres 
and Meridional Overturning Circulation. This changes af-
fect sea level pressure (SLP) anomalies due to sensible and 
latent heat fluxes and lead to the alteration of atmospheric 
circulation and shift of storm tracks. According to Bosart’s 
(1999) review, oceanic sensible and latent heat fluxes are 
most crucial at the early stages of cyclone life cycle for a 
wide spectrum of extratropical cyclones (from the most 
explosive marine cyclogenesis cases to the weaker frontal 
waves arising along the quasistationary baroclinic zones). 
Cyclonic activity also depends on the position and inten-
sity of jet stream flow, which affects energy transport into 
cyclogenesis via mean flow-eddy interactions. So the storm 
tracks tend to shift and intensify in the northern periphery of 
the strong jet stream.

Atmospheric storm tracks shift and intensification on 
interannual scale can be associated with shifts of ocean 
fronts such as the Gulf Stream in the North Atlantic (Kwon 
and Joyce 2013), which is a branch of the North Atlantic 
Subtropical Gyre and Meridional Overturning Circulation. 
Dong et al. (2013) highlighted strong ocean-atmosphere in-
teractions associated with the dominant mode of summer 
storm track variability and an important role of the AMO in 
the way the ocean influences the atmosphere on decadal tim-
escales. Ting et al. (2014) indicated that warm AMO phase 
is strongly associated with an SLP pattern that resembles the 
negative North Atlantic Oscillation (NAO), thus reducing 

the subtropical jet and storm activity, particularly in winter. 
Gan and Wu (2015) showed significant interannual coupling 
between January to March storm track and SST variations 
in the North Atlantic. According to Lee et al. (2012), North 
Atlantic storm track activity is characterized by interdecadal 
regime. Its periods differ in the strength of correlation with 
the Pacific Decadal Oscillation and North Atlantic Oscilla-
tion and coupling with the North Pacific storm track activ-
ity. Woollings et al. (2015) showed that on the timescales 
up to 30 years the NAO is associated with variations in the 
latitude of the North Atlantic jet and storm track, whereas 
on the larger timescale with their strength instead.

In spite of the fact that the indices of climate signals 
are identified by the orthogonal functions (e.g., Enfield 
and Mestas-Nunez 1999), it is obvious that within the 
coupled global climate system without rigid walls in the 
atmosphere, climate signals of the oceans cannot be ab-
solutely independent. Although physical teleconnection 
mechanisms of the Atlantic and Pacific multidecadal influ-
ence and their interaction are still under research now. In 
general, the commonly recognized mechanism consists in 
atmospheric bridges which involve mid-latitude anomalies 
of westerlies and propagation of Rossby waves identified by 
the jet stream meandering (Wang et al. 2013) in the result 
of alteration of the atmospheric circulation cells (Alexander 
et al. 2002). In this way multidecadal processes in the Pa-
cific and Atlantic can induce modulation of the correspond-
ing interannual processes in these oceans such as the NAO 
first described by Bjerknes (1964), Hurrell (1995) and El 
Niño-Southern Oscillation (ENSO) first studied by Rasmus-
son and Carpenter (1982). For example, AMO is referred to 
as a multidecadal mode of the NAO according to Polonskii 
(2008). On the other hand, the NAO can be just a manifesta-
tion of stochastic variability (Wunsch 1999), and it is still 
uncertain whether the NAO forces multidecadal variations 
of AMO (e.g., Latif et al. 2006) or vice versa (e.g., Peings 
and Magnusdottir 2014). As for the Pacific, El Niño events 
are more frequent and strong during the positive PDO phase 
and La Niña events during the negative PDO phase accord-
ing to Wolter and Timlin (2011).

Knight et al. (2006) showed that HadCM3 climate 
model simulation reproduces most of the AMO climate im-
pacts derived from short instrumental records. However, 
Trenberth and Shea (2006) proved that AMO impact was 
overestimated and in certain periods global warming and Pa-
cific (El Niño) influence were more essential. Decadal mode 
of El Niño, which can be considered as the PDO according 
to Newman et al. (2003), changed its phase from positive to 
negative in the mid-1970s and associated with the climate 
regime shift (Mantua et al. 1997). According to Mantua et al. 
(1997), the Aleutian Low deepens during the positive PDO 
phase and due to the Rossby wave propagation atmospheric 
circulation intensifies in the North Pacific and North Atlan-
tic (Fraedrich et al. 1993; Trenberth et al. 1998).
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Nevertheless, this study does not focus on establishment 
of teleconnection links (i.e., physical mechanisms) and the 
direction of causal relationships between climate signals of 
the Pacific and Atlantic. It focuses on the regional climate 
anomalies on the basis of an approach consisting in analysis 
of composite fields for high and low phase periods of cli-
mate processes. To understand the complex variability of the 
Mediterranean-Black Sea regional climate, it is necessary to 
divide the task and study the contribution of each possible cli-
mate process separately first, and then their joint influence.

Taking into account that cyclonic activity is one of 
important elements of climate system, the aim of this pa-
per is to analyze multidecadal anomalies of cyclones in the 
Mediterranean-Black Sea region in cold half-year (October 
to March) associated with global processes in the ocean-at-
mosphere system: the Atlantic Multidecadal Oscillation and 
Pacific Decadal Oscillation.

2. DATA AND METHODS

To continue our previous research, in this paper we 
paid attention to multidecadal variability of cyclones in the 
Mediterranean-Black Sea region using the updated and im-
proved data array of cyclonic characteristics. Cyclones in 
the Mediterranean-Black Sea region were detected using the 
methodology by Bardin (1995) applied to the NCEP/NCAR 
reanalysis data on 6-hr (0Z, 6Z, 12Z, and 18Z) 1000 hPa 
geopotential height on a 2.5° × 2.5° grid for 1948 - 2013. 
At the same time, monthly maps of trajectories of cyclones 
were taken from the Atlas of Extratropical Storm Tracks 
based on the SLP fields calculated using the method recom-
mended by the NCEP Reanalysis project, which employs the 
12-hr (0Z and 12Z) 500 and 1000 hPa geopotential height 
fields by the NCEP Reanalysis for the years 1961 - 1999 
(the description of methodology is available at http://data.
giss.nasa.gov/stormtracks/).

The methodology of cyclones detection (Bardin 1995) 
used in the research was cross-checked by the IMILAST (In-
tercomparison of Mid. Latitude Storm Diagnostics) Project 
(Neu et al. 2013). Its algorithm identifies all local minima 
of geopotential height field limited by the closed isohypses 

and calculates a center of each system as a geometrical cen-
ter of the figure delimited by the first closed contour.

The quality of cyclones identification was checked by 
comparing with the observational data from the generalized 
kinematic maps for the period 1951 - 1996. These maps show 
locations and depths of the centers of cyclones and anticy-
clones and their trajectories generalizing information from 
synoptic maps for 3 - 5 days based on actual observations at 
meteorological stations. So one month is represented by 6 - 7 
generalized kinematic maps. The available maps cover the 
period of 46 years (1951 - 1996), thus more than 250 maps 
per month were analyzed to check the quality of the method-
ology. The frequency (number of days with cyclones) in the 
Mediterranean and Black Sea region was counted manually 
using these maps. As a result, it was shown that time series 
of the frequency of cyclones obtained using reanalysis and 
generalized kinematic maps were characterized by strong 
correlation with a coefficient of 0.9, as shown by our earlier 
studies (Voskresenskaya and Maslova 2011).

The indices of the Atlantic Multidecadal Oscillation 
and Pacific Decadal Oscillation were used as the charac-
teristics of global multidecadal climate variability (Fig. 1). 
AMO index is an unsmoothed area weighted average of the 
Kaplan SST V2 over the North Atlantic, 0 - 70°N, calculat-
ed at NOAA/ESRL/PSD1: http://www.esrl.noaa.gov/psd/
data/timeseries/AMO/. PDO index is derived as the leading 
PC of monthly SST standardized anomalies in the North Pa-
cific Ocean, poleward of 20°N (http://jisao.washington.edu/
pdo/PDO.latest). The monthly mean global average SST 
anomalies are removed from both indices to separate their 
variability from the “global warming” signal that may be 
present in the data.

In order to assess the differences in the anomalies of 
cyclones frequency corresponding to the AMO and PDO 
phases, we used a sampling technique referred to as com-
posite analysis. The mean monthly anomalies for the equal 
periods of the negative and positive phases of these oscil-
lations (called composites) were calculated and compared. 
This method was also used by other authors, e.g., by Sut-
ton and Dong (2012) for air temperature, precipitation and 
SLP anomalies in Europe in the warm and transition months 

(a) (b)

Fig. 1. Annual average of the AMO (a) and PDO (b) indices: unsmoothed and smoothed (bold curve) by the 10-year running mean. Composite 
periods are indicated by the “+” sign for the positive phases and “-” sign for the negative phases.

http://data.giss.nasa.gov/stormtracks/
http://data.giss.nasa.gov/stormtracks/
http://www.esrl.noaa.gov/psd/data/timeseries/AMO/
http://www.esrl.noaa.gov/psd/data/timeseries/AMO/
http://jisao.washington.edu/pdo/PDO.latest
http://jisao.washington.edu/pdo/PDO.latest
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(March to November) averaged over AMO phase periods.
The major problem with this method is separation of 

climate signals. Composite periods chosen to represent the 
phases of one variability mode also correspond to different 
phases of other modes. However, this problem is hard to 
solve with the short observational record.

Figure 1 shows composite periods used in this study. 
To identify the most distinctive large-scale climate features 
in the Atlantic-European region associated with the ex-
tremes of the AMO and PDO phases, 5-year periods during 
the mimimum and maximum of the AMO and PDO phases 
were chosen to built the composites of the 500 hPa vector 
wind and geopotential height anomalies, 850 hPa potential 
temperature anomalies, total (sensitive + latent) heat flux 
anomalies and storm tracks. Composite period of the mini-
mum AMO index was determined as 1971 - 1975 and the 
maximum as 2006 - 2010. Storm tracks data were limited by 
1998, which is why the 5-year period of the positive AMO 
index was taken during the index increase as 1994 - 1998. 
The period characterizing the minimum of the PDO index 
was taken as 1966 - 1970 and the period of the maximum 
as 1981 - 1985.

To illustrate local spatial aspects of cyclone activity in 
the Mediterranean-Black Sea region for the whole multidec-
adal phase periods of AMO and PDO, composite maps of 
the cyclones frequency defined as a sum of cyclonic centers 
in 2.5° × 2.5° squares during the equal 29-year phase peri-
ods were obtained for each month of the cold season from 
October to March. Composite period of the negative AMO 
phase (AMO-) was determined as 1966 - 1994, and the posi-
tive AMO phase (AMO+) - as 1948 - 1965 and 1995 - 2005. 
Composite period of the negative PDO phase (PDO-) was 
taken as 1948 - 1976, and the positive phase (PDO+) 1977 
- 2005.

In order to assess significance of the difference be-
tween the composites during the chosen AMO and PDO 
phase periods using Student’s t-test, monthly time series 
were created, spatially averaged over the defined areas such 
as the Mediterranean-Black Sea region, central and north-
ern parts of the North Atlantic, European region, Barents 
Sea and Middle Asia. Statistical significance of the differ-
ence between the 29-year composites was calculated in rela-
tion to the interannual standard deviation, and between the 
5-year composites in relation to the standard deviation of 
the 5-year means for the whole period (1948 - 2016).

Monthly time series and 5-year spatial composites of 
500 hPa vector wind, 500 hPa geopotential height anomalies 
and 850 hPa potential temperature anomalies were obtained 
using NCEP/NCAR reanalysis data for the 1948 - 2016 
period (Kalnay et al. 1996) and interactive tools provided 
by the NOAA-ESRL Physical Sciences Division, Boulder 
Colorado at their web-site http://www.esrl.noaa.gov/psd/. 
Composite schemes of the total heat flux anomalies were 
also calculated using NCEP/NCAR reanalysis data and the 

1948 - 2016 climate average.
Composites of the vector wind at 500 hPa were involved 

in order to characterize the zonal flow, in other words to 
identify potential location and intensity of tropospheric jet 
stream, since it is closely associated with storm tracks. Posi-
tion of tropospheric jet stream is identified by the maximum 
wind vector at the level of the jet stream (here, 500 hPa). As 
for the 500 hPa geopotential height anomalies (in relation to 
the 1948 - 2016 climate average), they reflect the character of 
the large-scale atmosheric circulation. Potential temperature 
anomalies were analyzed to describe the meridional tempera-
ture gradient which characterizes baroclinicity in condition 
of static stability of the atmosphere and determines dynamic 
instability of the zonal flow. Meridional temperature gradient 
causes thermal wind characterized by the negative anomalies 
to the left of its direction. To address heat exchange processes 
in the ocean-atmosphere system, composite schemes of the 
total (sum of latent and sensible) heat flux anomalies were 
obtained. So the impacts of AMO and PDO on cyclones ac-
tivity were examined via zonal flow, circulation and heat flux 
variability, which are the parameters reflecting both upper-
level and lower-level processes in the ocean-atmosphere sys-
tem associated with cyclone activity.

3. RESULTS AND DISCUSSION
3.1 AMO Impact on the Atlantic-European Region: 

Large-Scale View

Interdecadal variability of cyclonic activity in the 
Atlantic-European region associated with the Atlantic Mul-
tidecadal Oscillation was demonstrated by Polonskii et al. 
(2007) on the example of linear trends of the frequency and 
intensity of cyclones in 1952 - 2000. The authors point out 
that in 1960s - 1990s (when AMO index increased) there 
was a statistically significant increase in frequency and in-
tensity of cyclones in the cold half-year in the subpolar lati-
tudes of the North Atlantic (between 55 and 75°N) and in 
the south-eastern part of the Mediterranean region, while 
in the mid-latitudes of the North Atlantic (between 35 and 
55°N) and over the most of Europe frequency (but not inten-
sity) of cyclones decreased.

Later Polonskii (2008) developed a mechanism of 
AMO influence on European region involving trajectories 
of cyclones (storm tracks). It was assumed that AMO as well 
as NAO is characterized by the shift of the Atlantic storm 
tracks but with the opposite sign, because the greatest influ-
ence on the regional climatic anomalies is induced not by 
the pressure gradient between the centers of action of the at-
mosphere but their location. During the positive NAO phase 
the Icelandic Low and Azores High shift to the northeast, 
and during the positive AMO phase to the southwest. One 
of the tasks of this study was to analyze regional features 
of winter cyclonic activity in the Mediterranean-Black Sea 
associated with AMO within the abovementioned scheme 

http://www.esrl.noaa.gov/psd/
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on the example of January, but first, it was necessary to ana-
lyze large-scale processes in the ocean-atmosphere over the 
Atlantic-European region.

Spatial composites of the mean 500 hPa vector wind 
and geopotential height anomalies, 850 hPa potential tem-
perature anomalies, 500 hPa vector wind and storm tracks 
were obtained to assess the differences in these character-
istics between the 5-year periods of the minimum (1971 - 
1975) and maximum (2006 - 2010) or transition to the maxi-
mum (1994 - 1998) AMO index as shown in Fig. 2. Further 
anomalies providing significant (at the 80 - 99% confidence 
level) differences of composites between the AMO phase 
periods are described.

During the negative AMO phase (Fig. 2, AMO- col-
umn) 500 hPa zonal flow over the North Atlantic exceeded 
26 m s-1. As for the European region, it was higher over 
the Northern Europe than over the Southern Europe and the 
Mediterranean-Black Sea region (Fig. 2a). During the posi-
tive AMO phase (Fig. 2, AMO+ column), zonal flow over 
the North Atlantic was weaker (22 m s-1), and although its 
axis was shifted to the north on the eastern coast, the zonal 
flow over Europe was the strongest in the eastern Mediter-
ranean (Fig. 2b). Differences of zonal wind velocity com-
posites between the AMO phases are significant at the 99% 
confidence level over the western part of the North Atlantic 
and at the 95% over the Northern Europe.

The composite field of the 500 hPa geopotential height 
anomalies indicates that during the negative AMO phase 
(Fig. 2c) there were strong centers of atmospheric action 
over the North Atlantic shifted to the south-west. Negative 
anomalies of the Islandic Low exceeded -100 m at the 99% 
level of statistical significance of the difference between the 
composites, and over the Azores High +40 m at the 80% 
confidence level. This pattern resembles the positive NAO 
phase. There were also strong significant (exceeding +80 m, 
80% confidence level) positive geopotential height anoma-
lies over the entire Europe and further to the east negative 
anomalies which had the same absolute value significant 
at the 99% confidence level. Such spatial structure of geo-
potential height anomalies resembles the East Atlantic and 
Northern Asian (Siberian) atmospheric patterns (Barnston 
and Livezey 1987). Three centers with the most intense 
geopotential height anomalies forming the west-east seesaw 
can be marked over the Labrador Peninsula (shifted Islandic 
Low), European region and Middle Asia with the same sign 
of anomalies over the first and last centers and the opposite 
sign over the second centre.

As for the positive AMO phase (Fig. 2d), it was char-
acterized by the low gradient field of the weak (+20 m max-
imum in the Azores High, 80% confidence level) mainly 
positive geopotential height anomalies over the North At-
lantic during the chosen (2006 - 2010) composite period. 
The strongest center of action (positive anomalies exceed-
ing +60 m, 99% confidence level) was over the Barents and 

Kara Seas. This agrees with the results by Semenov et al. 
(2009, 2014) about the importance of the Arctic processes 
[anomalous heat fluxes (Figs. 2g, h) and Barents Sea In-
flow] in the multidecadal variability in the North Atlantic.

General structure of the composite field of the 850 hPa 
potential temperature anomalies during both AMO phases 
(Figs. 2e, f) corresponds to the 500 hPa geopotential height 
anomalies. During the negative AMO phase (Fig. 2e), the 
strongest negative anomalies lower than -3 K (99% confi-
dence level) were over the Labrador Peninsula and Middle 
Asia, and the highest positive anomalies exceeding +2 K 
(99% confidence level) were over the Northern Europe and 
western coast of the tropical North Atlantic. So there was 
strong meridional potential temperature gradient over the 
central North Atlantic indicating the strong thermal wind 
in this area. During the positive AMO phase the center of 
the strongest positive anomalies exceeding 3 - 4 K (90% 
confidence level) were over the Barents Sea spreading to the 
North Atlantic over the area to the north of Island (Fig. 2f).

In agreement with displacement of the geopotential 
height and potential temperature anomalies over the western 
coast of North Atlantic, the most significant (99% confi-
dence level) differences of the total heat flux anomalies be-
tween the AMO phases were found in the Labrador Sea and 
in the area of the Gulf Stream, but they had opposite sign in 
these centers (Figs. 2g, h). During the negative AMO phase, 
there were positive heat flux anomalies in the Labrador Sea 
and negative anomalies in the Gulf Stream (Fig. 2g), and 
during the positive AMO phase there were anomalies of the 
opposite sign in these regions (Fig. 2h).

The resulting spatial composites of the total storm tracks 
associated with the AMO phases (Figs. 2i, j) agree well with 
the described features of zonal flow, circulation and thermal 
characteristics. During the negative AMO phase, concentra-
tion of the North Atlantic storm tracks (Fig. 2i) was the dens-
est along the axis Labrador Peninsula-Island-Barents Sea. In 
Europe, including Mediterranean-Black Sea region, cyclonic 
activity was low. During the positive AMO phase the North 
Atlantic storm tracks were concentrated along a broader 
band, in the south reaching the north of Florida and covering 
Scandinavia (Fig. 2j). Cyclonic activity in the Mediterranean-
Black Sea region was higher than in the previous case.

The analysis showed that the described spatial charac-
ter of composite fields in January is typical for the months 
of the cold half-year from November to March.

To demonstrate the quantitative characteristic of AMO 
impact on regional cyclone activity, the spatially averaged 
zonal flows and storm numbers in the Mediterranean-Black 
Sea region (30 - 45°N, 10°W - 45°E) were calculated on 
the basis of the obtained composites. It was found that dur-
ing the negative AMO phase in 1971 - 1975 the number of 
storm tracks in January in the region was 15 and the cor-
responding mean zonal flow was 9.4 m s-1. As for the posi-
tive AMO phase in 1994 - 1998, the values were higher: 23 
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 2. 5-year composites in January for the minimum AMO index in 1971 - 1975 (AMO- column) and maximum AMO index in 2006 - 2010 and 
1994 - 1998 for the storm tracks (AMO+ column): (a) and (b) represent mean 500 hPa vector wind; (c) and (d): 500 hPa geopotential height anoma-
lies; (e) and (f): 850 hPa potential temperature anomalies (K); (g) and (h): total (sum of sensible and latent) heat flux anomalies (in relation to the 
1948 - 2016 climate average); (i) and (j): total storm tracks.
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storm tracks and 10.9 m s-1. The difference between these 
spatially averaged composites during the AMO phase pe-
riods is significant at the 90% confidence level for storm 
track numbers and for the mean zonal flow, too.

Consequently, on the example of January it was shown 
that the AMO is characterized by the north-south dispersion 
of winter storm tracks over the North Atlantic-European re-
gion which is supported by the 500 hPa vector wind, geopo-
tential height, and 850 hPa potential temperature anomalies. 
During the negative AMO phase, storm tracks are densely 
concentrated over the north-eastern part of the North At-
lantic and during the positive phase they spread southward 
accompanying the intensification of cyclonic activity in the 
Mediterranean-Black Sea region. It was suggested that the 
fields of climate anomalies for the AMO phases corresponds 
to the atmospheric patterns of interannual variability - North 
Atlantic, East Atlantic Oscillations and Northern Asian (Si-
berian) pattern.

3.2 AMO Impact on the Mediterranean-Black Sea  
Region: Local Aspects

Correlation analysis of monthly frequency of cyclones 
in the Mediterranean-Black Sea region with the unsmoothed 
AMO index was carried out separately for the intervals of 
positive / negative phases of the AMO and periods of in-
crease / decrease of the index. The most significant monthly 
correlation coefficients (+0.3 to +0.58) were found during 
the cold half-year for all the time intervals. The positive 
sign of correlation further confirms that cyclonic activity in 
the Mediterranean-Black Sea is generally higher during the 
positive AMO phase than during the negative phase.

To illustrate spatial variability of cyclonic activity in 
different AMO phases, frequency of cyclones (defined as 
the sum of cyclonic centers in 2.5° × 2.5° squares) during 
the equal time intervals of the negative (1966 - 1994) and 
positive (1948 - 1965 and 1995 - 2005) AMO phases and the 
difference between the phases were calculated and mapped 
for each month of the cold season from October to March. 
The results for January are shown in Fig. 3 as an example. 
It shows that during both AMO phases, high frequency of 
cyclones was concentrated along the line connecting the 
Tyrrhenian Sea, Crete and Cyprus with the maximum in the 
northern part of the Tyrrhenian Sea. Figure 3c illustrates 
that during the positive AMO phase the frequency of cy-
clones was higher in the spots located in the Central Medi-
terranean (south-eastern part of the Tyrrhenian Sea, Ionic 
Sea, and Greece) and lower in the Eastern Mediterranean, 
especially over the Anatolian Peninsula. Analysis showed 
that during the positive AMO phase the frequency of cy-
clones was higher (than in the negative phase) by absolute 
values in the months from November to March of the cold 
half-year over the Tyrrhenian and Ionic Seas and lower over 
the Anatolian Peninsula.

3.3 PDO Impact on the Atlantic-European Region: 
Large-Scale View

It was shown by Bardin and Voskresenskaya (2007) 
that the Pacific Decadal Oscillation influence on the Atlan-
tic-European region is associated with a change (modula-
tion) of the NAO on the multidecadal scale. Positive PDO 
phase is accompanied by the strengthening NAO and as a 
consequence by intensification of the zonal circulation in 
the high latitudes. Negative PDO phase corresponds to the 
opposite anomaly, i.e., weakening NAO and zonal circula-
tion. The results of Wang et al. (2006) indirectly evidence 
that the NAO intensified simultaneously with the growth of 
the PDO index. It was specifically shown that from January 
to March in 1958 - 2001 (during the increase of the PDO 
index) there was a positive trend of the activity of intense 
cyclones in the high latitudes of the North Atlantic and 
Northern Europe and a negative one in the mid-latitudes. 
The authors attribute this feature to the shift of the average 
position of the Atlantic storm tracks by about 180 km to the 
north. Thus the impact of the PDO on the position of the 
Atlantic storm tracks has been shown indirectly in the scien-
tific literature, but for the Mediterranean-Black Sea region 
such research has not been carried out yet. This is why this 
task was also included in our research.

To support the mechanism of the PDO influence via 
the NAO suggested by Bardin and Voskresenskaya (2007), 
spatial composites of the 500 hPa mean vector wind and 
geopotential height anomalies, 850 hPa potential tempera-
ture anomalies, total heat flux anomalies and storm tracks in 
the Atlantic-European region in winter corresponding to the 
5-year periods of the minimum (1966 - 1970) and maximum 
(1981 - 1985) PDO index were obtained for the each month 
from October to March, as shown in Fig. 4 on the example 
of January. Further we only describe anomalies providing 
significant (at the 80 - 99% confidence level) differences of 
composites between the PDO phase periods .

As one can see in Figs. 4a, b, the maximum velocity 
of the mean 500 hPa zonal flow over the North Atlantic 
was equal (exceeding 26 m s-1) for both PDO phases, but 
during the positive PDO phase the stream orientation was 
more meridional, and over the Central and partly Northern 
Europe zonal flow was more intense by 4 - 8 m s-1 (Fig. 4b) 
than in the negative phase (Fig. 4a). Differences of zonal 
wind velocity composites between the PDO phases are sig-
nificant at the 99% confidence level over the eastern part of 
North Atlantic and over the Central Europe as well.

The field of the 500 hPa geopotential height anoma-
lies in the centers of atmospheric action over the North At-
lantic was characterized by the see-saw anomalies between 
the positive and negative PDO phases significant at the 99% 
confidence level. During the negative PDO phase there were 
negative anomalies (lower than -80 m) in the Azores High 
with the extension and sub-center over the Mediterranean 
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and there were positive anomalies (higher +120 m) in the 
Islandic Low shifted to the west (Fig. 4c). So the centers 
of action were weak and NAO index was negative. As for 
the positive PDO phase, there were the opposite conditions: 
deep Islandic Low (-80 m) dislocated to Scandinavia, strong 
Azores High (+80 m) shifted to the north-east (Fig. 4d), i.e., 
NAO index was positive.

The general structure of the 850 hPa potential tempera-
ture anomalies during PDO phases (Figs. 4e, f) resembles 
500 hPa geopotential height anomalies. During the negative 
PDO phase (Fig. 4e) the values were lower than -2 K (99% 
confidence level) in the Azores High (neighboring the area 
of positive anomalies over west Africa) and higher than +3 
K (99% confidence level) in the Island Low, while over the 
Central Europe they reached -3 K (95% confidence level). 
During the positive PDO phase the sign of anomalies in 
the centers over the North Atlantic was the opposite at the 
99% confidence level: higher than +1 K in the Azores High 

and lower than -3 K in the Islandic Low (Fig. 4f). So, the 
described conditions favored instability and thermal wind 
displacement in the northern latitudes of the North Atlantic 
during the positive PDO phase and in the southern latitudes 
during the negative PDO phase.

The most significant differences in the total heat flux 
anomalies were in the center of the North Atlantic in the area 
of the Azores High: positive during the negative PDO phase 
(Fig. 4g) and negative during the positive phase (Fig. 4h) at 
the 99% confidence level. There were also significant but 
opposite differences in the North Atlantic to the southern-
most coast of Greenland (90% confidence level) and in the 
area of the Gulf Stream (80% confidence level).

Composite schemes of storm tracks confirm the fea-
tures described above. During the negative PDO phase  
(Fig. 4i), there were several branches of the North Atlantic 
storm tracks with a denser central one. Over the European 
region a cluster of storm tracks directed approximately from 

(a)

(b)

(c)

Fig. 3. Frequency of cyclones in January during the (a) positive (1948 - 1965 and 1995 - 2005) and (b) negative (1966 - 1994) AMO phases; (c) is 
the difference: (a) - (b).
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 4. 5-year composites in January for the minimum PDO index in 1966 - 1970 (PDO- column) and maximum PDO index in 1981 - 1985 (PDO+ 
column): (a) and (b) represent mean 500 hPa vector wind; (c) and (d): 500 hPa geopotential height anomalies; (e) and (f): 850 hPa potential tem-
perature anomalies (K); (g) and (h): total (sum of sensible and latent) heat flux anomalies (in relation to the 1948 - 2016 climate average); (i) and 
(j): total storm tracks.
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Baltic to the Black Sea can be distinguished. These are the 
so called “diving” cyclones moving southward or southeast-
ward, and they are a typical for the meridional type of atmo-
spheric circulation. In the Mediterranean, cyclonic activity 
is high. During the positive PDO phase, the North Atlantic 
storm tracks are dense along the American coast, Greenland 
and Island (Fig. 4j). Cyclonic activity is high in the Northern 
Europe and low in the Mediterranean. In general, the posi-
tive PDO phase is characterized by fewer meridional storm 
tracks over the European region than the negative one.

The described spatial character of composite fields in 
January is typical for the months of the cold half-year from 
November to March.

As for the Mediterranean-Black Sea region (30 - 45°N, 
10°W - 45°E), on the basis of composites in Fig. 4 it was 
obtained that during the negative PDO phase in 1966 - 1970 
the number of storm tracks in January in the region reached 
28 and the corresponding spatially averaged zonal flow was 
12.5 m s-1. As for the positive PDO phase in 1981 - 1985, 
the values were much lower: 16 storm tracks and 10.5 m s-1. 
The difference between the composites during these PDO 
phase periods is significant at the 99% confidence level for 
the storm track numbers and at the 95% level for the mean 
zonal flow.

To sum up, the obtained results support the idea that 
PDO influence can be transmitted in winter to the Atlan-
tic-European region, including the Mediterranean and the 
Black Sea, indirectly by the mechanism involving the shift 
of the North Atlantic storm tracks.

3.4 PDO Impact on the Mediterranean-Black Sea  
Region: Local Aspects

Spatial analysis of cyclonic activity in the Mediterra-
nean-Black Sea region during different PDO phases was 
carried out by analogy with the analysis for the AMO. Dur-
ing the equal time intervals of the negative (1948 - 1976) 
and positive (1977 - 2005) PDO phases, frequency of cy-
clones (the sum of the centers of cyclones) and the differ-
ence between the two phases were mapped for the months 
from October to March. Figure 5 shows the frequency of cy-
clones in January as an example. It demonstrates that during 
the PDO phases in the Western Mediterranean there were 
differences in the value of frequency of cyclones over Italy 
and Tyrrhenian Sea and also in the spatial distribution of the 
zones with high cyclonic frequency in the Eastern Mediter-
ranean and Anatolian Peninsula.

During the negative PDO phase in January (Fig. 5a) 
like in all months from November to March, the zone with 
high frequency of cyclones shifted in the meridional di-
rection by 3 - 5° from the northwestern vicinity of Cyprus 
(where it was located during positive PDO phase - Fig. 5b) 
to the Anatolian peninsula up to the southern slope of Pon-
tic Mountains, and it noticeably intensified in January to 

March. Taking into account the mean detected radius of a 
cyclone of about 500 km, the Black Sea experienced condi-
tions of the cold sector of cyclones in these months more 
often during the negative PDO phase.

To assess the quantitive differences of cyclonic activ-
ity, monthly time series of the frequency of cyclones were 
obtained and analyzed. The analysis showed that during the 
negative PDO phase, frequency of cyclones over the Anato-
lian peninsula in January-March is up to two times greater (at 
the 95% significance level) than in the positive PDO phase.

So, the analysis showed that cyclone activity in the 
Mediterranean-Black Sea region tends to enhance during the 
positive AMO phases and the negative PDO phases, but PDO 
is characterized by more significant regional manifestations 
than the AMO. This agrees with the results shown by Enfield 
and Mestas-Nunez (1999) that the PDO is a mode of higher 
degree (third) than the AMO (fourth) in decomposition of 
the global SST field on the empirical orthogonal functions. 
Besides that, in these two phases (AMO+ and PDO-) the ma-
jor circulation feature is location and intensity of zonal flow 
which is further south during the negative PDO phase than 
the positive AMO phases. In connection with this meridional 
displacement of the zonal flow from the Atlantic into the 
Mediterranean (Figs. 2b and 4a), there are more substantial 
regional responses in cyclonic activity in the Mediterranean-
Black Sea region during the negative PDO phase than during 
the positive AMO phase (Figs. 2h and 4g, 3a, c and 5a, c).

4. CONCLUSION

Cold half-year cyclonic activity in the Mediterranean-
Black Sea region associated with the Atlantic Multidecadal 
Oscillation and Pacific Decadal Oscillation was studied us-
ing composite analysis of the 500 hPa vector wind and geo-
potential height anomalies, 850 hPa potential temperature 
anomalies, total heat flux anomalies and storm tracks in the 
Atlantic-European region and spatial frequency of cyclones 
in the Mediterranean-Black Sea region.

It was demonstrated that the fields of climate anomalies 
for the AMO phases correspond to the atmospheric patterns 
of interannual variability - the North Atlantic, East Atlantic 
Oscillations and Northern Asian (Siberian) pattern. It was 
shown that the AMO is characterized by the north-south 
shift of winter storm tracks over the North Atlantic-Euro-
pean region. During the negative AMO phase, storm tracks 
are densely concentrated over the north-eastern part of the 
North Atlantic and during the positive phase they spread 
more southward. In the regional aspect of the Mediterra-
nean and Black Sea the frequency of cyclones was higher 
by absolute values in the positive AMO phase than in the 
negative one in November to March over the Tyrrhenian 
and Ionic Seas and lower over the Anatolian Peninsula.

The results of this paper support that the PDO influence 
can be transmitted to the Atlantic-European region indirectly 
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via the North Atlantic Oscillation by the mechanism involv-
ing the shift of the North Atlantic storm tracks. The analysis 
showed that in the Mediterranean-Black Sea region in the 
negative PDO phase frequency of cyclones over the Anato-
lian peninsula in January to March is up to two times higher 
(at the 95% significance level) than in the positive PDO phase 
and the Black Sea experiences conditions of the cold sector 
of cyclones more often than in the positive PDO phase.

In this study, impacts of AMO and PDO on cyclone ac-
tivity in the Mediterranean are examined separately. Cyclone 
activity tends to enhance during the positive AMO phases 
and the negative PDO phases. In these two phases, zonal 
flow from the Atlantic into the Mediterranean is character-
ized by meridional displacement. It is further south during 
the negative PDO phase and causes more significant region-
al manifestations in cyclonic activity in the Mediterranean-
Black Sea region than during the positive AMO phase.

To conclude, the paper reveals the possible regional 

anomalies coinciding with the high and low phase periods 
of the climatic processes which are actually the result of 
interaction between the multidecadal and interannual pro-
cesses independent of the type and direction of their causal 
relationships. The interaction and joint influence of climate 
signals will be the subject of our future study.
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