
1.  Introduction
Blocks strongly impact regional weather due to their persistence (up to 4–5 weeks). They correspond to a 
large-scale meridional reversal of the atmospheric circulation that blocks the westerly flow (Rex, 1950). 
In winter, they are associated with cold spells and in summer with hot days and even heatwaves (Cattiaux 
et al., 2010; Röthlisberger & Martius, 2019; Schaller et al., 2018; Sousa et al., 2018).

No unique theory describing the blocking life cycle has emerged yet. This is partly due to the nature of 
blocking event itself, as the term “blocking” covers a wide range of weather patterns: From the clear anti-
cyclonic or cyclonic large-scale Rossby wave breaking (Davini et al., 2012; Masato et al., 2012; Rex, 1950) 
to the amplified ridge showing weaker reversal (Altenhoff et al., 2008; Drouard & Woollings, 2018; Sumn-
er, 1954). Most blocks result from a large-scale Rossby wave breaking, which corresponds to a large-scale 
and irreversible overturning of the geopotential contours on a pressure level. It results in the mixing of a 
low-latitude/high-geopotential air mass moving north and a high-latitude/low-geopotential air mass mov-
ing south. When they rotate about each other in an anticyclonic direction, we speak of an anticyclonic wave 
breaking and consequently of an anticyclonic block. Similarly, we speak of a cyclonic wave breaking and a 
cyclonic block when the two air masses rotate about each other in a cyclonic direction.

To account for these different types of blocks, different dynamical theories for block formation have emerged 
in the last 70 years, including large-scale and small-scale Rossby wave interaction (e.g., Austin, 1980; Char-
ney & DeVore, 1979; Hwang et al., 2020; Legras & Ghil, 1985), rapid cyclogenesis (e.g., Colucci, 1985; Na-
kamura & Huang, 2018; Sanders & Gyakum, 1980), or latent-heat fluxes (e.g., Pfahl et al., 2015; Steinfeld & 
Pfahl, 2019). Low-frequency flow has also been shown to be more important for blocking formation over 
Europe, while the synoptic flow would be more important for Pacific blocks (Nakamura et al., 1997). The 
maintenance of blocking events has been shown to be due to positive synoptic eddy feedback (e.g., Alten-
hoff et al., 2008; Berckmans et al., 2013; Colucci, 1985; Mak, 1991; Shutts, 1983). Block maintenance is a key 
process for blocking events as it determines their duration, which has a strong impact on weather and soci-
ety. Indeed, the longer a block the stronger its societal impacts. However, the reason why some blocks last 
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longer than others is still not well understood. It could be due to forcing by modes of variability, in particular 
tropical modes of variability (e.g., Cassou et al., 2005; Gollan et al., 2015; Gollan & Greatbatch, 2017; Hamill 
& Kiladis, 2014; Henderson et al., 2016; Henderson & Maloney, 2018; Hoskins & Sardeshmukh, 1987; Ren-
wick & Revell, 1999; Schneidereit et al., 2012), or strong synoptic feedback. But no study has investigated 
specifically why some blocks last only 5 days and other 4–5 weeks.

Here, we want to better understand the reasons for such a difference in duration and the potential mech-
anisms involved, to be able to better characterize long blocks. Recurrent blocks (i.e., successive blocks oc-
curring over a short period of time in the same area) will not be considered here. Our purpose is to identify 
common ingredients of persistent individual blocks that are independent of block location or season. To do 
this we will consider every block between 1957 and 2019. While there are likely regional and seasonal vari-
ations in blocking mechanisms, we prefer to start investigating this question from this broader perspective. 
The data and methods are introduced in Section 2. Results are presented in Sections 3–7 and discussed in 
Section 8.

2.  Data and Methods
This work is based on the 6-h reanalysis data combining ERA-40 (Uppala et al., 2005) and ERA-Interim 
(Dee et al., 2011) from the European Center for Medium-Range Weather Forecasts (ECMWF) on a 0.75° × 
0.75° grid. Daily averages are computed for all the data. Several fields are used: The 500-hPa geopotential 
(Z500), the 300-hPa zonal wind (U300), the 300-hPa meridional wind (V300), the 330K-potential vorticity 
(PV330K), the 330K-zonal wind and the 330K-meridional wind. Every month between September 1957 and 
July 2019 are used to get seasonally independent results and larger sample sizes. The fields on the 330K-the-
ta level are used over the ERA-Interim period (January 1979–July 2019) as the PV330K is not available in 
ERA-40.

Daily anomalies are computed relative to the daily 1957–2019 (or 1979–2019) climatology, which is 
smoothed using a 5-days running mean. The high- and low-frequency components of the zonal and merid-
ional winds are also extracted using a 2–6 days band-pass Lanczos filter, to separate the synoptic-scale and 
low-frequency signals (Duchon, 1979).

A brief comparison is made in Section 6 with the perturbed parameter ensemble (PPE) from the UK Cli-
mate Projections published in 2018 (UKCP18; Murphy et al., 2018). The PPE ensemble is made of 15 cou-
pled simulations developed by the Met Office Hadley Center using the HadGEM3-GC3.0.5 model, where 
each member only differs in the values assigned to a set of parameters (Yamazaki et al., 2021). For the com-
parison, we use daily Z500 over the period January 1980 to December 1997 from the 25 members (similar to 
that of Yamazaki et al., 2021). The grid resolution for these data is 0.83° × 0.55°.

2.1.  Detection of Blocking Events

Blocking events were detected using the two-dimensional-algorithm from Masato et al. (2013). This method 
looks for persistent and large-scale reversals in the Z500 meridional gradient. The daily meridional gradient 
at each grid point, MGi, is:
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where θ corresponds to the latitude and θ0 to the latitude at which the index is applied. Strictly positive val-
ues of MGi show the presence of a large-scale reversal of the Z500 meridional gradient. A local maximum 
in MGi corresponds to the block center. This block center is then tracked in the following days.
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Three constraints are then applied. First, the block center must not move more than 27° in latitude and 36° 
in longitude between two time-steps and, second, it must lie within a 40.5° in latitude X 54° in longitude box 
centered on the onset block center. The tracking stops when one of these two constraints is not respected. 
Third, the large-scale reversal must last at least 5 days to be considered a block.

Only blocks with a block center on onset day located between 40°N and 60°N are considered, to discard typ-
ically weaker high-latitude events, like large-scale quasi-stationary lows associated with northward small-
er-scale high. 3,222 blocks are detected between 1957 and 2019 and 2135 between 1979 and 2019.

Blocks are then separated into short, long and very long events. Short events last only five days, long events 
last 10–13 days and very long events last at least 14 days. We focus on comparing short, long and very long 
blocks and do not consider those of average duration (6–9 days). A duration of five days corresponds to the 
minimum duration of blocking events. On the contrary, blocks lasting at least 14 days are amongst the 5% 
longest blocks. The 10–13 days interval is used to study the long blocks that have a strong impact on temper-
ature and precipitation, but are not extreme in terms of duration. Between 1957 and 2019, 886 short blocks, 
448 long blocks and 176 very long blocks are detected. Between 1979 and 2019, there are 600 short blocks, 
309 long blocks and 125 very long blocks.

2.2.  Direction of Breaking Index: Separation Between Anticyclonic Block and Cyclonic Blocks

To separate anticyclonic blocks from cyclonic blocks we used the direction of breaking (DB) index devel-
oped by Masato et al. (2012). This index is computed as follows:

 500 ( 500 500 ) / 2,i n sZ Z Z� (4)

  1 1500 500 ,c cDB Z Z� (5)

with 1500cZ , the 500iZ  value one grid point upstream of the block center and 1500cZ , the 500iZ  one grid 
point downstream of the block center. A positive DB index corresponds to an anticyclonic block and a neg-
ative DB index to a cyclonic block.

Finally, we add the following condition for a block to be considered anticyclonic:

5 0.5,daysDB� (6)

and cyclonic:

 5 0.5,daysDB� (7)

where 5daysDB  corresponds to the time-average of the DB index over the first-five days of the block. It is 
necessary to select only blocks with clear anticyclonic and cyclonic structures during their establishment. 
690 anticyclonic blocks and 908 cyclonic blocks are detected between September 1957 and July 2019 and 
463 anticyclonic blocks and 595 cyclonic blocks between January 1979 and July 2019.

2.3.  E-Vectors

E-vectors point approximately in the direction of wave energy propagation (compared to the slowly varying 
flow), therefore they show in which direction Rossby waves propagate. They are computed as follows, using 
the definition from Trenberth (1986):

  2 21 ( 300 300 ) , 300 300 ,
2 HF HF HF HFV U U VE i j� (8)

where the subscript HF represents the high-frequency flow. The divergence of E-vectors shows where the 
zonal wind is accelerated by the synoptic waves. Southward-pointing E-vectors are associated with synoptic 
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waves propagating southward and a northward transport of positive momentum that strengthens the mean 
flow northward where the E-vectors diverge. Northward pointing E-vectors are associated with negative 
momentum fluxes, which indicates a southward transport of positive momentum and so an acceleration of 
the jet to the south, where the E-vectors diverge. Here, E-vectors are used in association with the meridional 

convergence of the momentum fluxes 
 
  

300 300HF HFU V
y

 to determine where the synoptic flow positive-

ly feeds back on the mean flow. A positive meridional convergence of the synoptic momentum fluxes shows 
where synoptic momentum is deposited and therefore where the background westerly flow is accelerated. 
On the contrary, the meridional divergence of the synoptic momentum fluxes shows where the synoptic 
eddies grow to the detriment of the background flow.

2.4.  Block-Centered Composites

To create composites using every block, independently of their location, we selected every grid point in a 
box of 151° longitude x 61° latitude centered on the block center. We then deleted the longitude and latitude 
values and verified that all the block centers were co-located.

3.  Distribution of Northern Hemisphere Blocks
3.1.  Characteristic Time Scale

The detected blocks last between 5 and 31  days (Figure  1a). According to previous studies (D'Andrea 
et al., 1998; Davini & D'Andrea, 2016; Pelly & Hoskins, 2003; Masato et al., 2009), the exponential decrease 
seen on Figure 1a suggests that the duration of blocks is independent of the number of days it has already 

DROUARD ET AL.

10.1029/2020JD034082

4 of 18

Figure 1.  (a) Number of blocks lasting at least a given number of days (magenta curve). The red curve shows the same but on a log-scale. The black dash-
line shows the best fit regression line for blocks lasting five to 14 days (σ = 3.07 days). The blue dash line shows the best fit regression line for blocks lasting 
13–24 days (σ = 3.5 days). (b) and (c) Probability density function of blocks as a function of (b) The longitude, and (c) The latitude. (d) Power spectrum as 
a function of frequency (thick solid line). The power spectrum was normalized so that the area under the curve is equal to the variance of the data set after 
detrending. Thinner solid lines show the Markov “red noise” spectra, lines with large dashes show the 95% confidence level for the Markov spectra and lines 
with short dashes show the 5% confidence level. (e) Annual number of blocks (dots) and corresponding trends (solid lines). (f) Probability density function of 
blocks as a function of the month. For every panel, orange curves and/or dots represent the full set of detected blocks, black curves and/or dots represent the 
short blocks, blue curves and/or dots represent the long blocks and red curves and/or dots represent the very long blocks.
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lasted. However, any change in the rate of this exponential decay would imply that this hypothesis is not 
valid. Following Pelly and Hoskins (2003) and Martineau et al. (2017), we use a logarithmic scale to high-
light changes in the rate of the exponential decay. Pelly and Hoskins (2003) defined the characteristic time 

scale, σ, of blocks as being the inverse of the slope of the number of blocks on the logarithmic scale: 




1

,  

with α, the slope of the number of blocks on the logarithmic scale. We obtain similar results to Pelly and 
Hoskins (2003), with a characteristic time scale of 3.07 days and a chance of 72% of an existing block lasting 
one more day (black dash-line). However, contrary to Pelly and Hoskins (2003), we observe a slight change 
in the slope of the logarithm-scale curve for blocks lasting more than 13–14 days and less than 20–22 days 
(red line in Figure 1a). This change of slope is associated with a characteristic time scale of 3.5 days (blue 
dash-line) and a chance of 75% of an existing block lasting one more day. These two characteristic times-
cales are significantly different as shown by a bootstrap method: The 10,000 random resamplings of the 
events (with replacement) gave an average characteristic timescale of 3.07 days with a standard deviation of 
0.08 days for the shorter blocks and an average characteristic timescale of 3.51 days with a standard devia-
tion of 0.28 days for the longer blocks. Therefore, longer blocks appear to have slightly higher chance to last 
one more day than shorter blocks. This change of slope occurs around the 95th percentile of block duration.

In the following we analyze the spatial and temporal distributions of blocks to determine if there is an ob-
vious relation with their duration.

3.2.  Spatial Distribution

As previously seen (e.g., Barriopedro et al., 2010; Masato et al., 2013; Schwierz et al., 2004), there are two 
main longitudinal bands of blocking occurrence: The North Atlantic-European area (60°W–60°E) and the 
East Asia-Pacific area (120°E–240°E; Figure 1b). Short, long and very long blocks show a longitude dis-
tribution very similar to that of all blocks (Figure 1b). The only difference observed is the strong peak in 
frequency for very long blocks over the North Pacific. This appears to be partly due to a cluster of extremely 
long blocks lasting more than 24 days (Figure S1a), which suggests that these extremely long blocks might 
be related to a teleconnection possibly originating in the tropical Pacific (see Breeden et al., 2020). However, 
despite the magnitude of this feature, very long blocks are seen to occur around much of the hemisphere.

Closer examination of Figures 1b and S1a reveal a link between the longitude of blocking and the relative 
occurrence of short and long events. In particular, longitudes with a low climatological blocking frequen-
cy exhibit very few long and very long blocking events. Hence, the statistics there are dominated by short 
events and so they have a shorter average blocking duration. This shows that the longitude of a block is 
statistically related to its persistence, though this is perhaps not surprising. It likely reflects that it is espe-
cially difficult to sustain a long block in a region which is climatologically less favorable to blocking overall.

Blocks are more frequent at higher latitudes (Figure 1c). Compared to the full set of blocks, short blocks 
tend to be slightly more frequent at lower latitudes (40°N–51°N) while long and very long blocks are more 
frequent at higher latitudes (north of 47°N). This is especially observed for extremely long blocks lasting at 
least 24 days (Figure S1b). Spatial maps of blocking frequency were also examined (not shown) but these 
did not reveal any spatial influence on the long and very long blocks beyond those shown in Figure 1.

We computed the ratio of the number of blocks at high latitudes (north of 50°N) to that at low latitudes 
(south of 50°N; Table 1). This is equal to 2.18 for the full set of blocks, 1.90 for the short blocks, 2.37 for the 
long blocks and to 2.98 for the very long blocks. Therefore, the latitude of the block at onset day might play 
a role in its duration with short blocks tending to occur at lower latitudes and long and very long blocks 
at higher latitudes. However, the latitude of the block alone does not fully explain the increased duration, 
as short blocks also occur at latitudes greater than 50°N and very long blocks at lower latitudes (south of 
50°N).

3.3.  Temporal Distribution

Blocks occur every year but their annual number varies from one year to another (Figure S1c). To determine 
if these variations exhibit preferred periods we computed the power spectrum of the annual number of 
blocks for each categories (Figure 1d). Only two significant peaks are observed: One for the short blocks at 
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a frequency of about 0.15 cycle/year and one for the long blocks at a frequency 0.26 cycle/year, suggesting 
that some inter-annual variations in short and long block frequencies might be due to external forcings. 
A non-significant peak at a frequency of 0.4 cycle/year is also visible for both short and very long blocks, 
which could correspond to a forcing by El Niño-Southern Oscillation.

Weak positive trends in the annual number of blocks are observed for each category (Figure 1e). However, 
only the trend for the very long blocks is significant (p-value = 0.05). It corresponds to an increase of 1.53 
blocks in 61 years (between 1958 and 2018). Overall, between 1958 and 2018, no strong and significant 
response to global warming emerges for the annual number of blocks or the annual-mean duration in the 
Northern Hemisphere.

Finally, blocks are the most frequent in late spring/early summer (in agreement with Postel & Hitch-
man, 1999) and peak in May (Figure 1f). Their frequency decreases in summer and increases again in No-
vember. The short-block cycle is slightly in advance compared with that of the full set of blocks, as they are 
the most frequent in April. Long and very long blocks show a similar monthly cycle: They both peak in May 
and in December and both show strong frequency changes between late spring/early summer and autumn 
and between winter and early spring.

To summarize, these four parameters (the longitude, latitude, and year and month of occurrence) might 
play a role in the block duration but do not fully explain why some blocks are longer. Therefore, we will 
investigate the dynamics of short, long and very long blocks to look for potential differences.

4.  Dynamical Overview of Short, Long and Very Long Blocks
Figure 2 shows 5-days average composites of the Z500 (black contours), U300 (magenta contours), E-vec-
tors at 300hPa (blue arrows) and synoptic (high-pass) meridional convergence of the momentum fluxes 

at 300hPa  
  

300 300 ; shadingHF HFU V
y

 during short blocks (left column) and during long and very long 

(LVL) blocks (right column). The LVL blocks are composited together because: 1/they give similar results 
when composited separately (not shown); 2/it allows us to have a larger sample; 3/the two composites are 
now of comparable size (886 blocking events for the short-block composites and 624 blocking events for the 
LVL-block composites).

During the 5 days preceding the blocks, no strong features are visible in the block area in either case (Fig-
ures 2a and 2b). A weak ridge is present in both cases and a beginning of cyclonic reversal is observed for 
the LVL blocks (black contours between −10°–0° latitude and −15°–0° longitude in Figure 2b). As a conse-
quence, the U300 maximum shifts to the south of the future block center (Figures 2a and 2b). This south-
ward shift appears to be driven by synoptic eddies as shown by the meridionally convergent momentum 
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Ratios All blocks Short blocks Long blocks Very long blocks

Latitude





Number of high latitude blocks

Number of low latitude blocks


2209 2.18
1013


581 1.90
305


315 2.37
133


131 2.98
44

Observed latitudinal ratio

Expected latitudinal ratio


1.90 0.87
2.18


2.37 1.09
2.18


2.98 1.37
2.18

Direction of breaking

Number of cyclonic blocks

Number of anticyclonic blocks


908 1.32
690


199 0.86
232


151 1.66
91


61 2.10
29

Observed ratio for the direction of breaking

Expected ratio for the direction of breaking


0.86 0.65
1.32


1.66 1.26
1.32


2.10 1.59
1.32

Table 1 
Numerical Analysis of the Link Between Blocking Duration and Blocking Latitude and Direction of Breaking
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fluxes and the strong divergent E-vectors around −30°–0° longitude, just upstream of the block (Figures 2a 
and 2b). The convergence of the momentum fluxes is slightly stronger in the case of the LVL blocks than 
in the case of the short blocks around −15°–0° and −30°–0° longitude (compare Figures 2a and 2b). This is 
associated with larger E-vectors. To conclude, diffluent flow, a likely precursor of the block, is observed in 
both cases prior to block onset and no significant differences are observed between short and LVL blocks 
over the five days preceding their onset.

Over the first 5 days of the blocks, a dipole structure with a high to the north of a low is observed in both 
cases (Figures 2c and 2d). A clear cyclonic reversal appears for the LVL blocks (black contours in Figure 2d), 
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Figure 2.  Five-day-average composites of Z500 (black contours, starting at 48,000 m2/s2 with an interval of 250 m2/s2),  
U300 (magenta contours in m/s with an interval of 4 m/s), E-vectors (blue arrows in m2/s2, scale is shown at the bottom 
of each panel) and synoptic momentum flux meridional convergence (shading) for the short blocks (left panels) and 
the LVL blocks (right panels). The composites are averaged over (a and b) the five days preceding the blocks and (c and 
d) the five first days of the blocks (onset day included). Non-dotted areas show where the synoptic momentum flux 
convergence is significant at the 95% confidence level in absolute value using a bootstrapping statistical test. LVL, long 
and very long.
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while no particular direction of reversal or clear Ω − shape is seen for 
short blocks (Figure  2c). This implies that short blocks show no over-
all preference for anticyclonic, cyclonic and Ω − shape blocks, whereas 
LVL blocks seem to be dominated by cyclonic Rossby wave breaking. No 
strong differences are visible in the U300 field between the two compos-
ites. They both show a double-jet structure with two U300 maxima sur-
rounding an area of negative U300 values over the block center. There are 
no clear differences in the strength or spatial extent of the blocks between 
these two composites so these factors appear to not affect the duration of 
blocking strongly. Similarly, no strong differences are seen in the E-vec-
tor orientations. However, the meridional convergence of the momen-
tum fluxes appears slightly stronger for the LVL blocks than for the short 
blocks (compare Figures 2c and 2d), which could imply that the synoptic 
forcing is stronger for the longer blocks.

Therefore, the clearest difference observed is the preference for cyclonic 
Rossby wave breaking in LVL cases. To investigate this further, Figure 3a 
shows the number of anticyclonic and cyclonic blocks as a function of 
the duration. There are nearly as many anticyclonic short blocks (232) 
as cyclonic short blocks (199), which agrees with the absence of clear re-
versal direction in Figure 2c. But, there are nearly twice as many cyclonic 
LVL blocks (212 blocks) as anticyclonic LVL blocks (120 blocks), which 
explains the presence of a cyclonic reversal in the composites of the LVL 
blocks (Figure 2d). In addition, cyclonic blocks are equally present for the 
two duration categories but anticyclonic blocks are under-represented for 
longer durations.

This agrees with Thorncroft et al. (1993), who showed that LC1 events 
(i.e., anticyclonic Rossby wave breaking) were shorter than LC2 events 
(i.e., cyclonic Rossby wave breaking), but was not necessarily expected 
as Weijenborg et al. (2012) found only weak differences in terms of du-
ration between anticyclonic and cyclonic blocks. We also observe a weak 
mean-duration difference between anticyclonic blocks (mean dura-
tion = 7.3 days) and cyclonic blocks (mean duration = 8.1 days). Hence, 
anticyclonic and cyclonic blocks have very similar mean duration, but 
cyclonic blocks are associated with longer extreme durations than an-
ticyclonic blocks. We will now focus on the impact of the direction of 
breaking on the block duration.

5.  Direction of Breaking and Block Duration
Figure 3b is the counterpart of Figure 1a but for the anticyclonic blocks 
and cyclonic blocks. Similarly to Figure 1a, we observe an exponential 
decrease of the number of anticyclonic and cyclonic blocks as a func-
tion of duration (see also Martineau et al., 2017). However, anticyclonic 
and cyclonic blocks show two different decay rates that also differ from 
the full set of detected blocks (Figure  1a). Anticyclonic blocks show a 
characteristic timescale of only 2.87 days, for duration of five to 16 days. 
This gives a chance of blocks lasting one more day of 70.5% for these 
durations, meaning that anticyclonic blocks are expected to be shorter on 
average than the full set of detected blocks.

Cyclonic blocks show longer characteristic timescales: For durations of 
5–8 days, the characteristic timescale is equal to 4.09  days and for du-
rations of 8 to 20  days, it is equal to 3.23  days (dashed blue lines and 
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Figure 3.  (a) Number of short (black dots), long (blue dots) and very long 
(red dots) anticyclonic (top) and cyclonic (bottom) blocks. (b) Number 
of anticyclonic and cyclonic blocks lasting at least a given number of 
days (red and blue solid curves, respectively). The thick dash red and 
blue curves show the same but on a log-scale. Thin lines show best fit 
regression for 5–16 days anticyclonic blocks (magenta), 5–8 days cyclonic 
blocks (cyan) and 8–21 days cyclonic blocks (purple). (c) Number of short, 
long and very long anticyclonic and cyclonic blocks in ERA-Interim (black 
dots), and in the 15-member UKCP18 ensemble (orange dots). Values 
above the red line shows anticyclonic blocks and values below the line 
cyclonic blocks. (a)–(b) The data used cover the period from September 
1957 to July 2019. (c) The data used cover the period from January 1980 to 
December 1997.
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corresponding fits). The first characteristic timescale, σ = 4.09 days, gives a chance of 78% of an existing 
block lasting one more day. This implies that cyclonic blocks are less prone to be short than anticyclonic 
blocks and then the full set of detected blocks. In addition, cyclonic short blocks represent only 22% of cy-
clonic blocks, while anticyclonic short blocks account for 34% of anticyclonic blocks (Figure 3a). Therefore, 
cyclonic short blocks tend to be under-represented compared with anticyclonic short blocks. The character-
istic timescale for durations of eight to 20 days, σ = 3.23 days, corresponds to a 73% chance for an existing 
block to last longer, further showing that cyclonic blocks are expected to be longer than anticyclonic blocks.

Since the latitude of a block was also found to have an effect on its persistence (Figure 1c), we now examine 
how the latitude and direction of breaking are related. Anticyclonic blocks occur at every longitude and lat-
itude (Figure S2). Anticyclonic short blocks seem to be particularly frequent at lower latitudes (47°N–53°N) 
and over Europe, as previously shown (e.g., Davini et al., 2012; Masato et al., 2012; Tyrlis & Hoskins, 2008b; 
Weijenborg et al., 2012). Cyclonic blocks also occur at every longitude and latitude (Figure S2). They are 
dominant at high latitudes (Figure  S2d), from western Canada to the south of Greenland and over the 
North Pacific between 50°N and 60°N (e.g., Davini et al., 2012; Masato et al., 2012; Weijenborg et al., 2012). 
This was expected as cyclonic blocks generally occur on the poleward side of the jets, where the meridional 
shear is cyclonic (Peters & Waugh, 1996; Thorncroft et al., 1993; Weijenborg et al., 2012). Conversely, an-
ticyclonic blocks occur in areas of anticyclonic meridional shear on the equatoward side of jets (Peters & 
Waugh, 1996).

To estimate the importance of the direction of breaking for the block duration, we computed the ratio of 
the number of cyclonic blocks to the number of anticyclonic (sixth row in Table 1). This is equal to 1.32 for 
the full set of detected blocks, 0.86 for the short blocks, 1.66 for the long blocks and 2.10 for the very long 
blocks. If the direction of breaking was not related to the block duration, the ratios for the three durations 
should be equal to 1.32. The observed ratio is 35% smaller than expected for the short blocks, 26% higher 
than expected for the long blocks and 59% higher than expected for the very long blocks (seventh row in 
Table 1). Therefore, cyclonic LVL blocks are more frequent compared with anticyclonic LVL blocks than ex-
pected and anticyclonic short blocks are more frequent compared with cyclonic short blocks than expected.

If we do the same for the observed latitudinal ratios and expected latitudinal ratios computed earlier (Sec-
tion 3.2), we can see that the observed and expected ratios for the latitude are closer than for the direction of 
breaking (compare the fourth and seventh rows in Table 1). Hence, the direction of breaking has a stronger 
impact on the duration than its latitude.

6.  Block Duration and Direction of Breaking in a Coupled Model Ensemble
Here, we aim at evaluating the ability of Coupled General Circulation Models (CGCMs) to capture the rela-
tion between block duration and the direction of breaking. To do this, we computed blocking event statistics 
for the 15 members of the UKCP18 ensemble over the period 1980–1997. Figure 3c shows the number of an-
ticyclonic and cyclonic events for ERA-Interim and for each UKCP18 member as a function of the duration. 
The ensemble reproduces the results observed in the ERAI reanalysis, which further supports the above 
findings. It shows a strong decrease in the number of anticyclonic blocks with increasing duration and a 
weaker decrease in the number of cyclonic blocks with increasing duration. Consequently, anticyclonic 
LVL blocks are less frequent than anticyclonic short blocks and then cyclonic LVL blocks, as observed in 
ERA-Interim. To conclude, CGCMs are able to reproduce the relationship between block duration and the 
direction of breaking. This further demonstrates that, despite their known regional biases, CGCMs are able 
to correctly reproduce some blocking characteristics, including at least some of the dynamics which lead to 
extremely persistent, high-impact events.

7.  Proposed Mechanisms
In this section, we investigate potential mechanisms responsible for the observed differences in block dura-
tion. To do this, we first analyze the dynamics of anticyclonic and cyclonic blocks.
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7.1.  Anticyclonic and Cyclonic Blocks' Dynamics

Composites for anticyclonic and cyclonic blocks show different direction of reversal, synoptic eddy feed-
back and jet locations (Figures 4c and 4d). These differences are already visible prior to block onset (Fig-
ures 4a and 4b). First, a ridge is developing upstream of the future block center in the anticyclonic case, 
whereas, in the cyclonic case, a trough and a ridge both develop on the upstream and downstream sides 
of the future block center, respectively (black contours). The presence of an upstream trough and a down-
stream ridge in the cyclonic case prelude the future development of a cyclonic reversal. Second, the U300 
(magenta contours) already splits in two in the anticyclonic case, whereas it is mostly located southward in 
the cyclonic case. This is associated with meridionally convergent synoptic momentum fluxes and divergent 
E-vectors upstream and to the north of the future blocks in the anticyclonic case (Figure 4a) and upstream 
and to the south of the future block center in the cyclonic case (Figure 4b). This shows that the synoptic 
eddies reinforce the U300 to the north in the anticyclonic case and to the south in the cyclonic case.
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Figure 4.  As in Figure 2 but for anticyclonic blocks (left column) and the cyclonic blocks (right column).
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The anticyclonic and cyclonic reversals are clearly seen during the first 5 days of the blocks (black contours 
in Figures 4c and 4d). In both cases, a split jet appears with the characteristic northern and southern west-
erlies surrounding an area of easterlies (magenta contours). In the cyclonic case, the southern branch is 
much stronger than the northern branch (Figure 4d), whereas, in the anticyclonic case, the two branches 
are of nearly equal amplitude (Figure 6c). During cyclonic blocks, this is associated with strong convergent 
synoptic momentum fluxes and strong divergent E-vectors to the south of the jet. On the contrary, during 
anticyclonic blocks, the synoptic momentum flux convergence and E-vectors are weak to the south of the 
block and very strong to the north of blocks. Therefore, synoptic eddies strongly reinforce the U300 to the 
north and only weakly to the south during anticyclonic events, whereas they only reinforce the U300 to the 
south of the blocks during cyclonic events.

During cyclonic blocks, the strong E-vectors pointing northward inside the high also suggests that eddies 
can propagate into the ridge, which could reinforce the cyclonic block. On the contrary, during anticyclonic 
blocks, southward-pointing E-vectors are only observed on the downstream side of the high (southward 
pointing blue arrows between 0° and 15° longitude), which suggests that they can reinforce the block only 
on its downstream side. This propagation of synoptic eddies inside the block system during cyclonic events 
could also contribute to its larger duration. Indeed, Barnes and Hartmann (2010a) showed that the negative 
phase of the North Atlantic Oscillation (NAO) is more persistent partly because synoptic Rossby waves tend 
to break in the middle of the North Atlantic basin, where the NAO dipole is located, reinforcing both the 
NAO anomalies and the jet to the south. Conversely, during the positive phase of the NAO, the synoptic ed-
dies break downstream of the NAO anomalies, which strengthens the jet northward but too far downstream 
to reinforce the NAO anomaly itself. Therefore, processes occurring during cyclonic blocks are very similar 
to those occurring during the negative NAO phase, with synoptic Rossby waves breaking to the south of the 
block, which reinforces the jet to the south and the blocking high to the north.

An area of strong momentum flux divergence is observed between the high and the low in both anticy-
clonic and cyclonic cases. In the anticyclonic case, this area is located on the downstream side of the block, 
whereas it is located on the upstream side of the block during cyclonic blocks. These divergent synoptic 
momentum fluxes on the upstream side of the block during cyclonic blocks could help maintaining the 
block against the westerlies, as eddies in that area extract energy from the mean flow and consequently 
prevent the strengthening of the mean flow to the detriment of the block. On the contrary, when synoptic 
momentum fluxes diverge downstream of the block, like in the anticyclonic case, it might not contribute to 
its maintenance.

To conclude, the spatial structure of the blocks results in different positive feedback locations. In the an-
ticyclonic case, the high is located to the west of the low, therefore, when synoptic systems arrive in the 
vicinity of the blocks they are mostly diverted poleward. This is why there are strong E-vectors and positive 
momentum flux convergence to the north of the blocks. These eddies, passing north of the block, are more 
likely to break in a region of weak westerlies downstream and might contribute less to the maintenance of 
the block itself. During cyclonic blocks, the high is located on the eastern side of the block and the low on 
the western side. Therefore, the jet and the synoptic systems are mostly deviated southward, where they 
appear to reinforce both the jet and the blocking system. This explains the weaker E-vectors seen northward 
of the block in the cyclonic case.

7.2.  Synoptic Eddy Feedback on the Jet Structure

As synoptic eddies have been shown to be an important parameter in block formation and maintenance 
(Berckmans et al., 2013; Drouard & Woollings, 2018; Green, 1977; Nakamura et al., 1997), the difference in 
forcing location highlighted above could explain the absence of anticyclonic blocks of extremely long dura-
tion. Therefore, maintaining the U300 to the northwest of the blocks rather than to the south of the block 
could be a possible reason for the shorter duration of anticyclonic blocks. According to previous studies 
(Barnes et al., 2010; Barnes & Hartmann, 2010a, 2010b), an equatorward located jet is more persistent than 
a poleward located jet, due to a weaker synoptic feedback when the jet is located at higher latitudes. Indeed, 
a poleward located jet is closer to the turning latitude, where the refraction index is null and, consequently, 
where synoptic Rossby waves are refracted southward and do not break, which inhibits the synoptic feed-
back (Barnes et al., 2010).
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To test the role of the location of the positive synoptic feedback on the U300, we built two indices, over 
the period 1957–2019. They correspond to a projection of the momentum flux meridional convergence 
on the U300 anomaly at two locations: to the northeast of the block, where the synoptic momentum flux 
convergence is maximum during anticyclonic blocks (first index), and to the south of the block, where the 
momentum flux convergence is the strongest during cyclonic blocks (second index; see SI for more details). 
Contrary to what was expected, these two indices did not show any significant correlation with block dura-
tion (not shown). Strong positive synoptic feedback to the south of the block was not necessarily associated 
with longer blocks and strong positive synoptic feedback to the northeast of the block was not only associ-
ated with shorter blocks. However, strong positive synoptic feedback to the south of the block was mostly 
associated with cyclonic blocks. Therefore, while cyclonic blocks do lead to a stronger eddy maintenance of 
a south-shifted jet, we cannot conclude that this explains the enhanced duration of these blocks.

We also tested the hypothesis that a stronger southern jet was associated with longer events, as the southern 
branch appears stronger than the northern branch during cyclonic blocks. To this, we computed an index 
based on the difference of intensity between the southern and northern branches between 1957 and 2019 
(see SI for more details). Again, the result was not conclusive and no clear difference between short and LVL 
blocks emerged (not shown).

The absence of conclusive results is supported by Figure 2. Indeed, Figures 2c and 2d do not show any 
strong difference in the momentum flux convergence and in the strength of the northern and southern 
branches of the U300. Therefore, taken separately, the location of the positive synoptic feedback on the 
U300 and the strength of the southern branch do not appear to be key parameters for block duration.

7.3.  Eddy Feedback on the Blocking System

So far, we have focused on evaluating the role of synoptic eddies in maintaining the jet outside of the block 
region, meaning, to the south and/or to the north of the block. In this section, we investigate how the tran-
sients reinforce the blocking anomalies themselves. Following the works of Illari (1984), Mullen (1987) and 
Drouard and Woollings (2018), we used the convergence of the anomalous PV330K fluxes to quantify the 
transient eddy forcing on the high. Indeed, the convergence of the anomalous PV330K fluxes corresponds 
to a forcing term in the time-averaged PV equation (Illari, 1984):

    0 . .q qv v� (9)

where, v corresponds to the wind and q to the PV330K. Overbars represent a time mean and primes a de-
viation from the time mean. In the areas where v is horizontally nondivergent,  . qv  corresponds to the 
convergence of the anomalous PV330K fluxes.

Figures 5a and 5c show two different patterns in the convergence of the anomalous PV330K fluxes for short 
and LVL blocks (shading): Short blocks show an east-west dipole over the high with convergence on the 
upstream side of the high and divergence on its downstream side, while LVL blocks only show divergence 
over the whole high. Divergent anomalous PV330K fluxes induces a negative tendency in PV330K meaning 
a reinforcement of the ridge. Therefore, this suggests that transients, during the five first days of the block, 
reinforce short blocks only on their downstream side, while they reinforce LVL blocks over the whole high. 
This difference in the pattern of the convergence of the anomalous PV330K fluxes is even stronger between 
anticyclonic and cyclonic blocks (Figures 5b and 5d, respectively).

Over the low, each type of block shows a strong east-west dipole with convergence to the west and diver-
gence to the east. The stronger signal could be due to several reasons: First, the low is located in an area of 
strong meridional PV330K gradient, therefore the convergence of the anomalous PV330K fluxes is stronger 
there and, second, the low is a more compact feature (compare Figures 5a–5d).

Figures 5e and 5f show the temporal evolution of the convergence of the anomalous PV330K fluxes, aver-
aged in the red boxes shown in Figures 5a–5d. Short and LVL blocks both develop quickly and while short 
blocks weaken as quickly as they develop, LVL blocks have a much slower decay. This implies that LVL 
blocks are not distinct in their onset and that their longer duration is only related to their maintenance.
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The time-evolution of the transient forcing during anticyclonic and cyclonic blocks is very similar to that 
seen for short blocks, as shorter blocks dominate these samples (Figure 5f). However, these curves are aver-
aged over all anticyclonic and cyclonic blocks and can't be representative of LVL anticyclonic and cyclonic 
blocks. Therefore, in the following, we investigate the difference between short anticyclonic and cyclonic 
blocks and LVL anticyclonic and cyclonic blocks.

During anticyclonic short and LVL blocks, the anomalous PV330K fluxes diverge on the downstream side 
and converge on the upstream side of the blocking high (Figures 6a and 6b). However, during cyclonic LVL 
blocks, anomalous PV330K fluxes diverge on the northern half of the high (Figure 6d), while during cy-
clonic short blocks, they converge on the upstream side and diverge on the downstream side of the blocking 
high, like anticyclonic blocks (Figure 6c).

Therefore, the placement of the anomalous PV330K divergence appears linked to the duration of the blocks. 
Indeed, an anomalous PV330K flux divergence over the northern half of a cyclonic block indicates that 
the block should develop in a LVL block. Conversely, an anomalous PV330K flux convergence/divergence 
dipole during a cyclonic block suggests that the block should be short.

However, two elements show that other dynamical processes play a role in blocking duration:

•	 �First, both anticyclonic short and LVL blocks exhibit the anomalous PV330K flux convergence/diver-
gence dipole on the high and no strong difference is observed in terms of intensity. Therefore, the dif-
ference between anticyclonic short and LVL blocks might only come from a more persistent transient 
forcing on the high (as shown in Figure 5e) possibly related to an external forcing.

•	 �Second, a simple index built on the convergence of the anomalous PV330K fluxes averaged over the 
northern half of the blocking high did not show any correlation with block duration (see SI for more de-
tails). This was unexpected as short and LVL blocks show different patterns of anomalous PV330K flux 
convergence, but this could be explained by the fact that all 2135 blocks were taken into account and that 
the process highlighted previously might not stand for blocks of intermediate duration.

8.  Summary and Discussion
Here, we investigate the differences between short and long blocks to better understand why some blocks 
last more than others. This question has received little attention in the literature, so we intentionally take 
a broad perspective, including blocks from all seasons and regions in the northern mid-latitudes. While 
blocking persistence is likely also shaped by regional and seasonal factors, our analysis draws out factors 
common to all blocks.

Our main result is that one factor does emerge as a clear influence on persistence on the hemispheric and 
annual scale: The direction of the Rossby wave breaking involved in the block. The latitude and longitude 
of the block are also seen as secondary factors (Figure 1).

Anticyclonic blocks tend to exhibit fewer extremely long durations than cyclonic blocks. However, as high-
lighted by Weijenborg et al. (2012), this large difference in the number of extremely long blocks is associated 
with small changes in the mean duration of the anticyclonic and cyclonic blocks, which are very similar.

The relation between the direction of breaking and the block duration is also observed in the coupled PPE 
from the MetOffice. This improves confidence in the main result saying that the direction of breaking is 
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Figure 5.  Five-day composites of Z500 (black contours, starting at 48,000 m2/s2 with an interval of 250 m2/s2), PV330K anomaly (contours; multiplied by 107 
Km2 s−1 kg−1, navy blue dashed contours show negative values, cyan solid contours positive values and the zero contour is omitted), anomalous PV330K fluxes 
(black vectors multiplied by 105 Km3 kg−1 s−2; scale is shown at the bottom of each plot) and convergence of the anomalous PV330K fluxes (shading) averaged 
over the first 5 days of the blocks (onset day included) for (a) Short blocks, (c) Long blocks, (b) Anticyclonic blocks and (d) Cyclonic blocks. Non-dotted areas 
show where the convergence of the anomalous PV330K fluxes is significant at the 95% confidence level in absolute value using a bootstrapping method. bottom 
plots Time evolution of the 3-days composites of the anomalous PV330K flux convergence (multiplied by 1012 K m2 kg−1 s−2) for (e) short blocks (orange curve) 
and LVL blocks (purple curve) and for (f) anticyclonic blocks (orange curve) and cyclonic blocks (purple curve). The short- and LVL-block composites were 
averaged over the red boxes shown in panels (a) and (c) and the anticyclonic- and cyclonic-block composites were averaged over the red boxes shown in panels 
(b) and (d). Shaded regions in panels (e) and (f) indicate the 90% confidence interval on the mean (i.e., 5% and 95% percentiles on the mean), determined from a 
bootstrap. (a)–(f) The anomalous PV330K fluxes are unfiltered. The data used cover the period from January 1979 to July 2019. LVL, long and very long.
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important and gives some reassurance that climate models can capture at least some of the processes in-
volved in long blocks.

We identified three potential mechanisms that could explain the difference of duration between short and 
LVL and the smaller number of LVL anticyclonic blocks:

1.	 �The location of the positive eddy feedback on the ridge. During both short and anticyclonic blocks, 
the ridge is reinforced by eddy PV fluxes on its downstream side. On the contrary, during cyclonic and 
LVL blocks, the ridge is reinforced by eddy PV fluxes on its northern half. In addition, during cyclonic 
short blocks the ridge is reinforced on its downstream side like during short blocks, while cyclonic LVL 
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Figure 6.  Five-day composites of Z500 (black contours, starting at 48,000 m2/s2 with an interval of 250 m2/s2) and 
convergence of the anomalous PV330K fluxes (shading) averaged over the first five days of the blocks (onset day 
included) for (a) the anticyclonic short blocks, (b) the anticyclonic LVL blocks, (c) the cyclonic short blocks and (d) the 
cyclonic LVL blocks. Non-dotted areas show where the synoptic momentum flux convergence is significant at the 95% 
confidence level in absolute value using a bootstrapping statistical test. The anomalous PV330K fluxes are unfiltered. 
The data used cover the period from January 1979 to July 2019. LVL, long and very long.
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blocks show the same forcing pattern as LVL blocks. This could explain why there are cyclonic short 
blocks. The cyclonic blocking structure has greater potential to encourage transient wave breaking in 
weak and/or diffluent flow upstream of the ridge. This result, based on the role of the ridge forcing is 
in good agreement with Illari (1984), who suggested that forcing the block on its upstream side helps to 
maintain it in its initial location and to avoid its advection downstream. Instead, forcing the block on its 
downstream side should stretch it in a south-west/north-east direction, which would weakens it, as seen 
for LC1 waves (Thorncroft et al., 1993). Finally, the transient forcing on the northern/upstream side of 
cyclonic blocks could explain the westward motion of Greenland blocks highlighted previously (Parker 
et al., 2019; Tyrlis & Hoskins, 2008a; Woollings et al., 2008), as Greenland blocks are mostly cyclonic.

2.	 �The location of the positive eddy feedback on the jet. During anticyclonic blocks, synoptic eddies mostly 
reinforce the U300 in a northward position, which results in a strong double-jet structure. On the con-
trary, during cyclonic blocks, synoptic eddies reinforce the jet to the south of the block, which creates a 
weak double-jet structure. Following (Barnes et al., 2010; Barnes & Hartmann, 2010a, 2010b), the strong 
northward jet during anticyclonic blocks could explain their less extreme duration, as synoptic eddies 
would be less able to reinforce it, which would weaken the double-jet structure. Relatedly, Thorncroft 
et al. (1993) suggested that cyclonic wave breaking, occurring to the north of the jet, could last longer. 
Indeed, waves during LC2 progressively wrap-up cyclonically away from the jet, which inhibits decay as 
the wave activity has become isolated from the jet. On the contrary, waves during LC1 move progressive-
ly equatorward through the jet and progressively thin in a southwest-northeast direction to the south of 
the jet to become fully zonal. Despite these arguments in favor of a relation between the block and the 
jet location, simple indices built on the synoptic forcing location and the difference in strength of the 
two branches of the jet did not manage to clearly support this hypothesis. Moreover, on average, the jet 
structures during short and LVL blocks are very similar (compare Figures 5b and 5d). Therefore, while 
differences in the eddy feedbacks on the jet may play a role this does not appear to be a dominant factor.

3.	 �The duration of the transient forcing of the high. With sustained eddy forcing some very long anticyclon-
ic blocks can occur, despite the unfavorable structure of the block. In addition, to the blocking structure, 
the position of the incoming eddy activity upstream may play a role here (Drouard et al., 2013; Franzke 
et al., 2004).

Our results support the idea that a combination of these factors may explain the differences observed in 
block duration. Indeed, taken separately, because of the noise, it is difficult to show a strong correlation be-
tween any individual factor and the block duration, with the exception of the transient forcing of the high.

Another hypothesis, not tested here, involves the role of moist-diabatic processes in maintaining blocks. 
During cyclonic blocks, the upstream cyclone could favor the building of the ridge by enhancing the trans-
port of lower-tropospheric PV inside the ridge via the strong release of latent heating in the warm conveyor 
belt (Pfahl et al., 2015). This is less likely during anticyclonic blocks, as the principal cyclone is located 
downstream. This is in good agreement with Steinfeld and Pfahl (2019), who showed that blocks exhibiting 
a strong latent heating tend to break cyclonically, while dry blocks tend to break anticyclonically. Other pro-
cesses, like the forcing by tropical modes of variability (e.g., Gollan et al., 2015; Gollan & Greatbatch, 2017; 
Hamill & Kiladis, 2014; Henderson & Maloney, 2018; Henderson et al., 2016; Hoskins & Sardeshmukh, 1987; 
Schneidereit et al., 2012), or the reinforcement of the block by low-frequency eddies (e.g., Drouard & Wooll-
ings, 2018; Nakamura et al., 1997), could also contribute to the development of longer blocks. Indeed, the 
high number of very long block between May and July, and the case of the very long anticyclonic blocks, 
suggest that other dynamical processes not described here plays a role in blocking duration. Finally, other 
blocking indices, like those based on an anomaly method (e.g., Schwierz et al., 2004), could detect a slightly 
different set of events composed of more Ω-blocks, and less large-scale Rossby wave breakings, which might 
highlight a different balance of processes.

To conclude, this study contributes to the better understanding of blocking dynamics by identifying key 
ingredients for block duration. However, more work is needed to estimate the relative contribution of each 
ingredient mentioned above, but also to understand why cyclonic short blocks and cyclonic LVL blocks do 
not show the same pattern of transient forcing on the ridge.
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Data Availability Statement
The ERA-40 and ERA-Interim data were downloaded on the ECMWF website: https://www.ecmwf.int/en/
forecasts/datasets/archive-datasets/browse-reanalysis-datasets. Daily Z500 from the UKCP18-PPE is avail-
able by arrangement with the Met Office, please fill the enquiry form at https://www.metoffice.gov.uk/
forms/contact-us-ukcp18.
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