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Abstract 24 

Wintertime blocking is responsible for extended periods of anomalously cold and dry 25 

weather over Europe. In this study, the influence of the Gulf Stream sea surface temperature 26 

(SST) front on wintertime European blocking is investigated using a reanalysis dataset and a 27 

pair of atmospheric general circulation model (AGCM) simulations. The AGCM is forced with 28 

realistic and smoothed Gulf Stream SST, and blocking frequency over Europe is found to 29 

depend crucially on the Gulf Stream SST front. In the absence of the sharp SST gradient 30 

European blocking is significantly reduced and occurs further downstream. The Gulf Stream is 31 

found to significantly influence the surface temperature anomalies during blocking periods and 32 

the occurrence of associated cold spells. In particular the cold spell peak, located in central 33 

Europe, disappears in the absence of the Gulf Stream SST front. The nature of the Gulf Stream 34 

influence on European blocking development is then investigated using composite analysis. The 35 

presence of the Gulf Stream SST front is important in capturing the observed quasi-stationary 36 

development of European blocking. The development is characterised by increased lower-37 

tropospheric meridional eddy heat transport in the Gulf Stream region and increased eddy 38 

kinetic energy at upper-levels, which acts to reinforce the quasi-stationary jet. When the Gulf 39 

Stream SST is smoothed the storm track activity is weaker, the development is less consistent 40 

and European blocking occurs less frequently. 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 
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1. Introduction 49 

Atmospheric blocking typically refers to phenomena during which the normal eastward 50 

migration of cyclones is blocked by a larger-scale high, with easterly winds replacing the 51 

prevailing westerlies, often lasting a week or more. Wintertime midlatitude blocking frequency 52 

in the Northern Hemisphere peaks in two regions, one over the eastern North Pacific and a 53 

larger maximum over Europe (Tibaldi and Molteni 1990), where blocking anomalies act to 54 

obstruct the migratory weather systems that transport warm, moist maritime air to Europe and 55 

are responsible for its relatively mild winters (Seager et al. 2002). Over Europe in particular, 56 

blocking anomalies are responsible for extremely cold and dry weather conditions (Rex 1951; 57 

Trigo et al. 2004; Sillmann et al. 2011) along with extended cold spells, which pose serious 58 

hazards to society (Rex 1950; Huynen et al. 2001; Buehler et al. 2011).  59 

Since being first documented in the 1940s (Namias 1947; Berggren et al. 1949) the 60 

general dynamical features of midlatitude blocking events have become well established. A 61 

warm, low potential vorticity (PV), large-scale air mass of subtropical origin becomes cutoff 62 

further poleward, in an extratropical region of higher ambient PV (Hoskins et al. 1985; Hoskins 63 

1997) and this type of irreversible Rossby wavebreaking has been shown to be closely connected 64 

to the initiation of blocking highs in the midlatitudes (Pelly and Hoskins 2003; Tyrlis and 65 

Hoskins 2008a). The air mass develops anomalous anticyclonic circulation with easterly winds 66 

on its southern flank. This influences the upstream weather systems such that they preferentially 67 

reinforce the low PV anomaly and act to maintain the blocking (e.g. Illari and Marshall 1983; 68 

Shutts 1986), through the straining of upstream eddies by the blocking anomaly (Shutts et al. 69 

1983) or selective absorption (Yamazaki and Itoh 2013a; Yamazaki and Itoh 2013b); indeed both 70 

mechanisms may be important (Luo et al. 2014).  71 

Blocking events over Europe and the North Pacific, however, display quite different 72 

characteristics. Blocking anticyclones over Europe tend to be accompanied by a cyclone on the 73 
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equatorward side, exhibiting a meridional dipole-type structure (e.g. Rex 1950), whereas North 74 

Pacific anticyclones tend to be flanked by two troughs, resembling an “omega” structure. A 75 

particularly curious feature of European blocking is the lower frequency (in comparison to 76 

synoptic eddies) upstream planetary wave pattern that emerges across the Atlantic over a few 77 

days leading up to blocking events (H. Nakamura 1994; Michelangeli and Vautard 1998). The 78 

wave train becomes almost stationary as the ridge amplifies (Altenhoff et al. 2008) and 79 

ultimately breaks, with a low PV anomaly becoming cut off over Europe. Masato et al. (2012) 80 

showed that cyclonic upper-level wave breaking primarily initiates blocking episodes over all 81 

regions except for Europe (and to a lesser extent Asia), where the onset of blocking is 82 

predominantly through anticyclonic wave breaking (as was also demonstrated by Davini et al. 83 

(2012) using a two-dimensional diagnostic). The anticyclonic overturning of large-scale waves 84 

during European blocking onset was also observed by a composite analysis of blocking events 85 

(Nakamura et al. 1997). The presence of intense extratropical cyclogenesis upstream has been 86 

observed during the development of both European (Colucci 1985; Crum and Stevens 1988; 87 

Michel et al. 2012) and Pacific blocking (Colucci and Alberta 1996; Nakamura and Wallace 88 

1990; Nakamura and Wallace, 1993). However, Nakamura et al. (1997) demonstrated that 89 

advection by the low-frequency wind component was sufficient to simulate European blocking 90 

development (as was also emphasised in the idealised study of Swanson (2001)), whereas the 91 

forcing by transient eddies was found to be of primary importance in generating North Pacific 92 

blocking events.  93 

Despite recent improvements, atmospheric blocking continues to be a problem in 94 

climate models. The largest blocking biases in the CMIP3 and CMIP5 model generations occur 95 

over Europe, where blocking frequency is grossly underestimated (e.g. Scaife et al., 2010; Masato 96 

et al., 2013), regardless of which blocking index is used (Doblas-Reyes et al. 2002; Barnes et al. 97 

2011). The underestimation has been linked to biases in the mean model climatologies (Scaife et 98 
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al. 2011) and the associated overly strong westerlies that act to inhibit blocking formation (e.g. 99 

Barriopedro et al. 2010). Since higher-resolution models can resolve blocking reasonably well 100 

(Jung et al. 2012), the inability of climate models to effectively capture blocking has also been 101 

attributed to insufficient resolution (Matsueda et al., 2009; Anstey et al., 2013) and the inability 102 

to effectively simulate transient eddies (Berckmans et al. 2013).  103 

Evidence has recently emerged suggesting that North Atlantic sea surface temperatures 104 

influence wintertime blocking frequency over Europe. Scaife et al. (2011) found that correcting 105 

the sea surface temperature  (SST) bias over the North Atlantic (a feature common amongst 106 

climate models) in the HadGEM3 model reduced the zonal wind bias and resulted in a 107 

significantly improved simulation of wintertime European blocking. Although this highlights 108 

the apparent importance of the North Atlantic SST distribution, the mechanisms through which 109 

the SST influences European blocking remain unclear.  110 

The North Atlantic most strongly affects the overlying atmosphere in the Gulf Stream 111 

region, where narrow bands of intense evaporation and precipitation are observed along the 112 

strong SST front (Minobe et al., 2008; Minobe et al., 2010). Sharp SST gradients have been 113 

shown to significantly influence the position and/or intensity of storm tracks using various 114 

idealized models (Brayshaw et al. 2008, 2011; Nakamura et al. 2008; Sampe et al. 2010; Deremble 115 

et al. 2012; Ogawa et al. 2012) and in a more realistic regional model of the North Atlantic  116 

(Woollings et al. 2009). Kuwano-Yoshida et al. (2010) used an atmospheric general circulation 117 

model (AGCM) with realistic and smoothed Gulf Stream SST gradients to demonstrate the 118 

importance of the SST front on the narrow Gulf Stream rain band. The sensitivity of the Gulf 119 

Stream rain band to the SST gradient was further emphasised by the study of Brachet et al. 120 

(2012). Using AGCM experiments, Hand et al. (2013) found that Gulf Stream SST variability 121 

can substantially influence local precipitation. Small et al. (2013) used an AGCM, with similar 122 

SST profiles to Kuwano-Yoshida et al (2010), to investigate the storm track response to the Gulf 123 
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Stream SST front and found that it exhibits a significant influence on the storm track, 124 

particularly over the western Atlantic. In spite of the evidence of the Gulf Stream influence on 125 

the North Atlantic storm track, the potential influence of the Gulf Stream on European blocking 126 

has not previously been addressed.  127 

The Gulf Stream has previously been shown to have a significant influence over a wide 128 

range of timescales. Recent studies have shown that the Gulf Stream is related to local diurnal 129 

cycles in precipitation (Minobe and Takebayashi 2014) and lightning (Virts et al. 2015). The 130 

Gulf Stream influences the development of extratropical cyclones, on timescales of a few days 131 

(e.g. Cione et al 1993, Booth et al. 2012). Interannual SST variability has been shown to account 132 

for most of the precipitation variability in the Gulf Stream region (Hand et al. 2014) and the 133 

Gulf Stream also anchors a strong time mean precipitation band along its southern flank (e.g. 134 

Minobe et al. 2008; Minobe et al. 2010; Kuwano-Yoshida et al. 2010). Here we investigate the 135 

influence of the Gulf Stream SST front on wintertime European blocking and show that the Gulf 136 

Stream also has a significant influence on timescales on the order of a week or more, 137 

significantly influencing the subseasonal variability of European winters. 138 

In this paper we analyse a reanalysis dataset, along with a pair of AGCM simulations 139 

(both with and without realistic Gulf Stream SST boundary conditions) to examine the influence 140 

of the Gulf Stream on European blocking. The data, model simulations and methods are 141 

described in more detail in section 2. In section 3 we use an objective binary index of 142 

midlatitude blocking to assess the influence of the Gulf Stream SST distribution on blocking 143 

frequency over Europe. The SST profile is found to significantly influence both the blocking 144 

frequency and the occurrence of associated cold spells. Using a composite approach, we then 145 

examine the role of the Gulf Stream during the evolution (with particular focus on the 146 

development phase) of European blocking in section 4. The Gulf Stream SST is found to play an 147 
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important role in the unique quasi-stationary nature of European blocking generation. Further 148 

discussion of our results and some concluding remarks follow in section 5.  149 

 150 

2. Model simulations, data and methodology 151 

2.1 Model simulations and data 152 

 In this study we analyse the results of two contrasting 20-year AGCM simulations that 153 

were performed using the “AGCM for Earth Simulator (version 3)” (AFES) model developed 154 

and run at the Japan Agency for Marine-Earth Science and Technology (Ohfuchi et al. 2004; 155 

Enomoto et al. 2008; Kuwano-Yoshida et al. 2010b). The model setup is similar to that used by 156 

Minobe et al. (2008) and Kuwano-Yoshida et al. (2010), who analysed a 5-year intergration of 157 

the previous version of the AFES model. The version of the AGCM used in this study has 158 

previously been used to analyse explosively deepening extratropical cyclones in ensemble 159 

forecasts (Kuwano-Yoshida and Enomoto; Kuwano-Yoshida 2014). The model has a horizontal 160 

resolution of T239 (~50km) and 48 sigma levels in the vertical. The model employs the Emanuel 161 

convection scheme (e.g. Emanuel and Zivkovic-Rothman 1999). We analyse the AFES output 162 

on a 0.5° horizontal grid at 6-hourly interval. 163 

For the lower boundary condition the NOAA Optimally Interpolated (AVHRR-only) 164 

0.25° Daily SST (Reynolds et al. 2007) is used from September 1981 to August 2001. The control 165 

simulation was performed using the SST boundary condition as provided in the dataset 166 

(hereafter referred to as CONTROL); the second simulation used the SST data smoothed over 167 

the Gulf Stream region by applying a 1–2–1 running mean filter in both the zonal and 168 

meridional directions 200 times on the 0.25° grid in the region 85°-30°W, 25°-50°N (hereafter 169 

referred to as SMOOTH). The climatologies of the CONTROL and SMOOTH SST profiles, for 170 

the boreal winter period used in this study (over the months of December, January and 171 

February), are shown in Figure 1. The 20-year simulations are shorter than other studies on 172 



8 
 

midlatitude circulation responses to SST. However, the SST smoothing that is used in the 173 

SMOOTH simulation is significantly larger than, for example, interannual SST variability, and  174 

generates significant differences between the CONTROL and SMOOTH simulations. Results of 175 

these two simulations are closely compared with the 31 years of the NCEP Climate System 176 

Forecast Reanalysis (hereafter NCEP-CFSR) dataset from 1979 to 2009, which is available on a 177 

0.5° grid at 6-hourly intervals (Saha et al., 2010). 178 

 179 

2.2 Midlatitude blocking index 180 

 To identify blocking events we calculated a binary blocking index following Masato et al. 181 

(2013). The index identifies reversals of the midlatitude geopotential height gradient at 500hPa 182 

(hereafter Z500) and is computed as follows.  The daily mean Z500 fields are first interpolated 183 

onto a 5° grid in the longitudinal direction (since we are only interested in robust, large-scale 184 

blocking features). At each longitudinal grid point the following meridional integrals are then 185 

computed: 186 

𝑍! =    !
∆!
   𝑍!
!!!∆! !
!!

𝑑𝜑;         𝑍! =    !
∆!
   𝑍!
!!
!!!∆! ! 𝑑𝜑.             (1) 187 

Here ∆𝜑 = 30° defines the meridional extent of the two sectors and 𝜑! is the central blocking 188 

latitude as explained below. The blocking index 𝐵 is defined as 𝐵 =   𝑍! −   𝑍!, such that 189 

positive 𝐵 indicates a large-scale reversal of the meridional geopotential height gradient.  190 

The central blocking latitude 𝜑! is a function of longitude and is set to the latitude of 191 

the maximum in the mean (DJF) transient kinetic energy at 500hPa (similar to Pelly and 192 

Hoskins (2003) and Barnes et al. (2012)). The synoptic transient eddy velocity components were 193 

calculated using a 2-8 day band pass Lanczos filter (Duchon et al. 1979). This ensures that the 194 

blocking index, 𝐵, effectively identifies large-scale anomalies that obstruct the typical migration 195 

of midlatitude weather systems. The central blocking latitudes calculated for NCEP-CFSR, 196 
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CONTROL and SMOOTH are closely located, within 4° in latitude, of one another at all 197 

longitudes in the Euro-Atlantic sector.  198 

The blocking index 𝐵 is computed at the central blocking latitude and at latitudes 4° to 199 

the north and south, and the maximum value of 𝐵 is retained. The calculation is performed for 200 

each day such that positive 𝐵 represents instantaneous local blocking at each longitude. A check 201 

is then carried out to eliminate the blocking structures that span less than 15° in longitude. A 202 

further check is then performed to ensure that the blocking anomalies remain approximately 203 

stationary, within a given sector of 65° longitude about a central longitude (following, e.g., Pelly 204 

and Hoskins (2003); Masato et al. (2012)) for at least 5 days, consistent with observed 205 

persistence (Masato et al. 2009), which avoids the detection of slow moving ridges. The 206 

remaining longitudes with positive 𝐵 are then considered “blocked”. Since the blocking index 𝐵 207 

represents blocking or non-blocking conditions it is referred to as the binary index throughout 208 

this study. 209 

 210 

2.3 Transient eddy forcing 211 

 To assess the eddy forcing of the large-scale flow in section 4 we will analyse composites 212 

of 𝐄 ∙ 𝐃 (at 300 hPa), which is a measure of the kinetic energy exchange between the synoptic 213 

eddies and the large-scale flow (Mak and Cai 1989). This diagnostic has previously been used to 214 

assess the action of the eddies on the North Atlantic jet (e.g. Cai et al. 2007; Raible et al. 2010; 215 

Lee et al. 2011; Woollings et al. 2014). Here 𝐄 is the horizontal part of the local Eliassen-Palm 216 

flux vector of Trenberth (1986):  217 

𝐄 =    (𝑣′! − 𝑢!!) 2 ,−𝑢′𝑣′ ,           (2) 218 

where the eddy variables are 2-8 day band-pass filtered, as before. The vector 𝐃 represents the 219 

deformation field of the large-scale or background flow and is defined as  220 
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𝐃 =    !!
!"
− !!

!"
, !!
!"
+ !!

!"
,             (3) 221 

where the overbar denotes an 8-day low-pass filtered velocity, used to define the background 222 

flow for each composite separately. The time period used to define the background flow is 223 

shorter than in previous studies but here we aim to assess the action of the eddies on the quasi-224 

stationary flow, which is well captured in the 8-day low-pass fields.  225 

 226 

2.4 Statistical tests and anomaly calculations 227 

 Statistical significance of the difference plots (CONTROL minus SMOOTH) for entire 228 

winter periods in section 3 are calculated using Monte Carlo resampling. The statistics for each 229 

winter in CONTROL and SMOOTH are combined and randomly split into two equal sets of 20 230 

winters and the magnitude of the difference is saved. The process is repeated 1000 times to 231 

assess the probability that the difference between the datasets could occur at random.  232 

The significance of the composite differences in section 4 is calculated using a similar 233 

Monte Carlo resampling. The blocking composites in section 4 are produced from 20 events 234 

from each of the AGCM experiments. For each difference map, the individual composite 235 

members from CONTROL and SMOOTH are combined and randomly split to produce two 236 

equal composites of 20 random members and the magnitude of the difference is saved. The 237 

process is repeated 1000 times to assess the probability that the difference between the two 238 

composites could occur at random. 239 

Anomalous fields in section 3 are defined at each grid point by removing a seasonal 240 

cycle calculated from the first three Fourier harmonics. Since the seasonal cycle for storm track 241 

variables (e.g. eddy kinetic energy and meridional eddy heat transport) are less well defined, the 242 

anomalous fields for the composite analysis in section 4 are calculated by simply removing the 243 

wintertime (i.e. DJF) climatologies. 244 

 245 
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 246 

3. Influence on blocking frequency and cold spells 247 

3.1 Blocking frequency and surface temperature 248 

 Figure 2 shows the wintertime (i.e. DJF) climatologies of Z (500hPa) and T (2m), two 249 

pertinent fields that we will be analysed in this section. The climatological Z (500hPa) fields in 250 

the NCEP-CFSR, CONTROL and SMOOTH compare favourably. The difference (defined as 251 

CONTROL minus SMOOTH) between the AGCM experiments is fairly modest, with increased 252 

midlatitude ridging over Europe and the Eastern Pacific. The T (2m) fields are also all quite 253 

similar, with the largest differences over the Gulf Stream, where the SST field is smoothed. There 254 

are no large differences in the mean temperature over mainland Europe but CONTROL exhibits 255 

slightly warmer mean surface temperatures over Scandanavia and the west coast of North 256 

America, consistent with the increase in the mean ridges observed in the Z (500hPa) fields.  257 

Figure 3 shows the wintertime blocking frequencies calculated from NCEP-CFSR, 258 

CONTROL and SMOOTH data. The CONTROL simulation underestimates blocking frequency 259 

at all longitudes compared to NCEP-CFSR but the shape of the distribution is well captured, 260 

with the peak approximately collocated at about 15°E. The SMOOTH simulation further 261 

underestimates blocking frequency, particularly over Europe, has a flatter distribution and peaks 262 

slightly further downstream, with a higher proportion of blocking occurring over Eastern 263 

Europe. The largest difference in blocking frequency between the two AGCM simulations 264 

occurs upstream of the blocking peaks, close to the Greenwich meridian, where blocking 265 

frequency is about 50% larger in the CONTROL simulation. The simulations exhibit negligible 266 

differences in blocking frequency over the eastern North Pacific. 267 

 The strong influence of the Gulf Stream SST on the frequency and distribution of 268 

European blocking suggests that there might be a significant subsequent influence on European 269 

winter temperatures, particularly the anomalously cold temperatures that occur during blocking 270 
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events. The difference in the longitudinal distributions of blocking frequency in the AFES 271 

simulations suggests that conditions during European blocking periods might have substantial 272 

geographical differences. To evaluate the conditions during European blocking periods in each 273 

of the datasets we first define European blocking days to be those on which the blocking index 274 

identifies blocking that spans at least 15° in longitude between 20°W and 40°E. The results 275 

presented here were not found to be sensitive to moderate adjustments (e.g. +/- 10°) in the 276 

definition of the European blocking region. 277 

 Figure 4 maps the composite 2-metre daily-mean air-temperature (i.e. T(2m)) 278 

anomalies, normalised by the standard deviation at each grid point, for each of the datasets. The 279 

normalised anomalies (rather than the raw composite anomalies) are plotted to account for the 280 

contrast in the standard deviation of surface temperature when comparing continental regions 281 

in Eastern Europe with regions in closer proximity to the sea. As found in previous studies (e.g. 282 

Trigo et al 2004; Sillmann and Croci-Maspoli 2009; Masato et al 2014), there are cold anomalies 283 

across nearly all of Europe, roughly spanning 35°-65°N, in the NCEP-CFSR dataset (Figure 4a). 284 

The coldest (normalised) anomaly during blocking days occurs over a large region along the 285 

northern coast of continental Europe, from 5°W to 30°E. The normalised cold anomaly in the 286 

CONTROL simulation (Figure 4b) is broadly similar to that observed in NCEP-CFSR. Again, 287 

the maximum surface cold anomaly occurs along the northern coastline of central Europe but 288 

only extends to around 25°E and is also stronger than in NCEP-CFSR. This likely reflects the 289 

narrower distribution of blocking frequency in the CONTROL simulation. 290 

 The cold temperature anomaly during blocking days in the SMOOTH simulation is 291 

quite different from those in NCEP-CFSR and CONTROL. The coldest normalised anomaly is 292 

weaker than in both NCEP-CFSR and CONTROL. The coldest anomaly in SMOOTH also 293 

occurs further south and about 15° in longitude further downstream, over Ukraine (Figure 4c). 294 

The difference between the CONTROL and SMOOTH simulations (defined here and 295 
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throughout as CONTROL minus SMOOTH) is shown, only where both datasets exhibit a cold 296 

anomaly, in Figure 4d. The map is characterized by a zonally oriented dipole, reflecting the cold 297 

anomalies located over central/western Europe in the CONTROL simulation compared to the 298 

SMOOTH simulation, which exhibits coldest temperature anomalies over eastern Europe. This 299 

is consistent with the region of peak blocking frequency in the SMOOTH simulation being 300 

located further eastward than in both NCEP-CFSR and CONTROL (Figure 3). 301 

 The cold surface temperature anomalies during blocking periods are primarily 302 

associated with anomalous advection (e.g. Trigo et al. 2004). Figure 5 shows the composite zonal 303 

and meridional 10m wind anomalies during blocking periods. Note, only regions over land are 304 

shown because whilst the wind speeds over the ocean are significantly larger, it is primarily the 305 

anomalous advection of cold continental air that generates the extreme cold anomalies during 306 

blocking periods (c.f. surface temperature climatologies shown in Figure 2). Easterly wind 307 

anomalies occur in essentially all regions that display cold anomalies during blocking periods, 308 

peaking in western/central Europe in all three datasets. Similarly anomalous northerly surface 309 

winds are observed over the band of Europe that experiences cold conditions as well as further 310 

to the north. The NCEP-CFSR and CONTROL maps are very comparable, whereas the 311 

northerly wind anomaly in the SMOOTH simulation is centred further to the east, which again 312 

might be expected from the distribution of blocking frequency (Figure 3). Analysis of the 313 

difference maps (shaded only where both CONTROL and SMOOTH exhibit negative 314 

anomalies) reveals that the anomalous northeasterly winds tend to occur further south and east 315 

in the SMOOTH simulation. Referring back to the map of temperature anomaly difference (i.e. 316 

Figure 4d), it is clear that this temperature difference is in large part due to the anomalous 317 

advection during European blocking periods. 318 

 319 

3.2 European cold spells 320 
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 In this subsection, we examine the influence of the Gulf Stream on the occurrence of 321 

cold spells over Europe. The significant increase in blocking frequency observed in the 322 

CONTROL simulation compared to that in SMOOTH, together with the different geographical 323 

distribution of surface temperature anomalies during blocking, indicates that the distribution of 324 

extended winter cold spells may be influenced by the Gulf Stream SST profile. Here, we use the 325 

World Meteorological Organisation definition of a cold spell as a period in which the daily 326 

temperature anomaly is in the bottom tenth percentile of the anomalous temperature 327 

distribution (defined separately at each grid point, for each dataset) for more than five 328 

consecutive days (see also Klein-Tank et al. (2002)). The results presented below are not 329 

qualitatively different with moderate changes (e.g. +/- 1 day) to the duration threshold. 330 

  Figure 6 shows the number of cold spell days per winter for each of the datasets. The 331 

cold spell days in both NCEP-CFSR and CONTROL occur mainly in a narrow region near to 332 

the northern coast of central Europe, similar to the region where the coldest temperature 333 

anomalies occur during blocking periods in these two datasets (i.e. Figure 3). As in the surface 334 

temperature anomaly distribution, the NCEP-CFSR region of most frequent cold spells extends 335 

slightly further into Eastern Europe compared with CONTROL. The SMOOTH simulation on 336 

the other hand has a much different distribution of cold spell days, with two weaker maxima 337 

occurring over northern France/southern U.K. and over Belarus/Ukraine, respectively. The low 338 

number of cold spell days over central Europe is consistent with less frequent blocking 339 

compared with the CONTROL simulation. The peak over Eastern Europe in the SMOOTH 340 

simulation might have been anticipated from the distribution of temperature anomalies during 341 

blocking periods (i.e. Figure 4), which are colder further downstream. Figure 6d shows the 342 

difference between the CONTROL and SMOOTH simulations and indicates that there are more 343 

cold spell days in the CONTROL simulation over northern-central Europe, whereas there are 344 

more cold spell days in the SMOOTH simulation over eastern Europe, consistent with the 345 
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difference map of temperature anomalies shown in Figure 4d. Significant differences in the 346 

number of cold spell days also occur over the Iberian and Anatolian peninsulas. 347 

 To assess the extent to which the cold spell distributions are attributable to the observed 348 

European blocking distributions, we have split the European winter periods into blocking 349 

(between 20°W and 40°E as before) and non-blocking periods. Figure 7 shows the number of 350 

cold spell days identified in each of these periods for all three datasets. The percentage of the 351 

total winter days that contribute to each map is indicated in the top-left corner of each panel. 352 

For example, in the NCEP-CFSR dataset European blocking events are present on 28.8% of the 353 

total days, whereas the remaining 71.2% of the winter days are considered “non-blocking” 354 

periods. It is immediately clear that the blocking periods in NCEP-CFSR and CONTROL are 355 

responsible for the vast majority of the cold spell days, particularly in the peak region across 356 

central Europe. Blocking periods make up much less of the winter period in the SMOOTH 357 

simulation, and the cold spells cannot be clearly attributed to blocking. Whilst the cold spell 358 

days over Western Europe and Iberia occur mostly in blocking periods, the cold spell days over 359 

Eastern Europe happen during both blocking and non-blocking periods.  360 

 These results suggest that the Gulf Stream is very important in determining the strong 361 

peak in midlatitude wintertime blocking frequency observed over Europe, as well as the 362 

associated spells of extremely cold surface temperatures. Analysis of the length of the European 363 

blocking events in CONTROL and SMOOTH, not shown, reveals no clear difference in the 364 

distribution of period and the increased blocking frequency in the CONTROL simulation is 365 

primarily the result of a significantly larger number of blocking events. At this point it is natural 366 

to consider what physical processes are determining the influence of the Gulf Stream on 367 

European blocking events. This will be investigated in the next section. 368 

 369 

4. Influence on blocking development 370 
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 In this section we investigate the role of the Gulf Stream in the development of 371 

European blocking events, using composite analysis to try to understand why European 372 

blocking is sensitive to the presence of the Gulf Stream SST front.  373 

 374 

4.1 Composite blocking index 375 

 To investigate the source of the difference in blocking between the two simulations, we 376 

produced composites of European blocking evolution. Composite analysis emphasises common 377 

features and has proven useful in isolating important characteristics of blocking (e.g. Tyrlis and 378 

Hoskins 2008b; Altenhoff et al. 2008). Here, we use an additional index to identify the “strongest” 379 

blocking highs in the 0°-10°E longitude band, which is close to the peak blocking frequency in 380 

NCEP-CFSR and CONTROL and also the region which exhibits the largest difference between 381 

the CONTROL and SMOOTH simulations (Figure 3). The index was produced using the 8-day 382 

low-pass filtered 6-hourly Z500 anomaly (using Z250 yields essentially the same results), 383 

averaged over the region 0°-10°E and 60°-65°N. This is located slightly north of the storm track 384 

axis, to ensure we are identifying blocking highs that actively block the typical migration of 385 

weather systems. This continuous index is used in combination with the binary index (used in 386 

section 3) to identify blocking highs centred in time and space on the index region at times 387 

when the binary index identifies a blocking event. The continuous geopotential height index 388 

creates clearer composite maps than is possible using the binary index alone. Similar continuous 389 

indices have previously proved to be effective in identifying the characteristic quasi-stationary 390 

pattern that typically develops prior to wintertime European blocking (Nakamura, 1994; 391 

Nakamura et al., 1997). A minor limitation of this method is that jet speed over the North 392 

Atlantic is weaker during blocking events, so during periods leading to blocking we expect by 393 

definition to have higher jet speeds. Nonetheless, this compositing method is effective for 394 

analysing typical European blocking development. 395 
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The 31 and 20 events (corresponding to the number of winters in each dataset) that 396 

have the highest peak geopotential height anomaly in the continuous index were selected to 397 

produce composites for NCEP-CFSR and the AGCM simulations, respectively (after discarding 398 

events that occur within two weeks of a stronger peak). More events are used in the NCEP-CFSR 399 

composites owing to the longer data period. During the course of this study, a number of index 400 

locations were tested, and moderate shifts in latitude (i.e. +/- 5°) as well as shifts downstream 401 

within the peak blocking region (up to 20° further east) result in composites with similar 402 

evolution characteristics. For example, the index point of Nakamura et al. (1997) is located 403 

about 5° further to the east and south of our index yet they observe blocking evolution, in a 404 

reanalysis dataset, very similar to that presented below. 405 

 406 

4.2 Upper-troposphere blocking development 407 

 To visualise the development of the composite blocking anomalies, we will first analyse 408 

the evolution of isobaric PV at 300 hPa.  The left column of Figure 8 shows the PV contours for 409 

the NCEP-CFSR blocking composite. Between 7 and 5 days prior to the index peak, there is little 410 

sign of any obvious PV anomaly. However, between 4 and 2 days prior to the blocking event, a 411 

strong ridge is already developing east of the Gulf Stream (indicated by the 8, 12 and 16 °C 412 

isotherms in red contours), over the Atlantic Ocean. The PV gradient upstream of the ridge 413 

closely follows the Gulf Stream and turns north at the eastern edge of the Gulf Stream front. In 414 

snapshots of the PV there is an extremely sharp gradient across the dynamical tropopause (i.e. 415 

PV=2 PVU), in the vicinity of the North Atlantic jet. Hence, the tight composite PV gradient 416 

upstream of the ridge indicates that there is relatively little spread between the composite 417 

members in this region, corresponding to a consistent southwesterly jet extending from the end 418 

of the Gulf Stream front. Around the period of the blocking index peak (i.e. -1 to +1 days), the 419 

ridge that is seen developing between -4 and -2 days has overturned anticyclonically, as 420 
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highlighted in previous studies (Nakamura 1994; Nakamura et al 1997; Tyrlis and Hoskins 421 

2008b), and a large-scale low PV centre has become cut-off over Northern Europe. The gradient 422 

of the composite PV in the upstream flank of the ridge between -1 and +1 days is not as sharp as 423 

seen between -4 and -2 days but is very sharp to the north of the low PV centre, where the jet is 424 

diverted poleward of Europe by the blocking anomaly. By 2 to 4 days after the index peak, the 425 

blocking anomaly is less well defined, likely reflecting a weakening of the blocking anomalies 426 

and increased composite spread.  427 

Figure 8 also shows the evolution of the upper-level PV in the CONTROL and 428 

SMOOTH simulations. The CONTROL simulation displays very similar behaviour to NCEP-429 

CFSR, with the ridge developing strongly between -4 and -2 days relative to the index peak. The 430 

sharp composite PV gradient and the southwesterly jet extending from the eastern edge of the 431 

Gulf Stream front is also clearly captured prior to the blocking onset. The anticyclonic 432 

overturning of the upper-level wave at blocking onset in CONTROL is not quite as pronounced 433 

as in NCEP-CFSR but nonetheless apparent, with a well-defined low PV centre over the North 434 

Sea. The SMOOTH simulation exhibits markedly different development, with a ridge between -435 

4 and -2 days of shorter zonal extent than that present in CONTROL or NCEP-CFSR. The 436 

upstream flank of the ridge in SMOOTH exhibits a much weaker composite PV gradient than 437 

CONTROL or NCEP-CFSR (although a strong gradient is still seen in the region of the mean jet 438 

close to the entrance of the Atlantic storm track). The weaker PV gradient indicates a wider 439 

composite spread than in NCEP-CFSR and CONTROL and no clear, consistent southwesterly 440 

jet is present. Between -1 and +1 days the anticyclonic overturning is also present in the 441 

SMOOTH composite, however there is a pronounced trough on the upstream side of the ridge 442 

that is reminiscent of composite blocking development over the North Pacific (Nakamura et al. 443 

1997). The low PV centre over the North Sea is less well defined in the SMOOTH composites, 444 

indicating there is less consistent large-scale cut-offs of low PV.  445 
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The most obvious difference during the composite PV evolution over the period of the 446 

blocking events occurs in the upstream region during the development of the blocking ridge. 447 

The strong composite PV gradient in the upstream flank of the ridge between -4 and -2 days 448 

implies little spread between the composite members, as previously noted, but it also suggests 449 

that the position of the upstream flank remains approximately stationary over a period of several 450 

days. To demonstrate this more clearly, in Figure 9 the composite PV contour at approximately 451 

the dynamical tropopause (specifically PV=1.75 PVU in NCEP-CFSR and PV=2.25 PVU in 452 

AFES, owing to slight model bias) is plotted on each day relative to the index peak, for all three 453 

datasets (these contours are emboldened in Figure 8 for reference). As the ridge develops in 454 

NCEP-CFSR, the upstream flank remains in an approximately fixed position between -4 and -1 455 

days, which is a clear indication of the quasi-stationary development highlighted in previous 456 

studies (e.g. Nakamura 1994; Nakamura et al 1997; Michelangeli and Vautard 1998; Altenhoff et 457 

al 2008). The CONTROL simulation displays similar quasi-stationary ridge development, with 458 

the position of the southwest-northeast orientated upstream flank remaining fixed between -4 459 

and -1 days. On the peak index day, the upstream flank of the ridge moves downstream, possibly 460 

related to the overturning wave. The SMOOTH simulation, however, again displays a quite 461 

different evolution. From when the ridge becomes apparent at -4 days, it clearly moves 462 

downstream until -1 day when it becomes approximately stationary for the blocking peak, in 463 

contrast to the quasi-stationary behaviour seen in NCEP-CFSR and CONTROL. Moreover, the 464 

upstream flank in SMOOTH displays a distinctly meridional orientation, rather than the 465 

southwest-northeast orientation in NCEP-CFSR and CONTROL. 466 

Since the difference of blocking development between the two simulations involves 467 

different behavior of the North Atlantic upper-level jet, which is largely driven by eddy 468 

momentum convergence along the storm track (e.g. Hoskins et al. 1983), it is intriguing to 469 

consider how the quasi-stationary development of blocking is related to storm track activity. It 470 
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has previously been shown that eddy-forcing contributes to maintaining large-scale flow 471 

anomalies in the Atlantic sector, including blocking (e.g. Shutts et al. 1986). 472 

To investigate the role of transient eddies in generating the differences in European 473 

blocking development, we first consider the evolution of the upper-level eddy kinetic energy. 474 

Figure 10 shows the composite eddy kinetic energy (i.e. !!(𝑢
!! + 𝑣!!), where the velocities are 2-475 

8 day band-pass filtered) at 300 hPa for NCEP-CFSR.  Between -7 and -5 days the eddy kinetic 476 

energy is close to its climatological value. Between -4 and -2 days the eddy kinetic energy is 477 

substantially larger than its climatology, particularly in the Gulf Stream region, and peaks 478 

around 40°W, where the Gulf Stream turns north. Note, the peak in eddy kinetic energy is 479 

downstream from the peak in eddy kinetic energy generation (that occurs though baroclinic 480 

instability further upstream, see section 4.3), which is located to the east as is expected in the 481 

presence of a westerly background flow (Mak and Cai 1989). Between -4 and -2 days, the eddy 482 

kinetic energy in the Gulf Stream region peaks and after that reduces towards its climatological 483 

value. Between -1 and +1 days and between +2 and +4 days the eddy kinetic energy is 484 

anomalously high to the north of Europe, reflecting the deflection of the jet and associated 485 

advection of upper-level eddies due to the blocking anomaly.  486 

 Figure 11 shows the eddy kinetic energy composites for the CONTROL and SMOOTH 487 

simulations, as well as the DIFFERENCE (CONTROL minus SMOOTH as defined above). The 488 

CONTROL simulation overestimates the eddy kinetic energy compared to NCEP-CFSR but 489 

demonstrates very similar evolution. The eddy kinetic energy in CONTROL becomes strongly 490 

intensified in the Gulf Stream region between -4 and -2 days and peaks on the eastern edge of 491 

the Gulf Stream front. The region of high eddy kinetic energy is fairly well constrained in the 492 

upstream flank of the developing ridge before reducing towards the climatological field between 493 

-1 and +1 days and between +2 and +4 days. In contrast, the SMOOTH composite eddy kinetic 494 

energy peaks between -7 and -5 days. Between -4 and -2 days the eddy kinetic energy field in the 495 
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SMOOTH is located within the broad trough structure upstream of the ridge, and is again 496 

substantially less than in the CONTROL composite. As the blocking anomaly evolves further, 497 

the eddy kinetic energy in the SMOOTH is close to climatological values in the Gulf Stream 498 

region.   499 

Figure 12 shows composite maps of 𝐄 ∙ 𝐃 at 300 hPa for NCEP-CFSR, CONTROL and 500 

SMOOTH. The quantity 𝐄 ∙ 𝐃 is a measure of the generation of eddy kinetic energy from the 501 

kinetic energy of the background flow (defined here as the 8-day low-pass filtered flow1), such 502 

that negative values indicate that the kinetic energy of the eddies is feeding the background flow. 503 

The absolute value of the composite background wind velocity is shown in purple contours. In 504 

NCEP-CFSR and CONTROL the transfer of kinetic energy to the background flow peaks 505 

between -4 and -2 days, when the eddy kinetic energy also peaks (i.e. Figures 10 and 11). The 506 

eddies transfer most energy to the background flow in the narrow region where the jet turns 507 

north at the eastern edge of the Gulf Stream front, indicating that the eddies are actively 508 

reinforcing the jet in this position. There is substantially less eddy kinetic energy transferred to 509 

the mean flow in the SMOOTH simulation, in which the kinetic energy itself is also much lower 510 

in the build up to blocking compared with CONTROL (i.e. Figure 11). In the SMOOTH 511 

simulation, the region where the eddy forcing peaks between -4 and -2 days is located further 512 

west than the upstream flank of the developing ridge. Also, the jet upstream of the developing 513 

block is comparably weak and does not have the quasi-stationary southwesterly jet seen between 514 

-4 and -2 days in NCEP-CFSR and CONTROL, consistent with the aforementioned PV analysis 515 

(i.e. Figure 8).  516 

The 𝐄 ∙ 𝐃 fields indicate that the eddy kinetic energy intensification in the Gulf Stream 517 

region is important in determining the nature of European blocking onset. In NCEP-CFSR and 518 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
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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CONTROL, the eddies act to reinforce and enhance the southwesterly jet at upper-levels. The 519 

small scale of the region of peak eddy kinetic energy conversion is fairly remarkable given the 520 

three day averaging period (i.e. -4 to -2 days), implying that the eddies are important in 521 

maintaining the quasi-stationary southwesterly jet in this region. In the SMOOTH composites, 522 

the eddy kinetic energy fields are much weaker and there is weaker forcing of the low-frequency 523 

flow. To some extent the developing ridge has its own westward phase speed that acts to keep 524 

the wave stationary but the ridge development is not quasi-stationary in the SMOOTH case (i.e. 525 

Figure 10), suggesting that the feedback from the intensified storm track is crucially important 526 

for the quasi-stationary development seen in NCEP-CFSR and CONTROL. 527 

 528 

4.3 Lower-troposphere blocking development 529 

 In this subsection we analyse activity in the lower-troposphere during European 530 

blocking development. The aforementioned intensification of the eddy kinetic energy field 531 

during blocking development in NCEP-CFSR and CONTROL suggests the presence of 532 

baroclinic instability, whose energy source is primarily the available potential energy (e.g. 533 

Lorenz 1955) but is also influenced by latent heat release (e.g. Ahmadi-Givi 2004; Willison et al. 534 

2013). The growth of extratropical cyclones and associated storm tracks over the Atlantic peak 535 

close to the Gulf Stream (e.g. Hoskins and Hodges, 2002), which is a region of high baroclinicity 536 

and available moisture. To assess the storm track evolution we first analyse composites of the 537 

meridional eddy heat transport, 𝑣′𝑇′, by synoptic eddies at 850 hPa (calculated using a 2-8 day 538 

band-pass filter). The eddy heat flux is largest at 850 hPa in the lower troposphere and peaks 539 

during the growth phase of baroclinic wave lifecycles (e.g. Simmons and Hoskins 1978). We will 540 

also investigate the composite precipitation associated with blocking development. 541 

Figure 13 shows that meridional eddy heat transport in NCEP-CFSR exhibits evolution 542 

consistent with the eddy kinetic energy, shown in Figure 10, during blocking development. As 543 
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with the upper-level eddy kinetic energy, the meridional eddy heat transport is close to the 544 

climatology between -7 and -5 days and then intensifies between -4 to -2 days along the Gulf 545 

Stream front and extends north, closely following the upstream flank of the ridge. The relatively 546 

fine scale of the meridional eddy heat transport composites indicate that the storm track seems 547 

to be effectively anchored by the Gulf Stream between -4 and -2 days. The peak in meridional 548 

eddy heat transport, and thereby eddy kinetic energy generation, between -4 and -2 days is 549 

located slightly upstream of the peak in eddy kinetic energy at 300 hPa (i.e. Figure 10), as 550 

expected in the presence of a westerly mean flow (Mak and Cai 1989). After that, the meridional 551 

eddy heat transport is weakened between -1 and +1 days towards the climatology, as also seen in 552 

the upper-level eddy kinetic energy composites. The meridional eddy heat flux in CONTROL 553 

(Figure 14, left column) is slightly stronger than NCEP-CFSR (Figure 13), as also seen in the 554 

upper-level eddy kinetic energy, but the evolution is very similar, peaking between -4 and -2 555 

days in close proximity to the Gulf Stream SST front. 556 

The evolution of the eddy heat transport in the SMOOTH blocking composite (Figure 557 

14, middle column) is, again, much different from NCEP-CFSR and CONTROL. The 558 

meridional eddy heat transport in SMOOTH is actually strongest between -7 and -5 days in the 559 

storm track entrance region, whereas between -4 and -2 days the meridional eddy heat transport 560 

peak is weaker and located further downstream. The meridional eddy heat transport weakens 561 

further and retreats westward between -1 and +1 days. The DIFFERENCE (Figure 14, right 562 

column) reveals that the meridional eddy heat transport in SMOOTH is much weaker than in 563 

the CONTROL simulation and the location of the peak meridional eddy heat transport is 564 

noticeably less constrained by the smoothed SST front and instead migrates down stream. The 565 

meridional eddy heat flux analysis thus indicates that the storm track intensification over the 566 

Gulf Stream region during European blocking development, as seen in NCEP-CFSR and 567 

CONTROL, is strongly linked to the Gulf Stream SST front. The CONTROL simulation has a 568 
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climatological wintertime storm track, not shown, that is similar in shape but about 25% 569 

stronger along the Gulf Stream front than in the SMOOTH simulation, similar to the 570 

simulations by Small et al. (2013). 571 

Synoptic-scale eddies are largely dependent on background baroclinicity, but latent heat 572 

release associated with precipitation can enhance eddy activity (e.g. Ahmadi-Givi et al., 2004; 573 

Willison et al. 2013). Since the mean winter precipitation over the Atlantic exhibits a strong 574 

peak that is tightly constrained along the warm flank of the Gulf Stream (Minobe et al. 2008, 575 

2010), it is interesting to investigate whether or not precipitation exhibits any systematic 576 

evolution during blocking development. 577 

Figure 15 shows the composite precipitation for NCEP-CFSR. Between -7 and -5 days 578 

the precipitation is strong only in a band over the warm flank of the Gulf Stream SST front, 579 

similar to the wintertime climatology. As the ridge develops, between -4 and -2 days, the 580 

precipitation increases strongly over the eastern edge of the Gulf Stream and extends into the 581 

upstream flank of the ridge. The precipitation band remains strongly constrained by the Gulf 582 

Stream front, even as it turns north around 45°W, and then weakens as it extends further north. 583 

Over the southern coast of Greenland, although quite strong precipitation occurs where the 584 

moist southerly flow rises steeply over the ice sheet, weak upper-level eddy kinetic energy (i.e. 585 

Figure 13) suggests this topographic precipitation does not contribute to upper-level eddy 586 

activity.  587 

Figure 16 shows the precipitation composites for the CONTROL and SMOOTH 588 

simulations. The climatological precipitation in CONTROL is slightly too strong compared to 589 

NCEP-CFSR. However, the evolutions of the NCEP-CFSR and CONTROL precipitation fields 590 

are very similar. The rain band in CONTROL is again very clearly constrained by the Gulf 591 

Stream SST front and is also collocated with the tight PV gradient on the upstream flank of the 592 

developing ridge. In the SMOOTH simulation the precipitation band is generally weaker owing 593 
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to the smoothed SST gradient, as found in previous modelling studies for annual or seasonal 594 

means (Minobe et al. 2008; Kuwano-Yoshida et al. 2010), but does still increase in the 595 

northward branch of the developing ridge between -4 and -2 days. The precipitation occurs over 596 

a broader region and is not closely constrained by the smoothed SST front.  597 

The similarity of the evolution of the eddy activity in the upper troposphere, the 598 

meridional heat transport in the lower troposphere and the Gulf Stream precipitation during 599 

European blocking development should be emphasised. All of these fields exhibit a marked 600 

increase, which appears to be closely constrained by the Gulf Stream SST front, between -4 and -601 

2 days prior to the index peak in both NCEP-CFSR and CONTROL. In the SMOOTH 602 

composites the eddy activity in the upper and lower troposphere is much weaker and evolves 603 

quite differently. Also, the precipitation occurs over a much broader region during the 604 

development of blocking in the SMOOTH simulation. 605 

These results indicate that both the eddy heat transport in the lower troposphere and 606 

precipitation, and thus latent heat release, are enhanced along the upstream flank of the 607 

developing ridge, at the eastern edge of the Gulf Stream. The enhanced regions are roughly 608 

collocated with the intensified upper-level eddy kinetic energy, described in the previous 609 

subsection, indicating that the enhanced lower-level storm track activity and precipitation act to 610 

energise the upper-level eddy field, which in turn shapes the quasi-stationary development of 611 

European blocking. 612 

 613 

5. Discussion and conclusions 614 

 In this paper we have investigated the influence of the Gulf Stream SST front on 615 

European wintertime blocking using the NCEP-CFSR dataset and a pair of AGCM simulations, 616 

forced with realistic and smoothed Gulf Stream SST. Although the model underestimates the 617 

blocking frequency over Europe, it does effectively capture the distribution over Europe, which 618 



26 
 

is found to depend crucially on the Gulf Stream SST front. In the absence of the sharp Gulf 619 

Stream SST front, European blocking is significantly reduced and more concentrated further 620 

downstream over Eastern Europe (Figure 3).  621 

 To determine the nature of the Gulf Stream influence on European blocking we 622 

analysed the evolution of composite European blocking events and found a consistent sequence 623 

of events leading to European blocking, as summarized in Figure 17. In NCEP-CFSR and 624 

CONTROL, the upstream flank of the developing ridge remains quasi-stationary, with a 625 

consistent southwesterly jet, for about 4-5 days prior to the index peak, whereas the SMOOTH 626 

simulation fails to capture the quasi-stationary development (Figures 8 and 9). The evolution 627 

seen in the NCEP-CFSR and CONTROL blocking composites is likely triggered by the arrival of 628 

an upper-level trough over the Gulf Stream region, which induces cyclogenesis2, increased eddy 629 

kinetic energy in the upper troposphere (Figures 10 and 11), increased meridional eddy heat flux 630 

in the lower troposphere (Figures 13 and 14) and intensified precipitation along the Gulf Stream 631 

SST front (Figures 15 and 16). The eddies transfer kinetic energy to the flow (Figure 12) on the 632 

upstream side of the trough, reinforcing the southwesterly jet, which remains quasi-stationary. If 633 

the storm track and eddy forcing remain strong in the Gulf Stream region, the southeasterly jet 634 

remains stationary and more low PV air is advected into the growing downstream ridge, 635 

ultimately resulting in European blocking. In the absence of the strong Gulf Stream SST 636 

gradient, as seen in the SMOOTH simulation, the eddy kinetic energy (Figure 11), meridional 637 

eddy heat flux (Figure 13), precipitation (Figure 15) and feedback by the transient eddies (Figure 638 

12) are all weaker in the upstream region and ridge moves eastwards (Figure 9). In the absence 639 

of the strong south-westerly jet, less low PV air is advected into the ridge and as a result the PV 640 

anomaly is unable to counterbalance the westerly mean-flow. This is consistent with the peak 641 
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  This is type B cyclogenesis (e.g. Pettersen 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).	
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blocking frequency in the SMOOTH simulation occurs further east, in a region of weaker mean 642 

westerly flow, where the phase speed of weaker low PV anomalies is able to become stationary 643 

and produce blocking events. 644 

 The surface temperature anomalies during European blocking periods are also shown to 645 

be quite different in the presence of the sharp Gulf Stream SST front. The Gulf Stream acts to 646 

generate more blocking anomalies over central Europe, where anomalous advection generates 647 

the coldest temperature anomalies (Figure 4). In the absence of the Gulf Stream the blocking 648 

anomalies tend to have more influence further downstream, over Eastern Europe. The 649 

subsequent influence on the European wintertime cold spell distribution is found to be 650 

significant (Figure 6). The cold spell peak, located along the northern coast of central Europe, 651 

depends crucially on the Gulf Stream and European blocking. With smoothed Gulf Stream SST 652 

the number of cold spell days over central Europe is significantly reduced. This is an interesting 653 

contrast to the popular notion that the heat transport by the Gulf Stream is responsible for the 654 

relatively mild European winters (e.g. Broeker 1997). Seager et al. (2002) previously suggested 655 

that the influence of the Gulf Stream on climatological surface temperatures is small (also the 656 

case in the AGCM experiments analysed here, as is apparent in Figure 2), and here we find that 657 

the Gulf Stream actually seems to be responsible for many of the extended spells of extremely 658 

cold surface temperature that occur over much of central Europe.  659 

A previous study by Scaife et al. (2011) highlighted the importance of Atlantic SST on 660 

European blocking distribution, but the mechanism suggested in their study is not likely to play 661 

an important role in our AFES model. Scaife et al. attributed the majority of the improvement to 662 

a reduction in the bias of the North Atlantic jet, which was initially too strong in the presence of 663 

a strong cold SST bias in the central North Atlantic. Other studies indicate that biases in the 664 

position and strength of the mean jet can influence the asymmetry in the direction of upper-665 

tropospheric wavebreaking and therefore blocking (e.g. Michel and Riviere 2013). Studying the 666 
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relationship between jet biases and blocking frequency in a different climate model, Davini et al. 667 

(2013) found that correcting for SST biases did improve the jet biases in their model but did not 668 

particularly improve the negative bias in European blocking frequency. Comparing the zonally 669 

averaged mean jet in our model over the Atlantic sector (i.e. 60°W-10°E, as in Scaife et al. 670 

(2011)) reveals very little difference between the CONTROL and SMOOTH simulations. In fact, 671 

at the 300 hPa level the velocity in CONTROL is about 1m/s stronger at 55°N (not shown), 672 

suggesting that the mechanism for the difference in blocking frequency is not simply due to 673 

differences in the mean North Atlantic jet; rather, the storm track dynamics in the vicinity of the 674 

Gulf Stream play a crucial role. It is likely that the response of the atmosphere to the Gulf Stream 675 

SST distribution is linked to horizontal resolution, with a sufficiently high resolution necessary 676 

to respond correctly capture the storm track dynamics around the sharp Gulf Stream SST 677 

gradient (as well as correctly representing the storm track more generally, as showed by Willison 678 

et al. (2013)) and subsequent downstream blocking over Europe. 679 

Although we have emphasized the importance in the Gulf Stream SST in European 680 

blocking evolution and frequency over Europe, it is interesting to consider why blocking occurs 681 

less frequently in the absence of the Gulf Stream SST front. In the PV composites of the 682 

SMOOTH simulation (Figure 8) there is a deepening trough upstream of the developing 683 

blocking anomaly. This development is reminiscent of blocking anomalies over the eastern 684 

North Pacific, where blocking forms through spontaneous interaction between synoptic eddies 685 

and an existing diffluent zonal flow, such as a weak ridge (M. Nakamura 1994; Nakamura et al. 686 

1997). The increased European blocking frequency in the CONTROL simulation indicates that 687 

the systematic, quasi-stationary southwesterly jet that develops over the western Atlantic is more 688 

efficient at generating European blocking anomalies than the more spontaneous development 689 

that occurs in the SMOOTH simulation. The results here suggest that the quasi-stationary 690 

nature of blocking development is one possible reason why, in reanalysis data, the peak in 691 
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midlatitude blocking frequency over Europe is over twice as large as the peak in blocking 692 

frequency over the North Pacific (using one-dimensional midlatitude indices). The Kuroshio 693 

Extension appears to influence blocking over the western North Pacific more indirectly 694 

(O’Reilly and Czaja, 2014). 695 

 The importance of the storm track and transient eddy forcing highlighted here appears 696 

to disagree with the findings of Nakamura et al. (1997), who showed that advection by the low-697 

frequency flow, after removing the component due to synoptic eddies, was sufficient to generate 698 

European blocking anomalies. However, their contour advection and barotropic simulations 699 

were initialised with the 8-day low-pass velocity and PV fields at -4 and -3 days, respectively. To 700 

make a simple comparison we followed the composite method of Nakamura et al. (1997), using 701 

only the low-pass filtered geopotential height index and omitting the binary index, and 702 

produced low-pass filtered composites using the NCEP-CFSR dataset. Figure 18 shows the 8-703 

day low-pass composite velocity and PV at -4 days for the NCEP-CFSR blocking composite and 704 

an equivalent composite produced over the North Pacific (see caption of Figure 18 for further 705 

details). It is clear that the quasi-stationary southwesterly jet and developing ridge are already 706 

present over the North Atlantic at this time, associated with the storm track intensification over 707 

the Gulf Stream. This suggests that transient eddy forcing is not negligible during European 708 

blocking development but rather that the eddy-forcing is important further upstream and 709 

during a longer period prior to European blocking events compared to North Pacific blocking 710 

events.  711 
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Figure 1. Wintertime (i.e. DJF) climatologies of the SST boundary condition used to in the (a) 
CONTROL and (b) SMOOTH simulations. The difference, CONTROL minus SMOOTH, is 
shown in (c).  
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Figure 2. Wintertime (DJF) climatologies for the geopotential height, Z, at 500 hPa (left 
column) and the temperature, T, at 2m (right column) in the NCEP-CFSRdataset. Panels (b) 
and (d) show the difference between the climatological 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 section 2.4). 
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Figure 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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Figure 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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Figure 5. The composite 10m zonal (left column) and meridional (right column) wind 
anomalies during European blocking periods (shading). The difference between the CONTROL 
and SMOOTH composites has only been shaded where both exhibit negative anomalies. For 
reference, the normalised composite temperature anomalies from Figure 4 are contoured 
(interval equal to 0.1, where the zero contours are suppressed and the negative contours are 
dashed).  
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Figure 6. The number of cold-spell days per winter (as defined in the text) in (a) NCEP-CFSR, 
(b) CONTROL and (c) SMOOTH. The difference between the CONTROL and SMOOTH 
simulations is shown in (d), where black contours denote regions where the difference is 
significant at the 10% significance level. 
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Figure 7. The contribution of blocking and non-blocking periods to the total cold spell maps 
shown in Figure 6. The percentage of total winter days is indicated in the top left corner of each 
map. 
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Figure 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 contour 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°C, 12°C and 16°C. The green box indicates the region used to 
produce the low-pass filtered geopotential height index. 
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Figure 9. Evolution of a single PV contour close to the dynamical tropopause 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 Figure 8). Wintertime SST contours are plotted in blue for 8°C, 12°C and 16°C. The 
thin black box indicates the region used to produce the low-pass filtered geopotential height 
index. 
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Figure 10. Evolution of the composite eddy kinetic energy at 300 hPa, shaded, in the NCEP-
CFSR. Positive anomalies, relative to climatology, are indicated in green contours, starting 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 1.75 PVU. Wintertime SST contours are drawn in purple for for 8°C, 12°C 
and 16°C. The thick purple box indicates the region used to produce the low-pass filtered 
geopotential height index. 
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Figure 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, starting 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 for 8°C, 12°C and 16°C. The thick purple box 
indicates the region used to produce the low-pass filtered geopotential height index. 
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Figure 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 supplying 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°C, 12°C and 16°C. The thick green box 
indicates the region used to produce the low-pass filtered geopotential height index. 
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Figure 13. Evolution of the meridional eddy heat transport at 850 hPa, shaded, in the NCEP-
CFSR. Positive anomalies, relative to the climatology, 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 contours are drawn in purple for 8°C, 12°C 
and 16°C. The thick purple box indicates the region used to produce the low-pass filtered 
geopotential height index. 
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Figure 14. Evolution of the meridional eddy heat transport at 850 hPa, shaded, in the 
CONTROL and SMOOTH simulations. The DIFFERENCE, 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 for 8°C, 12°C and 16°C. The thick purple box indicates the region used to produce 
the low-pass filtered geopotential height index. 
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Figure 15. Composite evolution of the precipitation, shaded, during European blocking 
development in NCEP-CFSR. Blue contours indicate 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. Wintertime SST contours are 
drawn in purple for for 8°C, 12°C 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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Figure 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 respective 
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 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 for 
8°C, 12°C 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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Figure 17. Schematic summarising the common features prior to European 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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Figure 18. Absolute value of the composite velocity (shading) and PV at 300 hPa (black 
contours from 0.5 PVU with an interval of 0.25 PVU, emboldened for 1.75 PVU) for the 8-day 
low-pass composite field at -4 days for the European blocking (top) and the eastern North 
Pacific blocking. These composites consist of the top 50 blocking events calculated only using 
the 8-day low-pass filtered Z(500hPa) indices (over the regions indicated by the green boxes), 
more closely following the method used in Nakamura et al. (1997).  

 

 


