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Abstract
 North Atlantic blocking and the North Atlantic Oscillation (NAO) are two phenomena that have been extensively studied 
due to their significant spatio-temporal overlap. This work presents an index comparison study applied to this relationship, 
bringing light to how the strength of it varies considerably depending on blocking index choice and why this could be leading 
to discrepancies found in previous works. A PV–θ blocking index is used alongside a direction of breaking metric to classify 
blocking as either cyclonic or anticyclonic based on the Rossby wave breaking occurring at onset. These results are compared 
against those found using an absolute geopotential height (AGP) index. The analysis is performed using both area-averaged 
blocking count during winter and at each grid-point across the North Atlantic for all seasons. The study demonstrates that 
the choice of method significantly affects the results when correlating wintertime blocking and NAO. Blocks found using the 
AGP index show a much stronger correlation with the NAO compared to those found with the PV–θ index. Other analyses, 
such as frequency, duration, and composites, suggest that the AGP algorithm detects stronger, more mature, and persistent 
blocks, which promote a higher correlation with the NAO compared to the shorter-lived PV–θ blocks. Based on this analy-
sis, it can be concluded that different blocking events are being measured between the two indices, contributing to the stark 
differences in the correlation analysis, each with their own advantages and disadvantages in relating blocking to the NAO.
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1  Introduction

Atmospheric blocking is a quasi-stationary weather pat-
tern best known to divert or split zonal flow in the mid to 
high latitudes at subseasonal time scales (Elliott and Smith 
1949; Rex 1950). Blocks are characterized by anomalous 
anticyclones with trapped cyclones along their southern 
edge, representing a large-scale reversal of the meridional 
gradient. Minimum duration of blocking events is five days 
(Masato et al. 2009) which, paired with their stationarity, 
leads to extended influence on weather both locally as well 
as up-and-downstream of their centers. Local alteration 
of the radiation budget and temperature advection from 
the anomalous blocking anticyclone are directly linked to 
extreme temperatures (Trigo et al. 2004; Pfahl and Wernli 

2012; Takaya and Nakamura 2005), heat waves (Demirtaş 
2018) and wildfires (Bondur et al. 2020). Diversion of the 
jet stream and storm track also link blocking to extreme pre-
cipitation events, such as atmospheric rivers (Benedict et al. 
2019) and drought (Wise 2016).

Extremes in local weather are accompanied by large 
impacts on human and natural systems, providing continu-
ous motivation to study blocking. Further motivation stems 
from the fact that we do not fully comprehend the block-
ing lifecycle from a dynamical perspective (Woollings et al. 
2018). Lack of theoretical agreement on blocking is due to 
their equivalent barotropic structure (Rex 1950), nonlinear 
interaction with planetary and synoptic scale flows (Legras 
and Ghil 1985; Lejenäs and Madden 1992; Ma and Lang 
2017), and small to synoptic scale eddy forcing (Charney 
and Devore 1979; Nakamura 1994; Colucci 2001).

While planetary scale interactions and eddy forcing theo-
ries are favorably recognized here, other notable blocking 
theories include the modon, soliton solution (McWilliams 
1980; Haines and Marshall 1987), tropical forcing (Hoskins 
and Karoly 1981) explosive cyclogenesis (Colucci 1985) 
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and recently, unstable periodic orbits (Lucarini and Grit-
sun 2019). While all these theories describe blocked atmos-
pheric flow and provide insight to blocking mechanisms, 
the problem is largely non-linear and remains a challenge.

This is reflected in our ability to capture and predict 
blocking in both weather forecast and climate models 
(Tibaldi et al. 1994; D’Andrea et al. 1998; Davini and Cag-
nazzo 2013). Particularly true over Greenland and the Euro-
Atlantic regions, models consistently underestimate the win-
ter blocking frequency (D’Andrea et al. 1998; Scaife et al. 
2010). Ways to better predict blocking in climate models 
have included increasing horizontal resolution (Davini et al. 
2017; Jung et al. 2012), improving model mean state bias 
(Scaife et al. 2010), and using fully coupled ocean–atmos-
phere models to better resolve sea surface temperatures 
(SST; Scaife et al. 2011). While all methods have yielded 
results that are model dependent, some improvements in 
overall blocking frequency bias have been shown in CMIP6 
model outputs, though only on the order of ~ 2 to 3% (Davini 
and D’Andrea 2020).

As with most climate related phenomenon, to improve 
predictability and better understand blocking, teleconnec-
tions have been often leveraged. Of the most related to 
blocking are the Pacific North American (PNA) and North 
Atlantic Oscillation (NAO) (Croci-Maspoli et al. 2007; 
Fei et al. 2002). The relationship of the NAO and block-
ing in the North Atlantic has been heavily studied as the 
NAO essentially is a measure of wind variability (Wooll-
ings et al. 2008) in the region and blocking, occurring fre-
quently there, contributes to that variability. The NAO also 
represents meridional dipoles of geopotential height with 
the negative phase representing a reversal of that gradient, 
a pattern identical to Rex or dipole blocking. Are they then 
the same phenomenon? If so, surely if we predict one, we 
should be able to predict the other? This notion was applied 
in Athanasiadis et al. (2020) looking at decadal predictabil-
ity of North Atlantic climate variability through the lens of 
the Atlantic Multi-decadal Variability (AMV), finding strong 
anticorrelations between the NAO and high latitude block-
ing (HLB) over Greenland (− 0.95) at extended, smoothed 
timescales in the process. Woollings et al. (2008; hereafter 
W08) presented a strong case for HLB and the NAO- being 
the same phenomenon revealing seasonal correlation values 
of − 0.84 unsmoothed, − 0.93 smoothed and an instantane-
ous lag lead correlation of − 0.55. W08 ultimately concluded 
that the North Atlantic has only two states, blocked (NAO−) 
and unblocked (NAO+).

Conversely a theory from Shabbar et al. (2001) showed 
that the NAO and blocking are related through differen-
tial surface heating between the ocean and land, proposed 
using a simplified low-order theoretical model by Charney 
and Devore (1979) to provide dynamical explanation for 
the statistical relationship between the NAO and blocking 

initially found. Further, Croci-Maspoli et al. (2007) suggest 
that blocking and the NAO share temporal co-variability 
in which NAO phases can precondition blocking, help 
sustain their duration depending on location, and even 
that blocks can instigate NAO phase transitions. Similarly 
to Croci-Maspoli et al. (2007), Yao and Luo (2018) who, 
when considering instantaneous blocking, argued that the 
blocking-NAO relationship as an asymmetric spatiotemporal 
connection with resulting asymmetric impacts on Europe.

The exact relationship of the NAO and blocking in the 
North Atlantic is unclear, falling into the category of the 
same, not the same, and/or sometimes the same phenom-
enon—likely attributable to spatiotemporal overlap, inferred 
from a combination of theories presented above and favor-
ing that of Yao and Luo (2018). What is clear is that this 
relationship can be leveraged to improve understanding and 
predictive skill of blocking at a range of timescales. As in 
Athanasiadis et al. (2020) who showed slight differences in 
predictability of blocking and NAO when applying linear 
detrending at decadal timescales and in Ferranti et al. (2018) 
who used NAO-blocking phase transitions to show blocking 
itself and NAO+ are the best predictors of Scandinavian 
blocking at subseasonal timescales.

However, the spatio-temporal variability of the NAO-
blocking relationship challenges this leverage in that the 
result is dependent on the analysis technique used. Sup-
porting this argument are results Scherrer et al. (2006) who 
found a negative blocking/NAO correlation west, positive 
blocking/NAO correlation east—a result similar to Yao and 
Luo (2018)—found a high sensitivity of that correlation to 
latitude–longitude and to varying indices. Further support 
of sensitivity to index is derived from Pinheiro et al. (2019) 
who, in their comprehensive two-dimensional blocking 
index comparison study, cautioned that correlating block-
ing events spatially to other phenomenon such as extreme 
weather will lead to different results depending on the index 
used. In addition to index, sensitivity to not only region, but 
also sub-region in blocking analysis has revealed differences 
in blocking dynamics. This was displayed in Davini et al. 
(2017) who showed blocks over the Greenland region tended 
to have a baroclinic tilt compared to those over the European 
region having barotropic structure.

Further, a paper by Sousa et al. (2021) discusses how the 
lack of consistency in blocking analysis inhibits our abil-
ity to make generalized statements about blocking. They 
provide an in-depth review and conceptual model of block-
ing phenomenology in a strong effort to reduce the myriad 
blocking methodology and establish a consistency that is 
called for. The model provides distinction for omega and 
Rex blocking structures as well as subtropical ridges, allow-
ing for a more comprehensive understanding of the block-
ing lifecycle, structures, and associated impacts. The lack 
in ability of the indices to distinguish and capture different 
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blocking structures that are applied here becomes a focal 
point in potentially why different results in the blocking-
NAO relationship between the indices emerge.

The primary goal of this study is to show how choice of 
blocking index leads to varying strengths of the blocking-
NAO relationship that could be contributing to discrepancies 
of it found throughout the literature. The methodological 
approach is described in section two where a PV–θ index, 
adopted from Masato et al. (2011, 2013; hereafter M13), is 
combined with classification of blocking events based on 
the Rossby wave breaking type driving onset. A complete 
climatology of cyclonic and anticyclonic blocks is provided, 
the frequency in Sect. 3.1 and composites in the Appendix. 
Correlation of blocking count with the NAO are provided in 
Sect. 3.2 and duration analysis in Sect. 3.3.

2 � Methods

The European Center for Medium-Range Weather Forecasts 
(ECMWF) ERA-5 reanalysis dataset (Hersbach et al. 2020) at 
0.25° × 0.25° horizontal resolution was obtained from Decem-
ber 1979 to November 2019 for a 40-year study. Six-hourly 
outputs were averaged into daily values for all variables except 
for the precipitation which was obtained from the CPC Global 
Unified Precipitation dataset provided by the NOAA/OAR/
ESRL PSL, Boulder, Colorado, USA, from their Web site at 
https://​psl.​noaa.​gov/​data/​gridd​ed/​data.​cpc.​globa​lprec​ip.​html. 
Potential temperature (θ) was computed on a PV = 2 poten-
tial vorticity units (PVU; 1 PVU = 10–6 km2 kg−1 s−1) sur-
face. Seasonal data evaluation follows December–February 
(DJF), March–May (MAM), June–August (JJA), and Septem-
ber–November (SON). All significance testing was done using 
a student’s t-test at the 95th percentile.

2.1 � Blocking indices and classification

2.1.1 � The PV–θ index

Methods from Masato et al. (2013; hereafter M13) were 
largely followed in this study with some deviation in tem-
poral constraint and blocking classification. M13 utilized 
a two-dimensional adaptation of the original Pelly and 
Hoskins (2003) PV–θ index, following Berrisford et al. 
(2007) and W08. This index considers when a meridional 
reversal of the PV gradient occurs and can be considered as a 
metric to measure Rossby wave breaking (Pelly and Hoskins 
2003). The 2-D instantaneous wave breaking index, B, is 
measured at each latitude ( � ), longitude ( i ) point within 
the range of 75°N–40°N with Δ� = 30◦ . Positive values of 
B, the difference between northern ( �

n

i
 ) and southern ( �

s

i
 ) 

integrated theta, indicate a wave breaking event and potential 
for the onset of blocking.

Wave breaking alone does not equate to a blocking event 
but does provide the means for blocking to occur if the low-
PV air from the wave break becomes fully cut-off and sup-
ported by the background flow to form an anticyclonic cir-
culation that is both quasi-stationary and persistent (Hoskins 
et al. 1985). With that, the spatial constraint of the 2-D PV–θ 
index in this study follows the tracking algorithm in M13 
where exact details can be found. The methods of M13, 
discussed below, were slightly more complex in applying 
temporal constraint. Here, to be considered a blocking event, 
the M13 tracking algorithm must be met for a minimum of 
5 days.

When computing the blocking frequency based on B > 0 
for blocking events, positive B only in the region constrained 
by the latitude–longitude box from step 4 of the tracking 
algorithm in M13 is considered, per centroid, per day. If 
all B > 0 outside of the blocking region are included in 
the frequency calculation for a blocking event day, block-
ing frequency values are much higher, approaching 50% in 
regions, and resemble that of M13 and W08. By limiting the 
frequency to spatial area of the blocking event, frequency 
values are similar to other blocking indices such as those 
seen in Davini et al. (2012) and sector blocking in Tyrlis 
and Hoskins (2008a).

2.1.2 � K‑means testing and classification

In Masato et al. (2011), two one-dimensional classification 
metrics—complimentary to the PV–θ index—were devel-
oped to determine the direction of breaking (DB) and rela-
tive intensity (RI) of the airmass associated with the wave 
breaking event. The DB takes the difference in longitude 
values of averaged �

n

i
 and �

s

i
 . Positive DB values indicate 

anticyclonic and negative, cyclonic. RI is the difference in 
averaged �

n

i
 and �

s

i
 and 40+ year seasonal theta climatol-

ogy for that given longitude point ( �
∗

i
 ). Positive RI values 

indicate ‘warm’ and negative, ‘cold’. From this, a phase-
space plot (c.f. Fig. 3 in M11) based on DB and RI values 
with DB along the x-axis and RI the y-axis is developed and 
depending on where a given centroid lies in the phase space, 
determines its classification. For example, negative values 
of both metrics would indicate ‘cold’-cyclonic and positive 
values of both, ‘warm’-anticyclonic.

The DB-RI phase space in M13—who, similarly to the 
PV–θ index, extended the M11 metrics to 2-D form—pro-
vides a framework to apply k-means clustering to wave 
breaking events who met the spatial constraints set by the 
tracking algorithm. K-means also allows for classification 
and temporal constraint to be combined into one analy-
sis technique where resulting vectors from the applied 

https://psl.noaa.gov/data/gridded/data.cpc.globalprecip.html
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k-means Euclidean distance calculation are a function of 
DB and RI with length I = 5days.

K-means clustering was attempted but ultimately not 
used in this study. Temporal constraint and classification 
based on the DB index only were performed manually. 
The reason for excluding the RI metric was in result of 
exhaustive clustering tests using k = 2, 3, and 4 globally 
and regionally. While the results led to similar block-
ing frequency signatures and were robust regardless of 
the number of k-means trials, the blocking clusters on 
the phase space plot and physical interpretation of these 
clusters differed from M13. The primary reason for this 
difference was that the distribution of DB and RI values 
did not have large enough spread or discreteness in com-
parison, they were, for the most part, normally distributed 
about the x- and y-axes. The values were standardized by 
dividing by the standard deviation, as in M13 though the 
analysis was also tested without doing so. The results of no 
standardization led to the same x- and y-axis spread, but 
the values were skewed or shifted below the y-axis so that 
regardless of the direction of the wave breaking signature, 
the relative intensity of the air masses were largely con-
sidered ‘cold’. These results suggested a possible warming 
signal in the potential temperature climatology, especially 
with this 40-year study being shifted 20 years later than 
that of M13. When the climatological values used to com-
pute RI were linearly detrended, the results of the cluster-
ing resembled the original standardized results, no longer 
skewed but still with little spread.

The importance of the lack of spread is that when k > 2, 
the third and or fourth clusters become a mixed classifica-
tion straddling the y-axis that is either ‘cold’-cyclonic or 
‘cold’-anticyclonic depending on where you are in the clus-
ter. Individual events were evaluated in these classifications 
but presented a lack of clear and distinct physical interpreta-
tion. The individual event analysis of these mixed clusters 
implies that k-means clustering beyond k = 2 may not be an 
appropriate method for blocking classification in this study. 
The lack of spread in the RI values and mixed interpretation, 
are the reasons why the RI index was not used for classifica-
tion of blocking here.

The DB index, however, is still very useful in classify-
ing types of blocking events even if the clustering frame-
work is not. Therefore, manual classification of DB for each 
day of each blocking event was ultimately evaluated. This 
not only allows for a clearer representation of what type of 
wave breaking is occurring during onset, but also blocked 
days in an event beyond day 5 is easily classified, giving 
way to more information on the day-to-day evolution of the 
blocking event. Classification of a blocking event as either 
cyclonic or anticyclonic depends on the DB value of day 0. 
Sensitivity tests to classification of the event based on the 
average DB value throughout duration or ranges varying in 

the first − 2 to 3 days of the event did not significantly alter 
blocking frequency results (not shown).

2.1.3 � AGP index

Lastly, a secondary index derived in Davini et al. (2012) 
using geopotential height has been used throughout the study 
to compare with results from the PV–θ index. This index 
will be referenced throughout this paper as the absolute 
geopotential height AGP index. The methodology consid-
ers the reversal of the Z500mb gradient at each grid point 
in 35–75°N. A large-scale block (LSB) is an instantaneous 
block (IB) that persists for at least 15° longitude centered 
at the given latitude, longitude point. A blocking event is 
ultimately declared when these criteria have persisted within 
a 5° latitude × 10° longitude box centered around that point 
for a minimum of 5 days.

2.2 � Distinction in blocking type

In Sousa et al. (2021) they distinguish between different 
types of blocking structures such as subtropical ridges, Rex 
(dipole) blocks, and Omega blocks. Subtropical ridges, in an 
older sense were constituted as low latitude blocks (Davini 
et al. 2012). However, Sousa et al. shows that subtropical 
ridges do have importance and influence, along with omega 
structures that develop in the mid-to-low latitudes. Rex 
blocking, mature dipole blocks, or ‘canonical’ blocking is 
typically found slightly higher in latitude and ‘polar blocks’ 
or those occurring above 75°N (Sousa et al. 2021). Older 
denotations of high latitude blocking (HLB) are typically 
blocks that occur on the poleward side of the jet. This can be 
taken a step further where blocking over Greenland, HLB, 
the negative NAO, and cyclonically driven blocks are all 
the same things as in Woollings et al. (2008). In this study, 
blocks produced by the PV–θ and AGP indices are not low-
latitude or polar blocks but fall more into ‘canonical’ and 
dissecting the difference between HLB, NAO-, and cyclonic 
blocking over Greenland becomes a point of interest.

Lastly, it is noted here that other indices may use a shorter 
or longer temporal criteria, though for consistency with 
the lineage of indices used here, we continue with a 5-day 
minimum.

3 � Results

The primary goal of this study is to show how choice of 
blocking index leads to varying strengths of the blocking-
NAO relationship. Although extensive work exists on block-
ing climatology, supplemental analysis from the PV–θ index 
with DB classification are provided for context, comparison 
with other studies, and future reference. The first section 
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highlights an updated, two-dimensional, seasonally aver-
aged, classified climatological blocking frequency computed 
over 40-years from the PV–θ index. Composite anomalies 
of various weather-related variables such as sea surface 
temperatures and precipitation during blocking events are 
presented alongside NAO composites in the appendix by 
North Atlantic subregion, classification, index, and season.

The remaining sections focus on relationship with the 
NAO where the sensitivity of the blocking-NAO correlation 
to index and space were originally pursued in order to recre-
ate portions of previous literature and ensure proper applica-
tion of blocking indices. Area averaged bocking count and 
correlation with the NAO as in M13, W08, and Athanasi-
adis et al. (2020) were leveraged, revealing differences in 
results depending on index used. A full spatial correlation 

by season, DB classification, and index is also provided for 
further context and understanding of the blocking-NAO 
relationship in the North Atlantic. Lastly, NAO terciles are 
introduced to determine how blocking event duration may 
differ given the phase of the NAO.

3.1 � Blocking frequency

Figure 1 displays the resulting average blocking frequency 
by season from 1980 to 2019 from the 2D PV–θ blocking 
algorithm. The total frequency was classified into cyclonic 
or anticyclonic based on the DB values for day 0 or onset 
of each blocking event. Looking at the total frequency (first 
row of Fig. 1), common sectors with higher frequency for 
blocking emerge over the North Atlantic and Pacific such as 

Fig. 1   Mean seasonal blocking frequency from 1980 to 2019 rep-
resenting the average percent of blocked days per season in totality 
(a–d) and those driven by cyclonic (e–h) and anticyclonic (i–l) wave 

breaking. Contours are every 0.02. N = number of total blocking 
events, over the 40-year study. The dashed line represents the CBL or 
seasonal climatology of maximum EKE by latitude
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near Greenland, Europe, Alaska, Central-Western Pacific, 
and Siberia.

Considering the North Atlantic maxima over Europe and 
the West-Central North Atlantic (WCNA) during DJF, the 
first column of Fig. 1 shows that most of the wintertime 
WCNA blocking events are cyclonically driven while over 
Europe, anticyclonically. These maxima and their classifica-
tion generally agree with the results found in M13, W08, and 
DV12 but with frequency values being slightly reduced. This 
could be attributed to the difference in study period and the 
addition of constraint to positive B values for a blocked day 
within the spatial limits of the tracking algorithm rather than 
all B > 0 considered globally or within a sector.

Following the seasonality of WCNA cyclonic blocking 
(second row of Fig. 1) the frequency maximum of ~ 10% in 
DJF decreases to ~ 6% in MAM and even more so to 4% in 
JJA, retracting northward to a much smaller spatial extent 
before extending further south in SON. Anticyclonic sig-
natures are present over WCNA (last row of Fig. 1), reach-
ing 8% in DJF, 6% in MAM and JJA, and 4% in SON only 
departing slightly in comparison to cyclonic blocking values 
suggesting that no one type of blocking truly dominates the 
WCNA region.

The European region displays more seasonality with the 
breaking type transitioning from mostly anticyclonic (~ 8%) 
in DJF to an overall maximum of ~ 16% of blocked days 
in JJA being driven cyclonically and ~ 8% anticyclonically. 
Comparing rows 2 and 3 of Fig. 1 over Northern Europe 
from DJF to MAM, the increase of cyclonic cases (~ 4% 
to ~ 10%) is matched with a gradual decrease in anticyclonic 
(~ 8% to ~ 6%), maintaining a similar spatial pattern. In JJA 
and SON the relative frequency of anticyclonic cases from 
MAM of ~ 6% is retained with only SON resembling DJF 
and MAM spatially as the JJA maxima retreats northward 
with the polar jet. Cyclonic cases over the region lower 
to ~ 6% in SON from their heightened values in MAM and 
JJA before returning to their DJF minimum (~ 4%).

Looking at the total frequencies (first row of Fig. 1), a 
pattern of propagation emerges over North Pacific regions 
from DJF to JJA with differences beginning in MAM and 
retreating in SON. Following the North Pacific-Eastern Asia 
DJF total maxima of ~ 14% (8% cyclonic, 6% anticyclonic) 
into MAM, the pattern becomes a lobe of two relative max-
ima—one slightly upstream near Siberia (~ 10% total) and 
the other downstream towards Alaska (~ 8% total). Figure 1c 
shows this transition further into JJA where a large total 
frequency of ~ 14% (~ 8% cyclonic, 6% anticyclonic) resides 
over Alaska and a new smaller max of ~ 8% (6% cyclonic, 
2% anticyclonic) fully develops over Northcentral Asia. This 
maximum is somewhat retained during SON (~ 6%) while 
the Alaskan max dissipates more significantly (nearly 12%) 
as the transition into DJF begins.

Also plotted in Fig. 1 is the central blocking latitude 
(CBL; dashed line) derived from a seasonal climatology, 
rather than annual as in PH03. The CBL signifies the loca-
tion of midlatitude weather systems which typically follow 
the subtropical and polar branches of the jet stream depend-
ing on the time of year and location (PH03, Berrisford et al. 
2007). This is evident throughout Fig. 1 as the CBL retracts 
northward in the summer and generally follows the polar 
branch of the jet stream as mentioned in PH03. A CBL 
below blocking frequency maxima suggest that the jet is 
passing below the meridional θ reversal, and hence cyclonic 
breaking. A CBL above or through would suggest the jet is 
higher than the frequency maxima and hence anticyclonic 
breaking (Tyrlis and Hoskins 2008b). Indeed, the major-
ity, if not all the cyclonic blocking frequency signatures are 
above the dashed line or follow it closely as do those over 
the Pacific regions. Anticyclonic blocking signatures, par-
ticularly over Europe tend to have the CBL pass through the 
maxima. The implications not only collaborate results here 
with that of Tyrlis and Hoskins (2008b) but also suggest 
high dependence of blocking results to the jet stream when 
applying the PV–θ index.

The seasonality of Fig. 1 provides classification across 
seasons and indicates that most differences in anticyclonic 
and cyclonic frequency by season are unique to region and 
largely follow the seasonality of the jet stream. While this is 
not a new finding by any means, a two-dimensional blocking 
frequency climatology across all seasons and classified by 
Rossby wave breaking is provided, updated through 2019. 
The next sections highlight the application of these classified 
blocking events to the blocking-NAO relationship.

3.2 � Correlation with the North Atlantic Oscillation

3.2.1 � Area averaged blocking

As previously discussed, the NAO and blocking have been 
heavily studied throughout the literature with their relation-
ship strength commonly compared or leveraged through 
simple correlation analysis. To generate the blocking time-
series correlated with the NAO, it is standard to compute 
the normalized area average blocking count for a given 
regional box. Both W08 and M13 follow this and used the 
PV–θ index to correlate the NAO and blocking count in 
the North Atlantic. Values of r = − 0.84 unsmoothed, − 0.93 
smoothed and r = − 0.7 were found, respectively. Athana-
siadis et al. (2020), who used the AGP index, also found 
a strong anticorrelation between the NAO and high lati-
tude blocking (HLB) over Greenland (− 0.95) at extended, 
smoothed timescales. These correlation values have been 
strong enough to make just conclusion that the NAO and 
HLB (cyclonic blocking over Greenland) blocking are the 
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same phenomenon (W08) and even leverage NAO forecast 
skill to better predict blocking (Athanasiadis et al. 2020).

Replicating these correlation values were attempted but 
not fully achieved with similar application of the PV–θ and 
AGP indices here. High correlation values were found with 
the AGP index, though, with the PV–θ index they were 
not. Multiple attempts to locate high correlation values 
with the PV–θ index and the NAO were made, choosing 
various North Atlantic regions for blocking, only consider-
ing cyclonically driven blocks as in M13 and as suggested 
by W08, or where blocking frequency maxima occur. 

Regardless of test performed, the correlation of wintertime 
NAO and cyclonically driven blocks/those over the Green-
land region were significantly lower (~ 0.01 to 0.5) to previ-
ous work (W08, M13) and displayed pronounced sensitivity 
to the exact region chosen to average blocking count.

In Fig. 2, one example of the area averaged normalized 
DJF blocking count and NAO correlation tests is presented 
with both the AGP and PV–θ indices along one another. The 
region chosen was 55°–75°N, 0°–80°W (red box Fig. 2a, b), 
estimated from that used in Athanasiadis et al. (2020) and 
chosen to show the relationship of Greenland blocking/HLB 

Fig. 2   a, b Blocking frequency, c, d daily 500mb geopotential height 
composites and e, f correlation of the normalized blocking count with 
the NAO over the region 55°–75°N, 0°–80°W derived by the a, c, e 

AGP index and b, d, f PV–θ index, considering only cyclonic cases. 
Note the blocking timeseries in e, f were multiplied by − 1 to better 
represent the anti-correlation values in the upper left corner
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and cyclonic blocking over the North Atlantic. Further, an 
example of only cyclonic blocking is used as it is cited as 
being used for correlation in M13 and the cause of HLB 
over Greenland in W08. Though, total (unclassified/both 
cyclonic and anticyclonic) blocking events or considering 
only anticyclonic cases does not alter the result of low cor-
relation of area averaged blocking count and NAO index that 
can be seen in Fig. 2e, f. It is shown that regardless of the 
blocking count and classification, the correlation between 
DJF blocking and the NAO remains small when using the 
PV–θ index over the regions provided by Athanasiadis et al. 
(2020) and W08.

The timeseries in the bottom panels of Fig. 2e, f represent 
normalized blocked day count by season so even though 
the averaged blocking frequencies are of similar magnitude 
(Fig. 2a, b), the number of days considered blocked are dif-
fering from year to year between indices. This is directly 
visible in the timeseries and supported by the 500 mb geo-
potential height anomaly composite for all blocked days con-
sidered (Fig. 2c, d). The Z500mb composite for AGP blocks 
is more intense and resemble more closely a typical NAO 
dipole structure. The PV–θ cyclonic blocking composite is 
weaker with two negative lobe patches rather than the large, 
negative AGP swath. It can be concluded from Fig. 2b–f that 
different blocking events are being measured between the 
two indices, driving the stark difference in correlation value.

Why is this? Does it have to do with the vertical structure 
or height of the 2PVU surface differing from the 500 mb 
level? Are the indices picking up on different portions of 
the flow field and classifying them as blocks? Is it a thresh-
old problem where the reversal criteria are not met for a 
given index? While the answer to these questions is not 
directly within the scope of this paper and were unable to 
be answered with the analysis performed here, attention will 
once again be brought to the results of Pinheiro et al. (2019). 
In their 2-D index comparison study, it was found that AGP 
blocks differed the most overall from Z* and PV* indices 
with sensitivity of AGP detection to threshold. Further, they 
found the PV* index used would at times pick up on jet 
streaks, misidentifying blocks and leading to differences 
with the other indices.

Overall, both methods have their caveats on what they 
detect and subsequently, following one of the larger results 
from Pinheiro et al. (2019), correlating blocking events 
spatially to other phenomenon will lead to different results 
depending on the index used. Ultimately this is being seen 
here with blocking and the NAO, likely resulting from both 
a threshold (AGP) and misidentification (PV–θ) problem. 
This yields a cautionary result for studying the likeness of 
these two phenomena in the North Atlantic based on index 
chosen and the area considered for comparison, differing 
from the consensus that HLB/Greenland blocking events and 
the NAO are the same thing (Athanasiadis et al. 2020; W08).

3.2.2 � North Atlantic wide spatial correlation

While the exact reasoning as to why the two indices differ 
in area average correlation is not provided, a closer look at 
the correlation between blocking and the NAO is. Figure 3 
shows a full, 2-D, grid point spatial correlation—removing 
sensitivity of area averages—by index, DB-classification, 
and season. Considering first the results of DJF cases (first 
column of Fig. 3) three conclusions can be drawn from the 
PV–θ cyclonic (Fig. 3a), PV–θ anticyclonic (Fig. 3e), and 
AGP (Fig. 3i) analysis. The first is that there is no major, sig-
nificant correlation with wintertime NAO and anticyclonic 
blocking cases (Fig. 3e).

The second is that there is a significant (p < 0.05) anti-
correlation with DJF PV–θ cyclonic blocking cases span-
ning most of 90°W–0°E in the range of r = − 0.40 to − 0.55. 
A local maximum near 30°W of − 0.76 is also obtained, 
confirming the work of M13 stating a correlation of − 0.7 
with cyclonic blocking and NAO. It also somewhat validates 
the work of W08 (r = − 0.84 unsmoothed, − 0.93 smoothed) 
for HLB blocking. This small region, however, is much far-
ther east than the work of W08 who purposely excluded 
blocks east of 30°W to omit European events. Even though 
the same index is used, a large difference between this study 
and W08 is present and could be arising from that fact that 
our 40-year study period is shifted ~ 20 years later than their 
1957–2001.

The implication of this difference follows a noted east-
ward shift in wintertime NAO centers of variability between 
two periods: P1: 1958–77 and P2: 1978–97 in a study by 
Jung et al. (2003). One proposed mechanism was a differ-
ence in strength of the background westerly flow during P2, 
a theory later confirmed by Luo and Gong (2006) using a 
nonlinear barotropic model. The relevance here is that P1, 
the period of largely westward NAO, is mostly excluded in 
our study whereas P2, the predominately eastward NAO, is 
included. The additional, later and warmer 20-year period 
presented here, showing eastward relational trend, weakly 
supports results of Ulbrich and Christoph (1999) and notion 
of this shift being attributable to rising greenhouse gas forc-
ing and consequential strengthening of the wintertime storm 
track. Though, with only a presented eastward shift in the 
blocking-NAO correlation and without direct consideration 
of the role of warming in our analysis, attribution of the 
difference in our results to W08 to greenhouse gas induced 
variability cannot be concluded and warrants further study.

It is more reasonable to support yet another cautionary 
result in the literature from Jung et al. (2003) who stated 
basing conclusions using long-term NAO, due to strong 
interannual variability, should be taken with care, particu-
larly at short (20-year) timescales. Interannual variability of 
both the NAO and blocking is hypothesized to be the reason 
for differences between results here and with W08. It can 
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be further asserted from Fig. 3 and the work of W08, Jung 
et al. (2003), and Luo and Gong (2006) another sensitivity 
of blocking-NAO analysis to the study period chosen.

The third and last conclusion from the first column of 
Fig. 3, DJF cases, extends results from Fig. 31 of sensitivity 
of the NAO-blocking correlation to index chosen from area 
averages to the full region. In Fig. 3i, there is a larger swath 
of higher, more spatially consistent anti-correlation values 
stretching from 90°W–0°E when applying the AGP index 
compared to values derived from the PV–θ index (Fig. 3a, 
e). Further, this region of 20% higher correlation values is 
displaced 30°W and 10°–20°N of the PV–θ cyclonic maxi-
mum. This northwestward shift in the maximum range of the 
AGP results somewhat contradict the results from the PV–θ 
index based on the eastward shift discussed above. The same 
reasoning does not apply to both indices as the AGP results 
do not present an eastward shifted maximum. This stresses 
the differences in results and conclusions of blocking analy-
sis based on index chosen. It also could be reinforcing that 
each index is picking up on different blocking events.

Considering the other seasons, the correlation of NA 
blocking and the NAO display variability that largely 
resembles jet stream variability. This is particularly true for 
cyclonic and anticyclonic PV–θ cases (Fig. 3a–h), echoing 
locations of respective blocking frequency in Fig. 1, but also 
seen in AGP results (Fig. 3i–l). With exception to DJF, the 
remaining seasons develop a largely negative west, positive 

east correlation pattern seen throughout cyclonic, anticy-
clonic, and AGP cases from MAM to SON (Fig. 3b–d, f–h, 
j–l). This pattern is most prominent anticyclonic cases in 
MAM and SON where anticyclonic blocking and NAO+ 
correlate strongly and significantly (p < 0.05, Fig. 3f, h). 
Further, and interestingly, the pattern at times does take on 
a negative north, positive south structure as in DJF and JJA 
anticyclonic cases.

Overall, the implication of Figs. 2 and 3 suggests that 
when considering the relationship of North Atlantic atmos-
pheric blocking and the NAO, the type of index, exact 
region, season, and study period should be considered. 
These results are consistent with Scherrer et  al. (2006) 
who showed high sensitivity of the NAO/NA blocking cor-
relation to latitude–longitude and varying indices during 
DJF. The spatial correlations derived from the PV–θ index 
and their differences with the AGP index also support the 
notion from Pinheiro et al. (2019) that correlating block-
ing events spatially to other phenomenon such as extreme 
weather will lead to different results depending on the index 
used. This is stressed in the discussion on the location of 
the blocking-NAO correlation center being eastward (PV–θ 
cyclonic) or northwestward (AGP). Relying solely on the 
AGP index could lead to a missed opportunity of how both 
the NAO and blocking are changing with additional 20-year 
periods as presented here, carrying large implications for 
generalizations made on the NAO, NA blocking, and both 

Fig. 3   Spatial correlation (shading) of the seasonal North Atlan-
tic Oscillation index with cyclonically a–d and anticyclonically e–h 
driven normalized blocked days derived from the PV–θ index and i–l 

from the AGP index by season from 1980 to 2019 across all seasons 
in the North Atlantic sector.. Stippling denotes significance from a 
student’s t test for p < 0.05
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short and long-term weather and climate prediction. How-
ever, the AGP index has reproduced consistent and strong 
correlation values suggesting it could be more useful than 
the PV–θ index for correlation analysis. These implications 
are explored further in the next section where all blocking 
analysis sensitives are displayed through impacts on weather 
variables such as precipitation, via composites across all 
seasons.

3.3 � Blocking duration

The previous sections discuss blocking and how several 
analysis techniques lead to varying results when applied to 
the blocking-NAO. But what about blocking itself? How 
can the identified analysis sensitivities translate to useful 
information about blocking, not just blocking analysis? This 
section aims to answer this question by considering blocking 
duration and how that may change given the region, index, 
classification, and NAO phase. Further, by studying which 
NAO tercile the block formed in and how that may relate 
to duration, the blocking-NAO relationship moves beyond 
whether they are the same and to what degree, into more 
applicable information. Duration based on NAO tercile at 
onset was chosen based on previous discussion of potential 
differences between the AGP and PV–θ index criteria for 
blocking onset. The results are shown in Figs. 6, 7, 8, with 
each representing a different North Atlantic subregion from 
Fig. 4 and each panel a season. Note that the y-axis does 

shift per figure. NAO terciles and the distributions they were 
determined from are provided in Fig. 5.

Most of the boxplots show a positive skew, following 
typical blocking duration distribution rapidly declining in 
likelihood with increased duration. The Ural and Greenland 
(Figs. 6, 8) regions have the shortest duration range values, 
increasing over the European sector (Fig. 6). All regions 
have medians, regardless of season, averaging between 
6–7 days. The highest overall median durations occur with 
AGP blocks during the upper NAO tercile for DJF Ural 
blocks and MAM European blocks (Figs. 6a, 7b).

Cyclonic PV–θ blocking tends to be the shortest lived 
throughout, with only slight upticks in range for the upper 
tercile of NAO days and are typically highest during MAM 
and JJA, consistent with the blocking frequency results in 
Fig. 1. Anticyclonic PV–θ has higher ranges over the Euro-
pean region but are fairly consistent throughout with only 
some standout features such as a larger shift in JJA lower 
tercile range over Europe (Fig. 7c).

AGP results have the largest duration range regardless of 
the region, season, and NAO phase, displaying more sen-
sitivity than the PV–θ cases. This supports the argument, 
paired with the lower, outlier filled PV–θ values, that only 
more intense, longer lived blocked are picked up by the AGP 
index compared to the shorted lived PV–θ, noisier blocks. 
This is also displayed through the lack of AGP representa-
tion across all terciles for most of Ural and Greenland blocks 
(Figs. 6, 8).

Fig. 4   Atlantic sub-regions selected for blocking duration analysis
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PV–θ cases mostly do not favor one tercile over the 
other whereas the majority of AGP blocks fall into two of 
three NAO phases. Is this due to the lack of AGP thresh-
old criteria or more attributable to the allowance of PV–θ 
blocks to have slight movement across the region? The 
duration plots support the argument that the PV–θ index 
could be better for analysis of blocking onset and AGP 
for more established, anomalous events.

Regarding useful information relating the duration of 
blocks to NAO phase, there is no real conclusion to be 
made as the results show general consistency for blocking 
duration with only slight sensitivity between season and 
region. However, for most cases, blocking onset occurs 
during all NAO phases, regardless of region, season, and 
index used. Specifically for cyclonic and anticyclonic 
PV–θ blocks, no one NAO phase dominates duration or 
onset occurrence. Further, this analysis provides an exam-
ple of how, beyond composites, multiple techniques could 

be useful in gaining a full picture of blocking and how it 
relates to other phenomena.

4 � Summary and conclusions

While blocking index comparisons, climatological studies, 
and blocking-NAO have all been heavily cited throughout 
the literature, the primary goal of this study is to specifi-
cally show how choice of blocking index leads to varying 
results in the strength of the blocking-NAO relationship. 
The methodological approach follows a 2-D PV–θ index 
curated in Masato et al. (2011) from December 1979 to 
November 2019 paired with a complimentary direction of 
breaking (DB) index (Masato et al. 2011). The DB metric 
measures the direction of Rossby wave breaking associ-
ated with the onset of blocking events as either cyclonic or 
anticyclonic and classifies them as such. The second index, 

Fig. 5   The distribution of daily 
NAO index for each season 
from 1980 to 2019 with result-
ing tercile ranges used for dura-
tion analysis.
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a common 2-D 500mb geopotential height index (hereafter 
referred to as the AGP index; Davini et al. 2012) is used to 
compare the results developed with the PV–θ index here 
as well as against previous literature.

Although extensive work exists on blocking climatology 
and associated impacts of blocking events, a comprehensive 
and updated (through 2019) North Atlantic blocking clima-
tology produced by the PV–θ index with DB classification 
is still included in this work for context, comparison with 
other studies, and future reference.

In the main text, a 40-year blocking climatology of PV–θ 
classified Northern Hemispheric blocking across all sea-
sons is provided. In the appendix, composite anomalies of 

various weather-related variables such as sea surface tem-
peratures and precipitation during blocking events are pre-
sented alongside NAO composites in the appendix by North 
Atlantic subregion, classification, index, across all seasons.

The results of the PV–θ frequency analysis, in agreement 
with previous work, show there is a higher amount of DJF 
anticyclonic blocking over Europe than cyclonic blocking 
(Masato et al. 2011, 2013; Woollings 2008; Davini et al. 
2012). However, the average anticyclonic blocking fre-
quency over Europe is near equivalent to its frequency 
over western Greenland. Further, the maximum blocking 
frequency approaches 24% over northwestern Europe dur-
ing JJA, two thirds of which is contributed by cyclonic 

Fig. 6   The duration of blocking events by AGP and classified PV–θ index produced blocking events by season for the Ural North Atlantic subre-
gion based on the NAO tercile at blocking onset
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blocking. MAM and SON display frequencies in between 
but relatively similar to DJF and JJA and generally follow 
the seasonality of the jet stream. Lastly, the climatological 
blocking frequency values produced by the PV–θ index are 
considerably higher than to the AGP index (see Appendix), 
on the order of ~ 15 to 20%.

The difference between indices can further be seen in the 
attempting to relate wintertime area averaged blocking count 
and the NAO. It can be concluded that different blocking 
events are being measured between the two indices, leading 
to stark differences in the NAO correlation. Those found 
with the AGP index result in a nearly identical composite of 

NAO- whereas the PV–θ cyclonic case is weaker and less 
pronounced. Further, the correlation values found with the 
PV–θ index in the area averaged analysis are dramatically 
lower than the AGP and previous work (Athanasiadis et al. 
2020; Masato et al. 2013; Woollings et al. 2008).

To better understand the full scope of the blocking-NAO 
correlation in the North Atlantic and to the spatial sensitiv-
ity of the correlation, a spatial grid-point analysis across all 
seasons was also presented. Here four general conclusions 
can be made: first, correlating normalized blocking count 
over the Atlantic with the NAO reveals a distinct seasonality 
that gradually forms a zonal asymmetry of negative west/

Fig. 7   The same as Fig. 13 but for the European region considering the duration of AGP and classified PV–θ blocking events by season during 
NAO tercile
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positive east, also seen in Scherrer et al. (2006) but for DJF 
only. However, the DJF pattern is the only season that does 
not display the zonal pattern, but rather a meridional struc-
ture east of 30°W with negative correlations to the north and 
positive to the south.

Second, there is no major, significant correlation with 
wintertime NAO and anticyclonic blocking cases. Third, a 
prominent sensitivity of the NAO-blocking correlation to 
index chosen is present for both area averages and the full 
region as AGP DJF correlations span a large swath of sig-
nificantly higher correlation values, northwest of the PV–θ 

cyclonic max. While blocking index sensitivities are known, 
application of this specifically to the NAO-Blocking correla-
tion is new here.

And fourth, there is a significant, yet moderate anti-
correlation with DJF PV–θ cyclonic blocking cases but 
shifted southeastward from the even stronger swath of 
high values found with the AGP index. The ‘noisier’ PV–θ 
allowed for a potential eastward shifted signal to be cap-
tured in the North Atlantic wide NAO-blocking correlation 
that was otherwise missed by the AGP index. Compared to 
other studies who performed similar analysis—with a study 

Fig. 8   The same as Fig. 13 but for the Greenland region considering the duration of AGP and classified PV–θ blocking events by season during 
NAO tercile
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period shifted 20-years prior—the maximum correlation 
of cyclonic blocking over Greenland found here is 30°E 
of theirs (Athanasiadis et al. 2020, Woollings et al. 2008). 
While this likely reflects the interannual variability of both 
the NAO and blocking, it does bring the cautionary result 
that cyclonic blocking over Greenland and the NAO may not 
be as strongly correlated as previously believed. This war-
rants further study, especially with the potential implications 
of how differing decades may be changing the relationship 
into the future.

Blocking event duration by NAO tercile were considered 
to try and dissect any further relationship between cyclonic, 
anticyclonic, and AGP blocks and the NAO. While the over-
all results did not yield specific information on any standout 
durations. It can be concluded, for the majority of cases, 
blocking onset occurs during all NAO phases, regardless 
of region, season, and index used. Specifically for cyclonic 
and anticyclonic PV–θ blocks, no one NAO phase dominates 
duration or onset occurrence. However, it was revealed that 
AGP blocks displayed the largest spread in duration.

Combining frequency, duration, and supplemental com-
posite analysis (see Appendix), a hypothesis as to why the 
differences between the indices are emerging. The PV–θ 
index results are more frequent, shorter in duration, corre-
late less with wintertime NAO over Greenland, and appear 
in composite analysis more as features of the larger scale 
planetary flow. In converse, the AGP index is near opposite 
the PV–θ index and displays large, more standout anomaly 
signals in the composite analysis and near identical to the 
NAO- composite across all seasons. It is thus felt that the 
AGP index is identifying more traditional, higher end of 
the distribution, mature, or ‘canonical’ blocking events. 
Whereas the PV–θ blocks represent noisier, less ‘perfect’, 
Rossby wave-driven meridional reversals that meet spatial 
and temporal constraint of blocking. Relating back to the 
nuances of the index application and further supporting the 
argument, the AGP index requires the meridional reversal to 
meet a threshold criterion before being considered a block-
ing event. The PV–θ index begins counting towards tem-
poral constraint once a meridional reversal is detected and 
being stored as blocking event if that reversal is large and 
persistent enough.

This can further explain the stark difference seen in the 
Greenland blocking-NAO correlation between the indices. 
Larger, more persistent and mature blocking structures over 
the North Atlantic are more likely to coincide with what 

constitutes the NAO, particularly those over the Greenland 
region and NAO-, having greater influence on sea level pres-
sure variability for extended periods. A lower end noisier 
PV–θ index reversal event would, in theory and shown in 
correlation values here, be less likely to have a spatial–tem-
poral overlap with a more traditional NAO- dipole structure 
over Greenland.

The results here suggest that the lack of consistency 
in blocking methodology and what is defined as blocking 
events could be contributing to some of the discrepancies 
found in blocking-NAO related variability over the North 
Atlantic. Shown here, choice of blocking index alone leads 
could lead to Greenland blocking and NAO- appearing the 
same, sometimes the same, or not the same phenomenon 
consistent with the myriad work on the relationship of the 
two (Woollings et al. 2008; Athanasiadis et al. 2020; Croci-
Maspoli et al. 2007; Yao and Luo 2018; Shabbar et al. 2001; 
Scherrer et al. 2006).

While the use of additional multiple indices may be pre-
sented as a disadvantage, there are benefits to considering 
the application of both the AGP and PV–θ, even within the 
context of the NAO. The AGP index, with resulting ‘canoni-
cal’ blocks, is recommended to be more reliable for correla-
tion and extreme event analysis than the PV–θ cases as well 
as for relating to seasonal to longer term NAO signals. The 
PV–θ index provides better context for what is driving the 
onset of blocking events such as planetary wave sources, 
revealing how lower-end, short lived blocking events could 
be changing in the future, and help connect Rossby wave 
breaking dynamics shared by both blocking and the NAO 
(Benedict et al. 2004). One index is not better than the other, 
though, the indices we are applying to blocking related prob-
lems should be more carefully considered.

Ultimately, a more consistent methodology that captures 
multiple blocking forms, such as proposed by Sousa et al. 
(2021), would be more useful and is encouraged for future 
works. By applying their conceptual model, for example, one 
may be able to fully distinguish the actual type of blocking 
structure that overlaps with NAO−, potentially revealing a 
better understanding on the relationship of the two.

Appendix

Figures 9, 10, 11, 12, 13, 14, 15, 16 and 17.
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Fig. 9   DJF composites of anomalous Z500mb (black contours), pre-
cipitation (brown-green shading), and SSTs (blue-red shading) dur-
ing all blocked days within a given subregion, by index and for the 
PV–θ blocks, by classification. Classified cyclonic PV–θ blocks by 

the Greenland, European, and Ural regions are in panels a–c, d–f for 
PV–θ anticyclonic blocks by subregion, and g, h for AGP blocks. 
Daily NAO composites are also provided for context and comparison 
in (k). N represented the number of days included in the composite
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Fig. 10   The same as Fig. 9 showing daily blocking event and NAO composites by subregion and index during DJF, but for anomalous sea level 
pressure (contours) and two-meter temperature (blue-red shading). Contours are every 50 mb
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Fig. 11   the same as Fig. 9 but for MAM, showing daily blocking event and NAO composites by subregion and index of anomalous Z500mb 
(black contours), precipitation (brown-green shading), and SSTs (blue-red shading)
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Fig. 12   The same as Fig. 10 but for MAM, showing daily blocking event and NAO composites by subregion and index for anomalous sea level 
pressure (contours) and two-meter temperature (blue-red shading). Contours are every 50 mb



1268	 K. Besong, B. Kirtman 

1 3

Fig. 13   The same as Figs.  9 and 11 but for JJA showing daily blocking event and NAO composites by subregion and index of anomalous 
Z500mb (black contours), precipitation (brown-green shading), and SSTs (blue-red shading)
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Fig. 14   The same as Figs. 10 and 12 but for JJA, showing daily blocking event and NAO composites by subregion and index for anomalous sea 
level pressure (contours) and two-meter temperature (blue-red shading). Contours are every 30 mb
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Fig. 15   The same as Figs. 9, 11, and 13 but for SON showing daily blocking event and NAO composites by subregion and index of anomalous 
Z500mb (black contours), precipitation (brown-green shading), and SSTs (blue-red shading)
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Fig. 16   The same as Figs. 10, 12, and 14 but for SON, showing daily blocking event and NAO composites by subregion and index for anoma-
lous sea level pressure (contours) and two-meter temperature (blue-red shading). Contours are every 50 mb
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absolute geopotential height (AGP) index. Contours are every 1%
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