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Abstract
In this work, we focus on summer blocking events over the Euro-Russian region related with
heat waves. An analysis of the main characteristics of summer Euro-Russian blocking events in
global Reanalysis as well as in the 20th century CLIVAR atmospheric simulations is carried out
to assess whether anthropogenic forcing might have affected the blocking events occurrence
and the associated heat waves strength in recent decades. Over the Euro-Russian region,
blocking episodes, associated to warm events over Northern and Central Europe, become
significantly longer in the second half of the century when the anthropogenic forcing is included
in the simulations.
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1. Introduction

The recent European heat waves of summer 2003 and
2010 have received considerable attention because of
both their potential link to larger scale warming pat-
terns (e.g. ‘global warming’) and the large loss of life
and resources associated with them (Black et al., 2004;
Barriopedro et al., 2011). Understanding and quantify-
ing how anthropogenic climate change might affect the
intensity and frequency of extreme events has become
a priority in climate studies. In particular, it has been
suggested that increases in extreme events such as heat
waves could be explained by increased temperature
variability (Schär et al., 2004; Fischer et al., 2012).
These heat waves have been associated mainly to the
low-frequency component of the atmospheric flow, and
specifically to long-lived blocking episodes (Cassou
et al., 2005; Dole et al., 2011). It is thus possible that
trends in the occurrence and strength of heat waves
might be in fact related to corresponding trends in
blocking patterns. However, this point remains a debat-
ing issue: for instance, Cattiaux et al. (2012) have found
weak links between simulated changes in temperature
extremes in Europe and changes in circulation. Starting
from these considerations, here we investigate whether
trends in blocking episodes occurrence and length dur-
ing the last decades, along with the eventual conse-
quences on strength of associated warm events, can be
attributed to anthropogenic forcing or are simply asso-
ciated with the natural variability of the climate system.

Blocking diagnostics have been widely used both
in forecast models (Anderson, 1993; Ferranti et al.,
1994; Tibaldi et al., 1995; Jung, 2005) and in cli-
mate simulations (Lupo et al., 1997; D’Andrea et al.,
1998; Doblas-Reyes et al., 2002; Matsueda et al.,

2009; Vial and Osborn, 2011; Dunn-Sigouin and Son,
2013). Such local blocking diagnostics, together with
time–space spectral decomposition of mid-latitudes
variability (Dell’Aquila et al., 2005) and with the
adoption of global indicators for planetary waves
activity (Hansen and Sutera, 1986; Corti et al., 1999;
Ruti et al., 2006 among others), are powerful analysis
tools which can be readily applied to daily data of
the 500 hPa geopotential height in order to identify
relevant blocking patterns. In this article, we thus apply
blocking diagnostics to the output of Global Climate
Model (GCM) simulations for the 20th century with
and without anthropogenic forcings (Greenhouse gas
(GHG) changes, atmospheric ozone change, sulphate
aerosols and land surface changes) to investigate their
role in modifying the occurrence and characteristics
of relevant blocking events and associated heat waves
over recent decades.

2. Data and methods

We analyse two ensembles of six integrations
performed with the Hadley Centre Atmospheric
Model 3 (hereafter HadAM3) global atmospheric
model for the period 1869–2002 available from the
CLIVAR C20C and EMULATE projects website
(http://hadc20c.metoffice.com/). In all simulations,
the Met Office Hadley Centre’s sea ice and sea sur-
face temperature (SST) data set, HadISST1, has been
included (Rayner et al., 2003). In the first ensemble
of simulations (hereafter referred to as ‘NATURAL’)
only natural forcings are included, namely SST, vol-
canic aerosols, solar variability and orbital changes. In
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Figure 1. (a) Frequency of summer days that are part of large-scale blocking episodes as a function of longitude for the ‘NATURAL’
(blue curve) and ‘ALLFORCINGS’ simulations (red curve) for 1901–2000 period. The shaded corresponding regions are for the
ensembles spread (±1 standard deviation). The thick black line reports the reference curve from NCEP global Reanalysis dataset
(1961–2010). The green box is for the Euro-Russian sector (0∘–60∘E). (b) Differences in frequency of blocked days between
ALLFORCINGS and NATURAL experiments.

the second set, (hereafter referred to as ‘ALLFORC-
INGS’) the model includes, in addition to the natural
forcings, anthropogenic forcings associated with
greenhouse gas changes (as appears in the web site
http://hadc20c.metoffice.com) and atmospheric ozone
changes, sulphate aerosols and land-use change (major
details in the web site and in the technical report there
reported). The use of the labels ‘NATURAL’ and ‘ALL-
FORCINGS’ could be potentially misleading, since
the two ensembles of simulations use the same spec-
ified observed SST and sea ice conditions, which can
already include some effects of anthropogenic forcings.
So our analysis could not fully separate the natural and
anthropogenic forcings, and in particular disentangle its
effects on ocean and sea ice. However, with this caveat
in mind, in order to keep this work consistent with
terms adopted by the C20C project, we here follow the
definitions presented in http://hadc20c.metoffice.com.
Records of daily 500-hPa geopotential height for the
100-year long period (1901–2000) were extracted

along with corresponding fields from the National
Centers for Environmental Prediction-National Center
for Atmospheric Research (NCEP-NCAR) global
Reanalysis dataset (1961–2010) as reference.

Our blocking detection method is based on the index
of Tibaldi and Molteni (1990), which identifies atmo-
spheric blocking highs when easterlies are present in the
regions of maximum interactions between storm tracks
and mean flow (Carillo et al., 2000). At each longitude,
we compute the southern and the northern 500 hPa gra-
dient, defined as GHGS and GHGN, respectively:
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where 𝜙0 = 60∘N+Δ; 𝜙s = 40∘N+Δ; 𝜙n = 80∘N+Δ
and Δ= [−5∘; 0; 5∘].
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A given longitude is blocked if the following condi-
tions are satisfied for at least one value of Δ
1 GHGS> 0
2 GHGN<−10 m/degree latitude

We apply a 5-day running mean to the geopoten-
tial height field and focus on the summer season
(June-July-August, JJA).

3. Results

We first analyse the summer blocking frequency
in the 1901–2000 period for the ‘NATURAL’ and
‘ALLFORCINGS’ simulations (Figure 1). There
are two main regions of blocking development: the
Euro-Russian (0∘–60∘E), which is bounded by the Ural
Mountains, and the Pacific (90∘E–120∘W).

Compared to the 1961–2010 NCEP data (black thick
line), HadAM3 is able to capture all peaks, although
it underestimates the Pacific frequency and overesti-
mates the European frequency. The higher frequency
of blocking events over the Atlantic region may be due
to the fact that SST errors generally present in coupled
models over Atlantic Ocean are here removed (Scaife
et al., 2011). The ‘ALLFORCINGS’ simulations dif-
fer significantly from the ‘NATURAL’ ones just over
the Euro-Russian sector where the ‘ALLFORCINGS’
ensemble is well separated from ‘NATURAL’ simu-
lations (Figure 1(a)). As reported in Figure 1(b), the
Euro-Russian sector (0∘–60∘E) is the only region show-
ing a systematic increase of frequency of blocking days
in the ‘ALLFORCINGS’ simulations with respect to the
‘NATURAL’ ones.

In order to investigate the differences between the
two ensembles, we distinguish between changes in the
number and duration of blocking events. We have com-
puted the number of blocking events for each summer
season over the Euro-Russian sector, together with the
corresponding interannual variability (i.e. the standard
deviation). Results for the two ensembles are shown in
Figure 2, along with the corresponding number occur-
rence in the NCEP global Reanalysis dataset. The num-
ber of summer blocking episodes per season does not
show significant differences between the ‘NATURAL’
and ‘ALLFORCINGS’ mean ensembles. We also find
that HadAM3 is able to capture the averaged blocking
episodes number when compared with the NCEP data.
In addition, the interannual variability of the number of
events per season is quite similar for each considered
dataset.

In order to determine the main source of differences
between the two ensembles in Figure 1, we computed
the Probability Distribution Function (PDF) of the
length in days of the Euro-Russian blocking episodes.
Figure 3(a) presents PDF of length of blocking events
for each ensemble, along with the difference between
the ‘NATURAL’ and ‘ALLFORCINGS’ experiments
(Figure 3(b)). Additional explanations concerning
the computation of the PDF are in the caption of

Figure 2. Number of blocking events for season over
Euro-Russian sector. The ensembles mean results for the
‘NATURAL’ (blue bar) and ‘ALLFORCINGS’ simulations (red
bar) are shown over the 1901–2000 period. The vertical bars
show the interannual variability of the occurrence for each
ensemble (±1 standard deviation). The black bar reports the
occurrence in the NCEP global Reanalysis dataset (1961–2010)
with the associated interannual variability.

Figure 3(a). The ‘ALLFORCINGS’ experiments
exhibit a tendency to generate longer blocking events,
especially in the range of 5–15 days, which in turn
explains the higher blocking day occurrence observed
in Figure 1. A Kolmogorov–Smirnov (KS) test applied
to the lengths of blocking events in the two ensembles
confirms that they are from different continuous dis-
tributions (KS= 1 in Figure 3(b)). To better highlight
this aspect, we analysed the length of blocking events
separately for two different subperiods: (1901–1950),
when the anthropogenic forcing is relatively small, and
(1951–2000) when the anthropogenic forcing sharply
increases (e.g. IPCC, 2001) (Figure 3(c)–(f)). In the
first period, the distributions of the blocking length are
statistically undistinguishable at the 99% confidence
level between the ‘NATURAL’ and ‘ALLFORCINGS’
experiments (Figure 3(c) and (d)). On the other hand,
different lengths of blocking events in the two sets of
experiments characterize mostly the period 1951–2000
(Figure 3(e) and (f)). In the second half of the 20th
century, the blocking events in the ‘ALLFORCINGS’
simulations tend to be considerably longer with respect
to the beginning of the century, whereas the length
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Figure 3. (a) PDF of length (in days) of Euro-Russian blocking events for the period 1901–2000. Results from the two ensembles for
the ‘NATURAL’ (blue curve) and ‘ALLFORCINGS’ (red curve) simulations are shown. The corresponding shaded regions are for the
spread of each ensemble (±standard deviation). The thick black line reports the occurrence in the NCEP global Reanalysis dataset.
PDF’s are computed by adopting a Gaussian kernel function estimator and by using a window parameter h= 3.5*Δ, where Δ is the
bin amplitude. We assume 100 bins in the interval between the minimum and maximum length. (b) Difference of PDFs for the length
of blocking events between ‘NATURAL’ and ‘ALLFORCINGS’ experiments for 1901–2000 period. If the Kolmogorov–Smirnov
test (KS)= 1, the differences in the length of blocking events are significant at the 99% confidence level (KS= 0 otherwise). (c, d)
As in (a) and (b) but for 1901–1950 period. (e, f) As in (a) and (b) but for 1951–2000 period.

of the events in the ‘NATURAL’ simulations remains
basically unchanged. A tendency towards longer block-
ing events can also be recognized in NCEP reanalysis
considering different periods (1991–2010 compared
against 1961–1980) even if not statistically signif-
icant due to the small size of samples (Figure S1,
Supplementary Information). Evidence and possible
explanations of the recent increase in summer blocking
and weather extremes have been recently presented in
Petoukhov et al. (2013), where a mechanism of ampli-
fication of planetary waves linked to the structure of
subtropical jet has been presented. In this perspective,
the anthropogenic forcing could lead to an increase
of weather extremes by modifying the mean thermal
structure of mid-latitudes atmosphere.

In order to provide evidence of the link between
blocking episodes and high temperatures, we compos-
ited the surface air temperature during blocking events.
We consider blocking events longer than 10 days, to
explore cases that can favour the establishment of a
heat wave, as in 2010 (Dole et al., 2011). In Figure 4,
we report maps of surface air temperatures anoma-
lies (with respect to the corresponding climatologi-
cal mean) for blocking events longer than 10 days in
NCEP (Figure 4(a)) as well as in ‘ALLFORCINGS’ and
‘NATURAL’ simulations (Figure 4(b) and (c)), respec-
tively. For HadAM3 simulations, we consider the period
1951–2000 where the main differences in the length
of blocking events arise (Figure 3(e) and (f)). Shading
areas denote that composite anomalies are statistically
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Figure 4. Maps of surface air temperature anomalies (with
respect to the corresponding climatological mean) over during
summer blocking events longer then 10 days. (a) NCEP global
Reanalysis dataset (1961–2010). (b) ‘ALLFORCINGS’ simula-
tions (1951–2000). (c) ‘NATURAL’ simulations (1951–2000).
In the filled regions, the differences are statistically significant
at 90% level (t-test). Solid contours are for positive anomalies,
dashed contours for negative values.

significant at the 90% level (t-test). In the NCEP reanal-
ysis (Figure 4(a)), a coherent positive anomaly is seen
in the Scandinavian and Euro-Russian region along
with a negative anomaly over much of Central Asia
and over Southern Europe (not statistically signifi-
cant). The warming anomaly, even if not statistically
significant, reaches also the British Isles and Central
Europe. A quite similar structure is well depicted also
in ‘ALLFORCINGS’ simulations (Figure 4(b)) whereas
the pattern is still present but weaker in ‘NATURAL’
ensemble. This suggests that anthropogenic forcings,
such as land-use changes, aerosols and greenhouse
gases (taken into account in the ‘ALLFORCINGS’ sim-
ulations), are key ingredient in strengthening the surface
temperature anomalies during blocking events.

We further analysed the link between blocking events
and heat waves by considering the temperature anoma-
lies over a box covering part of the Euro-Russian
region (Longitude= 20∘–50∘E; Latitude= 40∘–65∘N).
In Figure 5, we report the PDF of summer surface
air temperature anomalies (with respect to the corre-
sponding climatological mean) over this box for the
three datasets (NCEP 1961–2010, ‘ALLFORCINGS’
1951–2000 and ‘NATURAL’ 1951–2000). Solid lines
represent temperature anomalies during blocking events
longer than 10 days, whereas dotted lines represent
non-blocked days. We also report in the legend the mean
values and standard deviation for each distribution.

In the NCEP reanalysis, the probability distribution
function of surface temperature during blocked days
(thick solid black line) is clearly shifted towards warmer
temperatures with respect to non-blocked days (with
a shift of about 1 K in terms of mean values). Warm
events with temperature positive anomalies exceeding
2 K are definitely more populated. In ‘ALLFORCINGS’
simulations (red curve), the behaviour is quite similar
even if the shift of mean values is around 0.5 K. In the
‘NATURAL’ simulations (blue curve), the shift in the
distribution is less evident, highlighting the fact that
anthropogenic forcing is needed in order to explain the
shift observed in the NCEP reanalysis. Over Northern
and Central Europe, the anthropogenic forcing triggers
and amplifies the link between blocking episodes and
heat waves, at least in terms of surface temperature
anomalies.

4. Summary and discussion

Our main results can be summarized as follows:

• Generally, the HadAM3 model simulations capture
the observed blocking occurrence, but these runs tend
to overestimate the occurrence of summer blocking
episodes compared to NCEP over the Euro-Russian
sector (0∘–60∘E).

• In this sector, the ‘NATURAL’ and ‘ALLFORC-
INGS’ experiments feature different numbers of
blocked days, and in particular, the ‘ALLFORC-
INGS’ simulations show a higher number of blocked

© 2014 Royal Meteorological Society Atmos. Sci. Let. 15: 204–210 (2014)
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Figure 5. PDF of surface air temperature anomalies (with respect to the corresponding climatological mean) over a box covering
part of Euro-Russian region (Longitude= 20∘–50∘E; Latitude= 40∘–65∘N) for the period 1951–2000. Solid lines are for surface
air temperature anomalies during blocked events longer than 10 days, whereas the dotted lines are for non-blocked days. The
black lines are for NCEP global Reanalysis dataset (1961–2010). Blue (Red) line for ‘NATURAL’ (‘ALLFORCINGS’) runs. PDF’s
are computed by adopting a Gaussian kernel function estimator and by using a window parameter h= 3.5*Δ, where Δ is the bin
amplitude. We assume 100 bins in the interval between the minimum and maximum length.

days (Figure 1). No significant differences in block-
ing characteristics between the NATURAL and
ALLFORCINGS ensembles are found in regions out
of the Euro-Russian sector.

• The frequency of occurrence of Euro-Russian block-
ings (typically slightly more than 3 events/season) is
not affected by inclusion of the anthropogenic forc-
ings (GHG changes, atmospheric ozone change, sul-
phate aerosols and land-surface changes) (Figure 2),
whereas the ‘ALLFORCINGS’ simulations are char-
acterized by longer lasting blocking events.

• This signature is particularly evident in the second
half of the century (Figure 3), when the anthro-
pogenic forcing is larger. Similar behaviour, even if
not statistically significant, can be recognized also in
the NCEP Reanalysis where the blocking events in
the period 1990–2010 are generally longer than in
the period 1960–1980.

• The blocking events detected are associated with pos-
itive air surface temperature anomalies over Northern
and Central Europe in NCEP Reanalysis as well as in
‘ALLFORCINGS’ simulations. In ‘NATURAL’ sim-
ulations the link between blocking events and heat
waves is present but weaker (Figures 4 and 5).

• Our analysis suggests that anthropogenic forcing
might indeed affect the characteristics of block-
ing events in the Euro-Asia sector, in particular

leading to longer blocking episodes, at least in the
HadAM3 model 20th century simulations. This can
in turn enhance the severity of heat waves associ-
ated to blocking over this region, further intensifying
episodes such as that which occurred in the summer
of 2010 over European Russia (Dole et al., 2011).
The anthropogenic forcing is clearly increasing the
link between blocking episodes and heat waves, in
terms of surface temperature anomalies, over the
Euro-Russian region. However, changes in heat wave
duration and strength is likely be dominated by land
surface feedbacks (Atlas et al., 1993; Fischer et al.,
2007). Further studies should investigate the underly-
ing mechanisms that lead to different length of sum-
mer blocking in Euro-Russian sector and the role of
strong blocking episodes in favouring land surface
feedbacks and in affecting heat waves durations.

Supporting information

The following supporting information is available:

Figure S1. Probability Distribution Function of length (days)
of Euro-Russian blocking in NCEP Reanalysis for the periods
1961–2010 (thick line, see Figure 3), 1960–1980 (Blue line) and
1990–2010 (Red line). PDF’s are computed by adopting a Gaus-
sian kernel function estimator and by using a window parameter
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h= 3.5*0, where 0 is the bin amplitude. (b) Difference of PDFs
for the length of blocking events between the 1990–2010 and
1960–1980 periods. If the Kolmogorov–Smirnov test (KS)= 1,
the differences in the length of blocking events are significant at
the 99% confidence level (KS= 0 otherwise).
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