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Abstract

Variability of midlatitude blocking in the boreal winter Northern Hemisphere is investigated
for the period 1960/1961 to 2001/2002 by means of relaxation experiments with the model of the European
Centre for Medium-Range Weather Forecasts. It is shown that there is pronounced interannual and
decadal variability in blocking, especially over the Eurasian continent, consistent with previous studies.
The relaxation experiments show that realistic variability in the tropics can account for a signiﬁcant part of
observed interannual blocking variability but also that about half of the observed variability can only be
explained by extratropical tropospheric variability. On the quasi-decadal timescale, extratropical sea surface
temperature and sea ice, in addition to tropical variability, play a more important role. The stratosphere,
which has been shown to inﬂuence interannual variability of the North Atlantic Oscillation in previous
studies, has no signiﬁcant inﬂuence on blocking according to our analysis.

1. Introduction
Midlatitude blocking has a strong impact on surface weather and climate, as a blocked situation can cut
regions oﬀ from the usually prevailing westerlies by distorting the eddy driven jet. Additionally, blocking
regimes often persist for longer than expected based on synoptic timescales (e.g., 5–10 days), leading to
prolonged cold spells in winter and hot spells in summer [e.g., Trigo et al., 2004; Sillmann and Croci-Maspoli,
2009; Greatbatch et al., 2015]. From a dynamical point of view, blocking is associated with upper tropospheric
Rossby wave breaking that leads to strong poleward displacement of subtropical air of low potential vorticity
[e.g., Hoskins et al., 1985]. Midlatitude blocking frequencies peak over the eastern Atlantic and Europe, while
European blocking can act as a precursor for negative regimes of the North Atlantic Oscillation (NAO)
[e.g., Wallace and Gutzler, 1981; Woollings et al., 2008; Hurrell and Deser, 2010]. A good representation of
blocking in numerical weather prediction and climate models is therefore important for a wide range of
scientiﬁc and societal issues; however, most current models have too low blocking frequencies or have diﬃculties in predicting the timing of blocking [e.g., Jung et al., 2012; Hamill and Kiladis, 2014]. Jung et al. [2012]
found that increasing horizontal resolution from spectral truncation T159 to T511 signiﬁcantly improves the
simulation of blocking frequencies over Europe. In long climate simulations, on the other hand, models today
often have a resolution of only T63 [Flato et al., 2013; Anstey et al., 2013].
Decadal variations and possible trends in boreal winter blocking frequencies have been investigated in several
earlier studies, some of which suggest that there is an increase in Northern Hemisphere blocking frequency
after the year 2000, possibly driven by Arctic sea ice loss [Francis and Vavrus, 2012; Liu et al., 2012], others,
however, caution that observations do not conﬁrm any hemispheric trend in blocking frequencies [Barnes
et al., 2012, 2014]. Barnes et al. [2014] show that there has been strong variability in blocking frequencies over
the whole modern observational record so that the recent variations do not appear exceptional, and that no
external, e.g., anthropogenic, forcing is needed to explain these variations. However, as far as the tropics may
be viewed as external to the extratropical atmosphere, there is a possibility for drivers of blocking variability
apart from tropospheric internal variability, for example, associated with El Niño Southern Oscillation (ENSO)
variability and the associated teleconnections [e.g., Renwick and Wallace, 1996; Hoerling et al., 2001; Woollings
et al., 2008]. Some authors [e.g., Renwick and Wallace, 1996; Wiedenmann et al., 2002; Barriopedro et al., 2006]
ﬁnd that La Niña winters are associated with more frequent and intense blocking in the North Paciﬁc region
(weaker blocking during El Niño).
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In previous studies concerning possible drivers of variability of major extratropical atmospheric teleconnection patterns using relaxation experiments, we found a strong impact from the tropics and also from
the stratosphere [Greatbatch et al., 2012a, 2012b]. Here we investigate the relative impact of the tropical
atmosphere, the Northern Hemisphere stratosphere, and extratropical sea surface temperature (SST) and sea
ice on the variability of boreal winter (December, January and February: DJF hereafter) blocking frequencies
on interannual and quasi-decadal timescales. The plan of this paper is as follows: In section 2 the experimental setup is explained, and the blocking index applied is deﬁned. Results are presented in section 3 followed
by a discussion of possible explanations for our results in section 4.

2. Methodology
The idea behind the relaxation experiments used in this study is the evaluation of the impact of perfect
forecasts in diﬀerent regions of the atmosphere on the seasonal predictability in the unrelaxed parts, which
is the extratropical troposphere in this case [see, e.g., Jung et al., 2011; Greatbatch et al., 2012a]. Therefore,
the Integrated Forecast System, version 36r1, of the European Centre for Medium-Range Weather Forecasts
(ECMWF), in spectral horizontal resolution T159 with 60 vertical levels reaching up to 0.1 hPa, is initialized
in the beginning of each November between 1960 and 2001 and is then integrated until the end of each
following February, only data from the ﬁrst of December onward being analyzed. Using slightly diﬀerent
initial conditions, 12 realizations are created for each winter and for each experimental setup. Keeping in mind
that T159 resolution is not enough to get a fully realistic blocking frequency climatology [Jung et al., 2012], we
do not expect the model to simulate the latter perfectly, but comparison between the diﬀerent experiments
gives an estimate about added skill arising from perfect forecasts in the relaxed regions. Thus, anomalies are
calculated separately for each model experiment to focus on changes in blocking frequency rather than on
the model climatology. The relaxation term is added to the model as follows:
− 𝜆(𝑥 − 𝑥ref ).

(1)

where x represents the model state vector and xref is the reference ﬁeld toward which the model is drawn.
The parameters relaxed are zonal velocity, u, meridional velocity, v , temperature T , and the logarithm of the
surface pressure, ln(ps), using a timescale of 10 h. The reference ﬁeld the model is drawn to is the time-varying
ERA-40 reanalysis [Uppala et al., 2005], and in all our analyses we validate the model against ERA-40 data.
The model experiments are as follows:
1. CLIM-NO. Climatological SST and sea ice is speciﬁed at the lower boundary and no relaxation is used. The
climatology is calculated using SST and sea ice for the period 1979–2002. The only information about
the atmospheric state in each year comes from the initial conditions that are thought to be dispersed in
the extratropics after not more than 2–3 weeks.
2. OBS-NO. Observed SST and sea ice from ERA-40 is speciﬁed at the lower boundary and no relaxation is used.
3. CLIM-TROPICS. Climatological SST and sea ice (as in CLIM-NO) is speciﬁed and relaxation is used between
20∘ N and 20∘ S throughout the whole depth of the model atmosphere.
4. OBS-TROPICS. Observed SST and sea ice is speciﬁed at the lower boundary as in OBS-NO and relaxation is
used between 20∘ N and 20∘ S as in CLIM-TROPICS. This experiment eﬀectively looks at the additional information gained, compared to CLIM-TROPICS, by specifying the observed SST and sea ice in the extratropics.
5. CLIM-STRAT-NH. In this case, climatological SST and sea ice is speciﬁed at the lower boundary (as in CLIM-NO)
and relaxation towards reanalysis is used in the stratosphere north of 30∘ N (see Jung et al. [2010] for vertical
structure of the relaxation strength). Of course, the logarithm of the surface pressure is not relaxed in this
experiment.
Barnes et al. [2012] give a review of several blocking detection methods, including one- and two-dimensional
indices; many of which are based on the meridional gradient of upper tropospheric potential temperature
or of midtropospheric geopotential height. These authors ﬁnd that, at least when investigating variability in
blocking frequency at timescales longer than seasons, geopotential height or zonal wind at 500 hPa, that is
usually readily available as model output, can equally be used for the calculation of blocking indices instead
of potential temperature. Here we use a modiﬁed form of the 1-D index deﬁned in Masato et al. [2014],
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Figure 1. (a) Central blocking latitude, derived from the maximum in transient EKE at 300 hPa for each data set.
(b) Blocking frequency climatology for the ERA-40 reanalysis and for each relaxation experiment. (c) Interannual
standard deviation of blocking frequency for the ERA-40 reanalysis and for the ensemble mean of each relaxation
experiment (the mean for each winter of the BI derived from the single-model realizations). Solid lines indicate the
standard deviation for the ensemble means, and dashed lines indicate the standard deviation for all concatenated
ensemble members of CLIM-NO and CLIM-TROPICS, respectively. Color coding is the same in each panel, the legend
being given only in Figure 1a.

using a variable central blocking latitude (CBL) and 500 hPa geopotential height (Z500) to calculate a daily
instantaneous blocking index (BI), deﬁned as the diﬀerence between a northern box and a southern box at
each longitude (𝜆), i.e.,
𝜙 +Δ𝜙

BI(𝜆) =

0
1
Δ𝜙 ∫𝜙0

Z500(𝜆, 𝜙)d𝜙 −

𝜙

0
1
Z500(𝜆, 𝜙)d𝜙
Δ𝜙 ∫𝜙0 −Δ𝜙

(2)

where Δ𝜙 = 15∘ and 𝜙0 is the CBL. Barnes et al. [2012] conclude that it makes sense to use a CBL that follows
the climatological position of the storm track that should be computed separately for each data set when
comparing between reanalysis data and models or when comparing between diﬀerent models and model
setups. Following Pelly and Hoskins [2003] and Barnes et al. [2012], the CBL is therefore deﬁned as the latitude
of the maximum eddy kinetic energy (EKE) at 300 hPa, which is derived separately for each experiment and
for the reanalysis (see Figure 1a). The u and v anomalies for the calculation of the EKE have been ﬁltered by a
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2–6 day band-pass ﬁlter to retain synoptic eddies only. The resulting ﬁeld of EKE has been smoothed spatially
by only retaining spectral wave numbers lower than T42, and the resulting CBL is then again smoothed with
a 5∘ longitude running mean. As no trends in the EKE maximum are evident in ERA-40 [Barnes et al., 2012], we
use the climatological DJF mean CBL for our calculations.
The CBL therefore represents the position of the climatological midlatitude storm tracks in order to focus
on events that actually block the normally eastward propagation of weather systems. Our blocking index
does not identify high-latitude blockings poleward of the storm tracks, but those are not the focus of the
present study. Model results and reanalysis data have been evaluated on the same grid (2.5∘ longitude by
2.5∘ latitude). Slight meridional movement of blocking systems is included by taking the maximum of the
instantaneous BI calculated using CBL ±5∘ . Blocking is then said to occur when the BI is positive for at least ﬁve
consecutive days and over at least ﬁve consecutive longitude grid points (12.5∘ ), the resulting binary blocking
index (0: no block, 1: block) being used to calculate seasonal mean blocking frequencies in percent (blocked
days per 100 days). Note that the blocking frequencies for the relaxation experiments are derived ﬁrst using
all ensemble members separately, e.g., to create the climatologies shown in Figure 1b and then averaged over
all members for each winter to create an ensemble mean.

3. Results
The storm tracks in the diﬀerent relaxation experiments are in a very similar location as in the reanalysis, i.e.,
between about 45∘ N over the east Paciﬁc and about 55∘ N over Europe (see Figure 1a) except for OBS-NO
where the storm tracks are slightly displaced to the south over North America (around 100∘ W) and over central
Europe (around 30∘ E). The resulting climatologies in boreal winter mean blocking frequency for ERA-40 and
the relaxation experiments are shown in Figure 1b. The primary blocking region is centered over Europe and
the eastern Atlantic, where blocking frequencies peak around the Greenwich meridian at about 10% in the
reanalysis (compare climatologies with those in Figure 7a of Barnes et al. [2012]). The climatological blocking peak over the European sector in our experiments is shifted to the east by about 25∘ and is generally
lower compared to the peak in the reanalysis, as in many other models [e.g., Dunn-Sigouin and Son, 2013],
and only the tropically relaxed experiments, CLIM-TROPICS, and OBS-TROPICS have blocking peaks of a
similar magnitude compared to the reanalysis, but still shifted eastward. In the experiment with stratospheric relaxation, blocking frequencies over eastern Europe are also slightly enhanced compared to CLIM-NO
and OBS-NO, possibly indicating some eﬀect of downward propagating stratospheric anomalies into the
troposphere as, for example, found by Woollings et al. [2010]. The secondary climatological blocking peak
is over the eastern North Paciﬁc, where the CBL is at about 45∘ N. Over the eastern North Paciﬁc, blocking
frequencies are enhanced in the experiments compared to the reanalysis, again similar to other models
[Dunn-Sigouin and Son, 2013], and only OBS-NO, the experiment which sees observed SST and sea ice and no
relaxation anywhere, has a blocking climatology similar to the reanalysis climatology.
Variability of blocking activity is now analysed by means of seasonal winter mean blocking frequency
between 1960/1961 and 2001/2002. The Hovmöller plots of seasonal mean blocking frequency anomalies for
ERA-40 (referring to the ERA-40 climatology) and the relaxation experiments are shown in Figure 2. For the
experiments, anomalies refer to the departure of the ensemble mean BI from the climatology of each experimental setup (see Figure 1b) and therefore shows the systematic inﬂuence from the forcing and initial
condition at the beginning of November in each experiment, the latter being shown by CLIM-NO. Note that
ensemble mean anomalies are multiplied by a factor of two for the plot in Figure 2, but also that single-model
realizations have a comparable level of interannual blocking variability compared to ERA-40 (see Figure 1c).
The reduced amplitude can be explained by internal tropospheric variability as expressed by variability
between the ensemble members that is smoothed out when averaging over all members.
Looking at blocking variability in the reanalysis, there is a period of anomalously frequent blocking over
western Europe and the east Atlantic during the 1960s, which was also accompanied by a period of negative
NAO winters [e.g., Hurrell and Deser, 2010]. Note, however, that blocking occurrence over Europe and NAO
variability is not equivalent, but that strong blocking over Europe can act as a precursor for upstream
high-latitude blocking that indeed characterizes a negative NAO regime [Woollings et al., 2008]. The period
of high blocking during the 1960s is followed by strongly varying blocking frequencies, with strong blocking every 4 to 10 years over western Europe, becoming less toward the 1990s, consistent with the trend of
GOLLAN ET AL.
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Figure 2. Evolution of anomalous seasonal mean blocking frequency at each longitude from ERA-40 and the relaxation experiments. The anomalies for the
relaxation experiments have been multiplied by a factor of 2 to make an easier comparison with those from ERA-40 (see text for discussion). Pattern correlations
(in longitude-time space) between the evolution in each experiment and in the reanalysis are given in the title of each panel. Sectors for pattern correlations are
all longitudes (black), North Atlantic/Eurasia (red), and Paciﬁc/North America (blue), as indicated by the red/ blue vertical lines in each panel. Correlations marked
with asterisks are signiﬁcant at the 95% level according to a Monte Carlo test (see text for details and supporting information Figure S1).

the NAO toward positive values during that period. Over the Paciﬁc there is a more regular change between
winters with high and low blocking frequencies, with no discernable trend occurring in ERA-40 during our
analysis period.
To quantify the skill of our relaxation experiments in simulating the observed blocking variability, we
show pattern correlation values in the titles of each panel, for the following sectors: All longitudes,
Atlantic-Eurasian sector (60∘ W–100∘ E) and Paciﬁc-American sector (150∘ E–110∘ W). Note that these patterns
are in longitude-time space, and that pattern correlation measures similarity between patterns, without
respect of the amplitude. The signiﬁcance of the pattern correlation values is tested by Monte Carlo simulations, shuﬄing seasonal mean ensemble mean blocking frequencies of all experiments to randomly create
10,000 artiﬁcial ensemble means. Shuﬄing is done in time and between experiments here, while longitude
space is not shuﬄed. The pattern correlations between these artiﬁcial ensemble means and the reanalysis
are then calculated for all three sectors in the same way as for the original experiments. Then the 95th
percentile of the resulting probability distribution of pattern correlations deﬁnes the signiﬁcance threshold
(see Figure S1 in the supporting information).
In the relaxation experiments, only the tropically relaxed cases (CLIM-TROPICS and OBS-TROPICS) show a
statistically signiﬁcant skill in simulating the observed variability in both the European and Paciﬁc sectors,
GOLLAN ET AL.
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albeit with reduced amplitude. Extratropical SST and sea ice added to realistic tropical variability
(OBS-TROPICS) enhance amplitude of ensemble mean blocking anomalies (see Figure 1c) and also the
correlation with ERA-40. This is consistent with the hypothesis that variability in Arctic sea ice inﬂuences
blocking variability over Europe [Francis and Vavrus, 2012; Liu et al., 2012], although in our experiments, we
cannot distinguish between inﬂuence from Arctic sea ice and inﬂuence from extratropical SST which could
play an important role. In the Paciﬁc sector the experiment without relaxation, but with prescribed SST
and sea ice (OBS-NO), shows a small but statistically signiﬁcant (r = 0.16), pattern correlation that is consistent with previous ﬁndings that prescribing SST leads to a quite realistic atmospheric variability over the
Paciﬁc [e.g., Trenberth et al., 1998; Greatbatch et al., 2012a], even though it is weak compared to the tropically
relaxed experiments. The fact that the performance of OBS-NO is weak when concerning the whole Northern
Hemisphere or the Atlantic-Eurasian sector, points to the fact that prescribing SST in the tropics can lead to
an unrealistic atmospheric response in atmosphere-only models. In particular, convective precipitation tends
to occur over anomalously warm SST in such models, whereas in the real world, anomalously warm SST can
be driven by enhanced solar radiation under clear sky [e.g., Wu et al., 2006].
To focus on decadal variability of blocking frequency anomalies, supporting information Figure S2 shows a
modiﬁed version of Figure 2 that is smoothed in time using a 9 year running Hamming mean. Pattern correlations between ensemble means and reanalysis are calculated in the same way as for Figure 2 for the three
diﬀerent sectors and are also tested for signiﬁcance using the previously described Monte Carlo method. In
the reanalysis strong decadal blocking variations can be seen mostly over the European sector. Over western
Europe and the eastern Atlantic, high blocking frequencies are found in the mid-1960s and around 1980
and lower blocking frequencies in the early 1970s and between 1985 and 1995, with a hint of increasing
blocking frequencies thereafter. These variations are embedded in a trend toward less blocking over the
eastern North Atlantic, that is also present as a trend in the 2-D blocking index used by Woollings et al. [2008]
(see supporting information Figure S4). Over middle Eurasia (between 0∘ and 100∘ E), a more complex pattern
is found where high blocking frequencies over middle Eurasia (50∘ E–100∘ E) until the mid-1970s are gradually
displaced to the west until the late 1980s (see supporting information Figure S2). Note that our results for the
ERA-40 reanalysis agree generally well with the results by Barnes et al. [2014] (who use data from the National
Centers for Environmental Prediction/National Center for Atmospheric Research; see their Figure 4) in both
the interannual and the decadal variations, as well as for the diﬀerent sectors.
The decadal evolution over the Atlantic-Eurasian sector is captured only in OBS-TROPICS (where the pattern
correlation is signiﬁcant, r = 0.38; see supporting information Figures S1 and S3) although the displacement
of blocking from east to west as in the reanalysis is only hinted at in OBS-TROPICS. OBS-NO yields only very
low decadal pattern correlations in all sectors (Figure S2). CLIM-TROPICS, while having much in common with
OBS-TROPICS, has less skill in capturing the detailed decadal blocking pattern seen in the reanalysis, leading to
reduced correlation. Comparing between OBS-NO, CLIM-TROPICS, and OBS-TROPICS on decadal timescales,
our results suggest that for low-frequency blocking variability over Europe, extratropical SST and sea ice are
inﬂuential, but only in combination with realistic tropical atmospheric variability. The stratospheric relaxation
experiment (CLIM-STRAT-NH) that showed some skill in simulating interannual and decadal variability in the
NAO index [Greatbatch et al., 2012a, 2012b], has no skill in blocking variability on the interannual timescale
(Figure 2) or decadal timescale (Figure S2) and only shows some slight similarity over the eastern North
Atlantic that is not statistically signiﬁcant.
Looking at decadal variations over the eastern North Paciﬁc, three periods with relatively high blocking
frequencies are found in the reanalysis around the 1970s, the early 1980s, and the early 1990s (see
Figure S2). This evolution is captured in both tropically relaxed experiments, with the best performance in
CLIM-TROPICS (r = 0.31).

4. Discussion
We have shown that the use of a relaxation technique to realistically represent variability in the tropics
improves both the climatology and the variability of blocking frequency in the ECMWF model compared to
the ERA-40 reanalysis (see Figures 1, 2, and S2). Experiment CLIM-NO, in particular, that distinguishes between
each individual winter only through the initial conditions shows no skill compared to the reanalysis in this
version of the ECMWF model. Figures S5 and S6 in the supporting information show that the improvement in
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Figure 3. Correlation between seasonal mean blocking frequency at each longitude and some selected climate indices,
based on observations and plotted into two panels for readability reasons. See supporting information for deﬁnitions
of all indices. No values are given at longitudes where the blocking climatology is zero (see Figure 1b). The 95%
signiﬁcance thresholds are indicated by the black horizontal dashed lines; according to a t test assuming each year
is independent from another.

the tropical relaxation experiments is not related to changes in the mean ﬂow and must therefore arise from
a better representation of tropical variability.
In previous studies about the NAO, we found that stratospheric variability can account for a signiﬁcant
part (about 25%) of the observed NAO variability on interannual and decadal timescales [Greatbatch et al.,
2012a, 2012b]. The bad performance of CLIM-STRAT-NH in the blocking variability as found here can partly
be understood when considering the correlation between seasonal mean blocking anomalies and the NAO
index (Figure 3b). The blocking anomalies are connected with the NAO index (for deﬁnitions of the NAO
and following indices, though standard, see supporting information) only over the North Atlantic (about
70∘ W–20∘ W) and not over Europe, where most of the blocking variability takes place. The weak performance
of CLIM-STRAT-NH in terms of blocking over the North Atlantic gives further evidence that the NAO and
blocking are two distinct phenomena. Blocking anomalies over continental Europe are, however, signiﬁcantly
correlated with the time series of the Scandinavian pattern (consistent with Barriopedro et al. [2006]), a pattern that we ﬁnd to be well represented in the relaxation experiments CLIM-TROPICS and OBS-TROPICS, and
not in CLIM-STRAT-NH (not shown).
OBS-TROPICS shows inﬂuence from extratropical SST and sea ice on blocking, with particular success over
Europe. Regression of SST on blocking anomalies averaged over Europe (20∘ W to 20∘ E; see supporting
information Figure S7) reveals a signiﬁcant extratropical SST signal that resembles the North Paciﬁc Gyre
Oscillation (NPGO) [Di Lorenzo et al., 2010], with warm SST anomalies north of 40∘ N and cool anomalies around
GOLLAN ET AL.
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Table 1. Lagged Composites of Anomalous European Blocking Frequency (Pentad BI Averaged Between 20∘ W and 20∘ E,
Values Given in Percent) Taken From ERA-Interim Data [Dee et al., 2011] With Respect to Each MJO Phase Derived for DJF
Data From 1979/1980 to 2012/2013, Downloaded From http://cawcr.gov.au/ staﬀ/mwheeler/maproom/RMM/
RMM1RMM2.74toRealtime.txt [Wheeler and Hendon, 2004]a
1

2

3

4

5

6

7

8

|MJO| < 0.2

Lag 0

0.80

−2.62

0.22

−3.04

−3.23

−0.68

3.62

5.74

0.29

Lag 1

−0.39

−0.14

−0.76

−3.63

−1.45

2.65

3.50

1.18

6.10

Lag 2

−0.25

3.46

−2.01

−3.47

0.71

5.76

2.82

0.70

5.16

Lag 3

1.28

0.14

−1.81

−0.91

1.85

6.67

0.61

2.08

−2.27

MJO Phase

a Only days with an MJO amplitude greater than 1 are considered for each MJO phase, whereas the last column shows

lagged blocking composites after days characterized by an MJO amplitude less than 0.2, regardless of MJO phase. Lag n
refers to the BI averaged over the pentad centered on the 5nth day after the day of occurrence of the MJO of the speciﬁed
phase and composite values signiﬁcantly diﬀerent from zero at the 95% level according to a two-sided t test that are
in boldface.

Hawaii. This is conﬁrmed in Figure 3a, showing signiﬁcant positive correlations between blocking over Europe
and the NPGO index (there are also signiﬁcant positive correlations between blocking over the eastern North
Paciﬁc and the NPGO).
One candidate to explain the tropical inﬂuence on blocking over the North Paciﬁc is El Niño Southern
Oscillation (ENSO) that has been found to impact North and South Paciﬁc blocking, e.g., leading to more
intense and frequent blocking over the eastern North Paciﬁc during La Niña events [Renwick and Wallace,
1996; Renwick and Revell, 1999; Wiedenmann et al., 2002; Barriopedro et al., 2006]. DJF seasonal mean blocking
variability over the North Paciﬁc is slightly anticorrelated with ENSO, using the NINO3.4 index as a proxy
(see Figure 3a), although this correlation is not signiﬁcant, in contrast to the previously mentioned papers that
ﬁnd a signiﬁcant negative correlation. However, we ﬁnd a signiﬁcant positive correlation between blocking in
the North Paciﬁc region and both the Central Paciﬁc Warming (CPW) and, as noted before, the NPGO indices.
Variability of CPW therefore is a ﬁrst possible explanation for the success of CLIM-TROPICS in the Paciﬁc sector.
A second candidate for the improvement in blocking variability due to tropical relaxation is the intraseasonal
Madden-Julian Oscillation (MJO), acting as a source for Rossby waves aﬀecting the North Paciﬁc and North
Atlantic sectors [e.g., Cassou, 2008; Lin et al., 2009; Yoo et al., 2012]. Our Table 1 shows the connection between
MJO activity and blocking anomalies over Europe (20∘ W to 20∘ E) on short timescales (0 to 3 pentads lag), for
the period 1979/1980 to 2012/2013. Consistent with Cassou [2008] and Vitart and Molteni [2010], a decrease
in European blocking is found after MJO phases 3 and 4 that are associated with convection over the eastern
Indian ocean, and an increase in blocking after MJO phases 6 and 7 that are associated with convection over
the western tropical Paciﬁc. Interestingly, an increase in European blocking can also be found after days when
the MJO amplitude is lower than 0.2 (inactive MJO). Recently, Lin et al. [2015] also pointed out an inﬂuence
of interannual MJO variability on the winter NAO, using an index based on MJO-phase occurrence that is
positive during winters with frequent phases 4 and 5 and infrequent phase 7. We only ﬁnd a few longitudes,
where seasonal mean blocking anomalies are signiﬁcantly correlated with the MJO variability index as deﬁned
by Lin et al. [2015] (labeled MJO PC1 Lin in Figure 3a). Vitart and Molteni [2010] found that MJO propagation
speed impacts the MJO inﬂuence on the extratropics, whereas Bechtold et al. [2008] pointed out that, in
the ECMWF model, propagation speed of MJO-related convection is not realistic, although MJO amplitude is
quite realistic. Therefore, our experiments without tropical relaxation do not have a realistic MJO variability,
whereas MJO variability in experiments with tropical relaxation is, de facto, very close to the MJO variability
in the reanalysis. This could explain part of the improved performance of CLIM-TROPICS and OBS-TROPICS
at simulating blocking variability shown here. Recently, Gollan and Greatbatch [2015] found that equatorial
anomalies in the upper tropospheric zonal mean zonal wind, which are to a large extent forced by MJO activity
but are independent of ENSO, can impact the extratropics (the index being labeled [U150]E ). Consistently,
there is a signiﬁcant negative correlation between blocking over Europe and [U150]E (Figure 3b), an example
being the winter of 1962/1963 [Greatbatch et al., 2015]. The improved blocking climatology due to tropical
relaxation can probably be explained in analogy to the discussion about interannual variability of blocking,
i.e., the better representation of CPW variability and MJO variability in the tropical relaxation experiments.
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On decadal timescales, the tropically forced experiment with climatological SST and sea ice (CLIM-TROPICS)
has a better skill in the Paciﬁc region compared to OBS-TROPICS that knows about the observed variability
of SST and sea ice (and OBS-NO has no skill). This is consistent with Greatbatch et al. [2012a] (see discussions
therein), who ﬁnd that prescribing SST and sea ice yields a trend in geopotential height of the wrong sign over
the North Paciﬁc during the ERA-40 period, whereas it improves trends over the Atlantic-Eurasian sector, as in
the present study here. Over the Atlantic-Eurasian sector, the experiment with prescribed observed SST and
sea ice in addition to tropical relaxation (OBS-TROPICS) is the only experiment that has statistically signiﬁcantly
skill on decadal timescales. Also note that in the ensemble mean of OBS-TROPICS, the amplitude of blocking
anomalies is enhanced in comparison to the other experiments, suggesting that there is some positive feedback from extratropical SST and sea ice. As discussed for interannual variability, SST anomalies associated with
the NPGO have an impact on European blocking, although further research is needed to investigate possible
mechanisms for this link.
Finally, it is important to note that a large part of the observed blocking variability cannot be explained by
our relaxation experiments, pointing to the importance of extratropical tropospheric dynamics for explaining the variability in observed blocking frequency. In particular, the reduction in amplitude in the ensemble
mean compared to single realizations by about 50% (see Figures 1c, 2, and S2) points to the fact that internal
tropospheric dynamics have an important role to play for midlatitude blocking and that the tropical inﬂuence as shown by our relaxation experiments can only trigger part of the midlatitude blocking variability.
Nevertheless, our results do show that variability in both the tropics and extratropical SST and sea ice have a
systematic eﬀect on blocking that is important for predictability.
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