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activity is weaker, the development is less consistent and 
European blocking occurs less frequently.
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1  Introduction

Atmospheric blocking typically refers to phenomena dur-
ing which the normal eastward migration of cyclones is 
blocked by a larger-scale high, with easterly winds replac-
ing the prevailing westerlies, often lasting a week or 
more. Wintertime midlatitude blocking frequency in the 
Northern Hemisphere peaks in two regions, one over the 
eastern North Pacific and a larger maximum over Europe 
(Tibaldi and Molteni 1990), where blocking anomalies act 
to obstruct the migratory weather systems that transport 
warm, moist maritime air to Europe and are responsible 
for its relatively mild winters (Seager et  al. 2002). Over 
Europe in particular, blocking anomalies are responsible 
for extremely cold and dry weather conditions (Rex 1951; 
Trigo et al. 2004; Sillmann et al. 2011) along with extended 
cold spells, which pose serious hazards to society (Rex 
1950; Huynen et al. 2001; Buehler et al. 2011).

Since being first documented in the 1940s (Namias 1947; 
Berggren et  al. 1949) the general dynamical features of 
midlatitude blocking events have become well established. 
A warm, low potential vorticity (PV), large-scale air mass 
of subtropical origin becomes cutoff further poleward, in an 
extratropical region of higher ambient PV (Hoskins et  al. 
1985; Hoskins 1997) and this type of irreversible Rossby 
wavebreaking has been shown to be closely connected to 
the initiation of blocking highs in the midlatitudes (Pelly 
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and Hoskins 2003; Tyrlis and Hoskins 2008a). The air mass 
develops anomalous anticyclonic circulation with easterly 
winds on its southern flank. This influences the upstream 
weather systems such that they preferentially reinforce 
the low PV anomaly and act to maintain the blocking (e.g. 
Illari and Marshall 1983; Shutts 1986), through the strain-
ing of upstream eddies by the blocking anomaly (Shutts 
1983) or selective absorption (Yamazaki and Itoh 2013a, 
b); indeed both mechanisms may be important (Luo et al. 
2014).

Blocking events over Europe and the North Pacific, 
however, display quite different characteristics. Block-
ing anticyclones over Europe tend to be accompanied by 
a cyclone on the equatorward side, exhibiting a meridi-
onal dipole-type structure (e.g. Rex 1950), whereas North 
Pacific anticyclones tend to be flanked by two troughs, 
resembling an “omega” structure. A particularly curious 
feature of European blocking is the lower frequency (in 
comparison to synoptic eddies) upstream planetary wave 
pattern that emerges across the Atlantic over a few days 
leading up to blocking events (Nakamura 1994a; Michel-
angeli and Vautard 1998). The wave train becomes almost 
stationary as the ridge amplifies (Altenhoff et al. 2008) and 
ultimately breaks, with a low PV anomaly becoming cut 
off over Europe. Masato et al. (2012) showed that cyclonic 
upper-level wave breaking primarily initiates blocking epi-
sodes over all regions except for Europe (and to a lesser 
extent Asia), where the onset of blocking is predominantly 
through anticyclonic wave breaking (as was also demon-
strated by Davini et  al. (2012) using a two-dimensional 
diagnostic). The anticyclonic overturning of large-scale 
waves during European blocking onset was also observed 
by a composite analysis of blocking events (Nakamura 
et  al. 1997). The presence of intense extratropical cyclo-
genesis upstream has been observed during the develop-
ment of both European (Colucci 1985; Crum and Stevens 
1988; Michel et  al. 2012) and Pacific blocking (Colucci 
and Alberta 1996; Nakamura and Wallace 1990, 1993). 
However, Nakamura et al. (1997) demonstrated that advec-
tion by the low-frequency wind component was sufficient 
to simulate European blocking development [as was also 
emphasised in the idealised study of Swanson (2001)], 
whereas the forcing by transient eddies was found to be of 
primary importance in generating North Pacific blocking 
events.

Despite recent improvements, atmospheric blocking 
continues to be a problem in climate models. The larg-
est blocking biases in the CMIP3 and CMIP5 model gen-
erations occur over Europe, where blocking frequency is 
grossly underestimated (e.g. Scaife et  al. 2010; Masato 
et  al. 2013), regardless of which blocking index is used 
(Doblas-Reyes 2002; Barnes et  al. 2011). The underes-
timation has been linked to biases in the mean model 

climatologies (Scaife et al. 2011) and the associated overly 
strong westerlies that act to inhibit blocking formation (e.g. 
Barriopedro et  al. 2010). Since higher-resolution models 
can resolve blocking reasonably well (Jung et al. 2012), the 
inability of climate models to effectively capture blocking 
has also been attributed to insufficient resolution (Matsueda 
et al. 2009; Anstey et al. 2013) and the inability to effec-
tively simulate transient eddies (Berckmans et al. 2013).

Evidence has recently emerged suggesting that North 
Atlantic sea surface temperatures influence wintertime 
blocking frequency over Europe. Scaife et al. (2011) found 
that correcting the sea surface temperature (SST) bias over 
the North Atlantic (a feature common amongst climate 
models) in the HadGEM3 model reduced the zonal wind 
bias and resulted in a significantly improved simulation of 
wintertime European blocking. Although this highlights the 
apparent importance of the North Atlantic SST distribution, 
the mechanisms through which the SST influences Euro-
pean blocking remain unclear.

The North Atlantic most strongly affects the overlying 
atmosphere in the Gulf Stream region, where narrow bands 
of intense evaporation and precipitation are observed along 
the strong SST front (Minobe et  al. 2008, 2010). Sharp 
SST gradients have been shown to significantly influence 
the position and/or intensity of storm tracks using vari-
ous idealized models (Brayshaw et  al. 2008, 2011; Naka-
mura et al. 2008; Sampe et al. 2010; Deremble et al. 2012; 
Ogawa et al. 2012) and in a more realistic regional model 
of the North Atlantic (Woollings et  al. 2009). Kuwano-
Yoshida et al. (2010a) used an atmospheric general circu-
lation model (AGCM) with realistic and smoothed Gulf 
Stream SST gradients to demonstrate the importance of the 
SST front on the narrow Gulf Stream rain band. The sensi-
tivity of the Gulf Stream rain band to the SST gradient was 
further emphasised by the study of Brachet et  al. (2012). 
Using AGCM experiments, Hand et  al. (2013) found that 
Gulf Stream SST variability can substantially influence 
local precipitation. Small et al. (2013) used an AGCM, with 
similar SST profiles to Kuwano-Yoshida et al. (2010a), to 
investigate the storm track response to the Gulf Stream SST 
front and found that it exhibits a significant influence on 
the storm track, particularly over the western Atlantic. In 
spite of the evidence of the Gulf Stream influence on the 
North Atlantic storm track, the potential influence of the 
Gulf Stream on European blocking has not previously been 
addressed.

The Gulf Stream has previously been shown to have 
a significant influence over a wide range of timescales. 
Recent studies have shown that the Gulf Stream is related 
to local diurnal cycles in precipitation (Minobe and Take-
bayashi 2014) and lightning (Virts et  al. 2015). The Gulf 
Stream influences the development of extratropical 
cyclones, on timescales of a few days (e.g. Cione et  al. 
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1993; Booth et  al. 2012). Interannual SST variability has 
been shown to account for most of the precipitation vari-
ability in the Gulf Stream region (Hand et  al. 2014) and 
the Gulf Stream also anchors a strong time mean precipita-
tion band along its southern flank (e.g. Minobe et al. 2008, 
2010; Kuwano-Yoshida et al. 2010a). Here we investigate 
the influence of the Gulf Stream SST front on wintertime 
European blocking and show that the Gulf Stream also has 
a significant influence on timescales on the order of a week 
or more, significantly influencing the subseasonal variabil-
ity of European winters.

In this paper we analyse a reanalysis dataset, along with 
a pair of AGCM simulations (both with and without real-
istic Gulf Stream SST boundary conditions) to examine 
the influence of the Gulf Stream on European blocking. 
The data, model simulations and methods are described in 
more detail in Sect. 2. In Sect. 3 we use an objective binary 
index of midlatitude blocking to assess the influence of the 
Gulf Stream SST distribution on blocking frequency over 
Europe. The SST profile is found to significantly influence 
both the blocking frequency and the occurrence of asso-
ciated cold spells. Using a composite approach, we then 
examine the role of the Gulf Stream during the evolution 
(with particular focus on the development phase) of Euro-
pean blocking in Sect.  4. The Gulf Stream SST is found 
to play an important role in the unique quasi-stationary 
nature of European blocking generation. Further discus-
sion of our results and some concluding remarks follow in 
Sect. 5.

2 � Model simulations, data and methodology

2.1 � Model simulations and data

In this study we analyse the results of two contrasting 
20-year AGCM simulations that were performed using the 
“AGCM for Earth Simulator (version 3)” (AFES) model 
developed and run at the Japan Agency for Marine-Earth 
Science and Technology (Ohfuchi et  al. 2004; Enomoto 
et  al. 2008; Kuwano-Yoshida et  al. 2010b). The model 
setup is similar to that used by Minobe et  al. (2008) and 
Kuwano-Yoshida et  al. (2010a), who analysed a 5-year 
intergration of the previous version of the AFES model. 
The version of the AGCM used in this study has previously 
been used to analyse explosively deepening extratropi-
cal cyclones in ensemble forecasts (Kuwano-Yoshida and 
Enomoto 2013; Kuwano-Yoshida 2014). The model has a 
horizontal resolution of T239 (~50 km) and 48 sigma levels 
in the vertical. The model employs the Emanuel convec-
tion scheme (e.g. Emanuel and Živkovic-Rothman 1999). 
We analyse the AFES output on a 0.5° horizontal grid at 
6-hourly interval.

For the lower boundary condition the NOAA Opti-
mally Interpolated (AVHRR-only) 0.25° Daily SST (Reyn-
olds et  al. 2007) is used from September 1981 to August 
2001. The control simulation was performed using the 
SST boundary condition as provided in the dataset (here-
after referred to as CONTROL); the second simulation 
used the SST data smoothed over the Gulf Stream region 
by applying a 1–2–1 running mean filter in both the zonal 
and meridional directions 200 times on the 0.25° grid in 
the region 85°–30°W, 25°–50°N (hereafter referred to 
as SMOOTH). The climatologies of the CONTROL and 
SMOOTH SST profiles, for the boreal winter period used 
in this study (over the months of December, January and 
February), are shown in Fig.  1. The 20-year simulations 

Fig. 1   Wintertime (i.e. DJF) climatologies of the SST boundary con-
dition used to in the a CONTROL and b SMOOTH simulations. The 
difference, CONTROL minus SMOOTH, is shown in (c)
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are shorter than other studies on midlatitude circulation 
responses to SST. However, the SST smoothing that is used 
in the SMOOTH simulation is significantly larger than, for 
example, interannual SST variability, and generates sig-
nificant differences between the CONTROL and SMOOTH 
simulations. Results of these two simulations are closely 
compared with the 31 years of the NCEP Climate System 
Forecast Reanalysis (hereafter NCEP-CFSR) dataset from 
1979 to 2009, which is available on a 0.5° grid at 6-hourly 
intervals (Saha et al. 2010).

2.2 � Midlatitude blocking index

To identify blocking events we calculated a binary blocking 
index following Masato et al. (2013). The index identifies 
reversals of the midlatitude geopotential height gradient at 
500 hPa (hereafter Z500) and is computed as follows. The 
daily mean Z500 fields are first interpolated onto a 5° grid 
in the longitudinal direction (since we are only interested 
in robust, large-scale blocking features). At each longitudi-
nal grid point the following meridional integrals are then 
computed:

Here �ϕ = 30◦ defines the meridional extent of the two 
sectors and ϕ0 is the central blocking latitude as explained 
below. The blocking index B is defined as B = Z̄N − Z̄S , 
such that positive B indicates a large-scale reversal of the 
meridional geopotential height gradient.

The central blocking latitude ϕ0 is a function of longi-
tude and is set to the latitude of the maximum in the mean 
(DJF) transient kinetic energy at 500 hPa [similar to Pelly 
and Hoskins (2003) and Barnes et al. (2011)]. The synoptic 
transient eddy velocity components were calculated using 
a 2–8  day band pass Lanczos filter (Duchon 1979). This 
ensures that the blocking index, B, effectively identifies 
large-scale anomalies that obstruct the typical migration of 
midlatitude weather systems. The central blocking latitudes 
calculated for NCEP-CFSR, CONTROL and SMOOTH are 
closely located, within 4° in latitude, of one another at all 
longitudes in the Euro-Atlantic sector.

The blocking index B is computed at the central block-
ing latitude and at latitudes 4° to the north and south, 
and the maximum value of B is retained. The calcula-
tion is performed for each day such that positive B repre-
sents instantaneous local blocking at each longitude. A 
check is then carried out to eliminate the blocking struc-
tures that span less than 15° in longitude. A further check 
is then performed to ensure that the blocking anomalies 
remain approximately stationary, within a given sector of 

(1)

Z̄N
=

2

�ϕ

∫ ϕ0+�ϕ/2

ϕ0

Zidϕ; Z̄S
=

2

�ϕ

∫ ϕ0

ϕ0−�ϕ/2

Zidϕ.

65° longitude about a central longitude [following, e.g., 
Pelly and Hoskins (2003), Masato et al. (2012)] for at least 
5 days, consistent with observed persistence (Masato et al. 
2009), which avoids the detection of slow moving ridges. 
The remaining longitudes with positive B are then con-
sidered “blocked”. Since the blocking index B represents 
blocking or non-blocking conditions it is referred to as the 
binary index throughout this study.

2.3 � Transient eddy forcing

To assess the eddy forcing of the large-scale flow in Sect. 4 
we will analyse composites of E·D (at 300 hPa), which is a 
measure of the kinetic energy exchange between the syn-
optic eddies and the large-scale flow (Mak and Cai 1989). 
This diagnostic has previously been used to assess the 
action of the eddies on the North Atlantic jet (e.g. Cai et al. 
2007; Raible et al. 2009; Lee et al. 2011; Woollings et al. 
2014). Here E is the horizontal part of the local Eliassen-
Palm flux vector of Trenberth (1986):

where the eddy variables are 2–8 day band-pass filtered, as 
before. The vector D represents the deformation field of the 
large-scale or background flow and is defined as

where the overbar denotes an 8-day low-pass filtered veloc-
ity, used to define the background flow for each composite 
separately. The time period used to define the background 
flow is shorter than in previous studies but here we aim to 
assess the action of the eddies on the quasi-stationary flow, 
which is well captured in the 8-day low-pass fields.

2.4 � Statistical tests and anomaly calculations

Statistical significance of the difference plots (CONTROL 
minus SMOOTH) for entire winter periods in Sect.  3 are 
calculated using Monte Carlo resampling. The statistics for 
each winter in CONTROL and SMOOTH are combined 
and randomly split into two equal sets of 20 winters and 
the magnitude of the difference is saved. The process is 
repeated 1000 times to assess the probability that the differ-
ence between the datasets could occur at random.

The significance of the composite differences in Sect. 4 
is calculated using a similar Monte Carlo resampling. The 
blocking composites in Sect. 4 are produced from 20 events 
from each of the AGCM experiments. For each difference 
map, the individual composite members from CONTROL 
and SMOOTH are combined and randomly split to pro-
duce two equal composites of 20 random members and 

(2)E =

(

(v′2 − u′2)/2,−u′v′
)

,

(3)D =
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∂x
−

∂ v̄

∂y
,
∂ v̄

∂x
+

∂ ū
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the magnitude of the difference is saved. The process is 
repeated 1000 times to assess the probability that the differ-
ence between the two composites could occur at random.

Anomalous fields in Sect.  3 are defined at each grid 
point by removing a seasonal cycle calculated from the first 
three Fourier harmonics. Since the seasonal cycle for storm 
track variables (e.g. eddy kinetic energy and meridional 
eddy heat transport) are less well defined, the anomalous 
fields for the composite analysis in Sect. 4 are calculated by 
simply removing the wintertime (i.e. DJF) climatologies.

3 � Influence on blocking frequency and cold spells

3.1 � Blocking frequency and surface temperature

Figure 2 shows the wintertime (i.e. DJF) climatologies of 
Z (500 hPa) and T (2 m), two pertinent fields that we will 
be analysed in this section. The climatological Z (500 hPa) 
fields in the NCEP-CFSR, CONTROL and SMOOTH com-
pare favourably. The difference (defined as CONTROL 
minus SMOOTH) between the AGCM experiments is fairly 
modest, with increased midlatitude ridging over Europe 
and the Eastern Pacific. The T (2 m) fields are also all quite 
similar, with the largest differences over the Gulf Stream, 
where the SST field is smoothed. There are no large dif-
ferences in the mean temperature over mainland Europe 
but CONTROL exhibits slightly warmer mean surface 

temperatures over Scandanavia and the west coast of North 
America, consistent with the increase in the mean ridges 
observed in the Z (500 hPa) fields.

Figure  3 shows the wintertime blocking frequencies 
calculated from NCEP-CFSR, CONTROL and SMOOTH 
data. The CONTROL simulation underestimates blocking 
frequency at all longitudes compared to NCEP-CFSR but 
the shape of the distribution is well captured, with the peak 
approximately collocated at about 15°E. The SMOOTH 
simulation further underestimates blocking frequency, par-
ticularly over Europe, has a flatter distribution and peaks 

Fig. 2   Wintertime (DJF) climatologies for the geopotential height, Z, 
at 500  hPa (left column) and the temperature, T, at 2  m (right col-
umn) in the NCEP-CFSRdataset. a, b The difference between the cli-
matological fields in the AGCM experiments (defined as CONTROL 

minus SMOOTH). The thick grey and black contours indicate regions 
where the difference between the two experiments is greater that 90 
and 95 %, respectively (according to a Monte Carlo resampling of the 
two datasets, as described in Sect. 2.4)

Fig. 3   The wintertime (DJF) blocking frequencies in the NCEP-
CFSR (black), CONTROL (blue) and SMOOTH (red). The grey 
shaded region indicates where the difference is significant at the 10 % 
significance level
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slightly further downstream, with a higher proportion of 
blocking occurring over Eastern Europe. The largest differ-
ence in blocking frequency between the two AGCM simu-
lations occurs upstream of the blocking peaks, close to the 
Greenwich meridian, where blocking frequency is about 
50 % larger in the CONTROL simulation. The simulations 
exhibit negligible differences in blocking frequency over 
the eastern North Pacific.

The strong influence of the Gulf Stream SST on the fre-
quency and distribution of European blocking suggests that 
there might be a significant subsequent influence on Euro-
pean winter temperatures, particularly the anomalously 
cold temperatures that occur during blocking events. The 
difference in the longitudinal distributions of blocking fre-
quency in the AFES simulations suggests that conditions 
during European blocking periods might have substantial 
geographical differences. To evaluate the conditions during 
European blocking periods in each of the datasets we first 
define European blocking days to be those on which the 
blocking index identifies blocking that spans at least 15° in 
longitude between 20°W and 40°E. The results presented 
here were not found to be sensitive to moderate adjust-
ments (e.g. ±10°) in the definition of the European block-
ing region.

Figure  4 maps the composite 2-m daily-mean air-tem-
perature [i.e. T (2 m)] anomalies, normalised by the stand-
ard deviation at each grid point, for each of the datasets. 
The normalised anomalies (rather than the raw composite 
anomalies) are plotted to account for the contrast in the 
standard deviation of surface temperature when compar-
ing continental regions in Eastern Europe with regions 
in closer proximity to the sea. As found in previous stud-
ies (e.g. Trigo et  al. 2004; Sillmann and Croci-Maspoli 
2009; Masato et al. 2014), there are cold anomalies across 
nearly all of Europe, roughly spanning 35°–65°N, in the 
NCEP-CFSR dataset (Fig.  4a). The coldest (normalised) 
anomaly during blocking days occurs over a large region 
along the northern coast of continental Europe, from 5°W 
to 30°E. The normalised cold anomaly in the CONTROL 
simulation (Fig. 4b) is broadly similar to that observed in 
NCEP-CFSR. Again, the maximum surface cold anomaly 
occurs along the northern coastline of central Europe but 
only extends to around 25°E and is also stronger than in 
NCEP-CFSR. This likely reflects the narrower distribution 
of blocking frequency in the CONTROL simulation.

The cold temperature anomaly during blocking days 
in the SMOOTH simulation is quite different from those 
in NCEP-CFSR and CONTROL. The coldest normalised 
anomaly is weaker than in both NCEP-CFSR and CON-
TROL. The coldest anomaly in SMOOTH also occurs 
further south and about 15° in longitude further down-
stream, over Ukraine (Fig. 4c). The difference between the 
CONTROL and SMOOTH simulations (defined here and 

throughout as CONTROL minus SMOOTH) is shown, only 
where both datasets exhibit a cold anomaly, in Fig. 4d. The 
map is characterized by a zonally oriented dipole, reflecting 

Fig. 4   Normalised composite temperature anomaly during European 
blocking periods (between 20°W and 40°E) for the a NCEP-CFSR, b 
CONTROL and c SMOOTH. The difference between the CONTROL 
and SMOOTH anomalies is shown in (d) and is only shaded where 
both exhibit cold anomalies. The grey contours denote regions where 
the difference is significant at the 10 % significance level
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the cold anomalies located over central/western Europe 
in the CONTROL simulation compared to the SMOOTH 
simulation, which exhibits coldest temperature anomalies 
over eastern Europe. This is consistent with the region of 
peak blocking frequency in the SMOOTH simulation being 
located further eastward than in both NCEP-CFSR and 
CONTROL (Fig. 3).

The cold surface temperature anomalies during blocking 
periods are primarily associated with anomalous advection 
(e.g. Trigo et al. 2004). Figure 5 shows the composite zonal 
and meridional 10 m wind anomalies during blocking peri-
ods. Note, only regions over land are shown because whilst 
the wind speeds over the ocean are significantly larger, it is 
primarily the anomalous advection of cold continental air 

Fig. 5   The composite 10 m zonal (left column) and meridional (right 
column) wind anomalies during European blocking periods (shad-
ing). The difference between the CONTROL and SMOOTH com-
posites has only been shaded where both exhibit negative anomalies. 

For reference, the normalised composite temperature anomalies from 
Fig.  4 are contoured (interval equal to 0.1, where the zero contours 
are suppressed and the negative contours are dashed)
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that generates the extreme cold anomalies during block-
ing periods (c.f. surface temperature climatologies shown 
in Fig. 2). Easterly wind anomalies occur in essentially all 
regions that display cold anomalies during blocking peri-
ods, peaking in western/central Europe in all three datasets. 
Similarly anomalous northerly surface winds are observed 
over the band of Europe that experiences cold conditions 
as well as further to the north. The NCEP-CFSR and CON-
TROL maps are very comparable, whereas the northerly 
wind anomaly in the SMOOTH simulation is centred fur-
ther to the east, which again might be expected from the 
distribution of blocking frequency (Fig.  3). Analysis of 
the difference maps (shaded only where both CONTROL 
and SMOOTH exhibit negative anomalies) reveals that the 
anomalous northeasterly winds tend to occur further south 
and east in the SMOOTH simulation. Referring back to 
the map of temperature anomaly difference (i.e. Fig.  4d), 
it is clear that this temperature difference is in large part 
due to the anomalous advection during European blocking 
periods.

3.2 � European cold spells

In this subsection, we examine the influence of the Gulf 
Stream on the occurrence of cold spells over Europe. The 
significant increase in blocking frequency observed in the 
CONTROL simulation compared to that in SMOOTH, 
together with the different geographical distribution of 
surface temperature anomalies during blocking, indicates 
that the distribution of extended winter cold spells may be 
influenced by the Gulf Stream SST profile. Here, we use 
the World Meteorological Organisation definition of a cold 
spell as a period in which the daily temperature anomaly is 
in the bottom tenth percentile of the anomalous temperature 
distribution (defined separately at each grid point, for each 
dataset) for more than five consecutive days [see also Klein 
Tank et  al. (2002)]. The results presented below are not 
qualitatively different with moderate changes (e.g. ±1 day) 
to the duration threshold.

Figure 6 shows the number of cold spell days per winter 
for each of the datasets. The cold spell days in both NCEP-
CFSR and CONTROL occur mainly in a narrow region 
near to the northern coast of central Europe, similar to the 
region where the coldest temperature anomalies occur dur-
ing blocking periods in these two datasets (i.e. Fig. 3). As 
in the surface temperature anomaly distribution, the NCEP-
CFSR region of most frequent cold spells extends slightly 
further into Eastern Europe compared with CONTROL. 
The SMOOTH simulation on the other hand has a much 
different distribution of cold spell days, with two weaker 
maxima occurring over northern France/southern U.K. and 
over Belarus/Ukraine, respectively. The low number of 
cold spell days over central Europe is consistent with less 

frequent blocking compared with the CONTROL simula-
tion. The peak over Eastern Europe in the SMOOTH simu-
lation might have been anticipated from the distribution of 

Fig. 6   The number of cold-spell days per winter (as defined in the 
text) in a NCEP-CFSR, b CONTROL and c SMOOTH. The differ-
ence between the CONTROL and SMOOTH simulations is shown in 
(d), where black contours denote regions where the difference is sig-
nificant at the 10 % significance level
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temperature anomalies during blocking periods (i.e. Fig. 4), 
which are colder further downstream. Figure 6d shows the 
difference between the CONTROL and SMOOTH simula-
tions and indicates that there are more cold spell days in 
the CONTROL simulation over northern-central Europe, 
whereas there are more cold spell days in the SMOOTH 
simulation over eastern Europe, consistent with the differ-
ence map of temperature anomalies shown in Fig. 4d. Sig-
nificant differences in the number of cold spell days also 
occur over the Iberian and Anatolian peninsulas.

To assess the extent to which the cold spell distributions 
are attributable to the observed European blocking distribu-
tions, we have split the European winter periods into block-
ing (between 20°W and 40°E as before) and non-blocking 
periods. Figure 7 shows the number of cold spell days iden-
tified in each of these periods for all three datasets. The 
percentage of the total winter days that contribute to each 
map is indicated in the top-left corner of each panel. For 
example, in the NCEP-CFSR dataset European blocking 

events are present on 28.8 % of the total days, whereas the 
remaining 71.2 % of the winter days are considered “non-
blocking” periods. It is immediately clear that the blocking 
periods in NCEP-CFSR and CONTROL are responsible for 
the vast majority of the cold spell days, particularly in the 
peak region across central Europe. Blocking periods make 
up much less of the winter period in the SMOOTH simu-
lation, and the cold spells cannot be clearly attributed to 
blocking. Whilst the cold spell days over Western Europe 
and Iberia occur mostly in blocking periods, the cold spell 
days over Eastern Europe happen during both blocking and 
non-blocking periods.

These results suggest that the Gulf Stream is very impor-
tant in determining the strong peak in midlatitude winter-
time blocking frequency observed over Europe, as well 
as the associated spells of extremely cold surface tem-
peratures. Analysis of the length of the European blocking 
events in CONTROL and SMOOTH, not shown, reveals 
no clear difference in the distribution of period and the 

Fig. 7   The contribution of blocking and non-blocking periods to the total cold spell maps shown in Fig. 6. The percentage of total winter days is 
indicated in the top left corner of each map
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increased blocking frequency in the CONTROL simula-
tion is primarily the result of a significantly larger number 
of blocking events. At this point it is natural to consider 
what physical processes are determining the influence of 
the Gulf Stream on European blocking events. This will be 
investigated in the next section.

4 � Influence on blocking development

In this section we investigate the role of the Gulf Stream in 
the development of European blocking events, using com-
posite analysis to try to understand why European blocking 
is sensitive to the presence of the Gulf Stream SST front.

4.1 � Composite blocking index

To investigate the source of the difference in block-
ing between the two simulations, we produced compos-
ites of European blocking evolution. Composite analysis 
emphasises common features and has proven useful in 
isolating important characteristics of blocking (e.g. Tyr-
lis and Hoskins 2008b; Altenhoff et  al. 2008). Here, we 
use an additional index to identify the “strongest” block-
ing highs in the 0°–10°E longitude band, which is close to 
the peak blocking frequency in NCEP-CFSR and CON-
TROL and also the region which exhibits the largest differ-
ence between the CONTROL and SMOOTH simulations 
(Fig. 3). The index was produced using the 8-day low-pass 
filtered 6-hourly Z500 anomaly (using Z250 yields essen-
tially the same results), averaged over the region 0°–10°E 
and 60°–65°N. This is located slightly north of the storm 
track axis, to ensure we are identifying blocking highs that 
actively block the typical migration of weather systems. 
This continuous index is used in combination with the 
binary index (used in Sect.  3) to identify blocking highs 
centred in time and space on the index region at times when 
the binary index identifies a blocking event. The continu-
ous geopotential height index creates clearer composite 
maps than is possible using the binary index alone. Similar 
continuous indices have previously proved to be effective 
in identifying the characteristic quasi-stationary pattern that 
typically develops prior to wintertime European blocking 
(Nakamura 1994a; Nakamura et al. 1997). A minor limita-
tion of this method is that jet speed over the North Atlantic 
is weaker during blocking events, so during periods lead-
ing to blocking we expect by definition to have higher jet 
speeds. Nonetheless, this compositing method is effective 
for analysing typical European blocking development.

The 31 and 20 events (corresponding to the number of 
winters in each dataset) that have the highest peak geo-
potential height anomaly in the continuous index were 
selected to produce composites for NCEP-CFSR and the 

AGCM simulations, respectively (after discarding events 
that occur within two weeks of a stronger peak). More 
events are used in the NCEP-CFSR composites owing to 
the longer data period. During the course of this study, a 
number of index locations were tested, and moderate shifts 
in latitude (i.e. ±5°) as well as shifts downstream within 
the peak blocking region (up to 20° further east) result 
in composites with similar evolution characteristics. For 
example, the index point of Nakamura et  al. (1997) is 
located about 5° further to the east and south of our index 
yet they observe blocking evolution, in a reanalysis dataset, 
very similar to that presented below.

4.2 � Upper‑troposphere blocking development

To visualise the development of the composite block-
ing anomalies, we will first analyse the evolution of iso-
baric PV at 300 hPa. The left column of Fig. 8 shows the 
PV contours for the NCEP-CFSR blocking composite. 
Between 7 and 5 days prior to the index peak, there is lit-
tle sign of any obvious PV anomaly. However, between 
4 and 2 days prior to the blocking event, a strong ridge is 
already developing east of the Gulf Stream (indicated by 
the 8, 12 and 16  °C isotherms in red contours), over the 
Atlantic Ocean. The PV gradient upstream of the ridge 
closely follows the Gulf Stream and turns north at the east-
ern edge of the Gulf Stream front. In snapshots of the PV 
there is an extremely sharp gradient across the dynami-
cal tropopause (i.e. PV =  2 PVU), in the vicinity of the 
North Atlantic jet. Hence, the tight composite PV gradient 
upstream of the ridge indicates that there is relatively little 
spread between the composite members in this region, cor-
responding to a consistent southwesterly jet extending from 
the end of the Gulf Stream front. Around the period of the 
blocking index peak (i.e. −1 to +1 days), the ridge that is 
seen developing between −4 and −2 days has overturned 
anticyclonically, as highlighted in previous studies (Naka-
mura 1994a; Nakamura et  al. 1997; Tyrlis and Hoskins 
2008b), and a large-scale low PV centre has become cut-off 
over Northern Europe. The gradient of the composite PV in 
the upstream flank of the ridge between −1 and +1 days is 
not as sharp as seen between −4 and −2 days but is very 
sharp to the north of the low PV centre, where the jet is 
diverted poleward of Europe by the blocking anomaly. By 2 
to 4 days after the index peak, the blocking anomaly is less 
well defined, likely reflecting a weakening of the blocking 
anomalies and increased composite spread.

Figure  8 also shows the evolution of the upper-level 
PV in the CONTROL and SMOOTH simulations. The 
CONTROL simulation displays very similar behav-
iour to NCEP-CFSR, with the ridge developing strongly 
between −4 and −2  days relative to the index peak. The 
sharp composite PV gradient and the southwesterly jet 
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extending from the eastern edge of the Gulf Stream front 
is also clearly captured prior to the blocking onset. The 
anticyclonic overturning of the upper-level wave at block-
ing onset in CONTROL is not quite as pronounced as in 
NCEP-CFSR but nonetheless apparent, with a well-defined 
low PV centre over the North Sea. The SMOOTH simula-
tion exhibits markedly different development, with a ridge 
between −4 and −2 days of shorter zonal extent than that 
present in CONTROL or NCEP-CFSR. The upstream 
flank of the ridge in SMOOTH exhibits a much weaker 
composite PV gradient than CONTROL or NCEP-CFSR 
(although a strong gradient is still seen in the region of 
the mean jet close to the entrance of the Atlantic storm 
track). The weaker PV gradient indicates a wider compos-
ite spread than in NCEP-CFSR and CONTROL and no 
clear, consistent southwesterly jet is present. Between −1 
and +1 days the anticyclonic overturning is also present in 
the SMOOTH composite, however there is a pronounced 

trough on the upstream side of the ridge that is reminiscent 
of composite blocking development over the North Pacific 
(Nakamura et al. 1997). The low PV centre over the North 
Sea is less well defined in the SMOOTH composites, indi-
cating there is less consistent large-scale cut-offs of low 
PV.

The most obvious difference during the composite PV 
evolution over the period of the blocking events occurs in 
the upstream region during the development of the blocking 
ridge. The strong composite PV gradient in the upstream 
flank of the ridge between −4 and −2  days implies lit-
tle spread between the composite members, as previously 
noted, but it also suggests that the position of the upstream 
flank remains approximately stationary over a period of 
several days. To demonstrate this more clearly, in Fig.  9 
the composite PV contour at approximately the dynamical 
tropopause (specifically PV =  1.75 PVU in NCEP-CFSR 
and PV = 2.25 PVU in AFES, owing to slight model bias) 

Fig. 8   Evolution of the composite PV at 300  hPa (black contours) 
along with wintertime SST (red contours). The PV contours start at 
0.5 PVU with an interval of 0.25 PVU. The emboldened black con-
tour is the 1.75 PVU contour in the NCEP-CFSR and 2.25 in the 

CONTROL and SMOOTH (these contours are plotted for reference 
in other composite figures). Contours for SST are plotted for 8, 12 
and 16  °C. The green box indicates the region used to produce the 
low-pass filtered geopotential height index
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is plotted on each day relative to the index peak, for all 
three datasets (these contours are emboldened in Fig.  8 
for reference). As the ridge develops in NCEP-CFSR, the 
upstream flank remains in an approximately fixed position 
between −4 and −1 days, which is a clear indication of the 
quasi-stationary development highlighted in previous stud-
ies (e.g. Nakamura 1994a; Nakamura et al. 1997; Michel-
angeli and Vautard 1998; Altenhoff et al. 2008). The CON-
TROL simulation displays similar quasi-stationary ridge 
development, with the position of the southwest-northeast 
orientated upstream flank remaining fixed between −4 
and −1  days. On the peak index day, the upstream flank 
of the ridge moves downstream, possibly related to the 

overturning wave. The SMOOTH simulation, however, 
again displays a quite different evolution. From when 
the ridge becomes apparent at −4  days, it clearly moves 

Fig. 9   Evolution of a single PV contour close to the dynamical trop-
opause prior to the peak of the blocking index. The 1.75 PVU contour 
is plotted for the NCEP-CFSR and the 2.25 contour is plotted for the 
CONTROL and SMOOTH (these are the emboldened PV contours 
plotted in Fig. 8). Wintertime SST contours are plotted in blue for 8, 
12 and 16 °C. The thin black box indicates the region used to produce 
the low-pass filtered geopotential height index

Fig. 10   Evolution of the composite eddy kinetic energy at 300 hPa, 
shaded, in the NCEP-CFSR. Positive anomalies, relative to clima-
tology, are indicated in green contours, starting at 40 m2/s2 with an 
interval of 20 m2/s2. The thick black contour indicates where the com-
posite PV at 300 hPa is equal to 1.75 PVU. Wintertime SST contours 
are drawn in purple for 8, 12 and 16 °C. The thick purple box indi-
cates the region used to produce the low-pass filtered geopotential 
height index
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downstream until −1 day when it becomes approximately 
stationary for the blocking peak, in contrast to the quasi-
stationary behaviour seen in NCEP-CFSR and CONTROL. 
Moreover, the upstream flank in SMOOTH displays a dis-
tinctly meridional orientation, rather than the southwest-
northeast orientation in NCEP-CFSR and CONTROL.

Since the difference of blocking development between 
the two simulations involves different behavior of the 
North Atlantic upper-level jet, which is largely driven 
by eddy momentum convergence along the storm track 
(e.g. Hoskins et al. 1983), it is intriguing to consider how 
the quasi-stationary development of blocking is related 
to storm track activity. It has previously been shown that 
eddy-forcing contributes to maintaining large-scale flow 
anomalies in the Atlantic sector, including blocking (e.g. 
Shutts 1986).

To investigate the role of transient eddies in generat-
ing the differences in European blocking development, we 
first consider the evolution of the upper-level eddy kinetic 
energy. Figure 10 shows the composite eddy kinetic energy 
(i.e. 1

2
(u′2 + v′2), where the velocities are 2–8  day band-

pass filtered) at 300  hPa for NCEP-CFSR. Between −7 
and −5 days the eddy kinetic energy is close to its clima-
tological value. Between −4 and −2 days the eddy kinetic 
energy is substantially larger than its climatology, particu-
larly in the Gulf Stream region, and peaks around 40°W, 
where the Gulf Stream turns north. Note, the peak in eddy 
kinetic energy is downstream from the peak in eddy kinetic 
energy generation (that occurs though baroclinic instability 
further upstream, see Sect. 4.3), which is located to the east 
as is expected in the presence of a westerly background 
flow (Mak and Cai 1989). Between −4 and −2 days, the 
eddy kinetic energy in the Gulf Stream region peaks and 
after that reduces towards its climatological value. Between 
−1 and +1  days and between +2 and +4  days the eddy 
kinetic energy is anomalously high to the north of Europe, 
reflecting the deflection of the jet and associated advection 
of upper-level eddies due to the blocking anomaly.

Figure 11 shows the eddy kinetic energy composites for 
the CONTROL and SMOOTH simulations, as well as the 
DIFFERENCE (CONTROL minus SMOOTH as defined 
above). The CONTROL simulation overestimates the eddy 
kinetic energy compared to NCEP-CFSR but demonstrates 
very similar evolution. The eddy kinetic energy in CON-
TROL becomes strongly intensified in the Gulf Stream 
region between −4 and −2 days and peaks on the eastern 
edge of the Gulf Stream front. The region of high eddy 
kinetic energy is fairly well constrained in the upstream 
flank of the developing ridge before reducing towards the 
climatological field between −1 and +1 days and between 
+2 and +4  days. In contrast, the SMOOTH compos-
ite eddy kinetic energy peaks between −7 and −5  days. 
Between −4 and −2 days the eddy kinetic energy field in 

the SMOOTH is located within the broad trough structure 
upstream of the ridge, and is again substantially less than 
in the CONTROL composite. As the blocking anomaly 
evolves further, the eddy kinetic energy in the SMOOTH 
is close to climatological values in the Gulf Stream region.

Figure 12 shows composite maps of E·D at 300 hPa for 
NCEP-CFSR, CONTROL and SMOOTH. The quantity 
E·D is a measure of the generation of eddy kinetic energy 
from the kinetic energy of the background flow (defined 
here as the 8-day low-pass filtered flow1), such that nega-
tive values indicate that the kinetic energy of the eddies is 
feeding the background flow. The absolute value of the 
composite background wind velocity is shown in purple 
contours. In NCEP-CFSR and CONTROL the transfer of 
kinetic energy to the background flow peaks between −4 
and −2 days, when the eddy kinetic energy also peaks (i.e. 
Figs. 10, 11). The eddies transfer most energy to the back-
ground flow in the narrow region where the jet turns north 
at the eastern edge of the Gulf Stream front, indicating that 
the eddies are actively reinforcing the jet in this position. 
There is substantially less eddy kinetic energy transferred 
to the mean flow in the SMOOTH simulation, in which the 
kinetic energy itself is also much lower in the build up to 
blocking compared with CONTROL (i.e. Fig.  11). In the 
SMOOTH simulation, the region where the eddy forcing 
peaks between −4 and −2 days is located further west than 
the upstream flank of the developing ridge. Also, the jet 
upstream of the developing block is comparably weak and 
does not have the quasi-stationary southwesterly jet seen 
between −4 and −2 days in NCEP-CFSR and CONTROL, 
consistent with the aforementioned PV analysis (i.e. 
Fig. 8).

The E·D fields indicate that the eddy kinetic energy 
intensification in the Gulf Stream region is important in 
determining the nature of European blocking onset. In 
NCEP-CFSR and CONTROL, the eddies act to reinforce 
and enhance the southwesterly jet at upper-levels. The 
small scale of the region of peak eddy kinetic energy con-
version is fairly remarkable given the three day averaging 
period (i.e. −4 to −2  days), implying that the eddies are 
important in maintaining the quasi-stationary southwest-
erly jet in this region. In the SMOOTH composites, the 
eddy kinetic energy fields are much weaker and there is 
weaker forcing of the low-frequency flow. To some extent 
the developing ridge has its own westward phase speed that 
acts to keep the wave stationary but the ridge development 
is not quasi-stationary in the SMOOTH case (i.e. Fig. 10), 

1  Although the cut-off between eddy and low-pass variables is 
abrupt, E·D maps produced with 2–6  day band pass filtered eddies 
and 8-day low-pass filtered background flows are qualitatively very 
similar.
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suggesting that the feedback from the intensified storm 
track is crucially important for the quasi-stationary devel-
opment seen in NCEP-CFSR and CONTROL.

4.3 � Lower‑troposphere blocking development

In this subsection we analyse activity in the lower-tropo-
sphere during European blocking development. The afore-
mentioned intensification of the eddy kinetic energy field 
during blocking development in NCEP-CFSR and CON-
TROL suggests the presence of baroclinic instability, 
whose energy source is primarily the available potential 
energy (e.g. Lorenz 1955) but is also influenced by latent 
heat release (e.g. Ahmadi-Givi 2004; Willison et al. 2013). 
The growth of extratropical cyclones and associated storm 

tracks over the Atlantic peak close to the Gulf Stream (e.g. 
Hoskins and Hodges 2002), which is a region of high baro-
clinicity and available moisture. To assess the storm track 
evolution we first analyse composites of the meridional 
eddy heat transport, v′T ′, by synoptic eddies at 850  hPa 
(calculated using a 2–8  day band-pass filter). The eddy 
heat flux is largest at 850 hPa in the lower troposphere and 
peaks during the growth phase of baroclinic wave lifecy-
cles (e.g. Simmons and Hoskins 1978). We will also inves-
tigate the composite precipitation associated with blocking 
development.

Figure 13 shows that meridional eddy heat transport in 
NCEP-CFSR exhibits evolution consistent with the eddy 
kinetic energy, shown in Fig.  10, during blocking devel-
opment. As with the upper-level eddy kinetic energy, the 

Fig. 11   Evolution of the composite eddy kinetic energy at 300 hPa, 
shaded, in the CONTROL, SMOOTH and the DIFFERENCE, 
defined CONTROL minus SMOOTH. Positive anomalies, relative to 
the respective climatologies, are indicated in green contours, start-
ing at 40 m2/s2 with an interval of 20 m2/s2. The thick black contour 
indicates where the composite PV at 300 hPa is equal to 2.25 PVU. 

The thin black contours in the DIFFERENCE maps indicate regions 
where the difference between the composites is significant at the 
10 % significance level. Wintertime SST contours are drawn in purple 
for 8C, 12 and 16 °C. The thick purple box indicates the region used 
to produce the low-pass filtered geopotential height index
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meridional eddy heat transport is close to the climatology 
between −7 and −5 days and then intensifies between −4 
to −2 days along the Gulf Stream front and extends north, 
closely following the upstream flank of the ridge. The rela-
tively fine scale of the meridional eddy heat transport com-
posites indicate that the storm track seems to be effectively 
anchored by the Gulf Stream between −4 and −2  days. 
The peak in meridional eddy heat transport, and thereby 
eddy kinetic energy generation, between −4 and −2 days 
is located slightly upstream of the peak in eddy kinetic 
energy at 300 hPa (i.e. Fig. 10), as expected in the presence 
of a westerly mean flow (Mak and Cai 1989). After that, the 
meridional eddy heat transport is weakened between −1 
and +1 days towards the climatology, as also seen in the 
upper-level eddy kinetic energy composites. The meridi-
onal eddy heat flux in CONTROL (Fig. 14, left column) is 
slightly stronger than NCEP-CFSR (Fig. 13), as also seen 
in the upper-level eddy kinetic energy, but the evolution 
is very similar, peaking between −4 and −2 days in close 
proximity to the Gulf Stream SST front.

The evolution of the eddy heat transport in the 
SMOOTH blocking composite (Fig. 14, middle column) is, 
again, much different from NCEP-CFSR and CONTROL. 

The meridional eddy heat transport in SMOOTH is actu-
ally strongest between −7 and −5  days in the storm 
track entrance region, whereas between −4 and −2  days 
the meridional eddy heat transport peak is weaker and 
located further downstream. The meridional eddy heat 
transport weakens further and retreats westward between 
−1 and +1  days. The DIFFERENCE (Fig.  14, right col-
umn) reveals that the meridional eddy heat transport in 
SMOOTH is much weaker than in the CONTROL simu-
lation and the location of the peak meridional eddy heat 
transport is noticeably less constrained by the smoothed 
SST front and instead migrates down stream. The meridi-
onal eddy heat flux analysis thus indicates that the storm 
track intensification over the Gulf Stream region during 
European blocking development, as seen in NCEP-CFSR 
and CONTROL, is strongly linked to the Gulf Stream SST 
front. The CONTROL simulation has a climatological win-
tertime storm track, not shown, that is similar in shape but 
about 25 % stronger along the Gulf Stream front than in the 
SMOOTH simulation, similar to the simulations by Small 
et al. (2013).

Synoptic-scale eddies are largely dependent on back-
ground baroclinicity, but latent heat release associated with 

Fig. 12   Evolution of the composite eddy kinetic energy conversion 
rate, E·D, at 300 hPa in the NCEP-CFSR, CONTROL and SMOOTH 
(shaded). Negative values show regions where the eddies are supply-
ing energy to the low-frequency flow. The absolute value of the low-
frequency wind composites are contoured in purple every 5 m/s from 

20 m/s. The thick black contours are PV composites at 300 hPa for 
1.75 PVU in NCEP-CFSR and 2.25 in CONTROL and SMOOTH. 
Wintertime SST contours are drawn in green for 8, 12 and 16 °C. The 
thick green box indicates the region used to produce the low-pass fil-
tered geopotential height index
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precipitation can enhance eddy activity (e.g. Ahmadi-Givi 
et  al. 2004; Willison et  al. 2013). Since the mean winter 
precipitation over the Atlantic exhibits a strong peak that is 
tightly constrained along the warm flank of the Gulf Stream 
(Minobe et  al. 2008, 2010), it is interesting to investigate 
whether or not precipitation exhibits any systematic evolu-
tion during blocking development.

Figure  15 shows the composite precipitation for NCEP-
CFSR. Between −7 and −5 days the precipitation is strong 
only in a band over the warm flank of the Gulf Stream SST 
front, similar to the wintertime climatology. As the ridge 
develops, between −4 and −2 days, the precipitation increases 

strongly over the eastern edge of the Gulf Stream and extends 
into the upstream flank of the ridge. The precipitation band 
remains strongly constrained by the Gulf Stream front, even 
as it turns north around 45°W, and then weakens as it extends 
further north. Over the southern coast of Greenland, although 
quite strong precipitation occurs where the moist southerly 
flow rises steeply over the ice sheet, weak upper-level eddy 
kinetic energy (i.e. Fig. 13) suggests this topographic precipi-
tation does not contribute to upper-level eddy activity.

Figure  16 shows the precipitation composites for the 
CONTROL and SMOOTH simulations. The climatologi-
cal precipitation in CONTROL is slightly too strong com-
pared to NCEP-CFSR. However, the evolutions of the 
NCEP-CFSR and CONTROL precipitation fields are very 
similar. The rain band in CONTROL is again very clearly 
constrained by the Gulf Stream SST front and is also col-
located with the tight PV gradient on the upstream flank of 
the developing ridge. In the SMOOTH simulation the pre-
cipitation band is generally weaker owing to the smoothed 
SST gradient, as found in previous modelling studies for 
annual or seasonal means (Minobe et  al. 2008; Kuwano-
Yoshida et al. 2010a), but does still increase in the north-
ward branch of the developing ridge between −4 and 
−2  days. The precipitation occurs over a broader region 
and is not closely constrained by the smoothed SST front.

The similarity of the evolution of the eddy activity in 
the upper troposphere, the meridional heat transport in the 
lower troposphere and the Gulf Stream precipitation dur-
ing European blocking development should be emphasised. 
All of these fields exhibit a marked increase, which appears 
to be closely constrained by the Gulf Stream SST front, 
between −4 and −2 days prior to the index peak in both 
NCEP-CFSR and CONTROL. In the SMOOTH compos-
ites the eddy activity in the upper and lower troposphere 
is much weaker and evolves quite differently. Also, the 
precipitation occurs over a much broader region during the 
development of blocking in the SMOOTH simulation.

These results indicate that both the eddy heat transport 
in the lower troposphere and precipitation, and thus latent 
heat release, are enhanced along the upstream flank of the 
developing ridge, at the eastern edge of the Gulf Stream. 
The enhanced regions are roughly collocated with the 
intensified upper-level eddy kinetic energy, described in the 
previous subsection, indicating that the enhanced lower-
level storm track activity and precipitation act to energise 
the upper-level eddy field, which in turn shapes the quasi-
stationary development of European blocking.

5 � Discussion and conclusions

In this paper we have investigated the influence of the 
Gulf Stream SST front on European wintertime blocking 

Fig. 13   Evolution of the meridional eddy heat transport at 850 hPa, 
shaded, in the NCEP-CFSR. Positive anomalies, relative to the cli-
matology, are indicated in green contours, starting at 4  K  m/s with 
an interval of 2 K m/s. The thick black contour indicates where the 
composite PV at 300 hPa is equal to 1.75 PVU. Wintertime SST con-
tours are drawn in purple for 8, 12 and 16 °C. The thick purple box 
indicates the region used to produce the low-pass filtered geopotential 
height index
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using the NCEP-CFSR dataset and a pair of AGCM simu-
lations, forced with realistic and smoothed Gulf Stream 
SST. Although the model underestimates the blocking 
frequency over Europe, it does effectively capture the dis-
tribution over Europe, which is found to depend crucially 
on the Gulf Stream SST front. In the absence of the sharp 
Gulf Stream SST front, European blocking is significantly 
reduced and more concentrated further downstream over 
Eastern Europe (Fig. 3).

To determine the nature of the Gulf Stream influence 
on European blocking we analysed the evolution of com-
posite European blocking events and found a consistent 
sequence of events leading to European blocking, as 
summarized in Fig. 17. In NCEP-CFSR and CONTROL, 
the upstream flank of the developing ridge remains 
quasi-stationary, with a consistent southwesterly jet, for 
about 4–5  days prior to the index peak, whereas the 
SMOOTH simulation fails to capture the quasi-station-
ary development (Figs.  8, 9). The evolution seen in the 
NCEP-CFSR and CONTROL blocking composites is 
likely triggered by the arrival of an upper-level trough 
over the Gulf Stream region, which induces 

cyclogenesis,2 increased eddy kinetic energy in the 
upper troposphere (Figs.  10, 11), increased meridional 
eddy heat flux in the lower troposphere (Figs.  13, 14) 
and intensified precipitation along the Gulf Stream SST 
front (Figs. 15, 16). The eddies transfer kinetic energy to 
the flow (Fig.  12) on the upstream side of the trough, 
reinforcing the southwesterly jet, which remains quasi-
stationary. If the storm track and eddy forcing remain 
strong in the Gulf Stream region, the southeasterly jet 
remains stationary and more low PV air is advected into 
the growing downstream ridge, ultimately resulting in 
European blocking. In the absence of the strong Gulf 
Stream SST gradient, as seen in the SMOOTH simula-
tion, the eddy kinetic energy (Fig. 11), meridional eddy 
heat flux (Fig. 13), precipitation (Fig. 15) and feedback 
by the transient eddies (Fig.  12) are all weaker in the 
upstream region and ridge moves eastwards (Fig. 9). Our 

2  This is type B cyclogenesis (e.g. Petterssen and Smebye 1971; 
Hoskins et  al. 1985). Type A cyclogenesis also occurs close to the 
Gulf Stream (Gray and Dacre 2006) but more intense cyclogenesis in 
this region has been attributed to type B processes (Sanders 1986).

Fig. 14   Evolution of the meridional eddy heat transport at 850 hPa, 
shaded, in the CONTROL and SMOOTH simulations. The DIFFER-
ENCE, defined CONTROL minus SMOOTH, is also shown. Positive 
anomalies, relative to the respective climatologies, are indicated in 
green contours, starting at 4 K m/s with an interval of 2 K m/s. The 
thick black contour indicates where the composite PV at 300 hPa is 

equal to 2.25 PVU. The thin black contours in the DIFFERENCE 
maps indicate regions where the difference between the composites 
is significant at the 10 % significance level. Wintertime SST contours 
are drawn in purple for 8, 12 and 16 °C. The thick purple box indi-
cates the region used to produce the low-pass filtered geopotential 
height index
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interpretation of these results is that in the absence of 
the strong south-westerly jet, less low PV air is advected 
into the ridge and as a result the PV anomaly is unable to 
counterbalance the westerly mean-flow. This is consist-
ent with the peak blocking frequency in the SMOOTH 
simulation occurs further east, in a region of weaker 
mean westerly flow, where the phase speed of weaker 
low PV anomalies is able to become stationary and pro-
duce blocking events.

The surface temperature anomalies during European 
blocking periods are also shown to be quite different in 
the presence of the sharp Gulf Stream SST front. The Gulf 
Stream acts to generate more blocking anomalies over 
central Europe, where anomalous advection generates the 
coldest temperature anomalies (Fig.  4). In the absence 
of the Gulf Stream the blocking anomalies tend to have 
more influence further downstream, over Eastern Europe. 
The subsequent influence on the European wintertime 
cold spell distribution is found to be significant (Fig. 6). 
The cold spell peak, located along the northern coast of 
central Europe, depends crucially on the Gulf Stream and 
European blocking. With smoothed Gulf Stream SST the 
number of cold spell days over central Europe is signifi-
cantly reduced. This is an interesting contrast to the pop-
ular notion that the heat transport by the Gulf Stream is 
responsible for the relatively mild European winters (e.g. 
Broecker 1997). Seager et al. (2002) previously suggested 
that the influence of the Gulf Stream on climatological 
surface temperatures is small (also the case in the AGCM 
experiments analysed here, as is apparent in Fig. 2), and 
here we find that the Gulf Stream actually seems to be 
responsible for many of the extended spells of extremely 
cold surface temperature that occur over much of central 
Europe.

A previous study by Scaife et  al. (2011) highlighted 
the importance of Atlantic SST on European blocking dis-
tribution, but the mechanism suggested in their study is 
not likely to play an important role in our AFES model. 
Scaife et  al. attributed the majority of the improve-
ment to a reduction in the bias of the North Atlantic jet, 
which was initially too strong in the presence of a strong 
cold SST bias in the central North Atlantic. Other stud-
ies indicate that biases in the position and strength of the 
mean jet can influence the asymmetry in the direction of 
upper-tropospheric wavebreaking and therefore blocking 
(e.g. Michel and Rivière 2014). Studying the relation-
ship between jet biases and blocking frequency in a dif-
ferent climate model, Davini et al. (2013) found that cor-
recting for SST biases did improve the jet biases in their 
model but did not particularly improve the negative bias 
in European blocking frequency. Comparing the zonally 
averaged mean jet in our model over the Atlantic sector 
[i.e. 60°W–10°E, as in Scaife et  al. (2011)] reveals very 
little difference between the CONTROL and SMOOTH 
simulations. In fact, at the 300  hPa level the velocity in 
CONTROL is about 1 m/s stronger at 55°N (not shown), 
suggesting that the mechanism for the difference in block-
ing frequency is not simply due to differences in the mean 
North Atlantic jet; rather, the storm track dynamics in the 
vicinity of the Gulf Stream play a crucial role. It is likely 

Fig. 15   Composite evolution of the precipitation, shaded, during 
European blocking development in NCEP-CFSR. Blue contours indi-
cate positive anomalies, relative to the climatology, starting at 1 mm/
day with an interval of 0.5 mm/day. The thick black contour indicates 
where the composite PV at 300  hPa is equal to 1.75 PVU. Winter-
time SST contours are drawn in purple for 8, 12 and 16 °C. The thick 
purple box indicates the region used to produce the low-pass filtered 
geopotential height index. The precipitation anomaly contours have 
been lightly smoothed before plotting for clarity
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that the response of the atmosphere to the Gulf Stream 
SST distribution is linked to horizontal resolution, with a 
sufficiently high resolution necessary to respond correctly 

capture the storm track dynamics around the sharp Gulf 
Stream SST gradient [as well as correctly representing 
the storm track more generally, as showed by Willison 

Fig. 16   Composite evolution of the precipitation, shaded, during 
European blocking development in CONTROL and SMOOTH. The 
DIFFERENCE, defined CONTROL minus SMOOTH, is also shown. 
Blue contours indicate positive anomalies, relative to the respec-
tive climatologies, starting at 1 mm/day with an interval of 0.5 mm/
day. The thick black contours indicates where the composite PV at 
300 hPa is equal to 2.25 PVU. The thin black contours in the DIF-

FERENCE maps indicate regions where the difference between the 
composites is significant at the 10  % significance level. Wintertime 
SST contours are drawn in purple for 8, 12 and 16 °C. The thick pur-
ple box indicates the region used to produce the low-pass filtered geo-
potential height index. The precipitation anomaly contours have been 
lightly smoothed before plotting for clarity

Fig. 17   Schematic summarising the common features prior to Euro-
pean blocking highs with observed Gulf Stream SST (left), as in both 
NCEP-CFSR and CONTROL, and with smoothed Gulf Stream SST 

(right), as in SMOOTH simulation. The bold yellow arrows indicate 
the meridional eddy heat transport (MEHT) in the lower-troposphere
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et  al. (2013)] and subsequent downstream blocking over 
Europe.

Although we have emphasized the importance in the 
Gulf Stream SST in European blocking evolution and 
frequency over Europe, it is interesting to consider why 
blocking occurs less frequently in the absence of the Gulf 
Stream SST front. In the PV composites of the SMOOTH 
simulation (Fig. 8) there is a deepening trough upstream 
of the developing blocking anomaly. This development 
is reminiscent of blocking anomalies over the eastern 
North Pacific, where blocking forms through spontane-
ous interaction between synoptic eddies and an existing 
diffluent zonal flow, such as a weak ridge (Nakamura 
1994b; Nakamura et  al. 1997). The increased European 
blocking frequency in the CONTROL simulation indi-
cates that the systematic, quasi-stationary southwesterly 
jet that develops over the western Atlantic is more effi-
cient at generating European blocking anomalies than 
the more spontaneous development that occurs in the 
SMOOTH simulation. The results here suggest that the 
quasi-stationary nature of blocking development is one 
possible reason why, in reanalysis data, the peak in mid-
latitude blocking frequency over Europe is over twice as 
large as the peak in blocking frequency over the North 
Pacific (using one-dimensional midlatitude indices). The 
Kuroshio Extension appears to influence blocking over 
the western North Pacific more indirectly (O’Reilly and 
Czaja 2014).

The importance of the storm track and transient eddy 
forcing highlighted here appears to disagree with the find-
ings of Nakamura et al. (1997), who showed that advection 
by the low-frequency flow, after removing the component 
due to synoptic eddies, was sufficient to generate European 
blocking anomalies. However, their contour advection and 
barotropic simulations were initialised with the 8-day low-
pass velocity and PV fields at −4 and −3 days, respectively. 
To make a simple comparison we followed the composite 
method of Nakamura et al. (1997), using only the low-pass 
filtered geopotential height index and omitting the binary 
index, and produced low-pass filtered composites using the 
NCEP-CFSR dataset. Figure 18 shows the 8-day low-pass 
composite velocity and PV at −4 days for the NCEP-CFSR 
blocking composite and an equivalent composite produced 
over the North Pacific (see caption of Fig.  18 for further 
details). It is clear that the quasi-stationary southwesterly 
jet and developing ridge are already present over the North 
Atlantic at this time, associated with the storm track inten-
sification over the Gulf Stream. This suggests that transient 
eddy forcing is not negligible during European blocking 
development but rather that the eddy-forcing is important 
further upstream and during a longer period prior to Euro-
pean blocking events compared to North Pacific blocking 
events.
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