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1.  INTRODUCTION

Blocking represents an extreme configuration of
the jet streams, preventing the normal westerly cir-
culation by steady long-lived anticyclones (Tibaldi &
Molteni 1990, Lupo & Smith 1995, Pelly & Hoskins
2003, Barriopedro et al. 2006, Häkkinen et al. 2011).
Usually, these anticyclones are characterized by
either a stationary position or a very slow movement
of their center. Thus, a blocking region is identified
by a sustained split in the jet stream, where the polar

jet is at the highest latitude and the subtropical jet is
at anomalously low latitudes. Atmospheric blocking
is an anomalous circulation phenomenon that is re -
sponsible for extreme weather formation; it was first
studied by Rex (1950) and later by Austin (1980). This
phenomenon persists for a relatively long time,
extending from days to weeks. It gives rise to the
long-term weather anomalies in the blocking region
covering the surrounding longitudinal belts. Block-
ing over the NE Atlantic and western Europe mostly
leads to extremely cold winters (such as in 1962/1963
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or 2009/2010), provoking a significant loss of life and
consequent substantial economic impacts over the
affected European countries. Therefore, atmospheric
blocking is the main cause of the long-term weather
anomalies as well as related climate anomalies that
have at tracted the attention of climate scientists,
meteorologists, and policy makers.

The blocking process considerably modifies the
mean climatological circulation. After the onset of
blocking, the predominant westerly flow changes to
meridional circulation on both flanks of the blocking
high, and to easterly flow in the area to the south or
southeast of the blocking high. In the cold season, the
highest blocking frequency occurs within the NE
Atlantic and western Europe. Here the blocked flow
prevents the eastward movement of pressure sys-
tems from entering Europe. Therefore, mild and
moist maritime air from the Atlantic is redirected to
the polar regions as well as to the Mediterranean and
Middle East. The Euro-Atlantic sector is character-
ized by the highest intra-seasonal mean blocking
episode frequencies during the Northern Hemi-
sphere wintertime (Pelly & Hoskins 2003, Jia et al.
2014). The Pacific/ West Coast (and weaker Asian)
blocking episodes (with a maximum near the date-
line) tend to be weaker than their Euro-Atlantic
counterparts.

The definition of a blocking event depends on the
indices used to quantify the blocking intensity. A
blocking index should be the opposite of the zonal
index, because it indicates the possibility of an inter-
ruption of the westerly flow at mid-latitudes by a
semi-persistent/slow-moving ridge or anticyclone.
These indices depend on the blocking location. One
of the most frequent blocking locations is near Scan-
dinavia, giving rise to a particular climate mode
termed the ‘Scandinavian blocking pattern’ (Barn-
ston & Livezey 1987, Bueh & Nakamura 2007) which
can be clearly detected by multivariate statistical
techniques. Some studies have argued that 2 differ-
ent blocking sectors exist in the Euro-Atlantic
domain, viz. the North Atlantic and the European
sectors (Shabbar et al. 2001, Barriopedro et al. 2006),
while many other researchers have dealt with the
Euro-Atlantic sector as a whole (e.g. Diao et al. 2006,
Wiedenmann et al. 2002). Moreover, some studies
focused on Greenland blocking, which was assumed
to be the precursor of blocking starting over Europe
(Zhifang & Wallace 1993, Shabbar et al. 2001, Davini
et al. 2012).

Literature suggests that the atmospheric blockings
and the intensification of the North Atlantic Oscilla-
tion (NAO) are out of phase in the North Atlantic

region (Hurrell 1996, Shabbar et al. 2001, Scherrer et
al. 2006, Croci-Maspoli et al. 2007, Davini et al.
2012), due to anomalies in the configuration of the
stratospheric circumpolar vortex (Castanheira & Bar-
riopedro 2010, Mitchell et al. 2013). Similar results
were found with the Greenland temperature regime
(Trigo et al. 2004, Rimbu & Lohmann 2011). Stein
(2000) reported that blockings are barely influenced
by sea surface temperature (SST) and sea ice in the
North Atlantic, whereas a significant correlation
exists between the negative NAO pattern and the
blocking index, favoring blocking situations during
weak NAO periods. Moreover, it was recently recog-
nized that the well-known Arctic warming and the
associated summer season sea ice shrinking also con-
tribute to changes in the large-scale atmospheric cir-
culation over the Northern Hemisphere and, conse-
quently, to blocking activity (Budikova 2009,
Over land & Wang 2010, Francis & Vavrus 2012,
Barnes 2013, Tang et al. 2013). El Niño-Southern
Oscillation (ENSO) is the other internal source of cli-
mate variability that is well manifested over the
Eurasian region (Polonsky et al. 2004, Xoxlov &
Roma nova 2005). ENSO-related blocking variability
is evident in blocking intensities and preferred loca-
tions but not in the frequency of blocking events
(Barriopedro et al. 2006).

The quasi-decadal scale similar to the NAO fluctu-
ation also coincides with solar variability. Gray et al.
(2016) confirmed the tendency for positive NAO
anomalies to follow solar maxima and negative NAO
anomalies to follow solar minima, and the 11 yr solar
signal was found to be as large in amplitude as the
ENSO and Atlantic Multidecadal Oscillation (AMO)
signals. A study by Barriopedro et al. (2008) revealed
that solar activity effects are negligible in blocking
frequency over the Euro-Atlantic domain; however,
these effects have been detected in the other block-
ing characteristics, such as persistence and intensity.
During a low solar activity phase, the Atlantic block-
ing episodes last longer and are located farther east
of the Euro-Atlantic domain. Also, they seem to be
more intense than during a high solar activity phase
(Barriopedro et al. 2008).

NAO index variability shows pronounced low-
 frequency 70 yr fluctuations, which is evident in the
NAO fluctuations. This low-frequency fluctuation
was identified as the AMO by Schlesinger & Raman -
kutty (1994). There is evidence that the Pacific
Decadal Oscillation (PDO) with its 30 yr fluctuations
also has an impact on European climate variability
(Mantua et al. 1997, Polonsky et al. 2014). This
endogenous low-frequency mode of variability is
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derived from SST variation in the North Atlantic.
This variablity can be detected after the removal of
the SST linear trend. The AMO affects atmospheric
circulation, wind speed and direction, changes in air
temperature and moisture, by altering storm tracks
and the blocking characteristics (their number, inten-
sity, and their track positions) (Frankcombe et al.
2010, Häk kinen et al. 2011, Polonsky et al. 2014),
which are well recognized in paleoclimate data
(Gray et al. 2004).

Blocking frequency and the number of wintertime
blocking days are well reconstructed in the relatively
new climate datasets of the 20th Century reanalysis
project (20CR) (Compo et al. 2011). 20CR blocking
episodes coincide well with the NCEP/NCAR in the
overlapping period during the second half of the 20th
century, showing good agreement in temporal and
spatial fluctuations (Häkkinen et al. 2011). However,
there is an exception for the late 1960s when the
20CR re-analysis tends to overestimate the fre-
quency of blocking days with respect to the NCEP re-
analysis. At the same time, the predominantly west-
erly mid-latitude flow, particularly in the time series
of seasonal geo-winds derived from observations and
from 20CR, is in good agreement starting from 1893
(Wang et al. 2014). Larger deviations can be detected
in the pre-1893 period, where the observations are
limited and more uncertain. The previously discov-
ered inconsistency in both variability and long-term
trends derived from 20CR and from observations
(Krueger et al. 2013) can depend on several factors,
such as the different sampling intervals and the pres-
ence of large errors in the observations that were nei-
ther identified nor corrected (Wang et al. 2014).

The 30 yr trend difference revealed in surface air
temperature (SAT) between 20CR and other climatic
datasets becomes quite significant over the poles
(Rayner et al. 2003, Parker 2011). This discrepancy
could be a consequence of the low number of obser-
vations assimilated in 20CR from the polar region.
However, at longer time scales (1871−2008), the lin-
ear trends of monthly SATs based on both the 20 R
dataset and European long-term observations do not
substantially diverge (Polonsky & Basharin 2012),
although results referring to the poles should be
interpreted carefully. All of the results obtained, as
well as a recent deep assessment study by Allan et al.
(2014), suggest that 20CR is appropriate at interan-
nual to multidecadual time scales for climate analy-
ses at the surface to the mid-troposphere.

Blocking plays an important role both in the pres-
ent and future climate. Recent studies have tested
climate models by examining the possibility of repro-

ducing atmospheric extremes forced by blocking, as
well as associating those extremes with blocking in
future climate projections (Sillmann & Croci-Maspoli
2009, Kreienkamp et al. 2010, Sillmann et al. 2011,
Tourpali & Zanis 2013). Studies based on model per-
formance in reproducing blocking processes re -
vealed that most models suffer in terms of reproduc-
ing long-lived blocking episodes and their positions
(D’Andrea et al. 1998, Barriopedro et al. 2010, Scaife
et al. 2011, Vial & Osborn 2012, Tourpali & Zanis
2013). Climate models participating in the Coupled
Model Intercomparison Project (Phase 5; CMIP5) fre-
quently underestimate high-latitude blocking, espe-
cially over Europe (Anstey et al. 2013).

The main motivation for our study was to examine
the effects of blocking activity and its teleconnections
based on the prolonged dataset of 20CR. Our main
focus was to reassess temporal variability of blocking
in each longitudinal belt, possible teleconnections,
and their impact on surface fields of the Euro-
Atlantic region for longer than just a century. 

2.  DATA AND METHODS

The data used for the construction of the blocking
index were retrieved from the 20CR version 2 data-
set. Geopotential height at 500 hPa level (Z500) data
with a 2° longitude−latitude horizontal resolution
were used over the Euro-Atlantic domain. 20CR is a
global circulation dataset for atmosphere at daily
temporal resolution for the period 1871−2010. In the
20CR dataset, only surface pressure, monthly SSTs,
and sea ice distribution were assimilated and as -
sumed as boundary conditions. Note that a 56 mem-
ber ensemble was used to estimate the uncertainty in
the 20CR dataset (Compo et al. 2011). Global SAT
and precipitation data (University of Delaware) were
retrieved from the Earth System Research Laboratory
database (www.esrl.noaa.gov/ psd/).

The possible teleconnections of blocking events dis-
cussed in Section 3.1 below is based on circulation in-
dices (ENSO, NAO, PDO, AMO). The ENSO index
was calculated as the normalized sea level pressure
(SLP) difference between Tahiti and Darwin. The
NAO index was derived from station-based monthly
NAO indices and the principal-component-based
monthly NAO index. All of these indices are available
and were retrieved from NOAA (www.cpc.ncep.noaa.
gov). Besides the principal-component-based monthly
NAO index, the NAO Jones and NAO Hurrell
were also used (www.climatedataguide.ucar. edu).
The AMO signature was identified by the composite
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difference between warm and cold phase (see
Fig. 3B). Its warm phase dominated from the 1930s to
the 1960s, and from 1995− 2010, while cold conditions
dominated from 1900− 1929 and from the 1970s to
1994 (Häkkinen et al. 2011). We also took into account
the warm (1922− 1944, 1977−1997) and cold (1948−
1957, 1961−1976, 2006− 2010) phases for PDO. SST
anomalies were obtained from the monthly HadISST
dataset of the Hadley Centre (Rayner et al. 2003).

The Z500 field (from 20CR) of daily means was
used to calculate the blocking index. At present,
many blocking indices are used for blocking dia g -
nos tics, some of which are subjective (e.g. Rex 1950),
objective (e. g. Tibaldi & Molteni 1990, Pelly &
Hoskins 2003), and mixed (Lupo & Smith 1995,
Barrio pedro et al. 2006). For our study, the blocking
presence for the Euro-Atlantic sector, as well as for
local areas was defined as described by Tibaldi &
Molteni (1990, hereafter TM). TM blocking repre-
sents the reversal of climatological meridional gradi-
ents of Z500 at mid-latitudes, centered at 60° N.
Therefore, a given longitudinal belt is defined as
‘blocked’ if the following conditions are satisfied for
latitudinal step Δ equal  to –4°, 0° or 4°:

           GHGS > 0 and 
           GHGN < −10 gpm/(degree latitude) (1)

where gpm is geopotential meters, GHGS and
GHGN are southern and northern geopotential
height gradients, respectively, and

           GHGS = (Z500(ϕ0) − Z500(ϕS))/(ϕ0 − ϕS) (2)

           GHGN = (Z500(ϕN) − Z500(ϕ0))/(ϕN − ϕ0) (3)

where ϕN = 80° N + Δ, ϕ0 = 60° N + Δ, ϕS = 40° N + Δ,
and Δ = °4°, 0°, or 4° latitude.

We also applied a 5 d running mean to the Z500
field prior to defining GHGS and GHGN, in order
to avoid short-lived blocking events. The GHGN
and GHGS gradients are evaluated in each grid
point according to above conditions for GHGS
and GHGN. In this way, the 3D matrix F (longitude,
tday of the cold period, tyear) was constructed (TM).

Although the TM index is able to capture mature
blocking situations, it seems to be insufficient at de -
tecting ‘Omega’ blocks, i.e. 2 deep troughs up stream
and downstream of the blocked anticyclone. On the
other hand, TM has no associations with blocking
intensity; it shows only dichotomous results, viz.
either a blocked or a non-blocked situation. More-
over, this index has no associations with dy na mic
atmospheric parameters.

The singular value decomposition (SVD) method
was applied for the modernization of the TM block-

ing index, as the most widely-used multivariate sta-
tistical technique. It allows better assessment of the
annual to interdecadal blocking fluctuations, and
localization of blocking position. Empirical orthogo-
nal functions (EOFs) and SVD are usually applied to
reduce the dimensionality of a system (in our case,
the climatic system), by transforming correlated vari-
ables into a set of uncorrelated ones (Bretherton et al.
1992, Hannachi et al. 2007). More precisely, the cli-
matic system is characterized by a mixture of highly
complex and coupled interactions between many
dominant modes of variability (Barnston & Livezey
1987, Kim & Wu 1999). SVD and similar methodolo-
gies allow one to determine the system substructure
at a lower dimensional space by projecting the sys-
tem into a spatio-temporal field. In more detail, the
variability of a single field can be analyzed by EOFs
or SVD (Björnsson & Venegas 1997, Preisendorfer
1988), while powerful SVD analysis is strongly sug-
gested for coupled variability of multiple fields (Von
Storch & Navarra 1999).

Previous researchers have indicated that the SVD
technique lies at the heart of the EOF method (Björns-
son & Venegas 1997). In our case, SVD is a general
decomposition of the 3D matrix. It contains the GHGS
(which reflects the blocking intensity) in the case of
blockings (in agreement with the above TM con -
ditions) and a 0-value in the case of no blocking.
 According to this technique, the second index was
created by using the leading temporal SVD compo-
nent of the 3D geopotential height gradient matrix,
and it was used to locate the most powerful blocking
cases on particular longitudes. For that reason, ac-
cording to this method, the original matrix F (longi-
tude, tday of the cold period, tyear) was expanded into a series
of certain functions Xi(longitude, tday of the cold period) (on
different longitudinal belts: 70° W−50° E, 70°−50° W,
50°−30° W, 30°−10° W, 10° W−10° E, 10°− 30° E, 30°−50°
E) with co efficients Ti(tyear) (i = 1, 2, 3, …) varying from
one field to the other:

F (longitude, tday of the cold period, tyear) 

= Σ (Ti [tyear] × Xi [longitude, tday of the cold period])
(4)

In these cases, the procedure to determine un -
known functions is based on a single condition, i.e.
that the sum of squared errors of the expansion over
all points of a given collection for the analyzed field
must be minimized for all samples. Thus, the set of
EOFs minimizing the sum of squared errors of the
expansion form is the best possible basis for the rep-
resentation of the original field, assuring the effective
decomposition of the signal into its natural variability
oscillatory modes, and the undesired background
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noise. First mode T1(tyear) is considered here as a sec-
ond blocking index, which provides a pure powerful
signal of the natural blocking variability with inter-
decadal to multidecadal features on different longi-
tudinal belts. Both indices for the Euro-Atlantic do -
main are consistent and have a reciprocal correlation
of about 0.6. For the ‘spatial’ pattern of the calculated
blocking index, see Fig. 2; the plot suggests a high
possibility of blocking cases in the second half of
February.

Preliminary analysis of the 20CR dataset evidenced
the possible high disagreement in daily means of sur-
face variables at selected points in Eurasia between
20CR and observations in particular months during
the warm season, and highlighted the need for fur-
ther investigation in the mid-troposphere (Basharin
et al. 2014). The period from October to mid-Novem-
ber is characterized by a low frequency of blocking
situations over the Atlantic−Eurasia region through-
out the period 1871−2010. For this reason, only the
cold period of the year (ranges from 22 November
1871 to 31 March 2010, total number of years = 139
and 130 seasonal days) was chosen for further analy-
sis. Thus the present study covers only the cold sea-
son of the year.

The correlation analysis (between each time series
of the blocking index [70° W−50° E, 70−50° W, 50−
30° W, 30−10° W, 10° W−10° E, 10−30° E, 30−50° E]
and SAT/precipitation fields) was done for each grid
point of the European domain. The significance
threshold was adjusted for multiple comparisons by
the permutation method (Groppe et al. 2011). Statisti-
cal significance was set to the 0.05% confidence level,
according to Student’s t-test; therefore, only signifi-
cant changes estimated with p < 0.05 were high-
lighted. This method can perform the test for one or
more pairs of variables. When applying the test to
multiple variables, the ‘max statistic’ method is used
for adjusting the p-values of each variable for multiple
comparisons (Groppe et al. 2011). Like the Bonferroni
correction method, this method adjusts p-values in a
way that controls the family-wise error rate. The num-
ber of random permutations computed is 5000.

Singular spectrum analysis (SSA) (Allen & Smith
1996, Ghil et al. 2002, Golyandina & Zhigljavsky
2013) was used to analyze the dominant frequencies
in climatic time series. SSA is a spectral method well
suited for the analysis of both univariate and multi-
variate short and noisy time series, since it is able to
limit all drawbacks related to the finite length time se-
ries. SSA allows one to assess and reconstruct the
temporal dynamics of a time series, by summing up
the most significant reconstructed components (RCs),

i.e. trends, periodic and/or quasi- periodic oscillatory
movements, and to extract them from the background
noise. More precisely, Monte Carlo SSA (MC-SSA) is
applied in order to distinguish between the true signal
and undesired noise. MC-SSA is based on a particular
Monte Carlo ap proach to the signal-to-noise separa-
tion issue; for a de tailed description, see Allen &
Smith (1996). Re cently, further developments of this
method have been proposed (e.g. see Groth & Ghil
2015). By providing an estimate for the SSA eigenval-
ues, MC-SSA is applied to establish whether our time
series is linearly distinguishable from the linear sto-
chastic processes which are normally considered to
be noise. In addition, time series were tested against a
red noise null hypothesis, i.e. against a first-order
auto-regressive linear stochastic process (AR(1))
whose power declines monotonically with increasing
frequency. We chose a red noise null hypothesis fol-
lowing the Hasselmann model of climate variability
(Hasselmann 1976), based on the fact that paleocli-
matic time series power spectra frequently show a
continuous de crease of spectral amplitude with in-
creasing frequency. The 0.1% confidence level in
SSA was used here, and the Monte-Carlo ensemble
size was 100 000.

3.  RESULTS AND ANALYSES

The blocking first mode of SVD analysis (SVD1)
over the Euro-Atlantic sector (70° W−50° E) seems to
be one of the largest contributors to European winter
severity (Fig. 1). It explains 20% of blocking variance
over the Euro-Atlantic domain. The subsequent SVD
modes show a quick variance decrease, and their pat-
terns are clearly distinct from SVD1, which is best ex-
pressed near the Greenwich meridian (see Fig. 1);
therefore, other modes described by SVD were not
further considered in our analysis. The main temporal
scale of this leading blocking mode displays decadal
and interannual periodicities (Fig. 1B), as evidenced
by applying the well-established SSA to the climatic
time series (Allen & Smith 1996, Ghil et al. 2002). In our
analysis, the MC-SSA ensemble test (size = 100 000)
was applied to set the significance of the detected os-
cillation at the p < 0.1 confidence level (in the figure, er-
ror bar brackets are set to 0.1%). By testing data
against a red noise null hypothesis (i.e. an autoregres-
sive process of order 1, AR(1)), only the excursions oc-
curring outside the 0.1% limits indicate that the corre-
sponding oscillations are significant against an AR(1)
background noise process. The MC-SSA test suggests
that a cycle of about 10 yr (window length, M = 50,
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RCs 1-2) and 3 yr (M = 50, RCs 4-5) are significant.
Fig. 1B shows all of the time scales (interannual,
decadal, and also lower frequency) intrinsic for the sur-
face atmospheric variables over the European sector.

The SVD1 blocking mode over the Euro-Atlantic
sector (70° W–50° E) peaks near the Greenwich meri -
dian and favors the development of negative temper-
ature anomalies, particularly over western and central
Europe, with maximal impact on the Balkans. In con-
trast, positive anomalies prevail over Iceland and
northern Scandinavia (Fig. 2A). Blocking has a very
different impact over the large-scale precipitation
field (Fig. 2B). Positive effects can be seen only in nar-
row strips in Scandinavia and some regions in the
Mediterranean, while a precipitation deficiency pre-
vails over a large part of Europe, particularly over the
50−60° N latitudinal belt. The reason for this response
to blocking is discussed in the following subsection.

3.1.  Blocking teleconnections

Based on its internal sources of climate variability,
NAO is a well-recognized leading climate mode in
the Northern Hemisphere (Croci-Maspoli et al. 2007,
Budikova 2009, Fan & Schneider 2012, Stankūna -
vi<ius et al. 2012). Several studies (Shabbar et al.
2001, Barriopedro et al. 2006, Scherrer et al. 2006)
show a relationship between blocking episodes and
NAO over the Euro-Atlantic domain. The long-term
20CR dataset was used to verify this relationship, not
only for the whole Euro-Atlantic domain, but also for
each 20° longitudinal interval. In this way, the first
mode extracted from subsequent 20° moving longitu-
dinal windows (non-overlapping) was de tected for the
cold season. Each blocking mode of this longitudinal
interval explains about 80 to 95% variance of the data
(in a 20° wide belt). The correlation coefficients be-

Fig. 1. (A) First seasonal blocking mode (20% of explained variance) over the Euro-Atlantic region and (B) its annual temporal
profile over the period 1871−2010 (grey line). Two significant (p < 0.1, Monte Carlo singular spectrum analysis [MC-SSA]) re-
constructed components (RCs) in the frame of SSA are superposed to the time series: a ~10 yr cycle (window length, M = 50,
RCs 1-2; blue line) and a 3 yr cycle (M = 50, RCs 4-5; red line). MC-SSA was performed against a red noise null hypothesis (au-
toregressive process of order 1, AR(1)). The oscillations shown in this figure are significant at the 0.1% confidence level

Fig. 2. Correlations between the blocking index (singular value decomposition, SVD1; calculated for the 70° W–50° E sector) and
the seasonal mean (JFM) of (A) surface air temperature and (B) precipitation for 1901−2010. Dotted areas indicate significant 

correlations at the 0.05% level
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tween the temporal variability of the first mode for
each 20° longitudinal interval and NAO were subse-
quently established. Blocking SVD1 of a 20° wide lon-
gitudinal moving window shows a close relationship
with NAO-like indices, where the highest negative
correlations fall in the longitudinal belt from 50−30° W
(Fig. 3A), and it confirms that blocking over the mid-
Atlantic is manifested in completely re versed zonal
flow (high positive NAO values). However, the mean
blocking frequency steeply declines to the west and to
the east of 0° longitude (Fig. 3B). 

On the other hand, computed correlations are char-
acterized by statistically significant negative values
with respect to the winter NAO index in the western
and central parts of the North Atlantic. Highest scores
are recorded between 50° and 30° W, and this behav-
ior seems not to be dependent on the NAO index cal-
culation procedure (we obtained the same results by
using the Jones/Hurrell NAO index shown in
Fig. 3A). That behavior almost exactly corresponds to
the time- averaged position of the centers of action
over the North Atlantic. Also, the seasonal NAO
index averaged for January to March shows higher
correlations than the one obtained by averaging over
the calendar winter season (DJF). Largest seasonal
differences are revealed by comparing the NAO
Jones index with the NAO CPC or Hurrell index
(Fig. 3A). Positive correlations over the European do-
main (5° W−  45° E) tend to demonstrate the presence
of blocking over Europe during the positive NAO
phase. However, these correlations are statistically
insignificant. All of these correlations between lead-

ing blocking mode at different Euro-Atlantic longi-
tudes and NAO indices reveal a complexity of the
spatio-temporal pattern of the NAO phenomenon,
and reflect different behavior of the ‘west-based’ and
‘east-based’ negative NAO phase (Jones et al. 2013).
A similar analysis was carried out for the ENSO index
as the other prominent source of internal climate vari-
ability in the Northern Hemisphere. We found the ab-
sence of a significant ENSO-signal in blocking vari-
ability based on long-term 20CR data; this result is
discussed more in the final section of this paper.

The temporal variability of the leading blocking
mode is also characterized by a pronounced low-fre-
quency signal, with a 70 yr periodicity which most
likely corresponds to the AMO influence (Häkkinen
et al. 2011). However, this periodicity could not be
localized on any significant level by spectral analysis
for available hydrometeorological datasets. The an -
nual SST anomaly in the North Pacific and North
Atlantic amplifies the leading blocking mode over
the Euro-Atlantic region (Basharin et al. 2014). A
positive coefficient correlation between the leading
blocking mode over the Euro-Atlantic re gion and an
annual SST anomaly (HadlSST) over most of the
Northern Hemisphere was found. A positive correla-
tion coefficient between the leading blocking mode
over the Euro-Atlantic region and an annual SST
anomaly (HadlSST) over most of the Northern Hemi-
sphere was found. When this anomaly leads for up to
2 yr, the correlation stays significant over a larger
part of the North Atlantic domain. This result is in
agreement with previous studies (Frankcombe et al.

209

Fig. 3. (A) Correlations between the seasonal NAO CPC index and singular value decomposition (SVD1) of a 20° wide longi-
tudinal moving window. Line colors correspond to different seasons: DJF (red) and JFM (blue). Dotted grey line: significance
of the correlation is at the 0.05% significance level. (B) The cold season (from 22 November to 31 March) mean of ‘blocking
days.’ Different colors correspond to different periods of the Atlantic Multidecadal Oscillation (AMO) fluctuation: cold peri-
ods in blue (1900−1929, 1970−1994), warm periods in red (1930−1969, 1995−2010). Bold segments of the lines correspond to 

significant differences (on the 0.05% confidence level)
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2010, Häkkinen et al. 2011, Davini et al. 2012), sug-
gesting that the low-frequency variation of the SST
anomaly of both the North Pacific and North Atlantic
forces the blocking events.

The Euro-Atlantic temperature fluctuations have a
multidecadal character mainly due to AMO: warm
conditions dominated from the 1930s to the 1960s,
and from 1995−2010 (with some interannual fluctua-
tions), and cold conditions dominated from 1900−
1929 and from the 1970s to 1994 (Häkkinen et al.
2011). Other, different definitions of cold and warm
years have been used in the literature (Deser &
Black mon 1993). Therefore, cold and warm years
were adopted here for the cold and warm period
based on analyzed blocking index fluctuations. The
analysis shows that in warm years, the blocking fre-
quency is higher during warm periods than during
cold at the longitude 0−52° W (Fig. 3B). In eastern
Europe (35−50° E degrees of longitude), the situation
is the opposite, which could be a result of alternating
increased activity of North Atlantic atmospheric cen-
ters of action from one side, and the Siberian High
from the other side (Xoxlov & Romanova 2005).

The PDO is another source of low-frequency fluc-
tuation in the Northern Hemisphere (Mantua et al.
1997, Polonsky et al. 2014). A similar analysis was
carried out for the warm (1922−1944, 1977−1997) and
cold (1948−1957, 1961−1976, 2006−2010) phases to
pursue the possible North Pacific teleconnections of
blocking events over the Euro-Atlantic region. From
the result of the analyses, we conclude that no signif-
icant difference exists in the blocking frequency dur-
ing the warm and cold phases of the PDO in the
region of interest.

3.2.  Blocking impact on surface temperature and
precipitation in Europe

While studying the impact of blocking events on
surface fields, each longitudinal 20° wide belt was
considered as before. The correlations between the
temporal coefficient of the first blocking mode
(SVD1) extracted from the 20° wide consecutive lon-
gitudinal belts and the European temperature and
precipitation reveal the ‘shifted’ impact of blocking
(Fig. 4). Negative correlations between SAT and
SVD1 follow blocking circulation shifted to the east
and scroll from the most northwestern European
areas to southern Russia, Ukraine, and the Balkans.
The correlations between SVD1 for 30° W−10° E lon-
gitudinal belts and the surface temperature show
the largest negative impact on western and central

Europe,withsomeextremeareasintheMediterranean
region. In contrast, a significant positive effect re mains
in Iceland and northern Scandinavia (Fig. 4C,D). Cen-
tral and eastern European blocking corresponds to the
negative temperature anomalies mainly in  southern/
southeastern Europe and to positive anomalies in
northern Russia, northern Scandinavia, and Iceland.
The most important position of blocking for northern
Europe and the Baltic regions is located west of 30° W
(Fig. 4A,B), while for Ukraine and the Black Sea re-
gion it is located east of 10° W (Fig. 4D−F).

Blocking is always characterized by the contem -
porary presence of changes in surface precipitation
rates over Europe. The farthest west location of the
blocking pattern (70−50° W) is related to the shifted
and distorted storm track position over Europe that
extends from the subtropical NE Atlantic (via central
Europe) to central Russia. At the same time, Iceland
and eastern Greenland are the driest areas (Fig. 5A,C).
Relocation of the blocking position farther east forces
the storm track to move to the southeast. When block-
ing circulation approaches the position of its highest
frequency (30° W–10° E), a large section of Europe
experiences a deficiency of precipitation, except the
windward slopes of Scandinavian mountains and
areas within the Mediterranean region and Black
Sea regions (Fig. 5C,D). Further displacement of
blocking to the east establishes dry conditions over
central and eastern Europe, while an increase in the
precipitation rate remains in some mountainous and
coastal areas of the Mediterranean region and Ice-
land (Fig. 5E,F).

SVD1 for the 70° W–50° E sector shows high inter-
decadal variability and a diverse impact on European
temperature and precipitation fields. For the first few
decades, significant negative correlations with tem-
perature are found only in the Mediterranean region
(Fig. 6A). In the following 30 yr period, blocking
favors a positive temperature anomaly over north-
western Europe and a negative anomaly over the
Mediterranean and the Balkans (Fig. 6B). The spatial
pattern of temperature correlations seems to be close
to ‘normal’ in the next 30 yr: negative correlations
over most of Europe (Fig. 6C). The correlation field in
the last analyzed period (1981−2010) is similar to the
previous one because of the overlapping decade
1981−1990 (Fig. 6D). The strongest impact lies within
central Europe (negative) and Iceland (positive).

The correlations between SVD1 over the Euro-
Atlantic sector (70° W–50° E) and precipitation also
show the drift of the correlation pattern. At the
beginning of the 20th century, negative correlation
maxima occupied central Europe between 40° and
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55° N, while positive correlation maxima were
strong ly limited by windward slopes of the northern
Scandinavian mountains (Fig. 7A). In the subsequent
30 yr period, the ‘driest’ impact of blocking involves
western Europe, Great Britain and northern Russia,
and weakens in central Europe. The zone of positive
correlations becomes even stronger over the Scandi-
navian mountains and embraces almost all moun-
tainous areas (Fig. 7B). Correlations weakened in the
1960s to 1990s, and the most sensitive zones to block-
ing are southern Scandinavia and the windward
slopes of mountains in the British Isles. The Scandi-
navian mountain maxima disappeared, while other
maxima zones in southern Europe and the Mediter-
ranean intensified (Fig. 7C). The last 30 yr period

shows a more typical picture of the winter precipita-
tion re sponse to blocking. The largest negative cor-
relations extend from Great Britain to central Russia
and the maximal values cover central Russia and the
leeward slopes of Scandinavian mountains. Positive
correlations are located only over the Mediterranean
and surrounding regions (Fig. 7D).

4.  DISCUSSION AND CONCLUSIONS

The spatio-temporal variability of blocking events
over of the Euro-Atlantic domain and their climatic
impact on the cold season extremes of the surface
fields were assessed using the long-term atmos-
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Fig. 4. Correlations between the blocking index (singular value decomposition, SVD1) extracted from separate 20° wide longi-
tudinal belts (from left to right): (A) 70−50° W, (B) 50−30° W, (C) 30−10° W, (D) 10° W–10° E, (E) 10−30° E, (F) 30−50° E and the
seasonal mean (JFM) surface air temperature for 1901−2010. Dotted areas indicate significant correlations at the 0.05% level
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pheric circulation reanalysis 20CR. Euro-Atlantic
blocking activity is characterized by the following
major features on seasonal, decadal, and multi-
decadal scales of variability, which concur with con-
temporary blocking studies (e.g. Bueh & Nakamura
2007, Häkkinen et al. 2011) in terms of both the iden-
tified main blocking regions and the temporal varia-
tions in blocking frequency.

4.1.  Seasonal scale

Our results show the highest repeatability of block-
ing in the second part of February (15−25 February).
In this period, blocking occurred 37 times in 139 yr
(26%) (Basharin et al. 2014). These days are clearly

visible in the blocking mode presented in Fig. 1.
Nearly the same frequency is also observed in mid-
January (10−25 January; 30 cases in 139 yr, i.e. 21%).
Essentially, the variability of blocking during the cold
season is a characteristic of the longitudinal band
ranging from 10−15° W to 30−40° E. The number of
blocking days in particular winter months can
increase to 75% (for example in February and June
2003 found by Xoxlov & Romanova 2005). Farther
east, a considerable number of blocking events also
occurs over the Asian region, but the sharp decrease
in blocking events here is determined by weakened
synoptic activity and the variability of the Siberian
High (Pelly & Hoskins 2003, Xoxlov & Romanova
2005). Thus the analysis of variability in cold season
blockings shows that the atmospheric blocking
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Fig. 5. As Fig. 4, but for seasonal mean (JFM) precipitation. Dotted areas indicate significant correlations at the 0.05% level
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Fig. 6. Correlations between Euro-Atlantic blocking (singular value decomposition, SVD1 calculated for the 70° W − 50° E sec-
tor) and JFM surface air temperature for different 30 yr periods: (A) 1901−1930, (B) 1931−1960, (C) 1961−1990, and (D) 

1981−2010. Dotted areas indicate significant correlations at the 0.05% level

Fig. 7. As in Fig. 6, but for the correlation with precipitation. Dotted areas indicate significant correlations at the 0.05% level
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events are more frequent in the second part of Febru-
ary and mid- January over the period 1871−2010.

4.2.  Interannual to decadal scale

Two main sources of variability over the Euro-
Atlantic area are usually considered: NAO and
ENSO (Hurrell 1996, Shabbar et al. 2001, Alexander
et al. 2002, Polonsky et al. 2004, Davini et al. 2012).
ENSO-related variability was not detected in the
blocking fluctuations at a significant level (p < 0.1), as
in the research results of Barriopedro et al. (2006).
Most likely, this discrepancy results from the variety
of ENSO indices that are used, as well as the recently
described different types of El Niño/La Niña which
can influence the European climate in various ways
(Kao & Yu 2009, Kug et al. 2009). The ENSO signal
modulates the North Atlantic coupled response so
that teleconnections reveal mainly a nonlinear effect
(Polonsky et al. 2004, Fan & Schneider 2012). There-
fore, such influences should be investigated more
thoroughly, taking into account current state-of-the-
art climate models (Lupo et al. 1997, Alexander et al.
2002, Pelly & Hoskins 2003, Zhou & Yu 2006, Tour-
pali & Zanis 2013, Efimov et al. 2015).

NAO-related atmospheric circulation variability is
readily detectable over the Euro-Atlantic region. In
the negative NAO phase, blocking tends to persist
longer, as revealed by more winter blocking days
and greater lifetimes (estimated at approximately 60
and 30%, respectively) during the negative NAO
phase (Shabbar et al. 2001, Barriopedro et al. 2006).
The significant negative correlation (up to −0.6)
between different seasonal NAO indices and SVD1
extracted from a 20° wide longitudinal moving win-
dow (Fig. 3A) confirms an existing robust inverse
relationship between NAO and blocking in most lon-
gitudinal belts of the North Atlantic. Here, the lower
level winds can play a crucial role by increasing or
decreasing transport of air masses from the north
(Häk kinen et al. 2011). However, in most cases of the
negative NAO phase, lower SATs dominate over
western and central Europe together with related de -
creased precipitation over northeastern Europe
(Fig. 2). This could be explained by the location of
high-pressure anticyclones that prevent the normal
westerly circulation from following its normal path
over the subpolar ocean, known as Greenland block-
ing episodes (Cattiaux et al. 2010). The same epi -
sodes accompanied the ex tremely cold winters of
1962/ 1963 and 2009/ 2010 in the western part of
Europe.

This relation between NAO and blocking events is
not constant; rather, it changes across longitudes
(Fig. 3). In the longitude band ranging from 35−50° E,
the opposite situation occurs. During the positive
NAO phase, the blocking mode tends to persist at a
significant level. Such a relationship was found to be
in agreement with a previous finding (Barriopedro et
al. 2006), thus indicating the existence of large-scale
tropospheric wave structures over Eurasia (Stankū -

na vi<ius et al. 2012).
In addition to internal climate variability at a quasi-

decadal scale, there is a powerful external influence,
viz. solar activity. The prominent quasi-decadal scale
in the NAO fluctuation is similar to the 11 yr solar sig-
nal (Gray et al. 2004). Their coincidence leads to a
discussion about reasons for this decadal scale cli-
mate variability (Woollings et al. 2010), but such a
discussion is beyond the scope of our study.  

4.3.  Multidecadal variability

Blocking strongly affects the climate variability of
surface variables and weather extremes over greater
Europe, and it is characterized by unstable effects on
European temperature and precipitation fields from
from one 20–30 yr climate period to another (Figs. 6 &
7). To clarify such changes, the seasonal mean of
‘blocked days’ (from 22 November to 31 March) was
computed for the cold (1900−1929, 1970−1994) and
warm (1930− 1969, 1995−2010) AMO phases (Fig. 3B).
In ‘warm’ years, the blocking frequency significantly
exceeds that of ‘cold’ years over the North Atlantic,
while in eastern Europe (more precisely, in the longi-
tudinal band of 35−50° E), the opposite situation
arises, in agreement with findings based on an analy-
sis of a shorter dataset (Shabbar et al. 2001). In partic-
ular, when the North Atlantic is relatively cold, en-
hanced southward movement of atmospheric
circulation has been observed in the Black Sea region
(Polonsky et al. 2014). Thus, multidecadal variability
of blocking in the mid-troposphere is significant and
powerful in the North Atlantic and in eastern Europe,
but the maximal response in surface fields can be ob-
served on slightly different longitudes (Figs. 6 & 7),
where superimposed fluctuations are present at all
scales mentioned above. That result partially confirms
thetendencyofthewarm/coldphaseoftheAMOtocor-
relatewithpredominatelynegative/positivepatternsof
NAO at time scales with lower-frequency variability
(Fan&Schneider2012,Peings&Magnusdottir2014).

Most authors consider the quasi-periodic variabil-
ity of the speed of production of deep North Atlantic
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waters and the related intensity of meridional heat
and mass transfer in the North Atlantic as the AMO-
generating mechanism (Knight et al. 2005, Polonsky
et al. 2014). Multidecadal fluctuations in the climate
system associated with AMO is manifested not only
in the meridional temperature contrasts in the North
Atlantic and advective heat and mass transfer, but
also in various European hydrometeorological fields
(Häkkinen et.al. 2011, Polonsky et al. 2014). The
strengthening of northeastern trade winds and west-
erly winds in the 1880s–1920s and 1960−1990s have
been found to be related with both the de creased
intensity of meridional heat and mass transfer in the
North Atlantic, and the development of the negative
phase of the AMO (Polonsky et al. 2016). An opposite
tendency was observed in the periods 1930− 1950s
and 1990s−2010s. The availability of historical data
for only 2 AMO periods is insufficient to obtain a reli-
able statistical evaluation of the connection be tween
the processes. However, the numerical experiments
in the framework of climate models and longer
datasets confirm the previously described relations
(Gordon et al. 2000, Knight et al. 2005).

Our study suggests a steady relation between the
position of blocking in the mid-troposphere and the
variability of surface meteorological fields. The most
anomalous position of blocking for northern Europe
is located west of 30° W (Fig. 4A,B), where blocking
forces substantial negative SAT anomalies, while
positive air temperature anomalies lie within the
southeastern part of Europe. The reverse effect, i.e.
strong decrease in air temperature in southeastern
Europe/Black Sea region, occurs when the position
of blocking shifts to the east from 10° W (Fig. 4D,F).

Earlier studies reported similar results. A theoreti-
cal study by Luo (2005) revealed that the negative
NAO phase appears to be more favorable for the for-
mation of blocking processes, i.e. they form more
easily and persist longer. Yao & Luo (2014a) argued
that eastern and western types of NAO circulation
(ENAO and WNAO, respectively) in their negative
and positive phases have different impacts on Euro-
pean temperature and precipitation anomaly struc-
ture. They found that even in the negative ENAO
phase, the positive temperature anomaly can extend
to the Mediterranean Sea and western Russia. They
divided all Euro-Atlantic blockings into 3 large clus-
ters in a companion study (Yao & Luo 2014b). Their
findings confirmed that so-called Greenland block-
ing associates with a prevailing negative tempera-
ture anomaly across northern and central Europe and
a positive precipitation anomaly within southwestern
Europe. When blocking establishes farther to the

east (e.g. eastern Europe), the negative temperature
anomaly mainly covers the eastern part of Europe,
while the positive precipitation anomaly in southern
Europe appears to be weak. Luo et al. (2015) argued
that NAO and the European blocking relationships
differ in 2 consecutive NAO epochs: increasing and
high NAO index and decreasing and low NAO index,
respectively. Furthermore, the au thors stated that
European blocking patterns associated with positive
NAO events are more often located over eastern
Europe during the first epoch, and are associated with
a negative NAO index over western Europe in the sec-
ond epoch.

Blocking is always associated with a lack of precip-
itation within the blocking anticyclone and a surplus
of precipitation within the corresponding cut-off low
in the south and in the surrounding troughs down-
stream and upstream of the blocking high. A large
part of Europe experiences wet conditions when the
blocking position is in the range of 70−30° W longi-
tude. Further displacement of the blocking to the east
causes dry conditions over most of Europe, while a
slight increase or no change in precipitation remains
in the Mediterranean region, the Scandinavian
mountains, and Iceland. The most frequent and pow-
erful Greenwich meridian blocking pattern (Häkki-
nen et al. 2011) is associated with the mean tendency
of SAT to decrease over central/southern Europe and
drying conditions to occur over greater Europe (over
50−60° N latitudinal belt; Fig. 2).

Methods used in this study have allowed us to ana-
lyze the variability of the longest 20CR blocking data-
set for the Euro-Atlantic region to date. This study
provides robust statistical results, describing blocking
occurrences and parameters on basic time scales
throughout the entire period 1871−2010. Our results
revealed a nonlinear longitudinal dependence of
blocking position in the mid-troposphere on the ob-
served pattern of response of SAT and precipitation
anomalies. However, every particular blocking event
is unique because of its individual development fea-
tures and preconditions that prevailed prior to its on-
set. Some seasons (years) favor the development of
blocking processes, while other seasons do not.
Therefore, future blocking re search must focus on
unfavorable conditions for the development of block-
ing processes in order to improve their predictability.
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