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Abstract
Atmospheric blockings are generally associated with large-scale high-pressure systems that interrupt west-to-east atmos-
pheric flow in mid and high latitudes. Blockings cause several days of quasi-stationary weather conditions, and therefore 
can result in monthly or seasonal climate anomalies and extreme weather events on the affected regions. In this paper, the 
long-term coupled CERA-20C reanalysis data from 1901 to 2010 are used to evaluate the links between blocking events 
over the North Atlantic north of 35° N, and atmospheric and oceanic modes of climate variability on decadal time scales. 
This study indicates more frequent and longer lasting blocking events than previous studies using other reanalyses products. 
A strong relationship was found between North Atlantic blocking events and North Atlantic Oscillation (NAO), Atlantic 
Multidecadal Oscillation (AMO) and Baffin Island–West Atlantic (BWA) indices, in fall, winter and spring. More blocking 
events occur during the negative phases of the NAO index and positive phases of the BWA mode. In some situations, the 
BWA patterns provide clearer links with the North Atlantic blocking occurrence than with the NAO alone. The correlation 
between the synchronous occurrences of AMO and blocking is generally weak, although it does increase for a lag of about 
6–10 years. Convergent cross mapping (CCM) furthermore demonstrates a significant two-way causal effect between block-
ing occurrences and the NAO and BWA indices. Finally, while we find no significant trends in blocking frequencies over 
the last 110 years in the Northern Hemisphere, these events become longer lasting in summer and fall, and more intense in 
spring in the North Atlantic.

Keywords Northern hemisphere · North Atlantic · Atmospheric blocking · Teleconnection indices · Climate variables · 
Convergent cross mapping

1 Introduction

Atmospheric blocking is a term used by meteorologists 
referring to weather situations in which the normal zonal 
flow is temporarily suppressed in a sector by strong per-
sistent meridional type flow (e.g., Rex 1950; Tibaldi and 

Molteni 1990; Treidl et al. 1981). Blocking events are gen-
erally associated with persistent high-pressure systems that 
interrupt the prevailing westerly winds of middle and high 
latitudes, thus hindering the normal eastward propagation 
of extratropical weather systems (Ionita et al. 2016; Pfahl 
et al. 2015; Schwierz et al. 2004; Stocker 2014). Persistent 
episodes of extreme weather in the Northern Hemisphere 
(NH) have been shown to be associated with high-ampli-
tude quasi-stationary atmospheric Rossby waves (Mann 
et al. 2017), disrupting the passage of the transient waves, a 
condition known as blocking event (Nakamura and Huang 
2018; Woollings et al. 2010). In the NH, blocking events are 
frequent at the exit zones of the jet stream, as for example 
over the northeastern North Atlantic and the eastern Pacific 
regions (see Barriopedro et al. 2006; Nakamura and Huang 
2018). The frequency of blocking events varies season-
ally with a maximum in winter-spring, and a minimum in 
summer-fall (Parsons et al. 2016; Trenberth and Mo 1985; 
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Wiedenmann et al. 2002). Over the North Atlantic and North 
Pacific, most of atmospheric blocking events occur during 
winter. Continental blocking events, on the other hand, are 
more frequent during summer (Barriopedro et al. 2010; Tyr-
lis and Hoskins 2008). Blocking events are less frequent in 
the Southern Hemisphere than in the NH, and when they 
appear, they are concentrated over the southeast Pacific and 
the Indian Oceans.

Once established, a blocking pattern can persist several 
days to several weeks before decaying rather suddenly, fol-
lowed by a return to westerly flow and transient waves (Knox 
and Hay 1985; Wiedenmann et al. 2002). Blocking events 
are quasi-static phenomena that have a significant impact 
on surface weather conditions (Scherrer et al. 2006) and 
are a significant component of extratropical intra-seasonal 
variability, thus causing climate anomalies over middle and 
high latitudes (Carrera et al. 2004). Blocking events deflect 
the eastward-travelling extratropical cyclones in the North 
Atlantic or North Pacific toward a more pronounced north 
or south direction, thus modifying substantially the zonal 
atmospheric flow. Their occurrences can affect the pre-
cipitation distribution and may result in drought or flood 
events in summer (Lupo et al. 2012). They can also produce 
strong advection of polar air on their eastern flank, induc-
ing extreme cold spells in winter, as is taking place across 
Europe (Cattiaux et al. 2013). In eastern North America, 
intra-seasonal cold spells are characterized by a quasi-sta-
tionary cyclone over the Great Lakes and a dipole in the 
Pacific sector, with anticyclonic circulation around the Ber-
ing Strait (Messori et al. 2016), and a southward extension or 
unusual propagation of the surface anticyclone from Canada 
(Grotjahn et al. 2016; Walsh et al. 2001). The North Ameri-
can extreme temperature events during winter are modulated 
by the Pacific-North American (PNA) pattern, North Atlan-
tic or Arctic Oscillation (NAO or AO, respectively), and 
blocking patterns (Cellitti et al. 2006; Grotjahn et al. 2016; 
Guirguis et al. 2011; Walsh et al. 2001).

Low- and high-frequency atmospheric circulation vari-
ability is associated with cold/warm temperature on syn-
optic (2‒5 days), intra-seasonal, seasonal and interannual 
time scales. Teleconnection indices, also called modes of 
atmospheric or oceanic variability (see a general overview 
in Wang et al. 2004), have been identified as the source of 
recurring and persistent, large-scale patterns of pressure and 
circulation anomalies that cover large geographical areas 
(Barnston and Livezey 1987). Those indices are known as 
modes of low-frequency variability. A well-known example 
of these modes is the periodic NAO (Hurrell 1995), defined 
as the difference of normalized mean sea level pressure over 
eastern North Atlantic between Lisbon (38° 42′ 49.75″ N, 
9° 8′ 21.79″ W) Portugal and Reykjavik (64° 08′ 17″ N, 21° 
55′ 43″ W) Iceland (Moore et al. 2013). This mode is gener-
ally associated with changes in the frequency and trajectory 

of extratropical cyclones circulating in the North Atlantic 
Ocean (Hurrel and van Loon 1997). Several studies indicate 
that the interannual variability of atmospheric circulation 
patterns in the NH is affected by the NAO (e.g., Trigo et al. 
2002). Different views exist concerning the dynamics behind 
NAO time scales, as NAO has been interpreted as a stochas-
tic process with a relatively short time scale originating from 
synoptic-scale waves (Benedict et al. 2004; Feldstein 2000). 
Other studies point out a significant influence of blocking 
upon the NAO pattern in the Euro-Atlantic sector, whereas 
long-lasting blocks are associated with the development of 
negative NAO index values (Croci-Maspoli et al. 2007). 
Other studies point also to an influence of the Atlantic Ocean 
and much longer intrinsic time scales (Rodwell et al. 1999).

Shabbar et al. (1997) introduced the Baffin Island-West 
Atlantic (BWA) index, defined as the difference of 500-
hPa geopotential height between Baffin Island (52° N, 60° 
W) and the western North Atlantic (30° N, 60° W). These 
authors argue that the BWA explains a larger fraction of the 
temperature variability in northeastern North America when 
compared with the NAO. Coulibaly et al. (2000) have also 
found that the BWA provides better forecast for annual run-
off in the northern Québec-Labrador (i.e., over northeastern 
Canada) than the NAO.

The Atlantic Multidecadal Oscillation (AMO) is another 
important mode of low-frequency multi-decadal variability 
characterizing the North Atlantic Ocean. It is based on sea-
surface temperature (SST) anomalies in the North Atlantic 
between 0° and 70° N (Enfield et al. 2001) and varies with a 
period of 60‒80 years (Trenberth and Shea 2006). Several 
studies have shown that SST variations related to the AMO 
drive climate and precipitation patterns over North America 
(Enfield et al. 2001; Knight et al. 2006), droughts in the 
Sahel region of Africa (Folland et al. 1986), variability in 
northeast Brazilian rainfall (Folland et al. 2001), as well 
as tropical and Atlantic hurricane frequency and intensity 
(Trenberth and Shea 2006). The AMO is also believed to 
influence regional to hemispheric-scale climate trends as 
far away as the Tibetan Plateau and India, possibly through 
changes in the interhemispheric redistribution of heat (Feng 
and Hu 2008). Atlantic warm SST anomalies of AMO could 
initiate anomalous cooling in the equatorial central-eastern 
Pacific through atmospheric teleconnections as the Atlantic 
Ocean plays a determinant role on the multidecadal SST 
variability at global scale (Yang et al. 2020).

There is a limited understanding of the time scale and 
dynamics of the processes at the origin of low- and high-
frequency modes of variability (Grotjahn et  al. 2016). 
Hence, the relationships between teleconnection indi-
ces and the blocking events are not yet fully understood, 
notably for the onset of blocking events in relation with 
both atmospheric (Nakamura and Huang 2018) and oce-
anic variability or anomalies. A number of studies have 
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examined the correlation between blocking events and some 
atmospheric climate variables and modes of variability. 
For example, Barriopedro et al. (2006) analyzed the link 
between NH blocking events and NAO index using a 55-year 
(1948‒2002) data set. They found that more blocking events 
occur in the negative phase of NAO, also noted by Naka-
mura and Huang (2018). Wiedenmann et al. (2002) studied 
the link between the blocking events and the El Niño/South-
ern Oscillation (ENSO) index using a 30-year data series. 
They found that Northern (Southern) Hemisphere blocking 
events were stronger and more frequent during La Niña (El 
Niño) years. Fei et al. (2002) used composite analysis to 
show the possible relationships between the variability of 
blocking and SSTs. García-Herrera and Barriopedro (2006) 
used a 31-year data set to show the relationship between the 
NH snow cover and regional blocking patterns. They found 
that snow cover exerts an important influence on regional 
atmospheric blocking, which in turn modulates snow cover 
extent at subcontinental scales. Photiadou et al. (2014) have 
shown that the NAO and atmospheric blocking influence 
more the magnitude and duration of intense warm anom-
alies over Europe than ENSO events. Francis and Vavrus 
(2012) argue that polar amplification associated with global 
warming leads to a reduced temperature gradient between 
the equator and the pole, a slower westerly jet stream and 
therefore more frequent blocking events. However, Barnes 
et al. (2012) question this link, stating that the number of 
blocking events is very sensitive to the diagnostics used for 
their identification.

The primary objective of this study is to take advan-
tage of the recently available 110-years (1901‒2010) data 
set to analyze the link between the atmospheric blocking 
characteristics in the North Atlantic and atmospheric and 
oceanic climate variables (such as mean sea level pressure, 
MSLP; 500-hPa geopotential height, 500-hPa GZ; surface 
air temperature, SAT; sea-surface temperature, SST; and 
sea-ice concentration, SIC) and atmospheric modes of vari-
ability (such as NAO, BWA and AMO). To the best of our 
knowledge, our study is the first to investigate NH blocking 
characteristics over 110 years based on the CERA-20C data-
set, and it is the first to investigate the link between BWA, 
AMO and blocking characteristics over NH. Another objec-
tive is to find out whether the time series of NH blocking 
characteristics exhibit a significant trend over the last cen-
tury, based on a reanalysis that includes two-way coupling 
with the ocean. The CERA-20C dataset (Laloyaux et al. 
2018) used in this study was developed by the European 
Centre for Medium‐Range Weather Forecasts (ECMWF). 
This dataset is produced with the coupled data assimilation 
CERA system that assimilates surface pressure and marine 
wind observations, as well as ocean temperature and salin-
ity profiles (Laloyaux et al. 2016). It is worth noting that 
no data assimilation is performed for the land, wave and 

sea-ice components; the use of a coupled system, however, 
ensures a dynamically consistent Earth system estimate at 
each time. In CERA-20C, ocean observations can have a 
direct impact on the atmospheric analysis and, conversely, 
atmospheric observations can have an immediate impact on 
the analyzed state of the ocean within the same assimilation 
cycle (Laloyaux et al. 2018). Note that CERA-20C differs 
from the ERA-20C reanalysis (Poli et al. 2016) that was 
used in the study of Messori et al. (2016). ERA-20C is an 
atmospheric-only reanalysis that assimilates conventional 
observations of surface pressure and marine wind, and of 
SST as well (see Poli et al. 2016). Considering the nature 
of interactions between atmospheric and oceanic features 
over the North Atlantic and their roles on North American 
and European meteorological and climatic conditions, the 
coupled CERA-20C reanalysis product provides a valuable 
source of data for our study.

2  Data and methods

2.1  Data sets and study region

CERA-20C reconstructs the past weather through a 10-mem-
ber ensemble of reanalyses using a new data assimilation 
system based on a method that simultaneously ingests 
atmospheric and ocean observations into a coupled Earth 
system model (Laloyaux et al. 2016), thus naturally taking 
into account air–sea interactions. Hence, ocean observations 
can have a direct impact on the atmospheric analysis and, 
conversely, atmospheric observations on the analyzed state 
of the ocean. To limit the impact of changes in the observing 
system throughout the century, only conventional surface 
atmospheric observations have been used (Laloyaux et al. 
2016).

CERA-20C data are available for the period spanning 
January 1901 to December 2010, at a 3-hourly time inter-
val, 125-km horizontal resolution (same resolution of ERA-
20C) and 91 levels in the vertical between the surface and 
0.01 hPa (Laloyaux et al. 2016). To produce this dataset, 
the entire period was divided into 14 different streams of 
10 years each, each production stream being initialized from 
the uncoupled reanalyses ERA-20C; the first 2 years of each 
production stream was discarded for spin-up to produce the 
final dataset (Laloyaux et al. 2016).

The quality of CERA-20C has been evaluated against 
other centennial reanalyses and independent observations 
(see https ://www.ecmwf .int/en/elibr ary/17932 -evalu ation 
-and-diagn ostic s-cera-20c-clima te-reana lysis -ensem ble). 
Results show significant improvements in the accuracy of the 
troposphere data compared to previous reanalysis products 
(ERA‐20C and 20CRv2c; see Laloyaux et al. 2018), notably 
for the representation of atmosphere‐ocean heat fluxes and 

https://www.ecmwf.int/en/elibrary/17932-evaluation-and-diagnostics-cera-20c-climate-reanalysis-ensemble
https://www.ecmwf.int/en/elibrary/17932-evaluation-and-diagnostics-cera-20c-climate-reanalysis-ensemble
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mean sea level pressure. More details about the assimila-
tion method used to produce CERA-20C are described in 
Laloyaux et al. (2016, 2018).

In this study, we used the daily variables from CERA-
20C, including MSLP, 500-hPa GZ, 2-m (near surface) SAT, 
SST and SIC. Downloading atmospheric and oceanic vari-
ables for the ten available CERA-20C members would have 
been excessively time-consuming and storage-demanding; 
therefore, one member of the ensemble (member 0) was 
selected for this study.

In this study, atmospheric blocking events and their cor-
responding climatology were computed for the entire NH. 
However, the dependence between blocking events and 
atmospheric and oceanic teleconnection indices will be stud-
ied only over the Atlantic sector (0°‒100° W, 35‒90° N).

3  Methodology

(a) Blocking index
  Due to the range of circulation patterns that have 

been interpreted as blocking, there is no universally 
accepted definition or metric for blocking. Conse-
quently, the different indices do not necessarily give 
consistent statistics (Barnes et al. 2012, 2014; Wooll-
ings et al. 2018). Blocking indices differ from each 
other by the use of different meteorological variables. 
Some of them used, for example, the 500‐hPa GZ (e.g., 
Lejenäs and Økland 1983; Tibaldi and Molteni 1990), 
the vertically averaged potential vorticity (PV) (Schwi-
erz et al. 2004) or the potential temperature on a 2‐PV‐
unit surface (Pelly and Hoskins 2003). Blocking indi-
ces also included various tunable parameters, including 
duration and amplitude thresholds, which are often dif-
ferent across studies. The most serious limitation of 
many blocking indices proposed in the literature is that 
they do not take account of the propagation and spatial 
structure of blocking events, thereby resulting in incon-
sistent conclusions for different indices (Barriopedro 
et al. 2006). Moreover, some indices identify telecon-
nection patterns, open ridges or standing wave fluctua-
tions as blocking events, but an examination of the full 
field shows nothing that a synoptician would label as 
a block (Dole and Gordon 1983). To avoid these prob-
lems, in this study, the method and algorithm proposed 
by Barriopedro et al. (2006) was used to detect NH 
atmospheric blocking, as this method allows to consist-
ently detect both the individual evolution of blocked 
flows and identifying coherently persistent blocked pat-
terns. This method also provides additional information 
on blocking parameters, including the location of the 

blocking center, the intensity and extension of blocking 
events (see Barriopedro et al. 2006).

  Following the method proposed by Barriopedro 
et al. (2006), which is a modified version of Tibaldi 
and Molteni (1990), two 500-hPa height geopotential 
meridional gradients (GHGN and GHGS, see below) 
have been computed for each longitude and for each 
day of the study over the NH, using the following equa-
tion:

w h e r e  �N = 77.5◦ N + Δ  ;  �0 = 60◦ N + Δ  ; 
�S = 40◦ N + Δ and Δ = −5◦,−2.5◦, 0◦, 2.5◦, 5◦.

  GZ(�,�) is the 500-hPa geopotential height at lati-
tude � and longitude � . These two meridional gradients 
are proportional to the geostrophic zonal wind com-
ponent and provide a measure of zonal flow intensity 
for each longitude. A longitude is considered as being 
blocked if the following conditions are verified for at 
least one of the five values of Δ:

where GZ is the climatological mean 500-hPa GZ for 
the 1901‒2010 time interval. The first condition  (C1) 
provides a measure of zonal flow intensity; C1 being 
satisfied ensures that the flow is westerly with some 
minimal intensity to the north. The second condition 
 (C2) ensures that the flow is easterly to the south. The 
last condition  (C3) ensures that the situation corre-
sponds to a ridging anomaly, thus distinguishing the 
NH blocking from cut-off lows that are not considered 
as blocking events. In addition to the previous condi-
tions, the following two filters are required for a block-
ing pattern (Barriopedro et al. 2006), namely:

• Spatial filter Since blocking anticyclones are large-
scale systems, a blocking pattern is identified when 
five or more contiguous grid cells are simultane-
ously blocked. Note that this filter allows one non-
blocked longitude between two blocked longitudes. 
This filter is imposed in order to include those 
blocking patterns showing non-blocked longitudes 
under an anticyclone area.

• Temporal filter A minimum duration of 5  days 
threshold is used to define a blocking event, given 

(1)
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(

�,�N
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�,�0

)

�N − �0

GHGS =
GZ

(

�,�0

)

− GZ
(

�,�S

)

�0 − �S

,

(2)
GHGN < −10gpm∕◦lat

(

C1

)

GHGS > 0
(

C2

)

GZ
(

𝜆,𝜙0

)

− GZ
(

𝜆,𝜙0

)

> 0
(

C3

)



2203Atmospheric blocking events in the North Atlantic: trends and links to climate anomalies and…

1 3

that blocking pattern can persist from several days 
to several weeks.

  By applying the criteria above, and using the auto-
mated single blocking detection algorithm presented 
in Barriopedro et al. (2006), blocking anticyclones 
were initially detected, and blocking center position 
is taken to be the maximum height grid point within 
the blocked region. Blocking episodes were charac-
terized by several indices including: (1) the date of 
occurrence, the first eastern blocked longitude, (2) 
the duration of events (by days), (3) the spatial exten-
sion of events evaluated as the number of blocked 
longitudes, and (4) the intensity of blocking episodes 
taking values between 1 and 10, with increasing val-
ues being stronger blocking events (e.g., Barriope-
dro et al. 2006; Wiedenmann et al. 2002). This lat-
ter is computed by normalizing the local maximum 
height geopotential (at the blocking center) with a 
mean line obtained by averaging the lowest trough 
axis downstream and upstream heights located at 
the same latitude of blocking center. Note that to 
compute the characteristics of blocking events, the 
daily parameters (maximum longitudinal averaged 
height, maximum latitudinal averaged height, the 
first eastern blocked longitude, the extension, and 
the intensity) were averaged for the whole life cycle 
of a blocking episode.

(b) Teleconnection indices

• Three teleconnections indices—NAO, BWA and 
AMO—were used in the present study and computed 
over the 1901‒2010 period at a monthly scale using 
CERA-20C data:

• The AMO index was computed using the North 
Atlantic SST anomalies in the area between 0° to 60° 
N and 0° to 80° W (Trenberth and Shea 2006). The 
global warming (global mean SST) of all oceanic 
basins (from 60°S to 60° N) was subtracted from 
the AMO index of 1901–2010, and AMO monthly 
anomalies averaged relative to 1901‒1970, as in 
Trenberth and Shea (2006).

• The NAO index is that of Hurrell (1995) and was 
computed based on MSLP time series.

• The BWA index was computed using the method 
developed by Shabbar et  al. (1997) from the 
GZ-500 hPa daily time series.

(c) Time aggregation and statistical analysis
  After computing blocking occurrence and climate 

indices per month, seasonal anomalies of each index 
were computed for the entire 1901‒2010 period. For 

each month of the year, a climatology was calculated 
based on the 1901‒2010 dataset. Then, the monthly 
climatologies were subtracted from each correspond-
ing month of the whole time series to arrive at the 
monthly anomaly. Seasonal anomaly was calculated as 
the average of monthly anomaly across the respective 
seasons: JFM (January–February–March) for winter, 
AMJ (April–May–June) for spring, JAS (July–August–
September) for summer, and OND (October–Novem-
ber–December) for fall. Note that the calendar sea-
sons (JFM–AMJ–JAS–OND) were used in this study 
because its link to winter conditions and its seasonality 
in oceanic areas. To better represent the teleconnections 
index phase, as well as to compare values irrespective 
of the specific standard deviation of each index, anoma-
lies of teleconnections indices were normalized by their 
standard deviation.

The non-parametric Mann–Kendall (MK) (Mann 1945; 
Kendall 1948) test has been widely used in climatology for 
trend detection. The MK test is based on the observations 
rank. It is often preferred over other statistical tests because 
of its robustness and power in slow phenomena data trends, 
which can be the case with blocking characteristics. A chal-
lenging problem with the MK test is that the result is affected 
by the autocorrelation structure of the time series analyzed 
(Douglas et al. 2000; Zhang et al. 2001; Khaliq et al. 2008, 
2009). In fact, in such a situation, the MK test suggests a 
significant trend that is often compared to an independent 
time-series. To overcome this problem, several approaches 
were proposed in the literatures (Douglas et al. 2000; Khaliq 
et al. 2008, 2009). In this study we use the approach pro-
posed by Douglas et al. (2000) and Khaliq et al. (2008). This 
approach is based on three steps in which an autocorrelated 
time series is “prewhitened” (von Storch 1995; Kulkarni and 
von Storch 1995) before conducting the MK test: (1) we 
compute the  r1 1-lag autocorrelation coefficient of the time 
series, (2) if  r1 is nonsignificant at a chosen significance 
level (normally taken to be 5%), we apply the MK test to the 
original time series, otherwise (3) the MK test is applied to 
the time series, after the autocorrelation has been removed. 
To estimate the magnitude of the trend in the prewhitened 
time series, the Sen’s slope estimator (SS) (Sen 1968) was 
used. This latter is a nonparametric technique insensitive to 
outliers and more accurate than simple linear regression for 
skewed and heteroskedastic data.

To characterize the dependence between blocking events 
and climate variables, we used the non-linear Spearman 
(ranked) correlation (Spearman 1904). This correlation 
method assumes no particular distribution of the data, 
which is not the case with the linear Pearson correlation 
that assumes Gaussian distribution. Since correlation is 
based on observations, several physical events can be 
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highly correlated with no causation. This can be the case, for 
example, when two physical events occur at the same time 
but one event does not necessarily cause the other event to 
happen (Sugihara et al. 2012). Therefore, in this study, a 
test of causality based on predictability instead of observa-
tions was made between teleconnection indices and block-
ing characteristics (i.e., occurrence, duration, intensity and 
extension). There are many effective methods to infer the 
causal relation between the variables (Folland et al. 2001; 
Granger 1969; Schiff et al. 1996; Sugihara et al. 2012). The 
Granger causality (Granger 1969) is one of the most widely 
used methods. However, this method lacks ability to detect 
the causal relation on nonlinearly coupled systems, such as 
the climate system. In order to overcome these drawbacks, 
Sugihara et al. (2012) proposed the convergent cross map-
ping (CCM) method based on the Takens’ theorem (Takens 
1981). The main idea behind this theorem is that if X does 
influence Y, then the causal variable X can be recovered 
(reconstructed, predicted) from the historical record of the 
affected variable Y. The correlation coefficient between 
reconstructed (predicted) and observed values of X is called 
cross map skill and is denoted as rho (ρ). This value quan-
tifies the accuracy of the reconstruction of X from Y and 
varies between 0 (no coupling between the two systems or 
variables) and 1 (strong coupling between the two systems 
or variables). Usually, the reconstruction of X is not possible 
when X does not affect Y. However, if X and Y are strongly 
synchronized, X might be reconstructed with high accuracy, 
even in the absence of causal relationships. To distinguish 
this type of synchronization from true causal relationships, 
Sugihara et al. (2012) proposed to examine the dependence 
of the accuracy of the reconstruction on the number of his-
torical observations of Y used for the reconstruction of X, 
that defines the length of the library by performing a cross 
mapping for a range of values varying from the smallest to 
the maximum possible library size. The causal effect of X 
on Y can be inferred if the cross-map skill increases and 
converges with the size of the library. To test if the causality 
is statistically significant, for each possible library size, a 
100 randomly sampled observation set was generated, then 
the mean and the standard deviation of ρ was computed. The 
95% confidence intervals for estimated ρ for the shortest 
and longest libraries were calculated and used to determine 
whether the predictive power has significantly increased. 
In this paper, rEDM package (https ://mran.micro soft.com/
snaps hot/2018-06-22/web/packa ges/rEDM/vigne ttes/rEDM-
tutor ial.html) was used to test the causality between block-
ing occurrences and teleconnection indices with the CCM 
method. CCM has been successfully applied in many climate 
studies such as in the evaluation of the interaction between 
greenhouse gases and temperature (van Nes et al. 2015), the 
relationship between temperature and galactic cosmic rays 

(Tsonis et al. 2015), and the causal effect of soil moisture on 
precipitation (Wang et al. 2018).

4  Results

4.1  Seasonal climatology and trends of blocking 
events over the NH

Before presenting the results from CERA-20C for the com-
plete 1901‒2010 time period, we first present a brief over-
view and comparison of the blocking characteristics for a 
common time period (1961‒2010) from the CERA-20C 
reanalysis and two other reanalyses: NCEP-NCAR, National 
Centers for Environmental Prediction–National Center for 
Atmospheric Research (Kalnay et al. 1996), and ERA-20C, 
ECMWF’s first atmospheric reanalysis of the twentieth cen-
tury (Poli et al. 2016) (see Table 1). The spatial distribution 
of the blocking event centers is shown in Figure S1 (see 
online supplemental material). We find a slightly higher 
frequency of blocking events in the CERA-20C reanalysis 
compared with those from NCEP-NCAR and ERA-20C 
(Table 1). In addition, blocking events in CERA-20C last 
longer, are broader in space and more intense than those 
obtained from the NCEP-NCAR and ERA-20C datasets. 
These differences may be due to the fact that the CERA-
20C product is from a fully coupled ice-ocean–atmosphere 
model (Laloyaux et al. 2016). Alternatively, it may be due 
to potential effects of high-frequency interactions between 
atmospheric and oceanic states, not explicitly included in 
the common atmospheric-only reanalysis products (see fur-
ther details in Laloyaux et al. 2018). Moreover, the spatial 
resolution of CERA-20C reanalyses is twice that of NCEP-
NCAR (125 km versus 250 km, respectively), which could 
also explain some of these differences, as resolution affects 
both the atmospheric flow (500-hPa GZ) and lee waves 
near important topographic features, such as the Greenland 
where North Atlantic blocking occurs over both the Green-
land ice sheet’s physical barrier and the Nordic-seas (see 
Hahn et al. 2020; Zhang and Luo 2020). As shown in Rohrer 
et al. (2020), genesis and lysis of blocking events tend to 
be detected earlier and later with high-resolution datasets, 
respectively. Note also that blocking characteristics derived 
from NCEP-NCAR and ERA-20C (reported here) are simi-
lar to those reported in the literature using the same products 
(e.g., Barriopedro et al. 2006; Lupo et al. 2019; Laloyaux 
et al. 2016).

The full 1901‒2010 time period (110 years) comprises 
a total of 3630 blocking events (an average of about 33 
events/years), for a total duration of 34,800 days over the 
NH, (corresponding to a mean duration of 9.5 days/event), 
a mean intensity of 2.4/events and a mean extension of 28 
degrees of longitudes (Tables 2 and Figure S2 in the online 

https://mran.microsoft.com/snapshot/2018-06-22/web/packages/rEDM/vignettes/rEDM-tutorial.html
https://mran.microsoft.com/snapshot/2018-06-22/web/packages/rEDM/vignettes/rEDM-tutorial.html
https://mran.microsoft.com/snapshot/2018-06-22/web/packages/rEDM/vignettes/rEDM-tutorial.html
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supplemental material). We found that the mean number of 
blocking events before 1960 (approximately 36 events/year) 
is larger than after 1960 (approximately 30 events/year). 
Several studies have also found higher numbers of block-
ing events in the early part of the twentieth century (e.g., 
Mokhov et al. 2012). In fact, as mentioned in Rohrer et al. 
(2019), differences in number of blocking events between 
reanalyses before 1950 could be related to the spread in the 
simulated GZ500 (Slivinski et al. 2019), especially for high-
latitude regions where observations are sparse and limited, 
in particular before the Second World War.

Over the whole 1901‒2010 period, NH blocking events 
are more frequent and longer lasting in spring and winter 
than in fall and summer (see Table 2). The mean seasonal 
number of blocking events in winter and spring identified 
using CERA-20C data are also larger than those reported in 
the literature using the NCEP–NCAR reanalysis dataset. The 
spatial distribution of blocking events with respect to their 
intensities per season for the 1901‒2010 period is given in 
Fig. 1. Generally, stronger (more intense) blocking events 
occur in fall and winter than in spring and summer. The 
strongest blocking events occur mostly over Europe in win-
ter/fall (see Table 2 and Fig. 1). We also found an above nor-
mal blocking events duration during the 1940‒1990 period 
(Figure S3 in the online supplemental material), which cor-
responds to a positive phase of the BWA (see below for more 
details about the links between blocking events and telecon-
nection indices).

Figure 2a shows the blocking center frequency as a func-
tion of longitude (i.e., one count by “blocking events”) dur-
ing each season, which corresponds to the number of times 
by season that a longitude is identified as a blocking center. 
Generally, as noted previously in Table 2, high number of 
blocking events occurs during winter and spring, and low 
number occurs in summer. According to the blocking cent-
ers, NH events can be classified in three sectors: (1) the 
well-known Euro/Atlantic (260° E‒90° E in Fig. 2) sec-
tor corresponds to the primary blocking region in NH, with 
two secondary areas of blocking events in (2) the western 
Pacific sector between 90° E and 180° E, and (3) the eastern 
Pacific sector between 180° E and 260° E. We also note that 
blocking events in Euro/Atlantic are generally more intense 
than those in the Pacific (Fig. 1). Figure 2b shows the sea-
sonal mean blocking frequency in the NH (expressed in % 
of time) as a function of longitude and corresponding to the 
percentage of blocked days per season (the annual distribu-
tion is presented in Figure S2 in the online supplemental 
material). The solid blue line represents the average across 
the 110-years period, and the dashed red lines represent the 
interannual variability (± one standard deviation among all 
years). There is a maximum blocking activity (high per-
cent of blocked days) near the central Pacific (160°‒180°) 
and Atlantic (10°W‒10°E), and a minimum activity (low Ta
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percent of blocked days) in the two regions centred around 
100° (Eurasia) and 250° (North America). The patterns of 
annual blocking frequencies derived from CERA-20C (Fig-
ure S2 in the online supplemental material) are in general 
agreement to those presented in the literature using other 
reanalysis products (see Colucci and Alberta 1996; Rex 
1950). Therefore, we found slightly higher blocking fre-
quencies, especially over the Pacific region (centered around 
160°), than those obtained using the NCEP–NCAR reanaly-
sis dataset (see Fig. 1 and Box 14.2 in IPCC AR5 2013) and 
ERA-Interim (see Fig. 1 in Brunner and Steiner 2017). As 
mentioned above, these differences could be explained by 
the quality, the resolution and the periods covered by CERA-
20C with respect to other reanalyses.

Seasonal distribution reveals some differences in the pre-
ferred blocked regions with the stronger variability among 
seasons in winter and spring (Fig. 2b), especially over the 
western Pacific Ocean along the Kuroshio Current, and in 
western North Atlantic Ocean in the area of the Gulf Stream. 
The formation and maintenance of blocking events over 
these sectors have been dynamically attributed to the storm-
track activity occurring downstream of the main continental 
areas of Asia and North America (Shutts 1983; Tsou and 
Smith 1990) or along the baroclinic zones and large temper-
ature gradients between cold landmasses and warm waters 
of western boundary currents through fall to spring months. 
In the cold seasons, blocking events are relatively frequent 
over the central Pacific and over the eastern North Atlantic, 
while the blocking activity is less frequent and intense over 
the landmasses. During the summer, the Atlantic and Pacific 
present a reduced blocking activity, and blocking frequency 
substantially increases over Eastern Europe, between 20° 
and 40° E (see Fig. 2b).

Summary results of linear trends (Sen’s slope estimator) 
and their MK significance tests using the 110-years time 
series are given in Table 3 as well as Figures S4, S5 and S6 
in the online supplemental material. No significant trend 
(at the 5% significance level, i.e., p value < 0.05) is found 
in the blocking frequencies for different NH sectors and 
seasons. An identical result was shown in the literature 

using different reanalyses and blocking identification 
methods (Barnes et al. 2014). However, significant trends 
were found for some blocking characteristics such as the 
total number of blocking days in spring (for the eastern 
Pacific and European sectors), summer (for the Atlantic, 
European and western Pacific sectors) and fall (for the 
Atlantic sector); and the annual mean and  90th percen-
tile  (Q90) of blocking intensity in winter (for the western 
Pacific sector), spring (for the Atlantic and western Pacific 
sectors), and fall (for the western Pacific sector). As 
results, even if no significant change in blocking frequen-
cies were found over the 110-years period (1901‒2010), 
those events become more intense and longer across time 
for some sectors and seasons. These changes in blocking 
characteristics can be directly related with changes in the 
mean flow (i.e., zonal or westerly winds) and transient 
eddies (e.g., poleward shift of the storm track or vorticity 
fluxes from extratropical storms). The reader is referred 
to Hwang et al. (2020) for more details on North Pacific 
blocking formation. This is in agreement with results from 
forced climate simulations that report increases in future 
high-latitude blocking duration, following stratospheric 
sudden warming events, particularly over the Atlantic 
(Davini et al. 2014; Mitchell et al. 2013), or through vor-
ticity fluxes which vary with seasons due to the different 
background flow (see Hwang et al. 2020).

In the following, we focus on the blocking activity in 
the Atlantic (0°‒100° W), instead of the entire NH, in 
order to evaluate more precisely the links with climate 
indices and variables between eastern North American and 
Western European areas. To compute the correlation maps, 
we characterize blocking pattern with an index of blocking 
occurrence, which is defined as the number of days per 
month when any longitude in the Atlantic is classified as 
blocked. This index was also used in the study of Whan 
et al. (2016) in which the influence of blocking events on 
extreme temperatures was evaluated.

Table 2  Seasonal mean characteristics (number, duration, intensity and extension) of blocking events using CERA-20C dataset, for Atlantic 
(0°–100°W), East Pacific (100°–180°W), Europe (90°E–0°), and West Pacific (180°–90°E) sectors, as well as the whole Northern Hemisphere

Mean values are computed over the 1901–2010 period for each season (JFM, AMJ, JAS, and OND)

Number of events Duration (days)/event Intensity/event Extension (degree)/event

Regions JFM AMJ JAS OND JFM AMJ JAS OND JFM AMJ JAS OND JFM AMJ JAS OND

Atlantic (0° W–100° W) 2.5 2.5 1.5 2.2 10.9 10.1 7.9 9.8 2.7 1.9 1.7 2.6 32.5 28.3 21.5 28
East Pacific (100° W–180° W) 2.1 2 1.5 1.5 11.4 9.2 8.1 8.7 2.9 1.7 1.7 2.6 34 25.7 22.5 29.8
Europe (90° E–0° E) 3 3 2 2.2 10.8 8.6 7.6 8.7 2.9 2.1 1.7 2.7 30.3 25.8 24.2 27.4
West Pacific (180° E–90° E) 2 2 1.5 1.5 10.6 9.4 8.4 9.7 2.2 1.4 1.2 2 36 27.1 24 31.2
North Hemisphere 9.6 9.5 6.5 7.9 11 9.3 8 9.2 2.7 1.9 1.7 2.5 32.7 26.7 23.5 28.4
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4.2  Links between Atlantic blocking and climate 
variables: MSLP, GZ‑500 hPa, SAT and SIC

Figure 3a, b show the temporal correlation between the 
North Atlantic blocking occurrence and the seasonal anoma-
lies of MSLP and GZ-500 for the 110-year period, respec-
tively. The areas in white correspond to non-significant cor-
relation (i.e., for p values > 0.1). Throughout fall, winter and 
spring, the high-latitude region extending from 55° to 90° 
N and centered over the Greenland records high positive 

(> 0.5) correlation (red color). This implies that high block-
ing occurrences in the Atlantic sector are associated with 
above normal 500-hPa GZ or MSLP in this region. A clear 
positive correlation is also present over the whole Arctic 
basin, especially in winter with positive correlation being 
more pronounced for MSLP than for GZ-500 during Atlantic 
blocking days or events (see Fig. 3c, d). A zonal response of 
atmospheric flow from low-levels to mid-troposphere can be 
seen from the negative correlation between blocking events, 
MSLP and GZ-500 that covers the whole temperate North 

Fig. 1  Seasonal (JFM, AMJ, JAS and OND, from top to bottom pan-
els, respectively) spatial distribution of blocking events for the 110-yr 
period (1901‒2010) over NH. Circles represent the centers of block-
ing events. Circle sizes are proportional to the intensity of block-
ing events: Green circles represent stronger blocking events (inten-

sity > 110-years mean intensity + one standard deviation), blue circles 
represent moderate blocking events (intensity fell within one standard 
deviation of the 110-years mean intensity), and red circles represent 
weak blocking (intensity < 110-years mean intensity—one standard 
deviation)
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Fig. 2  Seasonal climatology (averaged over the 1901‒2010 period) 
of a the total number of blocking events (i.e., blocking center fre-
quency) per longitudes, and b the frequency distribution of blocked 
days (in percentage) for mean (blue solid line) and ± one standard 

deviation (dashed line) values of blocked days. JFM (January–March) 
for winter, AMJ (April–June) for spring, JAS (July–September) for 
summer, and OND (October–December) for fall
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Atlantic, with a signal that extends over the southeastern 
Eurasia and central Pacific area along the warm Kuroshio 
Current. We also see a clear negative correlation pattern 
(lower than − 0.5, in blue, in Fig. 3a, b) over mid-latitude 
regions of the North Atlantic and Greenland from 30° to 50° 
N and from 120° W toward 30° E. In this region, blocking 
occurrences are associated with lower than normal pressure 
values during cold NH months and more frequent low-level 
extratropical cyclones. These patterns of high positive and 
negative correlation values over the Atlantic as well as North 
America and Western Europe are clearly representative of a 
shifted zonal flow, with storm tracks more frequent toward 
the south during blocking events. In summer, less pro-
nounced correlations emerge with a clear dipole of positive 
correlation in the North, over the Greenland and Icelandic 
area, and in the South, over the tropical Atlantic, with a 

propagation towards tropical areas including the continent 
and the Indian and Pacific oceans. This pattern potentially 
suggests a link between the main intra-seasonal climatic 
oscillations in the tropics and the Madden–Julian Oscilla-
tion (MJO; Madden and Julian 1994), which controls part 
of the distribution and sequences of daily weather regimes 
outside tropical areas (Wheeler and Hendon 2004; Zhang 
2005), including potential blocking events and the NAO over 
the North Atlantic (Cassou 2008).

Figure 3c, d show the 110-year averaged MSLP and GZ 
anomalies in winter during blocked and non-blocked days. 
They show that the local pressure/geopotential anomalies are 
quite sensitive to the occurrence of blocking. Atmospheric 
blocking is confined in the North with a high-pressure anom-
aly centered over Greenland and anomalously low pressures 
across the mid-latitude of the North Atlantic (see Fig. 3a). 

Table 3  Seasonal linear trends of blocking frequencies and characteristics over the 1901‒2010 time period

‘–’ represents time series with non-significant trends (using the non-parametric modified Man-Kendall test) at the 5% confidence level (p 
value < 0.05). Values represent trends for the whole period of 110 years

Blocking frequencies Annual total blocked 
days (days)

Annual mean blocking 
intensity (no units)

Annual  Q90 blocking 
intensity (no units)

Annual mean blocking 
spread

JFM AMJ JAS OND JFM AMJ JAS OND JFM AMJ JAS OND JFM AMJ JAS OND JFM AMJ JAS OND

Atlantic – – – – – – 5 9 – 0.5 – – – 0.5 – – – – – –
East Pacific – – – – – 12 – – 0.3 0.45 – – – – – – – – – –
Europe – – – – – 17.5 17.5 – – – – – – – – – – – – –
West Pacific – – – – – – – – - 0.4 – 0.55 0.5 – – 0.5 – – – –

Fig. 3  Seasonal (JFM, AMJ, JAS and OND) non-linear correlation 
between blocking occurrence in the North Atlantic sector (green 
lines in panels c and d represent the longitude limits of Atlantic sec-
tor; and red lines represent the latitude limits of blocking approach 

used in this study) and: a 500-hPa GZ anomalies, and b the MSLP 
anomalies. c, d represent anomalies in winter during blocked and 
non-blocked days, respectively, for GZ-500 hPa (in dam) and MSLP 
(in hPa)
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The pattern is reversed (and less pronounced) during non-
blocked days. This could be due to various features in the 
zonal flow versus meridional flow, or due to a poleward shift 
of the storm track and background of the transient eddies 
over the North Atlantic. As in classic blocking situations, 
pronounced geostrophic meridional flow characterizes both 
the upstream and downstream blocking ridge, extending 
in longitudes from 75° W to 30° E. During non-blocked 
days, the MLSP decreases near Iceland (Fig. 3d) because of 
more intense and/or frequent storms penetrating deep in the 
Greenland Sea; this leads to warm southerly winds over the 
Greenland and Barents seas (see links between blocking/
non-blocking events and SAT in the following paragraph).

SAT anomalies are mainly driven by large-scale modes 
of variability (Guirguis et  al. 2011; Wang et  al. 2010), 

including changes in storminess (Messori et al. 2016) and 
changes in mid-latitude and upper-level tropospheric circula-
tion patterns (e.g., Barnes and Screen 2015). For example, 
persistent cold spells in winter over North America are asso-
ciated to cold air advection from the Arctic, and to a very 
zonal and intense North Atlantic jet shifted toward the south 
from its climatological location (e.g., Messori et al. 2016). 
As shown in Fig. 4a, the temporal correlation between the 
NH Atlantic blocking occurrence and the seasonal SAT 
anomalies confirms a clear dipole pattern, in both fall and 
winter, of warm and cold temperature anomalies. A large 
region of positive correlation is present in northeastern 
Canada, Labrador Sea, Greenland and Irminger Seas, and 
over tropical North Atlantic and North Africa, suggesting 
warm anomalies during blocked days over these areas, as 

Fig. 4  a Seasonal (JFM, AMJ, JAS and OND) non-linear correlation between blocking occurrence in the Atlantic sector and SAT anomalies and, 
b the average of SAT anomalies (in °C) in the winter (JFM) during the blocked and non-blocked days (left and right panels, respectively)
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also noted by Rimbu and Lohmann (2011) and Brunner and 
Steiner (2017). Conversely SATs decrease with the occur-
rence of blocked days from the United States toward north-
ern Europe and part of Eurasia (e.g., Sillmann and Croci-
Maspoli 2009; Stankūnavičius et al. 2017; Trigo et al. 2004). 
As shown in Fig. 4b, anomalous cold winters in Europe and 
warm winters in northeastern Canada, Greenland and high 
latitudes of the North Atlantic occur during blocking events 
(as shown in Sillmann et al. 2011). During summer, the links 
are less pronounced over the North Atlantic and continen-
tal areas, with warm anomalies over the Indian Ocean and 
South Pacific during blocked days. There is no evidence of 
significant correlation between blocked days in the North 
Atlantic and SAT in summer over Europe, in agreement with 
Sillmann and Croci-Maspoli (2009) and Brunner and Steiner 
(2017). However, striking examples are the 2003 European 
and 2010 Russian heat extremes that resulted from excep-
tionally long‐lasting summer‐time blocking events over land, 
leading to precipitation deficit, pronounced droughts and 
significant increases in human mortality rates (Black et al. 
2004; Dole et al. 2011).

Fluctuations in surface wind, temperature and humidity 
in the atmosphere can affect the variability in SST over short 
to long time scales (days to years). However, the influence 
of North Atlantic SST anomalies on the atmospheric circu-
lation over the North Atlantic remains poorly understood 
(Robertson et al. 2000). The correlation between northeast-
ern Atlantic blocking occurrence and SST anomalies are 
similar to the one with SAT anomalies during winter, which 
are marked by positive correlations in the north and in the 
south of the North Atlantic, and a negative correlation from 
the Gulf of Mexico to the eastern North Atlantic (Fig. 5a). 
This is in agreement with other studies showing that changes 
in the SSTs over the North Atlantic affect the dynamics and 
the persistence of blocking events (e.g., O’Reilly et al. 2016; 
Sampe et al. 2010). However, in the Pacific, Mullen (1989) 
showed that changes in the SST shift the position of the 
blocking center but do not affect the persistence of blocking 
events. Weaker links are present in summer, with stronger 
relationships between Atlantic blocking and SST anomalies 
outside the North Atlantic, over the Indian Ocean and South 
Pacific as for the SAT anomalies (see Fig. 4a).

The SIC over the Arctic and Subarctic regions, which 
plays a key role in the NH climate system (Barnes and Screen 
2015; Francis and Skific 2015), provides complementary 
information on the anomaly patterns. Figure 5b shows the 
correlation between SIC anomalies and the North Atlantic 
blocking occurrence that confirms the seasonal interaction 
with both SAT and SST anomalies during blocking days. 
In winter, a dipole pattern of warming/cooling developed 
with increase blocking occurrences (see Fig. 4) leading to a 
reduction of SIC from the Canadian arctic ocean, the Hud-
son Bay, Labrador Sea and Baffin Bay (negative correlation 

in Fig. 5). However, these patterns induce an increase of 
SIC in the Baltic, Barents, Kara and Laptev Seas (positive 
correlation). This is in line with the dipole anomaly that 
was reported by Venegas and Mysak (2000). The stronger 
SIC response is observed in winter over the Nordic seas of 
North America, where the patterns of SAT and SST anoma-
lies are associated with the number of blocked days. During 
the other seasons, the correlation pattern is less pronounced 
and extensive than in winter. It is more confined over the 
Arctic basin and Greenland Sea during spring and summer, 
and over the Hudson Bay, the Labrador Sea and Baffin Bay 
during the fall. No significant difference was noted in the 
SST and SIC anomalies using separately blocked and non-
blocked days (not shown).

4.3  Links between Atlantic blocking, NAO, BWA 
and AMO climates indices

The first three panels of Fig. 6a show the 110-years standard-
ized anomalies of the three indices (NAO, BWA and AMO 
indices) during the extended winter (December to March). 
The anomalies of the other seasons are not shown because 
the correlations between the blocking index and climate indi-
ces are less statistically significant than in winter. In Fig. 6a, 
the black curve represents the year-to-year signal and the 
green curve represents the decadal signal obtained with an 
11-year moving average. The NAO, which is a dominant 
atmospheric mode of variability over the Atlantic, reached 
maximum values and quasi-systematic positive values in the 
1980s and in 1990s, returning to moderately weak positive 
and negative fluctuations since early 2000s. Two main posi-
tive NAO phases, from 1901 to 1935 and from 1975 to 2010, 
and the negative phase from 1950 to 1975, characterize the 
main features of the whole time series. Similarly, but with an 
opposite sign, the BWA index presents two negatives phases, 
from 1901 to 1938 and from 1982 to 2010, and one longer 
positive phase from 1939 to 1981. The negative BWA index 
values are in general correlated with the downward trend in 
the SAT over the northeastern coast of North America and 
the west coast of Greenland (Shabbar et al. 1997). Moreo-
ver, a high negative correlation between BWA and NAO 
indices (around − 0.7) suggests a strong link between mid-
tropospheric pressure anomalies in the west, and MSLP 
anomalies in the eastern North Atlantic. According to data 
illustrated in Fig. 6a, NAO is in its positive phase when 
BWA is in its negative phase, and vice versa, as suggested 
by Shabbar et al. (1997).

Regarding the AMO index, two negative phases, from 
1901 to 1929 and from 1967 to 1995, and two positive 
phases, from 1930 to 1966 and from 1996 to 2010, charac-
terize the time series. During the 2000s, the tropical North 
Atlantic SSTs were in an unprecedented warm state in sum-
mer, fall and winter (from October to June) (Fig. 6a). In 
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Fig. 5  Seasonal (JFM, AMJ, JAS and OND) non-linear correlation between blocking occurrence in the Atlantic sector and: a SST anomalies, b SIC anomalies
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2005, the North Atlantic hurricane season encompassing 
from June to November was the strongest recorded, and was 
related to unusually warm SSTs, as shown in the study of 
Trenberth and Shea (2006).

The right (left) panel of Fig. 6a shows the standard-
ized anomaly of North Atlantic blocking occurrences in 
extended winter, revealing important interannual and dec-
adal variabilities. In general, an increase in the blocking 
frequency with positive anomalies occurs during the nega-
tive phases of NAO or the positive phases of BWA, and 
vice versa (e.g., Scherrer et al. 2006). Figure 6b confirms 
that the monthly non-linear correlation between the Atlantic 
blocking occurrence and both the NAO and BWA indices 
are strong (|r|> 0.4) for almost all months and especially in 
winter (|r|> 0.6), but are weaker in July and August. Highly 
significant positive/negative correlations are shown between 
blocking occurrence and BWA/NAO. Linkages between the 
blocked days and the NAO were also suggested in the stud-
ies of Shabbar et al. (2001) and Rimbu et al. (2014), at both 
interannual and decadal scales. As noted in Häkkinen et al. 
(2011), the unblocked regime in the Atlantic accompanied 
with positive NAO index is dominated by the subpolar jet 
with more meridional storm tracks over the eastern North 
Atlantic. Conversely, the blocked regime with negative NAO 
is characterized by a more zonal pattern with continuous jet 

crossing at subtropical latitudes, and without subpolar jet or 
storm track over the eastern North Atlantic.

During the winter season, the correlation between NAO 
and BWA indices is approximately -0.7, indicating that the 
variability in the NAO explains only half (0.72, i.e., around 
50%) of the variance in the BWA. In some situations, the 
BWA patterns provide more precise links to the climate 
of the North Atlantic in general (see Shabbar et al. 1997), 
including to the Atlantic blocking occurrence not system-
atically captured by the NAO. This is the case during the 
1970‒1981 period where the decadal signal (i.e., 11-years 
moving average in Fig. 6a) of the NAO index is in its posi-
tive phase. In such a case (with a strong negative correla-
tion with blocking occurrence, see Fig. 6b), a decrease in 
the blocking frequency is usually expected over the North 
Atlantic which is not the case during this decadal period (as 
shown in Fig. 6a). Therefore, for this decade (1970‒1981), 
the NAO phase alone does not provide a clear indication of 
the potential state of the blocking activities over the North 
Atlantic, in particular during a transition phase between 
negative and positive phases of NAO. As shown in Croci-
Maspoli et al. (2007), the synoptic-scale wave-breaking 
precedes both the establishment of the NAO and the block-
ing events over the North Atlantic, originating from the 
west to east flow (i.e., from the western North Atlantic). 

Fig. 6  a Extended winter (DJFM) average standardized anomalies of 
climate indices (NAO, BWA and AMO) and of blocking occurrence 
in the Atlantic sector for 1901‒2010 from left to right panels, respec-
tively. AMO was computed using the method presented by Trenberth 
and Shea (2006). NAO and BWA anomalies were calculated and 
standardized using the entire time series. Black curves represent the 

year-to-year signal and green curves represent the decadal signal from 
an 11-years moving average. b Monthly correlation between climate 
indices and NH Atlantic blocking occurrence for the entire period. 
Correlation values >|0.16| (black dashed lines) are statistically signifi-
cant at the 10% confidence level (i.e., p value < 0.1)
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Furthermore, as noted in Shabbar et al. (2001), the surface 
temperature contrast between land and sea favors the forma-
tion and persistence of blockings, especially over the western 
North Atlantic Ocean (i.e., along the North America coast), 
where the highest temperature gradients over the whole 
North Atlantic are located in average. This BWA location 
and its patterns reveal a clear link with SAT, SST and SIC in 
these sectors of the North Atlantic, along with the blocking 
occurrence. Hence, as shown in the patterns and tracks of 
North Atlantic blocking in the study of Croci-Maspoli et al. 
(2007), the genesis region of blocking around Nova Scotia 
(eastern Canada) and the corresponding location of minor 
blocking frequency maxima over the North Atlantic (the 
other is over Scandinavia) is more directly linked with the 
location of the BWA index. This latter location is in phase 
with both intermittent and recurrent locations of storm tracks 
over eastern North America (see Poan et al. 2018) and with 
blocking genesis and tracks (see Fig. 6 in Croci-Maspoli 
et al. 2007), along with the general cycle or low frequency 
variability of blocking occurrence (see Fig. 6a).

The correlations between blocking anomalies and the 
AMO index are weaker than with the NAO and BWA indi-
ces. The correlations between AMO and blocking occur-
rences are nevertheless statistically significant (positive) 
in several months (February, March and May). They also 
increase to about 0.5 with a lag of 6–10 years in the AMO 
(Figure S7 in the online supplemental material). This is sim-
ilar to the results found recently by Kwon et al. (2020). Häk-
kinen et al. (2011) also argued that multidecadal variations 
of the blocking frequency in the North Atlantic were related 
to AMO, and that wind forcing associated to the blocking 
variability from Greenland to Western Europe leads to 
warmer conditions in the subpolar Atlantic Ocean as well as 
in the tropical and subtropical Atlantic. A delayed response 
of atmosphere to the AMO can be caused by several factors. 
For example, as shown in the recent study of Yang et al. 
(2020), Atlantic warm SST anomalies of AMO could initiate 
anomalous cooling in the equatorial central-eastern Pacific 
through atmospheric teleconnections, which could induce 
other middle- to longer-term effects on blocking areas and 
quasi-stationary Rossby wave features (Mann et al. 2017). 
Moreover, as the Atlantic Ocean plays a determining role 
in the multidecadal variability of global SSTs (Yang et al. 
2020), numerous cascade influences are possible. Trenberth 
and Shea (2006) have demonstrated that the AMO has a 
lower frequency variability than the known variability in 
the NAO or atmospheric teleconnection patterns over the 
NH (see also Fig. 6).

In order to evaluate the relationship between teleconnec-
tion indices phases of NAO, BWA and AMO with strong 
blocking episodes, we isolated the extreme values that cor-
respond to months with standardized blocking occurrences 
larger than 2. In total, for the entire period analyzed, we 

found 61 months meeting this criterion (Table 4). For the 
large majority, these months correspond to negative NAO 
(88.5% of months) and positive BWA (83.5% of months) 
anomalies. Hence, more frequent and stronger blocking 
events occur during phases of negative NAO and positive 
BWA, in agreement with results from Scherrer et al. (2006) 
and Rimbu et al. (2014). In the study by Rimbu et al. (2014), 
high blocking activity over Greenland-Iceland and northern 
Scandinavian regions is also associated with the negative 
NAO.

Figure 7 shows the distribution over years of number of 
North Atlantic blocked days for positive and negative phases 
of NAO, BWA and AMO. The number of blocked days is 
much larger during phases of negative NAO and positive 
BWA than during phases of positive NAO and negative 
BWA. The mean duration of blocking events (not shown) 
appears to be also sensitive to the NAO and BWA patterns. 
For example, blocking events persist more than 13 days 
(on average) when the NAO is negative. Conversely, they 
persist for only 8 days during the positive phase of NAO. 
These results are consistent with those obtained by Shabbar 
et al. (2001), who found that 67% more winter blocking days 
occur during negative phases of the NAO than during posi-
tive phases. In the case of AMO, there is no clear difference 
between the negative and positive phases of this index and 
the features of extreme values of blocked days (Table 4).

The CCM method was applied to analyze the causal rela-
tionships between NAO, BWA and AMO versus the North 
Atlantic blocking occurrences. Figure 8 presents the varia-
tion in the cross-map skill (rho) as a function of length of 
library (L). The causality is confirmed when rho substan-
tially increases and converges with the increasing L. The 
black line represents the causal skill of teleconnections ver-
sus the blocking occurrence relationship, while the red line 
represents the causal skill of blocking occurrence versus the 
teleconnections relationship. These lines correspond to aver-
age values of rho over 100 randomly sampled libraries. The 
dashed lines represent the confidence interval of rho (aver-
age ± one standard deviations over 100 randomly sampled 
libraries). As shown in Fig. 8, rho values increased with L 
(e.g., the value of rho increased from 0.04, smallest pos-
sible library size, to 0.38, maximum possible library size) 
in the case of testing causality between NAO and blocking 

Table 4  Distribution of 
teleconnection phases (i.e., 
positive or negative anomalies) 
for NAO, BWA and AMO 
during extreme month in terms 
of blocking occurrence (i.e., 
month where standardized 
anomalies of blocking 
occurrence is superior to 2)

For the 1901–2010 time period, 
a total of 61 months were found 
as extreme in terms of blocking 
occurrence

Positive Negative

NAO 7 (11.5%) 54 (88.5%)
BWA 51 (83.5%) 10 (16.5%)
AMO 28 (46%) 33 (54%)
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Fig. 7  Distribution of the 
number of blocked days over 
years in the Atlantic sector with 
respect to the climate indices 
phases (NAO, BWA and AMO 
from top to bottom panels, 
respectively) from 1901 to 2010
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occurrence, and converged. This suggests a two-way statisti-
cally significant causal effect between blocking occurrence 
and both NAO and BWA, but not AMO (last panel of Fig. 8). 
For NAO, with the increase of L, the red and black confi-
dence intervals of rho values do not overlap, which means 
that the differences in rho values between the directions of 
causality depicted by the black and red lines are statisti-
cally significant. Therefore, the effect of NAO on blocking 
occurrence is statistically larger than the influence of block-
ing occurrence on NAO, which is not the case with BWA 
and AMO. The BWA index shows a clear two-way (equal) 
link with a similar confidence interval of rho in both cases 
(i.e., robust causality) and that is less scattered than the links 
for the NAO two-way relationships. Note that the causality 
signals between teleconnections indices and the remaining 
blocking characteristics (i.e., extension, duration and inten-
sity) are presented in the online supplemental material (see 
Figures S8, S9 and S10). We note that the causality sig-
nals are generally less significant than those obtained with 
respect to blocking occurrences. Figure S8 also shows that 
the effect of teleconnection indices on blocking intensity is 
clearly larger than the effect of blocking intensity on telecon-
nection indices, especially in the case of BWA.

5  Summary, conclusions and future works

In this study, the relationships between atmospheric block-
ing and a set of climatic variables (MSLP, 500-hPa GZ, 
SAT, SST and SIC) and indices (NAO, AMO and BWA) 
reflecting both atmospheric and oceanic internal variability 
was examined using the coupled reanalysis CERA-20C data-
set spanning from 1901 to 2010. Higher number and longer-
lasting NH blocking events were found using the extended 
period, coupled CERA-20C dataset than were reported in the 

literature using non-coupled reanalysis products for shorter 
periods. The number of NH blocking events varies season-
ally, with maximum in winter-spring and minimum in sum-
mer-fall. Even if no significant change was found in the NH 
blocking frequencies over the 110-year period (1901‒2010), 
blocking events became more intense and longer lasting 
across the time in some seasons and for some sectors. Over 
the North Atlantic, atmospheric blocking events are associ-
ated with a dipole of anomaly centers, with high pressure 
in the north and low pressure in the south leading to a shift 
of extratropical cyclone tracks toward the tropical Atlantic. 
The associated links between seasonal-mean near surface air 
temperature and North Atlantic blocking days are stronger 
in winter, and to a lesser extent in spring and fall, with cold 
anomalies in northern Europe and the United States, and 
warm anomalies over Greenland and northeastern Canada. 
These patterns are associated with higher than normal SSTs 
over the subpolar and tropical regions of the North Atlantic, 
and cooler conditions over western boundary current of the 
North Atlantic near the United States coasts, along with a 
reduction in the seasonal sea-ice concentration over the mar-
ginal seas of Canada, especially in winter and fall.

A high correlation was found between North Atlantic 
blocking occurrence and BWA and NAO indices. Moreover, 
the number of blocked days is sensitive to BWA and NAO, 
an increased number of blocked days being associated with 
negative phases of NAO and positive phases of BWA. More-
over, in some situations, the BWA pattern provides clearer 
links with the blocking occurrence in the North Atlantic, 
something that is not always captured by the NAO alone. 
In terms of causality, two-way significant effects appear 
between both NAO and BWA indices and blocking occur-
rence. Causal links with blocking occurrence over the North 
Atlantic are less obvious and more tenuous for the AMO 
than for the NAO and BWA indices. However, the variability 

Fig. 8  Cross Mapping skill (computed using yearly data) as a func-
tion of length of library. Black lines represent the relationship 
between teleconnections causing blocking occurrence, and red lines 
represent the relationship between blocking occurrence causing tel-

econnections. Dashed lines represent the confidence intervals of rho 
(rho ± one standard deviation computed using 100 simulations or 
libraries)
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of atmospheric blocking from interannual to multidecadal 
scales shows substantial correlation with the SSTs, albeit 
with significant changes in the Atlantic Ocean circulation led 
by wind-stress curl and air–sea heat exchange (not analyzed 
here), as noted by Häkkinen et al. (2011). The warm-ocean/
cold-land anomaly pattern shown in our correlation maps 
(Figs. 3, 4) could be linked to a dynamical environment 
favorable for blocking occurrence (e.g., Barriopedro et al. 
2010; Croci-Maspoli and Davies 2009; Shabbar et al. 2001). 
Therefore, as demonstrated in Diao et al. (2006) for the NH, 
independent blocking events are frequent, whereas syn-
chronous blocking occurrences are rare, indicating that the 
blocking events are local phenomena, with regional to extra-
regional interrelation. Hence, the North Atlantic SSTs or 
AMO anomalies can potentially trigger blocking occurrence 
along with atmospheric dynamic influences (see Rimbu et al. 
2014; Nakamura and Huang 2018), as shown here with the 
clear links between the BWA positive phase and the blocking 
occurrence, duration and intensity (see Figures S8 and S9 in 
the online supplemental material).

Our study cannot separate clearly cause and effect 
between high blocking activity and warm ocean surface and 
other atmospheric dynamical features or forcing factors. It is, 
however, clear that mid-latitude atmosphere–ocean interac-
tions, especially over the North Atlantic, support and involve 
increased persistence of atmospheric anomalies as blocking 
occurrences. Such interactions strongly vary seasonally and 
spatially from year to year and at the multidecadal scale. As 
proposed by Rimbu et al. (2014), multivariate analyses of 
blocking indicators will give additional information about 
blocking and related climate phenomena variability and pre-
dictability. Hence, future work should include a multi-var-
iate analysis to clarify the relationships and causal effects.

Furthermore, the complete life cycle of blocking occur-
rences, duration, intensity and extent vary between models 
and reanalysis (see Hartung et al. 2017). Their representa-
tion in climate models depend upon physical parameteri-
zation, atmospheric resolution both vertical and horizon-
tal, the realism of SSTs in a model whether prescribed or 
coupled (see Scaife et al. 2011), and complexity of atmos-
phere–ocean interaction in climate models, with or without 
coupling between the atmosphere and the ocean (see Davini 
and D’Andrea 2016; Masato et al. 2013). This is particularly 
the case for winter blocking events over the North Atlantic, 
as these are particularly sensitive to physical parameteriza-
tions, both in atmosphere-only and coupled simulations (see 
Hartung et al. 2017). Further work is needed to evaluate the 
blocking characteristics over the North Atlantic area using a 
regional climate model, with higher spatial and temporal res-
olution than the global climate model, including the CERA-
20C reanalysis product used here. This will allow evaluating 
the effect of increasing resolution on blocking occurrence, 
intensity and duration, and their links with climate indices 

and variables over the North Atlantic and adjacent conti-
nental land masses. Moreover, the use of the new global 
ERA-5 (Hersbach et al. 2020) dataset at around 25-km of 
horizontal resolution (Copernicus Climate Change Service 
2017) to compute the blocking characteristics and to drive 
the regional climate model over the recent decades are also 
planned. This will permit comparison with the CERA-20C 
products used here using higher resolution reanalysis data.

In our study, one member (member 0) of the ten available 
members for CERA-20C was used. In a future study, we plan 
to do a robustness analysis by repeating the same analysis 
on each of the ten available members, and then explore the 
possible full range of variability from all blocking charac-
teristics. As the blocking characteristics and their links with 
teleconnection indices are prone to have substantial effects 
on surface atmospheric variables and their seasonal anoma-
lies over the North America and European landmasses, some 
simulations are underway over the North Atlantic (also cov-
ering eastern North America and Western Europe). This will 
be done using our regional climate model (developed at the 
ESCER center), driven by two global climate models under 
various future climate conditions. These will allow evaluat-
ing future trends in blocking activities over the North Atlan-
tic and their influences on natural (climate) risks, such as 
cold/warm spells and with the combined potential effect of 
drought or wet sequences on either extensive forest fires or 
flood events. Also, further studies need to be done, as the 
one recently made by Hwang et al. (2020) over the North 
Pacific, to fully explain key patterns of blocking events and 
to more precisely understand the role of transient eddies or 
poleward shift in the storm tracks in the blocking formation. 
This is crucial to improve our current knowledge (i.e., physi-
cal processes) about the effects on regional climate anoma-
lies from the blocking characteristics and its background.

Furthermore, we used the method of Barriopedro et al. 
(2006) to detect blocking events and to compute the block-
ing event characteristics. As mentioned in previous studies, 
different blocking methods do not necessarily give consistent 
statistics. Therefore, future work should include the calcula-
tion of blocking events in the CERA-20C reanalysis using 
other currently available blocking algorithms and identify 
robust statistics between methods. It would also be interest-
ing to make a sensitivity analysis showing the dependence 
of results to free parameters used in the blocking detection 
algorithm, including duration and amplitude thresholds.

Supplementary Information The online version contains supplemen-
tary material available at https ://doi.org/10.1007/s0038 2-020-05583 -x.
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